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ABSTRACT

I use observational evidence to examine the nature and role in galaxy evolution of
a population of dust-obscured galaxies (DOGs) at z ~ 2. These objects are selected
with the Spitzer Space Telescope, are bright in the mid-infrared (mid-IR) but faint
in the optical, and contribute a significant fraction of the luminosity density in the
universe at z ~ 2.

The first component of my thesis is a morphological study using high spatial
resolution imaging with the Hubble Space Telescope of two samples of DOGs. One
set of 33 DOGs have mid-IR spectral features typical of an obscured active galactic
nucleus (AGN) (called power-law DOGs), while the other set of 20 DOGs have
a local maximum in their spectral energy distribution (SED) at rest-frame 1.6um
associated with stellar emission (called bump DOGs). The host galaxy dominates
the light profile in all but two of these DOGs. In addition, bump DOGs are larger
than power-law DOGs and exhibit more diffuse and irregular morphologies; these
trends are consistent with expectations from simulations of major mergers in which
bump DOGs evolve into power-law DOGs.

The second component of my thesis is a study of the dust properties of DOGs,
using sub-mm imaging of 12 power-law DOGs. These power-law DOGs are hyper-
luminous (2 x 10" L)) and have predominantly warm dust (Taus > 35 — 60 K).
These results are consistent with an evolutionary sequence in which power-law DOGs
represent a brief but important phase when AGN feedback heats the interstellar
medium and quenches star-formation.

The third component of my thesis is a study of the stellar masses and star-
formation histories of DOGs, using stellar population synthesis models and broad-

band photometry in the rest-frame ultra-violet, optical, and near-IR. The best-
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fit quantities indicate bump DOGs are less massive than power-law DOGs. The
relatively low stellar masses found from this line of analysis favor a merger-driven

origin for ULIRGs at z ~ 2.
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CHAPTER 1

INTRODUCTION

1.1 Models for the Formation of Galaxies in the Universe

Galaxy formation can be described in the broadest terms as the cooling and con-
densing of baryons into gravitationally-bound, luminous systems. In the currently
favored cosmogony, the A-cold-dark-matter model (ACDM; Spergel et al., 2007), a
negative pressure called dark energy constitutes ~ 70% of the entire energy budget
of the universe. Baryons — i.e., the directly observable universe — comprise only
~ 4% of the total energy in the universe. The remainder consists of dark matter;
although not directly observable, the essential properties of dark matter have been
established by a wealth of theoretical studies and indirect observations. Dark matter
is assembled hierarchically; large haloes are created by the self-similar gravitational
clustering of many smaller haloes. Since baryons cool and condense preferentially
in the deepest dark matter potential wells, it is expected that galaxies are also
assembled hierarchically (White & Rees, 1978).

Early models of galaxy evolution based on the CDM paradigm predicted that (1)
over half of the stellar mass in the universe was assembled at z < 1; and (2) the most
massive galaxies in the local universe should also have the highest star-formation
rates (SFRs) (e.g., White & Frenk, 1991). However, observations in ensuing years
have established that massive galaxies are dominated by old stellar populations and
have little on-going star-formation (Kauffmann et al., 2003). Moreover, the SFRs
in massive galaxies (M, > 10" M) are relatively low from z ~ 0 to z ~ 1, but
then rise sharply until z ~ 2. Generally speaking, less massive galaxies reach their
peak SFR at lower redshifts — a phenomenom that has been termed “down-sizing”

(e.g., Cowie et al., 1996; Juneau et al., 2005). Together with the observational fact
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that the most massive galaxies in the local universe stopped forming stars billions of
years ago, this phenomenom is apparently at odds with the simplest possible theory
for galaxy formation in a ACDM universe.

Recent theories employing empirical halo occupation models to study the for-
mation of massive galaxies focus on the role played by mergers (Hopkins et al.,
2008a). These authors argue that quasar feedback plays a critical role in causing
every major merger to leave behind a spheriodal system with little on-going star-
formation. This black hole-regulated feedback model provides a natural explanation
for the observed correlation between the bulge mass and black hole mass in galaxies
(Magorrian et al., 1998) and also correctly reproduces the evolution of the massive
galaxy luminosity function. The notion that feedback effects from the growth of
a central supermassive black hole regulate the ultimate growth of its host galaxy
has gained some traction recently (c.f. Croton et al., 2006; Bower et al., 2006), yet
it is not without controversy. In particular, the details of the physical mechanisms
governing this process are currently unknown (simulations of major mergers lack the
physical resolution needed to probe down to the pertinent size scales). Moreover,
the importance of mergers in driving this process remains difficult to quantify ob-
servationally. Testing these theories by finding and studying massive galaxies while

they are in the process of forming is therefore of critical importance.

1.2 Finding Massive Galaxies in the Process of Formation

In the local universe, massive galaxy formation is a rare phenomenon. The best
studied cases are ultra-luminous infrared galaxies (ULIRGs), which are systems
with extremely high infrared (IR) luminosities (Lig > 10'* L)). Discovered with
pioneering surveys at mid-IR wavelengths (Rieke & Low, 1972), ULIRGs were iden-
tified in large numbers by the InfraRed Astronomical Satellite (IRAS; Neugebauer
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et al., 1984). These objects have spectral energy distributions (SEDs) that are dom-
inated by the presence of vast quantities of dust; this dust absorbs ultra-violet and
optical light and re-radiates it in the IR (Soifer et al., 1986). ULIRGs at z ~ 0 have
been associated with a critical phase of galaxy evolution linking mergers (Armus
et al., 1987) with quasars and red, dead elliptical galaxies (Sanders et al., 1988a,b).
While rare locally, ULIRGs are more commonplace in the distant universe, to the
extent that they contribute a significant component of the bolometric luminosity
density of the universe at z > 1 (e.g. Franceschini et al., 2001; Le Floc’h et al., 2005;
Pérez-Gonzélez et al., 2005). This realization has inspired a host of new techniques
for identifying ULIRGs at z > 1.

One such technique is imaging at sub-millimeter (sub-mm) wavelengths. This
method makes use of the fact that as dusty galaxies move out in redshift, the peak
of their SED is shifted towards longer wavelengths, effectively compensating for
the reduction in brightness due to the inverse square law (this is commonly called
a “negative K-correction”). The advent of bolometer arrays at sub-mm and mm
wavelengths (most notably the Sub-mm Common User Bolometer Array or SCUBA
and the Max Planck Millimetre Bolometer array or MAMBO; Holland et al., 1999;
Kreysa et al., 1999) has allowed wide-field surveys at 850pum and 1.2mm which
have identified hundreds of sub-millimeter selected galaxies (SMGs). Follow-up
spectroscopy (Chapman et al., 2005) has indicated that they lie at z ~ 2 and have
number densities that are comparable to luminous (> 4L*) red galaxies in the local
universe (n ~ 2.5 x 107 h3; Mpc™3; Wake et al., 2006). Furthermore, studies of
the clustering properties of SMGs have found that they inhabit very massive dark
matter haloes (Mpy =~ 102 M; Blain et al., 2004). This provides evidence that
SMGs may be linked with the most massive galaxies (=~ 3L*) in the local universe.

Another method of finding high redshift ULIRGs is the selection of IR-bright,
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optically-faint sources identified with the 24um channel of the Multiband Imaging
Photometer for Spitzer (MIPS; Rieke et al., 2004) instrument for the Spitzer Space
Telescope (Yan et al., 2004; Houck et al., 2005; Weedman et al., 2006b; Fiore et al.,
2008; Dey et al., 2008; Fiore et al., 2009). In particular, Dey et al. (2008) select
sources from the 9 deg? NOAO Deep Wide-Field Survey (NDWFS) Bodtes field that
satisfy R — [24] > 14 (Vega magnitudes; & Foyym/Fr > 1000) and Fhyym > 0.3 mJy.
These objects are called dust-obscured galaxies (DOGs), lie at z ~ 2 + 0.5 (Houck
et al., 2005; Weedman et al., 2006a; Desai et al., 2009, Soifer et al., in prep.), have
a space density of (2.82 £ 0.05) x 107> h3, Mpc™® (Dey et al., 2008), and inhabit
massive dark matter haloes (Mpy ~ 10'2* Mg); Brodwin et al., 2008). These
results imply DOGs are undergoing a very luminous, short-lived phase of activity
characterized by both vigorous stellar bulge and nuclear black hole growth.

In addition, DOGs can be divided into two groups according to the nature of
their mid-IR SEDs. Those with a peak or bump at rest-frame 1.6pum produced by
the photospheres of old stars (“bump DOGs”), and those dominated by a power-law
in the mid-IR (“power-law DOGs”). The SED shapes, as well as spectroscopy in
the near-IR (Brand et al., 2007; Sajina et al., 2008) and mid-IR (Yan et al., 2007;
Sajina et al., 2007a; Farrah et al., 2008; Desai et al., 2009; Huang et al., 2009)
indicate that bump DOGs are dominated by star-formation, while power-law DOGs

are dominated by obscured active galactic nucleus (AGN).

1.3 The Nature of Dust-Obscured Galaxies

Although some of the basic properties of DOGs are now understood, many significant
questions remain. For example, what is the connection between bump DOGs and
power-law DOGs? Is there a relationship between DOGs and SMGs? Are DOGs

the progenitors of the most massive galaxies in the universe? The purpose of this



20

thesis is to make progress in answering these questions and in so doing advance our
understanding of the formation of massive galaxies.

In chapter 2, we study the morphologies of a sample of 31 power-law DOGs using
Hubble Space Telescope (HST) imaging in the optical and near-IR. Although these
objects show spectral features in the mid-IR that are typical of obscured AGN, the
host galaxy dominates the optical and near-IR light profile in all but one source.
Very few sources show obvious signs of on-going mergers and relaxed morphologies
are more common than disturbed/irregular morphologies in this sample. This im-
plies that power-law DOGs either represent (1) a phase near the end of a major
merger or (2) a secularly evolving system whose power output is driven by smooth
accretion of gas rather than major mergers.

In chapter 3, we extend the morphological study of chapter 2 by adding to it
optical and near-IR HST imaging of 22 bump DOGs with mid-IR spectral features
indicating vigorous on-going star-formation. Bump DOGs are larger and have more
irregular morphologies than power-law DOGs — trends which are consistent with
expectations from simulations of major mergers. In this chapter, we also present a
morphological analysis of SMGs and other ULIRGs at z ~ 2. Sources that are less
obscured (i.e., R—[24] < 14) typically show morphologies more similar to power-law
DOGs than bump DOGs, implying that these objects are unlikely to be early stage
major mergers.

In chapter 4, we turn away from the morphological studies of the previous two
chapters and center our attention on the dust properties of DOGs. Using 350um and
1.3mm imaging of a handful of power-law DOGs, we determine that these objects
are ULIRGs with dust temperatures higher than SMGs by > 10 — 20 K. This result
is consistent with expectations of the dust properties of obscured AGN based on

a major merger driven model for galaxy evolution in which AGN feedback plays a
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significant role in quenching star-formation by heating the surrounding gas and dust
particles near the end of final coalescence.

In chapter 5, we analyze the rest-frame ultra-violet through near-IR SEDs of
bump DOGs, power-law DOGs, and SMGs using stellar population synthesis models.
The best-fit quantities are consistent with an evolutionary scenario in which the
stellar mass grows as SMGs evolve into bump DOGs which then evolve into power-
law DOGs. The uncertainty in these relative stellar mass estimates is roughly a
factor of 2 (due primarily to the degeneracy between dust extinction and stellar
population age), large enough that additional data from future studies will be needed
to confirm this trend. A star-formation history driven by a major-merger yields
stellar mass estimates that are consistent with the minimal stellar mass needed in
the merger simulations to produce ULIRG luminosities at z ~ 2. Meanwhile, more
quiescent star-formation histories dominated by smooth accretion of gas result in
stellar masses that are a factor of 2-4 (depending on the adopted IMF) lower than
expected from cosmological simulations. While neither model provides a perfect fit,
the relatively low stellar masses found from this line of analysis generally favor a
merger-driven origin for ULIRGs at z ~ 2.

In chapter 6, we use the morphologies, dust properties, and star-formation histo-
ries of DOGs to describe their role in galaxy evolution. Finally, we outline important
future steps that must be taken to continue advancing our understanding of how
galaxy formation occurs in the distant universe, with an emphasis on two aspects.
One is the ability of new mid-IR and sub-mm space telescopes to conduct wide-field
surveys and increase the number of ULIRGs identified at high redshift by orders
of magnitude. The other is measurements of the gas properties of ULIRGs at high

redshift obtained with sub-mm interferometers.
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CHAPTER 2

MORPHOLOGIES OF POWER-LAW DOMINATED DOGS

We present high spatial resolution optical and near-infrared imaging obtained using
the ACS, WFPC2 and NICMOS cameras aboard the Hubble Space Telescope of 31
24pm-bright z ~ 2 Dust Obscured Galaxies (DOGs) identified in the Bootes Field
of the NOAO Deep Wide-Field Survey. Although this subset of DOGs have mid-IR
spectral energy distributions dominated by a power-law component suggestive of
an AGN, all but one of the galaxies are spatially extended and not dominated by
an unresolved component at rest-frame UV or optical wavelengths. The observed
V — H and I — H colors of the extended components are 0.2 — 3 magnitudes redder
than normal star-forming galaxies. All but 1 have axial ratios > 0.3, making it
unlikely that DOGs are composed of an edge-on star-forming disk. We model the
spatially extended component of the surface brightness distributions of the DOGs
with a Sérsic profile and find effective radii of 1 — 6 kpc. This sample of DOGs is
smaller than most sub-millimeter galaxies (SMGs), but larger than quiescent high-
redshift galaxies. Non-parametric measures (Gini and Myy) of DOG morphologies
suggest that these galaxies are more dynamically relaxed than local ULIRGs. We
estimate lower limits to the stellar masses of DOGs based on the rest-frame optical
photometry and find that these range from ~ 10°~'" Mg, If major mergers are the
progenitors of DOGs, then these observations suggest that DOGs may represent a

post-merger evolutionary stage.

2.1 Introduction

One of the most important questions concerning the evolution of galaxies is when

and how the most massive galaxies formed. It has been known since the analysis of



23

the InfraRed Astronomical Satellite (I RAS) data that in the local universe the most
bolometrically luminous galaxies have their spectral energy distributions (SEDs)
dominated by infrared (IR) light (Soifer et al., 1986), suggesting that these systems
are highly obscured by dust, which absorbs ultra-violet (UV) and optical light and
re-radiates it in the IR. While these ultra-luminous IR galaxies (ULIRGs) are rare
in the local universe, they become an increasingly important phenomenon at high
redshift (e.g., Franceschini et al., 2001; Le Floc’h et al., 2005; Pérez-Gonzélez et al.,
2005).

Following the launch of the Spitzer Space Telescope, numerous investigators have
identified and studied populations of high redshift galaxies that are IR-bright yet
optically faint (Yan et al., 2004; Houck et al., 2005; Weedman et al., 2006b; Fiore
et al., 2008; Dey et al., 2008). In particular, Dey et al. (2008) and Fiore et al.
(2008) present a simple and economical method for selecting these systems using
only R-band and 24pum Multiband Imaging Photometer for Spitzer (MIPS; Rieke
et al., 2004) data. Dey et al. (2008) employ a color cut of R — [24] > 14 (Vega
magnitudes; ~ F,(24um)/F,(R) > 1000) to identify objects they call Dust Ob-
scured Galaxies (DOGs) in the Bodtes field of the NOAO Deep Wide-Field Survey
(NDWFS!; Jannuzi et al., in prep.; Dey et al., in prep.).

The broadband photometry, redshift distribution, and number density of the
DOGs imply that they are undergoing an extremely luminous, short-lived phase
of stellar bulge and nuclear black hole growth and may be the progenitors of the
most luminous (~4L*) present-day galaxies. Ground-based photometry from the
NDWEFS suggests magnitudes of R ~ 24 — 27, [ ~ 24 — 26, and K ~ 17.5 — 20.5
for the sample of DOGs with F,(24um) > 0.3 mJy. DOGs are relatively rare,

with a surface density of ~0.089 arcmin=2 for sources with Fy, > 0.3 mJy. Spec-

Thttp://www.noao.edu/noaodeep
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troscopic redshifts determined for a sub-sample of DOGs using the Deep Imaging
Multi-Object Spectrograph (DEIMOS; Faber et al., 2003) and the Low Resolution
Imaging Spectrometer (LRIS; Oke et al., 1995) on the telescopes of the W. M. Keck
Observatory (43 DOGs), as well as the Infrared Spectrometer (IRS; Houck et al.,
2004) on Spitzer (43 DOGs) have shown that the DOGs have a redshift distribution
centered on z &~ 2 with a dispersion of o, ~ 0.5. While DOGs are rare, they are suf-
ficiently luminous that they contribute up to one-quarter of the total IR luminosity
density from all z ~ 2 galaxies, and constitute the bulk of ULIRGs at z ~ 2 (Dey
et al., 2008).

Based on their observed properties, Dey et al. (2008) suggest DOGs may rep-
resent a transition stage between sub-millimeter-selected galaxies (SMGs) and un-
obscured quasars or galaxies. Evidence in support of this scenario is that DOGs
and SMGs have similar space densities and clustering properties (Brodwin et al.,
2008). An important test of this scenario is to study their morphologies with high
spatial resolution imaging. For example, one of the primary motivations for the
merger-driven scenario for the formation of ULIRGs is their disturbed structure
at optical wavelengths (Sanders et al., 1988a). Studies of numerical simulations of
galaxy mergers have suggested that they can produce very red, luminous systems
that are highly dust-obscured (Jonsson et al., 2006). Recently, Lotz et al. (2008)
have applied non-parametric methods of quantifying galaxy morphologies to similar
merger simulations and have found that mergers are most easily identified during
the first pass and at the final coalescence of their nuclei.

In addition to identifying merger activity, morphological information can con-
strain the size-scale of the emitting region. Sources with active star formation on
several kiloparsec (kpc) scales have larger sizes than objects dominated by an Active

Galactic Nucleus (AGN) or a very compact, nuclear starburst. Studies of Distant



25

Red Galaxies (DRGs) have shown a relation between star formation and size at
rest-frame optical wavelengths, in the sense that quiescent DRGs are all very com-
pact with effective radii (Reg) less than 1 kpe, while active DRGs tend to be more
extended (1 < Reg < 10kpe; Zirm et al., 2007; Toft et al., 2007). Analysis of SMGs
in GOODS-N shows extended emission on scales of 5-15 kpc (Pope et al., 2005).
Recent NICMOS imaging of a sample of 33 high-z ULIRGs by Dasyra et al. (2008)
has shown these extreme objects (which are similar in their selection criteria to
DOGs) to have effective radii in the range ~1.5-5 kpc. About half of their sample
shows signs of interactions, but only 2 are merging binaries with a luminosity ratio
<3:1, i.e., qualifying as major mergers.

High spatial resolution imaging of the DOGs is essential to understanding their
relation to other galaxy populations as well as their role in galaxy evolution in
general. We have begun an effort to obtain high resolution imaging using laser
guide star and natural guide star adaptive optics on the Keck telescopes. These
(on-going) efforts have resulted in high resolution K-band images of a handful of
DOGs found near bright stars (Melbourne et al., 2008, , in prep.). A complementary
method of obtaining deep, high spatial resolution imaging is with the Hubble Space
Telescope (HST). With the Advanced Camera for Surveys (ACS) and the Wide
Field Planetary Camera 2 (WFPC2), we can probe the rest-frame UV emission of
the DOGs that is sensitive to the ionizing sources associated with on-going star
formation. Meanwhile, NICMOS data allow the study of the rest-frame optical
morphology, which better traces the stellar mass and dust-enshrouded AGN.

In this paper we present ACS/WFPC2 and NICMOS images of 31 DOGs and
analyze their morphologies. The DOGs studied in this paper have spectroscopic
redshifts from either Spitzer/IRS DEIMOS/LRIS, were selected primarily based on

their large 24pm flux densities (Faq,, > 0.8 mJy), and have power-law SEDs in the
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mid-IR. In a future paper, we will study a sample of DOGs with fainter 24pm flux
densities that have mid-IR bump SEDs (Bussmann et al., in prep.). In section 2.2 we
detail the sample selection, observations, and data reduction. Section 2.3 contains a
description of the methods we use in our morphological analysis, and in section 2.4,
we report the results this analysis. In section 2.5, we estimate some intrinsic prop-
erties of the DOGs in our sample and we compare our findings with what is seen
in other high redshift galaxy populations. Finally, we present our conclusions in
section 2.6.

Throughout this paper we assume Hy =70 km s Mpc™!, Q,, = 0.3, and Q, =
0.7. At z = 2, this results in 8.37 kpc/”.

2.2 Data

In this section, we describe our sample selection and give details regarding the
HS'T observations and our data reduction procedure, as well how we measure our
photometry. Finally, we show postage stamp images and provide a brief qualitative

description of each target.

2.2.1 Sample Selection

As outlined in section 2.1, a sample of ~2600 DOGs from Dey et al. (2008) was
originally identified using the 9.3 deg? Bootes Field of the NDWFS. For details
of the selection criteria and photometric analysis, we refer the reader to Dey et al.
(2008). In this paper, we analyze HST imaging from program HST-GO10890 of 31 of
the brightest DOGs at 24pum (all have Foy,m, > 0.8mJy). The bolometric luminosity
of DOGs with bright 24um flux densities is typically dominated by AGN emission,
while the opposite is true for 24um faint DOGs (0.1 mJy < Fhym < 0.3 mly),
which are dominated by star-formation (Pope et al., 2008a). Additionally, IRAC

photometry shows that the objects in this paper are dominated by a power-law
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component in the mid-IR. The most likely cause of this emission is the presence of
warm dust heated by an AGN (Donley et al., 2007).

Shallow X-ray coverage of the Bootes field exists and has yielded a full catalog of
X-ray sources (Murray et al., 2005; Kenter et al., 2005; Brand et al., 2006). Within a
2" search radius, two of the DOGs studied in this paper (SST24 J143102.2+325152
and SST24 J143644.24+350627) have a single X-ray counterpart, and one DOG has
two counterparts (SST24 J142644.34+-333051). A full analysis of the X-ray data is
beyond the scope of this paper, but these basic results suggest that most DOGs
are either not strong X-ray emitters or are heavily obscured. The latter view is
supported both by mid-IR spectral features and the fact that this subset of 24um
bright DOGs shows some of the reddest R—[24] colors of the entire DOG population.
Figure 2.1 shows the color-magnitude diagram in R — [24] vs. [24] space for the full
DOG population in Bootes and highlights the subsample of objects studied in this
paper.

Previous work has shown that objects dominated by a power-law signature in
the mid-IR tend to have AGN indicators in their mid-IR spectra, usually silicate
absorption but no PAH emission (Weedman et al., 2006a; Polletta et al., 2008;
Brand et al., 2008). Indeed, IRS spectra of these sources have revealed redshifts
based on the 9.7um Silicate absorption feature, and all are located at z ~ 2. Of the
31 objects in this sample, 17 have spectra from Houck et al. (2005), 2 have spectra
from Weedman et al. (2006b), and the remaining spectra will be presented in future
work (Higdon et al. in prep.). Subsequent Keck/NIRSPEC (Brand et al., 2007),
Keck/LRIS, and Keck/DEIMOS spectroscopy has yielded more precise redshifts
for 4 of the DOGs. The redshift distribution of the sample studied in this paper
compared to the overall distribution of spectroscopic redshifts for the DOGs from

the Bootes field is shown in Figure 2.2.
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Figure 2.1 R —[24] color vs. 24um magnitude distribution for DOGs in the NDWFS
Bootes field. Bottom and top abscissae show the 24um magnitude and flux density,
respectively, and the left and right ordinates show the color in magnitudes and the
Foyym/ Fr flux density ratio, respectively. Black dots and upward arrows show the
full sample of DOGs, with and without an R-band detection, respectively. The
subsample studied in this paper is represented by red circles (open symbols show

lower limits).
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Figure 2.2 Distribution of redshifts for DOGs in the Bootes Field with spectroscopic
redshifts (either from Spitzer/IRS or Keck DEIMOS/LRIS). The redshift distri-
bution of the sub-sample of objects studied in this paper is shown with the hatched

histograms and is representative of the full sample of DOGs.
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2.2.2  QObservations

The 31 DOGs we study here were observed with HST from 2006 November to 2008
February. Nine were imaged in the Wide Field Channel (WFC) mode of ACS (Ford
et al., 1998) before the failure of the instrument. We have observed the remaining
22 DOGs with WFPC2 (Trauger et al., 1994). All 31 DOGs were observed with the
NICMOS NIC2 camera. Table 2.1 summarizes the details of the observations. All
data were processed using IRAF?. In the following sections we provide more details

about the processing of the ACS, WFP(C2, and NICMOS images used in this paper.

2.2.2.1 ACS

Each DOG was observed over a single orbit through the F814W filter using a four
point dither pattern (ACS-WFC-DITHER-BOX) with a point spacing of 0.265",
a line spacing of 0.187” and a pattern orientation of 20.67°. Total exposure time
was ~2000 sec. Bias-subtraction and flat-fielding was performed using the standard
ACS pipeline (Pavlovsky et al. 2004). The MultiDrizzle routine was used to correct
for geometric distortions, perform sky-subtraction, image registration, cosmic ray
rejection and final drizzle combination (Koekemoer et al., 2002). We used a square

interpolation kernel and set the output pixel scale at 0.05” pix 1.

2.2.22 WFPC2

Following the failure of ACS in the middle of Cycle 15 observing, the Wide Field
Camera CCD 3 of WFPC2 was used to image the remainder of the DOG population.
For these observations, single-orbit data through the F606W filter were used to take

advantage of WFP(C2’s superior sensitivity at this wavelength compared to other

WEFPC2 filters. We used a four point dither pattern (WFPC2-BOX) with a point

2IRAF is distributed by the National Optical Astronomy Observatories, which are operated by
the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation. http://iraf.noao.edu/



Table 2.1.

Observations

31

Optical Exposures

Infrared Exposures

Source Name RA (J2000) DEC (J2000) z Instrument/Filter UT Date Instrument/Filter UT Date ID&
SST24 J142538.24351855 14:25:38.155 +35:18:56.19 2.26*  WFPC2/F606W 2007-04-29 NIC2/F160W 2007-06-16 19
SST24 J142622.04-345249 14:26:22.032 +34:52:49.69 2.00¢ ACS/F814W 2006-11-25 NIC2/F160W 2007-03-13 9
SST24 J142626.4+4-344731 14:26:26.538 +34:47:31.53 2.13% WFPC2/F606W 2007-12-31 NIC2/F160W 2007-01-04 16
SST24 J142644.34-333051 14:26:44.321 +33:30:52.20 3.3124 WFPC2/F606W 2007-04-10 NIC2/F160W 2007-02-25 31
SST24 J142645.7+351901 14:26:45.701 +35:19:01.17 1.75%  WFPC2/F606W 2007-04-24  NIC2/F160W 2007-05-05 2
SST24 J142648.94-332927 14:26:48.970 +33:29:27.56 2.00¢ ACS/F814W 2007-01-17 NIC2/F160W 2006-12-19 10
SST24 J142653.24-330220 14:26:53.285 +33:02:21.37 1.86% ACS/F814W 2006-12-29 NIC2/F160W 2007-03-01 6
SST24 J142804.14332135 14:28:04.133 +33:21:34.97 2.34% WFPC2/F606W 2007-04-17 NIC2/F160W 2007-05-01 20
SST24 J142924.84-353320 14:29:24.811 +35:33:21.30 2.73% WFPC2/F606W 2007-03-18 NIC2/F160W 2007-02-13 30
SST24 J142958.3+322615 14:29:58.354 +32:26:15.17 2.64*  WFPC2/F606W 2007-03-14  NIC2/F160W 2007-06-22 29
SST24 J143001.94-334538 14:30:01.910 +33:45:38.54 2.46% WFPC2/F606W 2007-04-12 NIC2/F160W 2007-04-28 22
SST24 J143025.7+342957 14:30:25.764 +34:29:57.29 2.545¢ WFPC2/F606W 2007-04-26 NIC2/F160W 2007-04-13 26
SST24 J143102.24-325152 14:31:02.220 +32:51:52.10 2.00P WFPC2/F606W 2007-04-26 NIC2/F160W 2008-01-07 11
SST24 J143109.7+342802 14:31:09.823 +34:28:02.34 2.10¢ WFPC2/F606W 2007-04-12 NIC2/F160W 2007-01-04 13
SST24 J143135.24-325456 14:31:35.309 +32:54:56.84 1.48¢ WFPC2/F606W 2007-03-21 NIC2/F160W 2007-06-17 1
SST24 J143225.3+334716 14:32:25.433 +33:47:16.67 2.00°¢ ACS/F814W 2006-12-07  NIC2/F160W 2007-06-17 12
SST24 J143242.54-342232 14:32:42.569 +34:22:32.23 2.16 WFPC2/F606W 2007-04-19 NIC2/F160W 2007-12-07 18
SST24 J143251.8+333536 14:32:51.873 +33:35:35.89 1.78%  WFPC2/F606W 2007-03-20 NIC2/F160W 2008-01-14 3
SST24 J143312.74342011 14:33:12.734 +34:20:11.10 2.1194 WFPC2/F606W 2007-04-20 NIC2/F160W 2007-06-19 15
SST24 J143325.84-333736 14:33:25.884 +33:37:36.90 1.90¢ WFPC2/F606W 2007-05-01 NIC2/F160W 2007-04-20 7
SST24 J143358.04-332607 14:33:58.077 +33:26:07.46 2.414f ACS/F814W 2006-12-10 NIC2/F160W 2008-01-24 21
SST24 J143447.7+4330230 14:34:47.762 +33:02:30.46 1.78%  WFPC2/F606W 2007-03-19 NIC2/F160W 2006-12-23 4
SST24 J143504.14-354743 14:35:04.166 +35:47:43.79 2.13% WFPC2/F606W 2007-04-26 NIC2/F160W 2007-01-03 17
SST24 J143508.44334739 14:35:08.518 +33:47:39.44 2.10¢ WFPC2/F606W 2007-04-12 NIC2/F160W 2007-04-22 14
SST24 J143520.74340418 14:35:20.801 +34:04:18.30 1.79% WFPC2/F606W 2007-03-16 NIC2/F160W 2007-01-03 5
SST24 J143523.94330706 14:35:24.005 +33:07:06.84 2.59% ACS/F814W 2007-01-01 NIC2/F160W 2007-01-06 27
SST24 J143539.34-334159 14:35:39.360 +33:41:59.20 2.62% WFPC2/F606W 2008-05-13 NIC2/F160W 2007-02-15 28
SST24 J143545.14342831 14:35:45.137 +34:28:31.42 2.50¢ ACS/F814W 2006-12-06 NIC2/F160W 2007-02-15 23
SST24 J143644.24-350627 14:36:44.269 +35:06:27.12 1.95% WFPC2/F606W 2008-01-07 NIC2/F160W 2007-03-14 8
SST24 J143725.14+341502 14:37:25.186 +34:15:02.37 2.50¢ ACS/F814W 2007-01-07 NIC2/F160W 2007-01-18 24
SST24 J143808.34-341016 14:38:08.352 +34:10:15.55 2.50¢ ACS/F814W 2006-12-28 NIC2/F160W 2007-02-16 25

?Redshift from Spitzer/IRS (Houck et al., 2005)

bRedshift from Spitzer/IRS (Weedman et al., 2006a)

“Redshift from Spitzer/IRS (Higdon et al. in prep)

dRedshift from Keck NIRSPEC (Brand et al., 2007)

®Redshift from Keck DEIMOS

fRedshift from Keck LRIS

&Panel number in Figure 2.3
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and line spacing of 0.559” and a pattern orientation of 26.6°. Total exposure time
was ~1600 sec. The standard WFPC2 pipeline system was used to bias-subtract,
dark-subtract, and flat-field the images (Mobasher et al., 2002). MultiDrizzle was
then used to correct for geometric distortions, perform sky-subtraction, image regis-
tration, cosmic ray rejection and final drizzle combination (Koekemoer et al., 2002).
We used a square interpolation kernel and output pixel scale of 0.045” pix~!, leading
to a per-pixel exposure time of ~340 sec. Due to the irregular performance of WF4

and the PC CCDs, we have restricted our analysis to the WF2 and WF3 CCDs.

2.2.2.3 NICMOS

Single orbit data of the DOGs were acquired with NIC2 and the F160W filter. We
used a two-point dither pattern (NIC-SPIRAL-DITH) with a point spacing of 0.637".
Total exposure time was ~2600 s. To reduce the data, we followed the standard
reduction process outlined in the NICMOS data handbook (McLaughlin & Wikland
2007). We used the IRAF routine nicpipe to pre-process the data, followed by
the biaseq task to correct for non-linear bias drifts and spatial bias jumps. We
then used nicpipe a second time to do flat-fielding and initial cosmic-ray removal.
The IRAF task pedsky was used to fit for the sky level and the quadrant-dependent
residual bias. Significant residual background variation remained after this standard
reduction process. To minimize these residuals, we constructed a normalized, object-
masked median sky image based on all of our NIC2 science frames. This sky image
was then scaled by a constant factor and subtracted from each science image. The
scaling factor was computed by minimizing the residual of the difference between the
masked science image and the scaled sky image. Mosaicing of the dithered exposures

was performed using calnicb in IRAF, resulting in a pixel scale of 0.075" pix~!.
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2.2.3 Astrometry

Each ACS/WFPC2 and NICMOS image is aligned to the reference frame of the
NDWES, which itself is tied to the USNO A-2 catalog. We first run Source Ex-
tractor (SExtractor, Bertin & Arnouts, 1996) on a cutout of the /-band NDWEFS
corresponding to the appropriate ACS/WFPC2 Field Of View (FOV) to generate a
list of comparison objects. The IRAF task wcsctran is used to convert this list into
pixel coordinates on the ACS/WFPC2 image. Another IRAF task, imcentroid,
is used to improve the accuracy of the pixel coordinates. Finally, the IRAF task
ccmap applies a first order fit to correct the zero point of the astrometry and update
the appropriate WCS information in the header of the ACS/WFPC2 image. This
aligned ACS/WFPC2 image is then used as the reference frame for correcting the
astrometry of the NICMOS image and the IRAC images (since the IRAC images
of the Bodtes Field are not tied to the USNO A-2 catalog, but instead to the 2um
All-Sky Survey frames, see Eisenhardt et al., 2004). Using the properly aligned,
multi-wavelength dataset, identifying the proper counterpart to the MIPS source
is relatively straightforward, since inspection of the four IRAC channels reveals a
single source associated with the 24um emission for all but one source (this source
is undetected in all four IRAC channels). The absolute uncertainty in the centroid

of the IRAC 3.6pum emission ranges from (/'3-05.

2.2.4 Photometry

We perform 2” diameter aperture photometry on each DOG in both the rest-optical
and rest-UV, choosing the center of the aperture to be located at the peak flux
pixel in the NICMOS images. We remove foreground and background objects using
SExtractor (see Section 2.4.2.2) and calculate the sky level using an annulus with an
inner diameter of 2” and a width of 1”. We found that in some cases (particularly

those NICMOS images where significant residual non-linearities remained), the flux
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density radial profile did not flatten at large radii. When this occurred, we deter-
mined the appropriate sky value by trial-and-error. We computed the background
level and photometric uncertainty by measuring the sigma-clipped mean and RMS
of fluxes measured in N 2" diameter apertures, where N ~ 10 and N ~ 50 for the
NICMOS and ACS/WFPC2 images, respectively.

We compute 4” diameter aperture photometry in the NDWFS By, R, and [ im-
ages centered on the IRAC 3.6 um centroid of emission. Sky background levels were
computed in a 3” wide annulus with an inner diameter of 4”. Limiting magnitudes
were determined by measuring the flux within a 4” aperture at several sourceless
locations near the DOG and computing the rms variation of the flux values.

We verified the accuracy of our ACS and WFPC2 photometric zeropoints by
comparing well-detected sources common to both our HST and NDWEFS imaging.
For our ACS/F814W observations, we compared to the NDWFS I-band imaging
and found negligible offsets (-0.03 4+ 0.10 magnitudes). For our WFPC2/F606W
observations, we compared to the NDWFS R-band (after correcting for color terms
due to the dissimilarity of the R and F606W filter bandpasses) and again found
negligible offsets (0.05 £+ 0.15 magnitudes).

2.2.5 Images of DOGs

Figure 2.3 shows 2” x 2" cutout images of the DOGs in order of increasing redshift.
Each cutout is centered roughly on the centroid of emission as seen in the NICMOS
image. A red plus sign shows the centroid of IRAC 3.6um emission and is sized
to represent the 1-o uncertainty in the position, which includes independent contri-
butions from the centroiding error on the 3.6um emission (=(0"2-0"4, depending on
S/N), the relative astrometric calibration uncertainty within the 3.6um map (~0"2),
and the uncertainty in tying the 3.6um map to the HST images (~0"1). The 1o rms
offset between IRAC and NICMOS centroids of the sample is 0’2. In most cases, the
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offset in centroids is negligible, but those cases where it is not are associated with
faint 3.6pum emission (when the absolute astrometric uncertainty may be as large
as 0’5). This suggests there is no significant offset between the near-IR and mid-IR
centroids, although we note that we cannot rule out offsets at the < 1 kpc scale.

The DOGs exhibit a wide range of morphologies, with most being well-resolved.
Only one object (SST24 J142644.3+333051) shows strong Airy rings and is clearly
an unresolved point source. Here we give a brief qualitative desription of the mor-
phology of each object.

(1) SST24 J143135.24+325456: F606W: Weak detection. F160W: Large-scale
emission with a faint tail extending northeast.

(2) SST24 J142645.7+351901: F606W: No significant detection. F160W:
Two compact, resolved components separated by ~05.

(3) SST24 J143251.84-333536: F606W: Faint emission slightly NE of NIC-
MOS centroid; possible second source ~(0"5 northwest (NW) of NICMOS centroid.
F160W: Extended object; possible point source contamination.

(4) SST24 J143447.74330230: F606W: No significant detection. F160W:
Irregular, diffuse object.

(5) SST24 J143520.74340418: F606W: Compact, resolved object. F160W:
Very compact object, but no evidence for Airy rings.

(6) SST24 J142653.24330220: F814W: Large scale, irregular, and diffuse
emission. F160W: Large-scale, irregular, and diffuse, but with bright compact nu-
clear component.

(7) SST24 J143325.84333736: F606W: Compact, resolved object. F160W:
Bright compact and extended components.

(8) SST24 J143644.24-350627: F606W: Compact, resolved object. F160W:

Extended object; possible point source contamination. This object has a counterpart
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Figure 2.3 Cutouts of the 31 DOGs observed by HST, shown with a linear stretch.
Columns 1 and 3 are the rest-UV images from either ACS F814W or WFP(C2
F606W. Columns 2 and 4 are the rest-optical images from NIC2 F160W. Each
cutout is 2” on a side and is oriented north up and east left. The objects are ar-
ranged in order of increasing redshift, and the redshift is printed in the lower right
corner of each NICMOS image. A red cross denotes the position and 1-o uncer-
tainty in the centroid of the IRAC 3.6pum emission. In NICMOS images where the

S/N per pixel is greater than 2, white contours outline the brightest 20% pixels,
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in the XBootes catalog (Brand et al., 2006).

(9) SST24 J142622.0+345249: F814W: Four compact, resolved clumps spread
in a “T” shape with no visible central component. F160W: Similar irregular ‘T’ shape,
but components are not as distinct. NE component is bluer than other components.

(10) SST24 J142648.9+332927: F814W: Compact, resolved object. Chain
of sources extends towards southwest. One of these sources is within 1” of the DOG
and is included in the photometric and morphological measurements, since there is
no clear evidence to suggest it is not associated with the system. F160W: Similar
compact, resolved object; possible point source contamination.

(11) SST24 J143102.24325152: F606W: No significant detection. F160W:
No significant detection. This object is also not detected in any of the IRAC images,
but does have a counterpart in the XBootes catalog (Brand et al., 2006).

(12) SST24 J143225.34+334716: F814W: Compact, irregular object. F160W:
Compact, resolved object; possible point source contamination.

(13) SST24 J143109.74342802: F606W: No significant detection. F160W:
Irregular, diffuse object.

(14) SST24 J143508.4+4-334739: F606W: Compact, resolved, and irregular
central component with tail of emission to southeast (SE). F160W: Very similar,
but central component is stronger relative to tail.

(15) SST24 J143312.7+342011: F606W: Four compact components in a
semi-circle offset from the centroid of NICMOS emission. F160W: Extended object;
possible point source contamination.

(16) SST24 J142626.44+344731: F606W: No significant detection. F160W:
Irregular, diffuse object.

(17) SST24 J143504.1+354743: F606W: Faint source barely detected. F160W:

Irregular, extended object; possible point source contamination.
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(18) SST24 J143242.54342232: F606W: No significant detection. F160W:
Faint, compact component near 3.6um centroid with emission leading to second,
brighter peak ~(0’5 to southwest (SW). Possible multiple-component system.

(19) SST24 J142538.04+332607: F606W: No significant detection. F160W:
Irregular objected elongated in NW-SE direction.

(20) SST24 J142804.14+332135: F606W: No significant detection. F160W:
Faint, irregular object.

(21) SST24 J143358.04+332607: F606W: Faint, irregular object. F160W:
Extended object with possible point source contamination.

(22) SST24 J143001.9+334538: F606W: No significant detection. F160W:
Faint, irregular object.

(23) SST24 J143545.14342831: F814W: Faint, compact irregular objects;
possibly two component system. F160W: Extended emission; possible point source
contamination.

(24) SST24 J143725.14+341502: F814W: Very faint, low surface brightness
feature extending to east. F160W: Diffuse emission with compact object; faint Airy
ring present.

(25) SST24 J143808.3+341016: F814W: Faint, compact, resolved compo-
nents offset from centroid of NIC2 emission. F160W: Compact, central component
with extension to SE overlapping ACS emission centroid.

(26) SST24 J143025.74342957: F606W: Compact, resolved object. F160W:
Compact, resolved object; possible point source contamination.

(27) SST24 J143523.9+330706: F814W: Compact, resolved object with tail
of emission to SE; possible point source contamination. F160W: Compact, resolved
object; possible point source contamination.

(28) SST24 J143539.3+334159: F606W: Possible faint diffuse emission N of
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NIC2 centroid. F160W: Compact, resolved object; possible point source contami-
nation; possible tail of emission towards N.

(29) SST24 J142958.3+322615: F606W: Compact resolved object; possible
point source contamination. F160W: Extended object with bright nuclear source;
possible point source contamination.

(30) SST24 J142924.84353320: F606W: No significant detection. F160W:
Very compact, irregular, faint object near IRAC 3.6um centroid. Larger, brighter
object ~08 to north.

(31) SST24 J142644.3+333051: F606W: Weak detection. F160W: Domi-
nated by point source emission; clear Airy ring. This source has two X-ray counter-

parts in the XBootes catalog (Brand et al., 2006).

2.3  Methodology: Morphological Analysis

We undertook three different, complementary approaches to analyzing the morphol-
ogy of the DOGs in our sample: a visual classification experiment, multi-component
GALFIT modeling, and non-parametric quantification. In this section, we describe

the details of our methodology. The results are described in section 2.4.

2.3.1 Visual Classification

We first undertook a visual classification of the DOGs by conducting the following
experiment: for each ACS/WFPC2 image, we generate a 5"x5” cutout image of
both the DOG and 14 other randomly selected galaxies in the same FOV with the
same magnitude range as our DOG sample. Eight of the coauthors then classified
all 15 galaxies in each FOV (the DOG was not identified), placing them into one
of the following bins: Elliptical/Compact (E/C), Disk, Irregular/Multi-component,
Irregular /Diffuse, or Too Faint to Tell. In practice, since these galaxies are selected

to be faint in the optical and generally have low S/N, we group together the E/C
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and Disk categories into a “Regular” bin and the two irregular categories into an
“Irregular” bin. This results in a total of 3600 independent classifications, of which
240 pertain to the DOGs. In an effort to explore the robustness of our results, we
flag and remove from the sample all objects where fewer than six classifers were
in agreement. This has the effect of reducing the fraction of “Too Faint To Tell”
responses, but the ratio of the Regular to Irregular classifications changes by less
than 15%. A similar experiment was done on the NICMOS images, without the
control sample, since the NIC2 FOV is so small.

Interpretation of the results of our visual classification analysis is hampered by
low S/N (in the case of the ACS/WFPC2 images) or the lack of a control sample
(in the case of the NICMOS images), so we forego a detailed analysis and instead
present the mode of the classifications for each DOG along with an indication of
whether the eight coauthors were in general agreement in our morpholical results
table in section 2.4.2.2. This is useful as a qualititative assessment of the morphology

for comparison with the more quantitative methods discussed below.

2.3.2 GALFIT Modeling

In many of the NICMOS images, there is a compact component that is not seen in
the corresponding ACS/WFPC2 image, implying there is significant obscuration in
the central region of many of the DOGs. In this section, we describe the method we
use to explore the degree to which each DOG is dominated by a central, unresolved
component. Our tool in this effort is GALFIT (Peng et al., 2002), which uses a
2-dimensional y? minimization to search the parameter space of a set of predefined
functions and identify the parameters that best describe the observed 2-D profile.
Because the DOGs are small and have low S/N compared to more typical ap-
plications of GALFIT, we restrict the size of the fitting region to be 41x41 pixels

(corresponding to an angular and physical size of 3" and ~24 kpc, respectively) and
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include the minimum necessary components in our model. For a variety of reasons,
we expect AGN to be important contributors to the emitted radiation from these
sources. Therefore, we model the observed emission with three components which
are described by a total of 10 free parameters. The number of degrees of freedom,
Npor, is calculated as the number of pixels in the image being modeled minus the
number of free parameters. This implies that the maximum Npop is 1671. Those
cases where Nporp < 1671 are associated with images where pixels were masked
out because they were associated with residual instrumental noise and prevented
convergence with GALFIT. We note that because NIC2 is a Nyquist-sampled array
(0.075” pix~t compared to 0.16” FWHM beam), the pixels in our image may not
be completely independent. As a result, the y? values should be interpreted in a
relative sense rather than an absolute one.

The first element in our GALFIT model is a sky component whose amplitude is
chosen to obtain flat radial profiles at large radii and is not allowed to vary. The
second is an instrumental PSF generated from the TinyTim software (Krist and
Hook 2004), which can simulate a PSF for NICMOS, WFPC2, and ACS. For the
NICMOS and WFPC2 images, the DOG is positioned in nearly the same spot on
the camera. In the case of WFPC2 this is pixel (400,400) of chip 3 and pixel (155,
164) for NICMOS. Meanwhile, a different region of the ACS camera is used for each
DOG. Therefore, we generate a unique PSF at each position on the appropriate chip
in which a DOG is observed. We use a red power-law spectrum (F), o< v72) as the
object spectrum. The PSF is computed out to a size of 3.0”, and for the WFPC2
PSF we oversample by a factor of 2 to match the pixel scale of the drizzled WFPC2
images.

The final component is a Sérsic profile (Sersic, 1968) where the surface brightness

scales with radius as exp[—k((r/Req)'/™ —1)], where & is chosen such that half of the
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flux falls within R.s. We attempted to place as few constraints as possible so as to
optimize the measurement of the extended flux (i.e., non-point source component).
However, in certain cases, the Sérsic index had to be constrained to be positive to
ensure convergence on a realistic solution. For the NICMOS images, we used the
uncertainty image output by calnicb as the error image required by GALFIT to
perform a proper x? minimization. The TinyTim NIC2 PSF is convolved with the
Sérsic profile prior to performing the x? minimization. The initial guesses of the
magnitude, half-light radius, position angle, and ellipticity were determined from
the output values from SExtractor. Varying the initial guesses within reasonable
values (e.g., plus or minus two pixels for the half-light radius) yielded no significant
change in the best-fit model parameters. We used the NICMOS centroid as the
initial guess for the (x,y) position of both the PSF and extended components, but
in a few cases these guesses had to be modified by 1-2 pixels in order to result in
convergence.

We note that we tested two-component models as well (single component Sérsic
profile plus sky background) and found larger reduced x? values, especially when the
point source fraction in our three-component model was large (see further discussion
in section 2.4.2.1). In cases where the point source fraction was small, the two-
component model had similar parameter values as the three-component model, as
we would expect.

It is important to note here that NIC2 cannot spatially resolve objects smaller
than 1.3 kpc at z &~ 2. This limit is large enough to encompass a compact stellar
bulge as well as an active galactic nucleus, implying that we cannot, from these data
alone, distinguish between these two possibilities as to the nature of the central,
unresolved component.

After the best-fit parameters are found in the NICMOS image, we run GALFIT
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with a simplified model on the DOGs in the ACS/WFPC2 images. The primary
simplification is to fix the position of the PSF based on the best-fit NICMOS PSF
location (allowing up to 2 pixel wiggle room to account for astrometric uncertainties,
which can be as large as 0’1). In many cases, GALFIT required an upper limit to
be placed on the magnitude of the PSF component in order to reach convergence.
We choose to use the magnitude of a point source detected at the 2-¢ level for this
upper limit. We note that our Sérsic profile model for the extended DOG flux is not
representative of the rest-UV morphology of many of the DOGs (i.e., the reduced

x? values are large), but it does adequately recover their total flux.

2.3.3 Non-parametric Classification

The Gini coefficient (G) and My, parameter are known to be reliable tools for the
characterization of faint-object morphologies (Lotz et al., 2004). G was originally
created to measure how evenly the wealth in a society is distributed (Glasser, 1962).
Recently, Abraham et al. (2003) and Lotz et al. (2004) applied this method to aid
in the classification of galaxies, with G defined such that low (high) values imply
an equal (un-equal) distribution of flux. My is the logarithm of the second-order
moment of the brightest 20% of the galaxy’s flux, normalized by the total second-
order moment (Lotz et al., 2004). This means that higher values of My, imply
multiple bright clumps offset from the second-order moment center. Lower values,
on the other hand, suggest a system dominated by a central component.

Prior to computing G or My, we first generate a catalog of objects using SEx-
tractor. We use a detection threshold of 1.5¢ (corresponding to 24.5 mag arcsec™2)
and a minimum detection area of 15 pixels. The center of the image as well as
the ellipticity and position angle computed by SExtractor are used as inputs for
computing morphological measures. In addition, we use catalog sources selected to

have magnitudes within the range of all 24 DOGs analyzed in this paper as a “field”
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galaxy sample for comparison to DOGs.

Much of the methodology in this section relies on morphology code written by
J. Lotz and described in detail in Lotz et al. (2004). Here, we summarize the
relevant information. Postage stamps of each object in the SExtractor catalog (and
the associated segmentation map) are created with foreground/background objects
masked out. Using a small region of the cutout devoid of sources, a sky value is
computed and subtracted from the postage stamp. Next, we determine which pixels
in each postage stamp belong to the galaxy and which do not. Since the isophotal-
based segmentation map produced by SExtractor is subject to the effects of surface
brightness dimming at high redshift, we use a segmentation map based on the mean
surface brightness at the Petrosian radius p(R,). Pixels with surface brightness
above p(R,) are assigned to the galaxy while those below it are not. We define R,
as the radius at which the ratio of the surface brightness at Iz, to the mean surface
brightness within R, is equal to 0.2.

Using the new segmentation map, we recompute the galaxy’s center by minimiz-
ing the total second-order moment of the flux. A new value of R, is then computed
and a revised segmentation map is used to calculate G and Myy. Finally the mor-
phology code produces an average S/N per pixel value using the pixels in the revised
segmentation map (Egs. 1 through 5 in Lotz et al., 2004).

One of the most common methods of characterizing galaxy morphologies in the
literature is to measure the concentration index C' (Abraham et al., 1994), the rota-
tional asymmetry A (Schade et al., 1995), and the residual clumpiness, S (Conselice,
2003). Given sufficiently high S/N and spatial resolution, the C'AS system has had
demonstrated success in measuring morphological parameters and identifying merg-
ers at low (Conselice, 2003) and high redshift (Conselice et al., 2008). Unfortunately,

the objects in our sample do not meet simultaneously the S/N and spatial resolution
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requirements to be reliably placed in C'AS space. Because computation of A and
S involves differencing two images, the necessary per-pixel S/N to measure these
parameters reliably is twice as high as those that do not involve subtracting images.
We find per-pixel S/N values ranging from ~2-5 for the DOGs, whereas reliable
measurements of A and S require S/N>5 (Lotz et al., 2004). In principle, the data
are of sufficient quality to measure C' (see Tab. 2.2), but in practice we find that the
inherent assumption of circular symmetry does not apply well to the DOGs, making

the interpretation of C' values difficult.
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Table 2.2. Non-parametric Morphological Classifications
ACS/WFPC2 NICMOS

Source Name Visual® S/N  Rp () G My C  Visual* S/N R, (") G Moo C
SST24 J142538.2+351855 TFTT  — — — —  — Reg — — - = =
SST24 J142622.0+345249  Trr 5.2 06 045 -08 3.6  Irr 3.0 05 044 -1.0 21
SST24 J142626.44344731  Trr — — — — —  Reg — — - = =
SST24 J142644.3+333051 TFTT  — — —~  — —  Reg 107 03 056 -1.8 3.3
SST24 J142645.7+351901 TFTT  — — -~ — I 2.7 08 042 -0.7 43
SST24 J142648.9+332927  Irr 2.7 06 046 -08 49 Reg 26 06 050 -17 29
SST24 J142653.24330220  Irr 2.2 08 042 -0.7 36 Reg 3.9 06 043 -12 22
SST24 J142804.14+332135 TFTT  — — -~ —  — TFTT — — - =
SST24 J142924.8+353320 TFTT  — — -~ — = Im — — - = =
SST24 J142958.3+322615  Reg ~ — — —  —  —  Reg 38 05 046 -14 23
SST24 J143001.9+334538 TFTT  — — -~ -  — TFTT — — .
SST24 J143025.7+342957  Reg ~ — — — —  — Reg 61 06 054 -1.7 29
SST24 J143102.2+325152 TFTT  — — -~ -  — TFTT — — .
SST24 J143109.7+342802 TFTT  — — — - — I — — - =
SST24 J143135.2+325456  TFTT  — — e 2.8 13 052 -25 47
SST24 J143225.3+334716  Irr 3.9 04 037 -16 24 Reg 5.1 05 050 -1.4 28
SST24 J143242.5+342232 TFTT  — — — - — I — — - =
SST24 J143251.8+333536 TFTT  — — — —  —  Reg 47 09 047 -17 27
SST24 J143312.74342011  Trr — — — —  —  Reg 38 L1 051 -14 33
SST24 J143325.8+333736  Reg ~ — — — — — Reg 51 1.0 054 -1.9 -21b
SST24 J143358.0+332607  Reg ~ — — — —  —  Reg 41 05 050 -14 31
SST24 J143447.7+330230 TFTT  — — — —  — Reg 43 05 046 -12 20
SST24 J143504.1+354743 TFTT  — — —  —  — Reg 22 09 049 -09 -2.1P
SST24 J143508.44334739  Irr — — — —  —  Reg 41 08 053 -12 29
SST24 J143520.7+340418  Reg  — — — —  —  Reg 33 04 047 -09 33
SST24 J143523.9+330706  Reg 5.2 05 056 -12 28  Irr 6.3 04 047 -12 23
SST24 J143539.3+334159 TFTT  — — — —  —  Reg 27 07 050 -17 34
SST24 J143545.1+342831 TFTT  — — —  —  — Reg 46 06 055 -1.6 32
SST24 J143644.2+350627 TFTT  — — —  —  —  Reg 31 06 052 -17 27
SST24 J143725.1+341502 TFTT  — — — —  —  Reg 25 09 052 -21 37
SST24 J143808.34+341016  Trr 2.3 1.3 044 -09 36 I 2.3 1.0 048 -1.6 3.2
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Table 2.2 (cont’d)

ACS/WFPC2 NICMOS
Source Name Visual® S/N R, (") G My C Visual® S/N Ry, (") G My C

2 Mode of visual classification. Italics indicate multiple users disagreed with the mode.

b Negative C' value indicates r29 was too small to be measured accurately.

2.4 Results

2.4.1 Photometry

In Figure 2.4, we show the color-magnitude diagram for DOGs and a sample of
galaxies in the HDF whose photometric redshifts are comparable to DOGs (1.5 <
Zphot < 2.5). For DOGs where the measured flux is below the 20 detection limit, we
use an open plotting symbol and an upward pointing arrow. DOGs range in H-band
magnitude from 21.93 to 25.1 AB mags. In both V — H and I — H, DOGs are redder
than a typical high-z galaxy by 0.2-3 AB mags. In particular, the LBGs from the
HDF-N (Papovich et al., 2001) are comparably bright in H, but fainter in V' by
~2 AB mags than DOGs. There is substantial overlap between the colors of DOGs
and DRGs, suggesting that we might expect to see similarities in the morphologies
between these two populations. Table 2.3 summarizes the photometric information

derived from the NDWFS and the HST imaging.

2.4.2 Morphologies
2.4.2.1 GALFIT Results

The results of our GALFIT analysis for the extended component Sérsic profile fit
to the NICMOS images are shown in Table 2.4, along with 1-0 uncertainties in the

best-fit parameters. The Sérsic indices (n) range from 0.1 to 2.2 (median n = 0.9).
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Table 2.3. Photometric Properties®
Source Name Bw R I V (F606W) I (F814W) H (F160W)  Foy (mJy) R — [24]°
SST24 J142538.24-351855 > 26.6 > 25.9 > 25.5 > 26.0 — 24.0+0.1 0.8540.05 > 16.1
SST24 J142622.0+345249 24.540.1 24.5+0.3 24.0+0.3 — 24.184+0.06 23.6+0.1 1.2940.05 15.2
SST24 J142626.4+344731 > 26.6 > 254 > 25.2 > 26.4 — 23.740.1 1.1740.04 > 16.0
SST24 J142644.3+4+333051 > 26.5 24.3+0.2 24.3+0.2 25.940.3 — 21.93+0.02 1.1440.04 14.9
SST24 J142645.74351901 > 26.6 > 25.8 24.5+0.3 > 26.2 — 23.31+0.09 1.144+0.05 > 16.3
SST24 J142648.9+332927 25.140.2 > 25.0 24.140.1 — 24.940.2 23.340.1 2.3340.07 > 16.3
SST24 J142653.24-330220 > 26.6 > 26.1 24.740.3 — 25.040.2 22.740.1 0.88+0.05 > 16.3
SST24 J142804.1+4332135 > 26.4 > 25.7 > 25.3 > 26.6 — 25.14+0.5 0.8440.03 > 15.9
SST24 J142924.84-353320 > 26.6 > 25.4 > 24.9 > 26.1 — 24.740.3 1.04+0.05 > 15.9
SST24 J142958.3+322615 25.640.1 > 25.7 > 25.4 25.5+0.3 — 23.26+0.09 1.184+0.05 > 16.2
SST24 J143001.94-334538 > 26.4 > 25.8 > 25.1 > 26.5 — 24.940.3 3.8440.06 > 17.7
SST24 J143025.7+342957 24.640.1 24.0£0.1 23.940.1 24.214+0.07 — 22.29+0.03 2.4740.05 15.4
SST24 J143102.2+325152 > 25.7 > 25.2 > 25.2 > 26.0 — > 25.1 1.1940.05 > 15.8
SST24 J143109.7+342802 > 26.4 > 25.5 > 25.2 > 26.3 — 23.6+0.1 1.1140.04 > 16.0
SST24 J143135.2+325456 24.740.1 23.9+0.1 23.5+0.1 25.14+0.2 — 22.04+0.03 1.51+0.05 14.8
SST24 J143225.3+334716 > 26.9 > 25.3 > 25.2 — 26.0+0.4 22.840.1 1.284+0.05 > 16.0
SST24 J143242.5+4342232 > 26.5 > 25.3 > 25.1 > 26.7 — 22.68+0.04 0.9140.04 > 15.6
SST24 J143251.8+333536 > 26.5 > 25.5 > 25.1 > 26.5 — 22.20+0.03 0.8240.04 > 15.7
SST24 J143312.74342011 24.540.1 24.240.2 23.940.1 24.7+0.1 — 22.23+0.04 1.761+0.04 15.2
SST24 J143325.8+333736 25.64+0.3 24.6+0.3 23.940.2 25.6+0.3 — 21.52+0.03 1.8740.06 15.6
SST24 J143358.04332607 > 26.7 > 25.9 > 25.3 — > 25.9 23.09+0.06 1.07+0.04 > 16.3
SST24 J143447.7+4+330230 > 26.6 > 26.1 > 25.2 > 26.0 — 23.140.1 1.714+0.04 > 17.1
SST24 J143504.1+4-354743 > 26.6 > 25.8 > 25.5 > 26.4 — 23.08+0.09 1.26+0.05 > 16.5
SST24 J143508.4+334739 24.6+0.1 24.140.1 23.840.1 23.87+0.05 — 22.69+0.07 2.654+0.08 15.6
SST24 J143520.74340418 24.84+0.1 > 25.1 24.140.2 > 26.2 — 24.0£0.2 1.53+0.06 > 15.9
SST24 J143523.9+330706 > 26.8 25.0+0.2 24.940.3 — 24.740.2 22.93+0.06 1.0940.05 15.5
SST24 J143539.34-334159 > 26.4 > 25.5 24.740.3 25.140.2 — 23.14+0.1 2.67+0.06 > 16.9
SST24 J143545.1+4342831 > 26.9 > 25.2 > 25.0 — > 26.7 22.59+0.05 1.954+0.05 > 16.3
SST24 J143644.2+350627 24.740.1 24.3+0.1 24.0+0.2 25.6+0.2 — 22.70+0.07 2.3440.05 15.6
SST24 J143725.1+4341502 25.440.2 > 25.4 > 25.2 — 26.14+0.6 22.70+0.08 1.414+0.05 > 16.2
SST24 J143808.34341016 25.140.1 24.4+40.3 23.940.1 — 24.740.2 22.34+0.08 1.71+0.05 15.4

a

b

magnitudes given in AB system.

€ R — [24] color in Vega system.

magnitude lower limits represent 20 values.
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Figure 2.4 Color-magnitude diagram for DOGs. Left: V — H vs. H for DOGs
observed by WFPC2 (filled black squares show detections, open black squares show
lower limits). Galaxies spanning the redshift range 1.5 < z < 2.5 in the HDF-N
(Papovich, personal communication) and HDF-S (Labbé et al., 2003) are shown with
black dots. Bright LBGs from the HDF-N are shown with green diamonds (Papovich
et al., 2001). DRGs in the HDF-S are represented by filled orange triangles. Right:
I — H vs. H for DOGs observed by ACS. Symbols are the same as in left panel.
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For those objects where n < 1, we note that constraining n to be equal to 1 does
not significantly alter the remaining fit parameters. As the Sérsic index decreases,
the radial profile flattens more rapidly within r < R.s and the intensity drops
more steeply beyond r > R.g. For reference, n = 0.5 corresponds to a Gaussian
profile, n = 1 corresponds to an exponential profile, and n = 4 corresponds to a de
Vaucouleurs profile (Peng et al., 2002). The ratio of the minor to major axis ranges
from 0.20 to 0.88 with a median value of 0.53. In comparison, simulated merger
remnants tend to have a luminous component in the shape of an oblate spheroid,
with axis ratios of 1:1:0.5 (Novak et al., 2006). The projected axial ratio should thus
vary between 0.5 and 1.0. Our observed median value of ~0.5 suggests that DOGs
have more disk-like profiles than the simulated merger remnants. This may be due
to a non-merger origin for DOGs, or it may be an indication that DOGs have not

progressed to the merger remnant stage.



Table 2.4. GALFIT Results

Reg

n Axial Ratio (kpc) X2 x2P Ngot
SST24 J142538.24-351855  0.740.2 0.64+0.09 2.5+04 0.35 0.36 1653
SST24 J142622.04-345249  0.1+0.1 0.55+0.04 2.5+1.0 0.92 0.92 1671
SST24 J142626.44-344731  0.8+0.2 0.59+0.07 3.0+04 1.35 1.35 1671
SST24 J142644.34333051  5.6+£3.4 0.71+£0.07 1.1+0.3 1.16 2.58 1671
SST24 J142645.74351901  0.1+0.1 0.41+£0.03 4.6+0.2 1.08 1.08 1671
SST24 J142648.94-332927  0.7+£0.3 0.70+£0.05 1.8£0.1 1.08 1.08 1561
SST24 J142653.24-330220  0.4+0.1 0.85+0.03 2.940.1 095 0.96 1671
SST24 J142804.14-332135  1.040.6 0.1940.06 6.4+26 095 096 1671
SST24 J142924.84-353320  0.84+0.3 0.351+0.06 2.8+0.4 1.04 1.07 1671
SST24 J142958.34+322615  0.4+0.1 0.784+0.03 2.1£0.1 0.36 0.39 1671
SST24 J143001.94-334538  1.0£1.3 0.6£0.1 1.2+0.3 049 0.49 1671
SST24 J143025.74+342957  1.0+0.1 0.5240.02 1.8+0.1 090 0.96 1671
SST24 J143102.24+-325152 — — — — — —
SST24 J143109.74-342802  1.2+0.4 0.36+0.05 7.0+£1.7 1.15 1.15 1671
SST24 J143135.24-325456  0.5+0.1 0.53+0.01 3.840.1 1.54 1.56 1671
SST24 J143225.34-334716  0.9+0.2 0.55+0.03 1.9£0.1 093 094 1671
SST24 J143242.54-342232  2.0+0.4 0.50+£0.06 4.0+0.8 0.57 0.58 1601
SST24 J143251.84-333536  0.8+0.1 0.5040.02 3.3£0.1 0.50 0.52 1671
SST24 J143312.74+342011  0.7+0.1 0.514+0.01 4.0£0.1 0.63 0.66 1671
SST24 J143325.84-333736  1.3+0.1 0.70+0.01 3.1£0.1 0.52 0.60 1671
SST24 J143358.04+332607  2.14+0.5 0.844+0.07 1.4+0.1 049 048 1671
SST24 J143447.74+330230  0.4+0.1 0.88+0.04 1.9+40.1 0.88 0.89 1671
SST24 J143504.14-354743  0.5+0.1 0.43+0.03 4.6+0.3 091 093 1671
SST24 J143508.4+4-334739  2.6+0.4 0.40+£0.03 2.240.2 1.06 1.10 1671
SST24 J143520.74-340418  0.6+0.4 0.5+0.1 3.4+0.7 1.08 1.10 1671
SST24 J143523.94-330706  0.5+0.1 0.46+0.02 1.5£0.1 1.00 1.05 1671
SST24 J143539.34-334159  1.8+0.5 0.82+0.09 3.7+0.7 091 0.92 1671
SST24 J143545.14-342831  1.140.2 0.4940.03 2.240.1 1.04 1.06 1671
SST24 J143644.24-350627  0.940.2 0.70+0.05 1.9+40.1 1.22 1.23 1670
SST24 J143725.14341502  0.3+0.1 0.501+0.03 3.4£0.2 1.09 1.14 1424
SST24 J143808.3+341016  0.940.1 0.814+0.04 3.0£0.2 1.37 1.38 1671

o4
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Table 2.4 (cont’d)

Reg

n  Axial Ratio (kpc) x22 x2P Ngot

aAsssuming finite PSF contribution

b Asssuming zero PSF contribution

It is possible for a degeneracy to arise in the fitting parameters, in the sense
that a high-n, low point source fraction model may be comparable to a low-n, high
point source fraction model. We have tested this by running GALFIT with the
point source fraction set to zero (i.e., removing the PSF component). The resulting
n values range from 0.1 to 5.2 with a median of 2.0, which is still below the value
of 4 that is typical of early-type galaxies. A total of 7 DOGs have n > 3 using
this zero-point-source model. The best-fit R.g values change by less than one pixel,
with an offset of -0.24+0.8 pixels. In general, as mentioned in section 2.3.2, the
removal of the PSF component leads to larger reduced-y? values (see columns 5 and
6 in Tab. 2.4). However, we note that only one case (SST24 J142644.3+333051)
is associated with a >0.08 decrease in x? after adding a non-zero PSF component.
This suggests that the PSEF component in most of the DOGs in this sample is not
dominant at rest-frame optical wavelengths.

We find the effective radius, R.g, ranges from 1.1 to 5.9 kpc with a median
value of 2.5 kpc. In the left panel of Figure 2.5, we show the distribution of R.g
values for DOGs (dark shaded histogram), Distant Blue Galaxies (diagonal blue
hatched; DBGs, i.e., galaxies with z,hot > 2 that satisfy J — Ks < 2.3; Toft et al.,
2007), and DRGs (opposite diagonal red hatched; Zirm et al., 2007; Toft et al.,

2007). Two-sided K-S tests show that DOGs are dissimilar from both populations,
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Figure 2.5 Left: Distribution of effective radius, Reg, for an unconstrained Sérsic
profile matched to the DOGs using GALFIT (filled grey region), DBGs (Distant Blue
Galaxies, diagonal hatched blue region) and DRGs (opposite diagonal hatched red
region). Right: Distribution of R.g values for DOGs (filled grey region), active DRGs
(diagonal hatched blue region), and quiescent DRGs (opposite diagonal hatched red
region). DBG and DRG data from Zirm et al. (2007) and Toft et al. (2007).

with a <7% and <4% chance of being drawn from the same parent distribution,
respectively. Based on the nature of their UV-NIR SED, DRGs may be separated
into those that are actively forming stars (active DRGs or sDRGs) and those that
are not (quiescent DRGs or qDRGs, see Zirm et al., 2007; Toft et al., 2007). The
right panel of Figure 2.5 shows the DOG R distribution in comparison to active
DRGs (diagonal blue hatched) and quiescent DRGs (opposite diagonal red hatched).
Quiescent DRGs have much smaller effective radii, while active DRGs are much
closer to DOGs. Here the two-sided K-S test gives a 99.9994% and 34% chance of
being drawn from different parent distributions, respectively, suggesting that the

DOG and active DRG populations may overlap.
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In Table 2.5, we give the V', I, and H magnitudes of the nuclear (PSF) component
and the extended (galaxy) component, as well as the fraction of light contributed
by a point source (including 1-o uncertainties). When the nuclear component is
not detected, we quote the 3-¢ limit on the point source fraction. The magnitude
of the PSF component is measured using the same aperture photometry method
described in Section 2.2.4, with the exception that the sky background is assumed
to be zero. For the extended component, we subtract the PSF component from
the science image and compute the photometry in the usual way on the residual
image. The fraction of light due to an unresolved component in the rest-optical
ranges from 0.04 to 0.78, and the median is 0.12. In the rest-UV, however, this
fraction is signicantly smaller, with only one object having a detected fraction.
This object, SST24 J143523.94+330706, stands out as unique by virtue of having a
greater point source fraction in the rest-UV than in the rest-optical. This behavior
is unique within our sample (but is expected when the AGN is viewed without
obscuration) and is also reflected in the non-parametric measures of its morphology
(see Sect. 2.4.2.2 for more detail).

Figure 2.6 shows the V' — H and I — H colors of the nuclear, extended, and full
galaxy components as a function of H, in AB magnitudes. High-z galaxies and DRGs
in the HDF-N and HDF-S are also shown. The full galaxy and extended components
have similar colors and H magnitudes, consistent with the nuclear component not
dominating the flux. This is why even the extended components of DOGs are redder
in both V' — H and I — H compared to Lyman break galaxies (LBGs) in the HDF,
and suggests that one cannot create a DOG simply by adding an obscured AGN to
a star-forming galaxy like an LBG. DRGs show greater overlap with the colors of
DOGs but few are as bright in H as the DOGs in our sample.
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Table 2.5. PSF Subtraction Analysis
Source Name Vaue Tnue Hpue Veal Igal Hgal il IBsp

SST24 J142538.24351855 > 28.3 — 2742 > 26.0 — 24.140.3 — <0.27
SST24 J142622.0+345249  — > 27.9 2741 — 24.240.1  23.6£0.2 <0.01 <0.15
SST24 J142626.44344731 > 27.6 — 26.8+£0.3 > 26.4 — 23.7+0.2 — <0.07
SST24 J142644.3+333051 > 28.1 — 22.3+0.1 26.140.6 — 23.4+0.1 <0.06  0.73+0.07
SST24 J142645.74+351901 > 27.7 — 271 > 26.2 — 22.9+0.1 — <0.08
SST24 J142648.94+332927  — >281 252403 — 24.9404  23.34£0.2 <0.03  0.15£0.06
SST24 J142653.24+330220  — > 283  25.840.2 — 25.040.4  22.840.2 <0.01  0.06:£0.03
SST24 J142804.14332135 > 27.7 — 26.140.5 > 26.6 — > 25.2 — —
SST24 J142924.84353320 > 27.9 — 25.940.5 > 26.1 — > 25.3 — —
SST24 J142958.34+322615 > 28.2 — 25.04£0.1  25.640.6 — 23.540.2 <0.01  0.20£0.03
SST24 J143001.94334538 > 27.9 — 26.6+0.9 > 26.5 — > 25.5 — <0.53
SST24 J143025.7+342957 > 28.4 — 23.940.1 24.240.2 — 22.5840.07  <0.01  0.24+0.03
SST24 J143102.24325152 > 27.8 — >27.0 > 26.0 — > 25.1 — —
SST24 J143109.74342802 > 27.9 — 271 > 26.3 — 23.78+0.3 — <0.18
SST24 J143135.24325456 > 27.8 — 26.14£0.3  25.240.5 — 22.140.1 <0.06 <0.02
SST24 J143225.34334716  — > 283  24.840.1 — 261 23.0£0.2 <0.02  0.17£0.04
SST24 J143242.54+342232 > 28.5 — 254402 > 26.7 — 22.9+40.1 — 0.09+£0.03
SST24 J143251.84333536 > 28.7 — 24.940.1 > 265 — 22.440.1 — 0.0940.01
SST24 J143312.74342011 > 27.9 — 24.6+£0.1 24.740.3 — 22.440.1 <0.04  0.12:£0.02
SST24 J143325.84333736 > 27.6 — 23.6£0.1  25.840.7 — 21.6£0.1 — 0.1340.02
SST24 J143358.0+332607  —  27.540.5 25.8+0.3 — >259  23.5£0.2 — 0.1040.05
SST24 J143447.74330230 > 27.9 — 25.840.6 > 26.0 — 23.240.2 — <0.12
SST24 J143504.14354743 > 27.7 — 249402 > 26.4 — 23.340.2 — 0.1840.05
SST24 J143508.44334739 2742 — 24.940.3  23.9+0.1 — 22.6:£0.1 <0.14  0.11£0.04
SST24 J143520.74+340418 > 28.1 — 24.940.1 > 26.2 — 25.0£0.5 — 0.540.1
SST24 J143523.94330706 ~ — 262402 24.940.2 — 25.040.5  23.14£0.1  0.24£0.04 0.1740.03
SST24 J143539.34334159 > 28.4 — 25.240.2  25.240.5 — 23.3+0.3 <0.01  0.15£0.06
SST24 J143545.14342831  — > 280  24.240.1 — >26.7  22.9+0.1 — 0.22+0.03
SST24 J143644.24+350627 2841 — 24.940.3  25.740.4 — 22.940.1 <011  0.13£0.04
SST24 J143725.14341502  — > 281  23.640.1 — >26.2  23.3£0.2 — 0.4340.05
SST24 J143808.34341016 ~ — > 283 259404 — 247404 224402 <0.01 <0.06




99

H [Vega] H [Vega]
20 21 22 23 24 25 26 20 21 22 23 24 25 26
% WFPC2 ACS ig
36 E
35

V - H[AB]
V - H [Vega]

| - H[AB]

NN W s OO
X
x>
e
x>

X |\|> w JI>

I - H[Vega]

1 22 23 24 25 26 27 2
H [AB] H [AB]

Figure 2.6 Color-magnitude diagram for DOGs, broken down into an extended com-
ponent (unconstrained Sérsic profile) and an unresolved nuclear component (from
TinyTim PSF). Left: V — H vs. H for DOGs observed by WFPC2 (black squares).
The extended component of each DOG is shown with a blue circle and the point
source with a red star. Detections (Lower limits) are plotted with filled (open) sym-
bols. Open green triangles show the median and 1o dispersion in colors of high-z
galaxies from the HDF-N (Papovich, personal communication and HDF-S (Labbé
et al., 2003). The subset of these galaxies qualifying as DRGs are shown with a

filled orange triangle. Right: I — H vs. H for DOGs observed by ACS. Symbols are

same as in left panel.
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2.4.2.2 Non-parametric Classification Results

Non-parametric methods of characterizing galaxy morphology are known to require
high S/N imaging to yield reliable results (Lotz et al., 2004). In the rest-UV, where
the DOGs are very faint, none of the 22 WFPC2 images and only 6 out of 9 ACS
images have the per-pixel S/N necessary to compute R,, G, My, and C. In the
rest-optical, however, DOGs are much brighter and 23 out of 31 NICMOS images
have sufficient S/N. Table 2.2 presents the visual and non-parametric measures of
DOG morphologies, including the per-pixel S/N, R,, G, My, and C' values for the
ACS/WFPC2 and NICMOS images.

In the left panel of Figure 2.7, we plot GG as a function of My as measured
in the rest-UV for DOGs, a field galaxy sample, and simulated r'/* bulges and
pure exponential disks (Lotz et al., 2006). None of the DOGs fall within the pure

1/4 bulge-dominated regime. The field galaxy population is

exponential disk- or r
composed of sources identified within the ACS FOVs and is selected to span the
same magnitude range as the DOGs in our sample. We use our NDWFS data
to apply color cuts in By — R and R — [ space in order to remove objects with
colors typical of z < 0.7 sources. The morphologies of this field galaxy sample are
represented with gray contours. Four out of six DOGs lie in the lower left corner of
the plot, with low G' and high My, values indicating irregular, diffuse morphologies.
In general, low G and high My, values are indicative of dust-enshrouded stellar
populations, where obscuration by dust causes a galaxy to appear very clumpy with
flux distributed among many pixels (Lotz et al., 2008).

One object (SST24 J143523.9+-330706, panel 27 in Fig. 2.3) has a higher G and
lower Msg value than nearly all of the field galaxies. This is the same object that

shows a stronger point-source contribution in the rest-UV than the rest-optical.

Visual inspection of this object’s cutout image reveals an extended feature fading
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Figure 2.7 Gini coefficient vs. Msg. Left: Morphological measures from ACS/F814W
images of DOGs (blue squares) and field galaxies (grey solid contours, see text).
Representative error bars in the lower right corner include uncertainties due both
to low S/N and low spatial resolution and are estimated using a method similar
to that in Lotz et al. (2004). Filled symbols have greater than 20% point-source
contribution. Top and bottom dotted boxes show where simulated face-on bulges
and disks lie, respectively (Lotz et al., 2006). Right: Same plot but showing results
from NIC2/F160W images of DOGs (red circles), HDF-N LBGs (filled green star)
and a sample of local ULIRGs (black diamonds) (Lotz et al., 2004).
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towards the southeast that is present in both the rest-UV and rest-optical. It appears
that the central activity in this source is not quite as obscured as in other DOGs,
but it is not yet clear why this is the case.

The right panel in Figure 2.7 shows G and My, values as measured in the rest-
optical for DOGs as well as LBGs in the HDF-N and a sample of local (z < 0.1)
ULIRGs (Lotz et al., 2004). DOGs shift to more typical morphological parameters
in the rest-optical compared to the rest-UV, but they are offset from the parameter
space occupied by LBGs and local ULIRGs. The median G and My, values for
DOGs are 0.49 and —1.24, respectively, while for LBGs they are 0.63 and —1.6
and for local ULIRGs they are 0.59 and —1.5. Part of the difference in G and My
compared to LBGs may be that LBGs are more compact, and hence less resolved.
The offset to lower G values in DOGs compared to local ULIRGs is remarkable
and indicates that either different mechanisms are involved in creating these two
populations, or they represent different stages in the evolution of massive galaxies.
We note that the ULIRG sample has comparable S/N as the DOGs studied here, and
that the rest-frame wavelength of both samples is similar (~7000 A vs. ~5300 A,
respectively). While there is a greater relative difference in the spatial resolution

L' vs. (=0.6 kpc pix~!, respectively), Lotz et al.

of the two samples (=0.2 kpc pix~
(2004) found that systematic offsets at these resolutions should be on the order of
20% or less for C' and My, and less than 10% for G. Therefore, the difference in G
cannot be explained by spatial resolution effects alone.

As a qualitative consistency check, we examined R-band images of a sample of 56
ULIRGs from Murphy et al. (1996) and determined that 20 (35%) have double nuclei
with nuclear separations larger than 2.3 kpc, approximately the resolution limit of

our NIC2 images. In comparison, only one DOG has two well-detected, distinct

nuclei and three or four have low S/N components separated by 0’5 (~4 kpc),
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implying that at most 16% of the DOGs in our sample have multiple nuclei with
separations larger than 2.3 kpc. This result is qualitatively consistent with the
differences seen in G between local ULIRGs and DOGs. An important caveat with
this analysis is that our sample of DOGs is dominated by power-law sources, while
the ULIRG sample has a variety of rest-frame NIR SED shapes. For reference, we
measured the G and My, values of a well-detected, non-DOG point source (S/N
per pixel of 18) in one of our NIC2 images, and found values of 0.62 and —1.7,
respectively. The DOG whose morphology is dominated by a point source (see panel
31 in Fig. 2.3) has a lower G value (0.56) but almost the same My (—1.8). This
may be an indication that this DOG contains an underlying extended component,

but the data are not conclusive.

2.5 Discussion

2.5.1 Dust and Stellar Mass Estimates

Here we estimate some of the intrinsic properties of DOGs, including lower limits
on their reddening (Ay ), dust and gas masses, and stellar masses. To do this, we
use Simple Stellar Population (SSP) template SEDs from the Bruzual & Charlot
(2003) population synthesis library with ages spaced logarithmically from 10 Myr
up to 1 Gyr, as well as the median QSO template from Elvis et al. (1994). All
models used here have solar metallicity, a Chabrier IMF over the mass range 0.1-
100M¢ (Chabrier, 2003), and use the Padova 1994 evolutionary tracks (Girardi
et al., 1996). The reddening law used is a combination of that from Calzetti et al.
(2000) and longer wavelength estimates from Draine (2003), and assumes the case
of a dust screen in front of the emitting source in order to derive a firm lower limit
on Ay .

For each DOG, we estimate Ay needed as a function of age by determining
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the amount of extinction necessary to redden the given SSP template such that
it reproduces the observed V' — H or I — H color. The process is illustrated in
Figure 2.8. Each panel shows the colors of DOGs in our sample as a function of
redshift. Blue circles represent the extended component and red stars show the point
source component of each DOG, as described in section 2.4.2.1. Dotted lines show
the expected colors of the SSP templates for varying amounts of extinction. Even
with no extinction (Ay = 0), the oldest SSP templates are too red to reproduce the
colors exhibited by DOGs. The QSO templates, on the other hand, require large
Ay values in order to match the DOG nuclear colors.

We use the relation from Bohlin et al. (1978) to convert Ay to the total column
density of hydrogen atoms and molecules, Ng. For the 100 Myr SSP, the column
densities range from 3 x 10?° — 6 x 10! cm ™2, with a median Ny of 3 x 10*! cm~2. If
we assume the dust is distributed in a spherical shell around the source with radius

equal to the effective radius, then we can place a lower limit on the dust mass:

1
Maust > — i, Ny x 47 R%;. (2.1)
fgd

Here, foq is the gas-to-dust mass ratio and p, is the mean molecular weight of the
gas, which we take to be 1.6m,, where m, is the mass of a proton. We adopt
the average gas-to-dust mass ratio of 120 measured for the nuclear regions of local
ULIRGs by Wilson et al. (2008). We find dust mass lower limits ranging from
2 x 10° — 6 x 107M®, with a median of 9 x 10 M, for a 100 Myr SSP.

A complementary method of estimating the dust mass is based on measurements
of optically thin sub-mm emission. Because sub-mm photometry for the DOGs in
our sample is currently unavailable, we extrapolate from the 24um flux density
measurement. We used the Mrk231 template to determine the extrapolated 850um

flux density, Fg50. Using a template SED of a galaxy with colder dust such as Arp220
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Figure 2.8 V' — H (top row) and I — H (bottom row) as a function of spectroscopic
redshift for each DOG. The first three columns show the colors of the extended
component, while the fourth column shows the colors of the unresolved component
(filled symbols are detections, open symbols are lower limits). Filled orange triangles
represent DRGs in the HDF-S. Dotted lines trace the evolution of colors with redshift
of reddened simple stellar population models from Bruzual & Charlot (2003) with
solar metallicty, a Chabrier IMF and at ages of 10 Myr, 100 Myr, and 1 Gyr (three

columns on left), as well as of the median QSO template from Elvis et al. (1994).
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would increase the inferred 850um flux. We follow Hughes et al. (1997) and estimate

the dust mass using:

1 Fgg,od%
14 2 k4B(v, Ty)’

Mdust = (22)

where dy, is the luminosity distance, kg4 is the rest-frequency mass absorption coef-
ficient, and B(v,T) is the value of the modified blackbody function (8 = 1.5) at
the rest frequency v and a temperature 7. The appropriate kg value is interpolated
from Draine (2003), with typical values being 5 cm? g=!. There is at least a factor
of 2 uncertainty in this quantity. We have assumed relatively hot dust (74 = 75 K),
since we expect AGN heating to play an important role in this sample of DOGs (a
dust temperature of 50 K would increase the inferred dust mass by an additional
factor of ~1.5). Using this method, we find dust masses of 8 x 10" — 6 x 108 Mg,
with the median dust mass being 1.6 x 108 M. This is a factor of nearly 20 larger
than the median dust mass inferred from the measurements of Ay,. This might be
expected, given that many of the dust masses based on Ay are lower limits, while
the dust masses based on the 24um emission may be overestimates if Ty > 75 K.
On the other hand, this difference may be suggesting that the dust causing the av-
erage UV extinction of the extended galaxy component is not the same dust that is
causing the thermal emission.

We use the SSP templates to estimate the stellar mass in each DOG. This is
computed by reddening each SSP template to match the observed color of the DOG
at the appropriate redshift. We then scale the redshifted, reddened template to
match the observed H-band photometry. Since the Bruzual & Charlot (2003) models
are normalized to a stellar mass of 1 M), this scaling factor represents the stellar
mass of the DOG.

In Figure 2.9, we show the stellar mass of each DOG as a function of age as
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Figure 2.9 Left. Stellar mass as a function of SSP age for the DOGs. Right. Distri-

bution of stellar masses at an age of 100 Myr.

well as the distribution of stellar masses assuming a 100 Myr SSP model. As stellar
populations age, their colors naturally redden, and so less extinction is needed to
reproduce the observed colors of the DOGs. For most DOGs, ages greater than
~300 Myr require Ay values less than zero and are unphysical. Meanwhile, at
younger ages, lower mass-to-light ratios are balanced by the need for greater ex-
tinction to match the observed colors. As a result, the inferred stellar masses are
relatively constant to within a factor of a few for ages less than 300 Myr. We note
that these mass estimates are lower limits because (1) the amount of extinction is
a lower limit, especially when there is no detection in the V- or I-band image and
(2) our extinction estimate does not take into account grey extinction. For an age
of 100 Myr, the stellar masses range from 7 x 10% — 5 x 10! M¢), with the median
mass being 1.0 x 10" M.

We use our dust mass estimates inferred from the 24pm flux densities and a gas-
to-dust mass ratio of 120 (Wilson et al., 2008) to obtain an upper limit on the gas

masses. This leads to gas masses of 1-7x 10" M), with a median gas mass of 2x10™.
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If we assume a closed-box model and an exponential star-formation history, then we
can write Mgas + Maust = Miorexp(—t/to), where M,y is the sum of the gas, dust,
and stellar masses. The stellar mass is then given by M., = Mo (1 — exp(—t/to)),
which implies

t Mtot

—=h—
tO Mgas + Mdust

(2.3)

This quantity represents the fractional lifetime (in units of the scale time for
our exponential star-formation rate assumption) of each DOG. Larger values of ¢/t
indicate more evolved systems, as more of the gas has been converted to stars.
Our values of t/ty represent lower limits on the actual values because our stellar
masses are underestimated and our gas masses are based on our 24um flux densities,
which likely overestimates the true mass of gas. We find ¢/ty lower limits ranging
from 0.01 to 2.4, with a median lower limit of 0.4. This result implies that in half
of the DOGs in our sample, at least 40% of one exponential timescale’s worth of
star-formation has occurred. The “oldest” DOG in our sample has gone through
at least two and a half exponential timescales of evolution. However, we caution
that the “youngest” DOGs from this line of analysis are uniformly associated with
sources where the dust extinction is most likely underestimated, thereby causing
an additional underestimate in the stellar mass and the associated t/t, value. In

Table 2.6, we present the dust and stellar masses derived in this section, as well as

our measure of the lower limit on the fractional lifetime, ¢/t,.



Table 2.6. DOG Mass Estimates

Maust® Mtar®

(10" M) (101° Mg)  t/to°
SST24 J142538.2+351855 0.8 — 11 0.8 0.5
SST24 J142622.0+345249 0.5 — 13 0.4 0.2
SST24 J142626.44344731 2.0 — 15 2.9 1.0
SST24 J142644.34+333051 0.3 — 32 11. 1.4
SST24 J142645.74+351901 5.2 — 13 5.1 15
SST24 J142648.9+332927 0.7 — 24 1.3 0.4
SST24 J142653.24+330220 2.9 —8 3.8 1.6
SST24 J142804.1+332135 2.8 — 12 0.02 0.02
SST24 J142924.8+353320 0.2 — 16 0.08 0.04
SST24 J142958.3+322615 0.5 — 19 2.0 0.6
SST24 J143001.9+334538 0.1 — 60 0.1 0.02
SST24 J143025.7+342957 0.3 — 37 2.8 0.5
SST24 J143102.2+325152 — — —
SST24 J143109.7+342802 7.7 — 13 2.2 0.9
SST24 J143135.24+325456 4.9 — 29 4.5 0.8
SST24 J143225.3+334716 1.7 — 13 9.6 2.0
SST24 J143242.5+342232 4.7 —11 13. 2.4
SST24 J143251.8+333536  3.5—9 13. 2.6
SST24 J143312.7+342011 3.6 — 23 4.9 1.0
SST24 J143325.8+333736 3.8 — 17 32. 2.8
SST24 J143358.0+332607 1.1 —15 6.6 15
SST24 J143447.7+330230 0.9 — 18 2.4 0.7
SST24 J143504.14354743 5.1 — 16 5.4 1.3
SST24 J143508.4+334739 0.4 — 31 1.4 0.3
SST24 J143520.7+340418 0.1 — 16 0.1 0.05
SST24 J143523.9+330706 0.5 — 16 3.3 1.0
SST24 J143539.3+334159 1.1 —43 2.0 0.3
SST24 J143545.1+342831 2.5 — 30 95. 3.3
SST24 J143644.2+350627 1.0 — 22 3.7 0.9
SST24 J143725.1+341502 2.4 — 22 13. 1.8
SST24 J143808.3+341016 1.1 —26 12. 1.6

69



70

Table 2.6 (cont’d)

Mdusta Mstarb

(10" Mm) (1010 Mg)  t/toC

@Mass range reflects estimates based
on Ay and 24pm flux density
bStellar mass estimates represent

lower limits on true stellar mass

°t/to estimates are lower limits based

on 24pm dust masses

2.5.2  Comparison to other high redshift galaxy populations

It is important to understand how DOGs are related to other populations of high-z
galaxies that have been studied in the literature. Here we compare the morphological
properties of the DOGs with some of these high-redshift galaxy populations and find
that DOG morphologies are distinct from the bulk of LBGs and quiescent high-z
galaxies, but are similar to SMGs as well as active DRGs and the extreme subset of

faint, diffuse LBGs.

2.5.2.1 Sub-mm Galaxies

SMGs are a particularly interesting population of galaxies to compare with DOGs.
First identified by blind sub-mm surveys with the Submillimetre Common User
Bolometer Array (SCUBA Holland et al., 1999), SMGs may represent an important,
short-lived, and very active phase in the evolution of the most massive galaxies.
Their redshift distribution, number density, and clustering properties are similar to
DOGs (Chapman et al., 2005; Dey et al., 2008; Blain et al., 2004; Brodwin et al.,
2008). However, a sample of DOGs detected at 70um or 160um by Spitzer/MIPS

tend to show warmer colors (i.e., smaller 70/24um or 160/24pm flux density ratios)
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compared to SMGs (Tyler et al., submitted). One speculative scenario that may
serve as a possible explanation for this behavior is that these two galaxy populations
are linked in an evolutionary sense: SMGs represent a cold dust, star-formation
dominated stage in the formation of massive galaxies that may precede the DOG
phase, when the feedback from the growth of a central black hole has heated the
surrounding gas and dust, thereby quenching star formation and shifting the peak
of the SED to shorter wavelengths.

If this scenario is correct, then we expect to see major mergers dominate the
morphologies of SMGs, while DOGs should show more relaxed morphologies typical
of the final merger stage before the remnant. Conselice et al. (2003) analyzed Space
Telescope Imaging Spectrograph (STIS) rest-frame UV data of a sample of 11 SMGs
at z ~ 2 — 3 using the CAS system, and found evidence suggesting a major merger
fraction of between 40% and 80%. Although we do not have the S/N in our images
to measure A reliably (and thereby determine a major merger fraction in a similar
manner), the low G and high My, values we have measured imply diffuse, irregular
systems where the light is spread into multiple components rather than 2 separate
components. If the DOGs were predominantly major mergers, we would expect our
sample to have higher G values. Instead, the low G values we find suggest that
we may be looking at the dusty remnant of a major merger, where there are many
highly obscured components near each other. However, we caution that dust can
have a strong effect on the measured G value in the rest-UV, such that even major
mergers might yield lower G values.

The rest-UV morphologies of SMGs have also been analyzed in the GOODS-N
field, where a SCUBA super-map exists and has been used to identify robust sub-
mm detections (Borys et al., 2003). A sample of 12 sources in the redshift range
1.7-4.0 (comparable to the DOGs) were studied by Pope et al. (2005), who computed
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concentration and asymmetry values, finding C' to be in the range 2-3.3 and A to be
dominated by noise, with the exception of two objects (one is very compact and the
other is clearly asymmetric). The comments associated with many of these sources
are “faint” and “diffuse”, suggesting that there is large-scale dust obscuration in
these systems. This is qualitatively similar to what is seen in many of the DOGs,
suggesting that there is some overlap between the two samples.

SMGs have not yet been characterized in terms of G or My, so direct com-
parisons based on these quantities are not possible at this time. However, we can
compare the sizes of these systems directly via the Petrosian radius. In the rest-UV,
the DOGs range in size from R, ~ 0.5” to 1.5”, while SMGs range in size from
0.5 - 2.5”. Indeed, a two-sided KS test reveals that there is only a 5% chance that
they are drawn from the same parent distribution. This suggests that, while there
are similarities between SMGs and DOGs, SMGs tend to be slightly larger than
DOGs. This is consistent with the major merger hypothesis in which DOGs are in
a more evolved state where dynamical friction has caused individual components to
fall towards the center of mass. However, we caution that this result in itself does
not provide evidence for DOGs originating from major mergers. Objects moving at
~100 km st will traverse 8 kpc in <100 Myr. Simulations of major mergers predict
a phase of intense star formation and central black hole growth that lasts of order
this timescale, indicating that the size differences are at least consistent with the
scenario outlined above (Hopkins et al., 2008b).

Finally, the ratio of the stellar mass to the gas mass holds potential for com-
paring the evolutionary states of SMGs and DOGs. The ideal comparison study
would include statistically significant samples of both populations of galaxies for a
range of observed properties such as 24um emission, bolometric luminosity, space

density, etc. Unfortunately, such samples do not currently exist — mainly due to
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a combination of the limitations of current instrumentation and the fact that these
are relatively recently discovered populations of galaxies. While CO linewidths and
emission strengths have found gas mass estimates for a handful of SMGs, no such
measurements have been published for DOGs. The gas mass estimates for SMGs
are typically ~5x10' Mg (Greve et al., 2005; Tacconi et al., 2006, 2008). A num-
ber of efforts have been directed at determining the stellar masses of SMGs using
SED-fitting algorithms. Average stellar mass values are in the range 3-6x10" Mg,
(Borys et al., 2005; Dye et al., 2008). However, when we employ our method of
determining the stellar mass (in this case using the R — K color to determine the
optimal Ay value for a given SSP and age) using the photometry presented in those
papers, we find average stellar masses of ~3x10'° M. These estimates increase by
a factor of ~2 if instead of a Chabrier IMF we use a Salpeter IMF (as was done by
the previous authors for SMGs). However, this still leaves us a factor of ~5 short
of the mass estimates provided in the papers described above. In order to compare
DOG stellar masses with SMGs consistently, we adopt the lower stellar mass values
that we derive for SMGs. In this case, the median ¢/t values for SMGs becomes
~(.5, which is much closer to the median lower limit value of 0.4 found for the
DOGs in section 2.5.1.

The large uncertainty inherent in the process of estimating dust and gas masses
based on 24pum photometry or rest-frame optical Ay measurements currently pre-
vents a strong conclusion being made regarding the evolutionary status using this
line of analysis. However, the morphological evidence is suggestive — although
not conclusive — of an evolutionary link between the two populations with SMGs

serving as the less evolved precursor to the DOG phase.
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2.5.2.2 Star-forming Galaxies

A number of selection criteria have been used to identify normal star-forming galax-
ies at high redshift. Two of these are the LBG dropout (Madau et al., 1996; Steidel
et al., 1996) and BzK (Daddi et al., 2004) techniques. A direct comparison to our
work can be made with a sample of LBGs and emission line galaxies in the GOODS-
N field studied by Lotz et al. (2006). These authors compared G, My, and C values
between their sample of 82 z ~ 4 LBGs and 55 z ~ 1.5 emission line galaxies. In
the LBG sample, they found a major-merger fraction of ~ 10 — 25% (defined by
Msy > —1.1) and a bulge-dominated fraction of ~ 30% (G > 0.55, Myy < —1.6).
The remainder of the LBGs had G and My, values larger than what is typical for
normal galaxies, suggesting active star-formation or a recent merger event. The
low-z emission-line sample showed a similar major merger fraction but fewer bulge-
dominated systems. It is remarkable then, that so few of the DOGs have G and My
values typical of bulge-dominated systems, even in the rest-optical, despite their
luminosity. Furthermore, four out of six DOGs with measureable morphologies in
the rest-UV have high My, and low G values that are typical of dusty, irregular
systems. This may be an indication of kpc scale dust obscuration, which can bias
the G and My values away from the bulge-dominated regime.

A morphological study of LBGs in GOODS-N by Ravindranath et al. (2006)
found axial ratios skewed towards lower values for galaxies at z > 3, suggesting
high-z LBGs are dominated by edge-on morphologies. In contrast, only one DOG
has an axial ratio less than 0.35, indicating that if these sources are disk galaxies,
then some selection mechanism must be in place that favors observing DOGs in face-
on orientations. Meanwhile, results from numerical simulations of galaxy mergers
indicate that remnants end up with axial ratios between 0.5 and 1.0, depending on

the viewing angle (Novak et al., 2006). 21 DOGs satisfy this axial ratio criterion, but
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the median value in our dataset is ~0.5. This suggests that either DOGs represent
a phase prior to the final remnant stage or they are formed by some other process.

Recently, Law et al. (2007) have used GOODS data to analyze morphologies
of 216 LBGs and compare them with other high-z galaxy populations. They found
significant overlap between the LBGs and Bz K's, indicating that the optical and NIR
selection criteria are identifying similar galaxies. While these authors performed a
non-parametric morphological analysis, direct comparison between our work and
theirs is difficult because (a) they assign pixels to each galaxy based on an isophotal
surface brightness criterion rather than the elliptical Petrosian radius as we have
done and (b) they create their own parameter to describe the multiplicity (¥) of each
galaxy, rather than using My,. Nevertheless, there are some apparent differences
between the DOGs and LBGs from the Law et al. (2007) study. While the LBGs
span the full range of G values in the rest-UV, the DOGs tend to be low G objects.
Furthermore, though LBGs span a wide range in G, they are preferentially found
to have low W values, implying a small number of distinct components. On the
other hand, the DOGs have high My, values, suggesting multi-component structure
is commonplace. Law et al. (2007) note a correlation in their plot of G as a function
of ¥, in the sense that objects with many components (large V) tend to be fainter
and more nebulous (low G). DOGs resemble this extreme subset of faint diffuse
LBGs, but appear highly morphologically distinct from the vast majority of the

LBG population.

2.5.2.3 Passively Evolving Galaxies

As mentioned above, the BzK method can be used to identify high-z passively
evolving galaxies. This photometric color cut has been used in the Hubble Ultra
Deep Field (UDF) to generate a sample of seven luminous early-type galaxies at z =

1.39—2.47 (Daddi et al., 2005). These authors studied the i and z band morphologies
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of all seven objects with both parametric (Sérsic profile fitting) and non-parameteric
(concentration and asymmetry) methods. They found fairly large Sérsic indices
(n ~ 3) and small effective radii (res < 1kpc), typical of E/SO galaxies. In contrast,
the best-fit Sérsic profile for DOGs has smaller n values more typical of exponential
disks (median n = 0.9) and larger effective radii (Reg ~ 1 — 6 kpc). Moreover, the
passive BzK galaxies have C' > 2.6 and A < 0.2, consistent with early-type systems.
In the rest-optical, DOGs tend to show lower C' values (S/N is not sufficient to
measure A), consistent with an exponential profile. Along with the low G and high
My values that are measured for the DOGs, these morphology results suggest that
DOGs and passively evolving high-z galaxies are distinct populations, either because
they represent different stages of evolution or because they have different formation

mechanisms.

2.5.2.4 Distant Red Galaxies

Another population of high-z galaxies is the so-called Distant Red Galaxies (DRGs).
Identified via deep NIR imaging, these objects were first postulated to be the red-
dened descendents of LBGs (Franx et al., 2003). Subsequent studies of DRGs in the
Extended Groth Strip (EGS) show a wide variety of shapes, with 57% appearing
visually as elliptical/compact, 7% as edge-on disks, and the remainder as pecu-
liar /irregular galaxies (Conselice et al., 2007). The low redshift DRGs (z < 1.4)
have C'AS values typical of nearby normal galaxies. The higher z DRGs visually
classified as elliptical/compact have higher C' values, similar to what is seen locally
in massive ellipticals and in the BzK samples. Meanwhile, Law et al. (2007) exam-
ined DRGs in the GOODS-N field that did not overlap with the BX or BM LBG
color criteria and found that this population of galaxies was substantially fainter
and more diffuse than either the star-forming BzKs or the LBGs. They note that

this is the behavior one expects from dusty, IR-bright galaxies. The faint, diffuse
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nature of these objects is reminiscent of the DOGs, and it is possible that there is
significant overlap between these two populations.

Previous work using rest-frame UV-NIR SEDs has separated actively star-forming
DRGs (sDRGs) from quiescent ones (QDRGs) (Zirm et al., 2007; Toft et al., 2007).
Examination of the morphological differences between these two populations has
revealed a correlation between size and star formation activity, in the sense that
qDRGs are all very small (Rer < 1 kpc), while SDRGs span a larger range in size
(Rer ~ 1 — 10 kpc). As is shown in the right panel of Figure 2.5, DOGs appear
very similar to sSDRGs in terms of their sizes. This is consistent with the qualita-
tive similarity between sDRGs and DOGs described in the preceding paragraph and

suggests there is extensive overlap between these two populations.

2.5.3 Implications for the Evolution of the Most Massive Galaxies

In the local universe, there has been evidence for some time that warm dust-
dominated ULIRGs may represent a transition stage between cold ULIRGs and
optically luminous quasars (Sanders et al., 1988b). If this scenario holds at high
redshift, then there is a natural explanation for the observations based on the selec-
tion criteria alone: objects selected at long wavelengths (i.e., SMGs) are preferen-
tially cold-dust dominated systems and represent the ‘cold ULIRG’ phase, whereas
objects selected at 24um (i.e., DOGs) are dominated by warmer dust and represent
the transition phase en route to the optically luminous quasar. As time progresses
and the quasar fades in luminosity, the compact, quiescent, elliptical galaxy remnant
becomes visible (i.e., quiescent BzK's and DRGs).

Again referring to the local universe for guidance, if the triggering mechanism
for this activity is a major merger (Sanders et al., 1988a), then we should expect
to see a trend in relaxation and size, where the initial stage shows the largest sizes

and least relaxation and the end product is a relaxed, compact system. This picture
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is apparently consistent with our data, as DOGs tend to be smaller than SMGs,
but larger than quiescent DRGs or BzK galaxies. Furthermore, SMGs frequently
exhibit signs of major merger activity, whereas passively evolving systems at high-z
are very compact with large Sérsic indices. DOGs appear to be intermediate stage
objects that typically do not show signs of major mergers, but nonetheless have
morphologies indicating they are more dynamically relaxed than SMGs but less so
than the quiescent systems.

It is important to emphasize that while our morphological results are consistent
with the hypothesis that DOGs act as a transition phase in the process of creating a
massive galaxy via a major merger, the morphological information currently avail-
able is not sufficient to exclude the possibility that DOGs are created by some other
process such as minor merging (for example, minor mergers have the potential to
increase size temporarily), or are simply dusty galaxies hosting a powerful, obscured
AGN.

Our analysis of the stellar, dust, and gas masses of DOGs currently does not
provide compelling evidence to place them within an evolutionary scheme with re-
spect to other massive proto-galaxy candidates such as SMGs. Additional data are
needed before conclusive statements can be made based on mass estimates such as

these.

2.6 Conclusions

We have analyzed the morphologies of 31 Dust Obscured Galaxies (DOGs) at z ~
2 from the Bootes field using data from HST ACS/WFPC2 and NICMOS. Our

findings are summarized below.

1. Although these sources were selected to have mid-IR signatures of AGN, we

detect spatially resolved emission at rest-frame UV and/or rest-frame optical
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wavelengths for all but one of the 31 targets.

. Using a three component model in GALFIT (sky + PSF + Sérsic profile),
we measure significant unresolved components in 28 out of 31 DOGs in the
rest-optical, and the median point-source fraction is 0.13. Only 10 DOGs have

measureable unresolved components in the rest-UV.

. The median Sérsic index is 0.9, indicating that disk-like profiles are preferred to
bulge-like ones. On the other hand, very few DOG extended components have
small axial ratios, indicating that if DOGs are predominantly a population of
normal, disk-like galaxies (with an obscured AGN producing the 24um flux),
then some selection mechanism(s) must be in place that favors face-on rather

than edge-on orientations.

. DOGs in our sample have effective radii of 1-5 kpc, which places them between
SMGs and quiescent DRGs or BzK galaxies. If DOGs are formed by a major
merger, this trend in sizes is consistent with them acting as a transition stage
in the evolution of massive galaxies. If DOG activity is triggered by some
other process, such as a minor merger or a dusty AGN in a normal galaxy,

then interpretation of this size trend is not as clear.

. In the rest-optical, DOGs have lower G values than local ULIRGs (median
values of 0.49 and 0.59, respectively). This might be expected if DOGs repre-
sent a subsequent stage in the merging process (just before coalescence), but

might also be expected if the galaxies are not disturbed by a major merger.

. Simple stellar population modeling reveals that old (>300 Myr) single-burst
stellar populations are redder than most DOGs and thus ruled out. If 100 Myr

old SSPs are appropriate, then DOGs require substantial amounts of extinction
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to produce the observed red colors, with Ay, = 0.2 — 3. This provides a lower
bound on the median dust mass of 10” My). An upper bound is obtained by
extrapolating the 24um flux density to 850um and is found to have a median
value of 1.5 x 10% M. We find a median stellar mass lower limit of 10" M,

which is relatively insensitive to age to within a factor of a few.
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CHAPTER 3

MORPHOLOGIES OF BUMP-DOMINATED DOGS

We present Hubble Space Telescope (HST) imaging of 22 ultra-luminous infrared
galaxies (ULIRGs) at z &~ 2 with extremely red R — [24] colors (called dust-obscured
galaxies, or DOGs) which have a local maximum in their spectral energy distribu-
tion (SED) at rest-frame 1.6um associated with stellar emission. These sources,
which we call “bump DOGs”, have redshifts derived from mid-IR spectra which
show strong polycyclic aromatic hydrocarbon emission — a sign of vigorous on-
going star-formation. Using a uniform morphological analysis, we seek to answer
the question of whether quantifiable morphological differences exist between these
bump DOGs, power-law DOGs (Spitzer-selected ULIRGs with mid-IR SEDs dom-
inated by a power-law and spectral features that are more typical of obscured ac-
tive galactic nuclei than starbursts), sub-millimeter selected galaxies (SMGs), and
ULIRGs from the Spitzer extragalactic First Look Survey (XFLS). Bump DOGs
are larger than power-law DOGs (median Petrosian radius of 8 kpc vs. 5 kpc) and
exhibit more diffuse and irregular morphologies. These trends are consistent with
expectations from simulations of major mergers. Galaxies which are less obscured
(i.e., non-DOGs) tend to have single-source rather than diffuse and irregular mor-
phologies. This distinction in morphologies may imply that less obscured sources
sample the merger near the end of the peak star-formation rate period; alternatively,
it may indicate that a significant fraction of the high redshift ULIRG population
is associated with more quiescent modes of formation such as smooth gas inflow or

the accretion of small satellites.
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3.1 Introduction

The discovery of a strong correlation between the stellar bulge mass and the central
super-massive black hole (SMBH) mass of galaxies (e.g., Magorrian et al., 1998)
has led to detailed theoretical models in which the growth of SMBHs and their host
galaxies occur (nearly) simultaneously during a brief period of intense, merger-driven
activity (e.g., Hopkins et al., 2006). In these models, the nature of the connection
between SMBHs and their host galaxies has important implications for the evolution
of massive galaxies.

The observational foundation of this evolutionary link between SMBHs and their
host galaxies was established by studies of ultra-luminous infrared galaxies (ULIRGs
Sanders & Mirabel, 1996) identified in the local universe using InfraRed Astronom-
ical Satellite (Neugebauer et al., 1984) data. ULIRGs are systems whose spectral
energy distributions (SEDs) are dominated by dust emission at infrared (IR) wave-
lengths (Soifer et al., 1986) and whose morphologies tend to show evidence for recent
or on-going major merger activity that has been linked to the formation of active
galactic nuclei (AGN) and quasars (Sanders et al., 1988a). Although ULIRGs in
the local universe are too rare to contribute significantly to the bolometric luminos-
ity density, recent studies with the Spitzer Space Telescope have shown that they
become increasingly important at higher redshifts (e.g. Le Floc’h et al., 2005; Mag-
nelli et al., 2009). To understand the physical mechanisms that drive massive galaxy
evolution, it is essential to identify and study high-redshift (z > 1), dusty, luminous
galaxies that show signs of concurrent AGN and starburst activity.

Efforts to identify high-redshift ULIRGs have been increasingly fruitful the last
two decades. In particular, blank-field surveys at sub-millimeter or millimeter wave-
lengths have identified sub-millimeter selected galaxies (SMGs; e.g. Smail et al.,
1997; Coppin et al., 2006). More recently, the advent of the Multiband Imaging Pho-
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tometer for Spitzer (MIPS; Rieke et al., 2004) on board the Spitzer Space Telescope
has allowed for the identification of sources which are bright at mid-IR wavelengths
but faint in the optical (e.g. Yan et al., 2004; Fiore et al., 2008; Dey et al., 2008;
Lonsdale et al., 2009). Follow-up spectroscopy and clustering measurements of both
the sub-millimeter-selected and the Spitzer-selected populations has demonstrated
that they have similar number densities, redshift distributions, and clustering prop-
erties that indicate they are undergoing an extremely luminous, short-lived phase of
stellar bulge and nuclear black hole growth and may be the progenitors of the most
luminous (~4L*) present-day galaxies (Blain et al., 2004; Chapman et al., 2005; Yan
et al., 2007; Farrah et al., 2006; Dey et al., 2008; Brodwin et al., 2008).

One intriguing difference between the two populations (as might be expected
based on the selection criteria) is that the mid-IR selected ULIRGs have hotter dust
than the far-IR selected SMGs (Kovécs et al., 2006; Coppin et al., 2008; Sajina
et al., 2008; Younger et al., 2009; Lonsdale et al., 2009; Bussmann et al., 2009a;
Fiolet et al., 2009). This distinction may be analogous to the warm-dust/cool-dust
dichotomy seen in local ULIRGs, where it has been suggested that warm ULIRGs
represent an important transition stage between cold ULIRGs and quasars (Sanders
et al., 1988b). Furthermore, there are indications based on 1.2 mm photometry
that the Spitzer-selected population may be divided by dust temperature into two
sub-classes: those whose mid-IR SEDs contain a peak near 1.6pum (“bump” sources)
have cooler dust than those whose SEDs are dominated by a power-law in the mid-
IR (“power-law” sources) (Lutz et al., 2005; Sajina et al., 2008; Younger et al., 2009;
Lonsdale et al., 2009; Bussmann et al., 2009a; Fiolet et al., 2009). Given that mid-
IR spectra of bump sources show strong polycyclic aromatic hydrocarbon (PAH)
emission features typical of star-forming regions (Yan et al., 2007; Desai et al., 2009;

Huang et al., 2009), while power-law sources have silicate absorption features or
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are dominated by continuum emission consistent with obscured AGN (Houck et al.,
2005; Weedman et al., 2006b; Yan et al., 2007), these results suggest that there may
be a connection between the origin of the bolometric luminosity of a system and its
globally averaged dust temperature.

Efforts to understand this connection between mid-IR and far-IR selected high-z
ULIRGs within the context of an evolutionary paradigm have been advanced by
numerical simulations of galaxy mergers (e.g. Mihos & Hernquist, 1996; Narayanan
et al., 2009). In these models, when the merging system approaches final coalescence,
the star-formation rate (SFR) spikes and, because it is enshrouded in cold-dust, the
system is observed as an SMG. As time proceeds, feedback from the growth of a
central super-massive black hole warms the ambient dust and ultimately quenches
star-formation. It is during this critical period of galaxy evolution when the system
is observable as a Spitzer-selected ULIRG. To test the predictions of this model,
and in general to understand the physical processes governing galaxy evolution, it
is essential to study the Spitzer-selected and SMG populations in detail.

The primary goal of this paper is to identify quantifiable morphological differ-
ences between SMGs, Spitzer-selected bump ULIRGs and Spitzer-selected power-law
ULIRGs. In particular, morphological differences that test the results of recent ef-
forts to study the morphologies of simulated mergers; these studies find that mergers
occupy a distinct morphological phase space during the “final coalescence” period
when the SFR peaks (Lotz et al., 2008, 2009b,a). If SMGs and Spitzer-selected
ULIRGs are related in an evolutionary sequence driven by major mergers, do they
occupy the expected region of morphological phase space suggested by the simula-
tions? Using high-spatial resolution HST imaging, it is possible to begin to answer
this question.

In addition to identifying merger activity, high-spatial resolution data constrain
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the size-scale of the dominant emitting region. HST imaging of power-law dominated
Spitzer-selected ULIRGs has shown that these sources are nearly always resolved
with effective radii of 1-5 kpc, although few show obvious signs of on-going major
merger activity (from a sample of ~ 50 sources Dasyra et al., 2008; Bussmann et al.,
2009b). In addition, Keck K-band adaptive optics imaging of 15 such objects has
revealed a size trend within the Spitzer-selected ULIRG population: 24pum-bright,
power-law dominated sources are more compact than 24um-faint, bump-dominated
sources (Melbourne et al., 2008, 2009), consistent with the idea that the brighter
24pm sources are more AGN-dominated.

One major component of this paper is the presentation of new HST imaging of
22 Spitzer-selected bump ULIRGs at z ~ 2. The objects in this sample are selected
from the Bootes field of the NOAO Deep Wide-Field Survey (NDWFS!; Jannuzi et
al., in prep.; Dey et al., in prep. Jannuzi & Dey, 1999) to have R — [24] > 14 (Vega
magnitudes; ~ F,(24um)/F,(R) > 1000) and are called Dust Obscured Galaxies
(DOGs). DOGs in Bootes satisfying Fhsum > 0.3 mJy have a space density of
~ 2.8 x 1075 h3, Mpc™. Although these sources are rare, they are sufficiently
luminous that they contribute up to one-quarter of the total IR luminosity density
from all z ~ 2 galaxies (Dey et al., 2008) and constitute a substantial component
of the Spitzer-selected ULIRG population. The DOGs studied in this paper were
selected to have mid-IR SEDs (based on IRAC shallow survey data Eisenhardt et al.,
2004) indicating a peak at rest-frame 1.6pum (bump DOGs) and have spectroscopic
redshifts from Spitzer/Infrared Spectrograph (IRS) data (Desai et al., 2009). For
two targets, subsequent deeper mid-IR imaging from the Spitzer Deep Wide-Field
Survey revealed power-law SEDs rather than bump SEDs. Additionally, one bump

target had to be replaced with a power-law target due to scheduling constraints.

Thttp://www.noao.edu/noaodeep
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In this paper we present Wide-Field Planetary Camera 2 (WFPC2 Trauger et al.,
1994) and Near-IR Camera and Multi-object Spectrometer (NICMOS Thompson
et al., 1998) images of 19 bump DOGs and 3 power-law DOGs and analyze their
morphologies.

A second major aspect of this study is the assembly and uniform morphological
analysis of HST NICMOS imaging of Spitzer-selected and sub-mm selected ULIRGs
at z > 1.4. Including the DOGs studied here and in Paper I, as well as SMGs
(Swinbank et al., 2010a) and Spitzer-selected ULIRGs at z > 1.4 extragalactic first
look survey (XFLS; Dasyra et al., 2008), the combined dataset comprises 103 high
redshift ULIRGs with uniform morphological analysis and offers the optimal testing
ground of models for the formation and evolution of these systems.

In section 3.2 we detail the sample selection, observations, and data reduction.
Section 3.3 contains postage stamp cutouts of all 22 DOGs in this sample. In sec-
tion 3.4, we describe our methodology for measuring photometry and morphologies,
including a visual classification experiment, non-parametric quantities, and GALFIT
modeling. Section 3.5 contains the results of this analysis, including a comparison of
SMG, DOG, and simulated merger morphologies. In section 3.6, we estimate crude
stellar masses based on the I — H colors of DOGs, and discuss the implications of
our results. Finally, we present our conclusions in section 3.7.

Throughout this paper we assume Hy =70 km s~ Mpc™!, Q,, = 0.3, and Q, =

0.7. At z = 2, this results in a spatial scale of 8.37 kpc/”.

3.2 Data

In this section, we describe the new HST observations of bump DOGs and the
procedure used to reduce them. We also detail the archival datasets of power-law

DOGs, SMGs, and XFLS ULIRGs used subsequently in this paper.



87

3.2.1 Bump DOGs

The 22 DOGs presented in this paper were observed with HST from 2007 December
to 2008 May. All were observed with WFPC2 through the F814W filter and with the
NICMOS NIC2 camera through the F160W filter. Table 3.1 summarizes the details
of the observations. All data were processed using IRAF2. The following sections
provide more details about the sample selection and processing of the WFPC2 and

NICMOS images used in this paper.

3.2.1.1 Sample Selection

A sample of 2603 DOGs was identified by Dey et al. (2008) from the 9.3 deg? Bootes
Field of the NDWEFS. Keck and Spitzer spectroscopy have resulted in redshifts of
~ 100 DOGs, approximately 60% of which have power-law dominated mid-IR SEDs
and 40% have bump SEDs. These are objects which have very high intrinsic to
observed UV luminosity ratios, on par with or beyond the most extreme starbursts
studied by Spitzer in the local universe (Sargsyan et al., 2010).

In Bussmann et al. (2009b, hereafter Paper I), we analyzed HST imaging (pro-
gram HST-GO10890) of 31 of the brightest DOGs at 24um (all have Foyu >
0.8 mJy) that have power-law mid-IR SEDs and spectroscopic redshifts based on
the 9.7um silicate absorption feature, most likely due to the presence of warm dust
heated by an AGN (Weedman et al., 2006a; Donley et al., 2007; Polletta et al., 2008;
Brand et al., 2008).

In this paper, we analyze HST imaging (program HST-GO11195) of 22 DOGs
that show a bump in their rest-frame mid-IR SED (selected using Arp 220 as a
template; for details see Desai et al., 2009). This feature indicates that the mid-IR

light is dominated by stellar emission in these sources. Furthermore, Spitzer mid-1R

2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation. http://iraf.noao.edu/
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Table 3.1. Observations
Source Name ID* RA (J2000)  DEC (J2000) 2> WFPC2/F814W  NIC2/F160W
SST24 J142637.3+333025 1 +14:26:37.397 433:30:25.82 3.200¢ 2008-02-11 2007-12-31
SST24 J142652.4+345504 12 +14:26:52.555 +34:55:05.53  1.91 2008-03-28 2008-01-01
SST24 J142724.9+350823 4 +14:27:25.016 435:08:24.20 1.71 2008-07-02 2008-01-14
SST24 J142832.4+340850 8 +14:28:32.476  434:08:51.23 1.84 2008-07-03 2008-01-15
SST24 J142920.1+333023 17  +14:29:20.164 +33:30:23.59 2.01 2008-02-01 2008-05-26
SST24 J142941.0+340915 13 +14:29:41.085 +34:09:15.61 1.91 2008-05-21 2008-03-15
SST24 J142951.1+4342041 5 +14:29:51.163 434:20:41.33 1.76 2008-01-28 2008-01-14
SST24 J143020.4+330344 11 +14:30:20.537 433:03:44.45 1.87 2008-03-21 2008-04-11
SST24 J143028.5+343221 21  +14:30:28.534 +34:32:21.62  2.178¢ 2008-05-07 2008-01-15
SST24 J143137.1+334500 7 +14:31:37.080 433:45:01.26  1.77  2008-05-20 2008-04-12
SST24 J143143.3+324944 2 +14:31:43.400 +32:49:44.38 ~ — 2008-02-10 2008-03-15
SST24 J143152.4+350029 3 +14:31:52.463 435:00:29.44  1.50  2008-01-24 2008-05-22
SST24 J143216.8+335231 6 +14:32:16.904 433:52:32.18  1.76  2008-02-01 2008-03-16
SST24 J143321.84342502 18 +14:33:21.890 434:25:02.62 2.10 2008-05-21 2008-01-15
SST24 J143324.2+334239 14 +14:33:24.269 433:42:39.55 191 2008-02-02 2008-01-17
SST24 J143331.9+352027 15  4+14:33:31.945 +35:20:27.28  1.91 2007-12-25 2008-01-14
SST24 J143349.5+334602 10 +14:33:49.585 433:46:02.00 1.86 2008-03-18 2008-01-07
SST24 J143458.84333437 20 +14:34:58.953  +33:34:37.57  2.13 2008-07-03 2008-05-21
SST24 J143502.9+342657 19  +14:35:02.930 +34:26:58.88  2.10  2008-05-09 2008-01-15
SST24 J143503.3+340243 16  +14:35:03.336 +34:02:44.16  1.97  2008-02-29 2008-01-07
SST24 J143702.0+344631 22 +14:37:02.018  434:46:30.93 3.04 2008-03-28 2007-12-28
SST24 J143816.6+333700 9 +14:38:16.714  433:37:00.94  1.84  2008-07-03 2008-01-14

aPanel number in Figure 3.3

bRedshift from Spitzer/IRS (Desai et al., 2009) unless otherwise noted

“Redshift from Keck LRIS (Soifer et al., in prep.)

dRedshift from Keck NIRSPEC (Brand et al., 2007)
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spectroscopy has provided redshifts for 20/22 of these sources via identification of
PAH emission features commonly associated with on-going star-formation (Desai
et al., 2009). Subsequent deeper mid-IR imaging from the Spitzer Deep Wide-Field
Survey (Ashby et al., 2009) has revealed that the two sources lacking PAH features
have power-law mid-IR SEDs. One additional target has a power-law mid-IR SED
(SST24 J143028.54+-343221) and was observed by HST because the bump source it
replaced could not be observed due to scheduling constraints.

Figure 3.1 shows the R — [24] color and R-band magnitude (Vega system) for
the following sources with HST imaging: bump and power-law DOGs, SMGs, and
XFLS ULIRGs at high redshift. Following careful reanalysis of the R-band pho-
tometry, a few DOGs show R — [24] colors below the nominal DOG threshold —
we refer to these objects as DOGs in this paper because they satisfy the essential
physical characteristics of DOGs: they are z ~ 2 ULIRGs that are likely to be a
highly obscured stage in massive galaxy evolution. The bump DOGs in this sample
have fainter 24pum flux densities and less extreme R — [24] colors than the power-
law DOGs. These distinctions are qualitatively representative of the photometric
properties of the full sample of 2603 DOGs in the Bootes Field.

Figure 3.2 shows the redshift distributions of bump DOGs, power-law DOGs,
SMGS, and XFLS ULIRGs with HST data in comparison to all DOGs in Bootes
with spectroscopic redshifts. Bump DOGs predominantly lie in a relatively narrow
redshift range of 1.5 < z < 2.1. Briefly, this is because at z = 1.9, the strong 7.7um
PAH feature boosts the 24um flux, pushing sources with weaker continuum into the

flux-limited bump DOG sample (for additional details, see Desai et al., 2009).

3.2.1.2 WFPC2 Data

The Wide Field Camera CCD 3 of WFPC2 was used to image the 22 DOGs in this
study. These observations consisted of double-orbit data with the F814W filter. We
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Figure 3.2 Left: Redshift distribution of DOGs in the Bootes Field with spectroscopic
redshifts (gray histogram; either from Spitzer/IRS or Keck DEIMOS/LRIS, Soifer
et al. in prep.). The redshift distribution of bump DOGs (black hatched) is relatively
narrow due to selection effects (for details see Desai et al., 2009), while power-law
DOGs (red hatched) are weighted towards slightly larger redshifts. Right: Redshift
distribution of SMGs (blue histogram) and XFLS ULIRGs (purple histogram) at
z > 1.4 studied in this paper. Hatched regions denote the sub-sample qualifying as

power-law dominated in the mid-IR.
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used a three point dither pattern (WFPC2-LINE) with a point and line spacing of
03535 and a pattern orientation of 45°. Total exposure duration at the nominal
pixel scale of 0’1 pix~! was ~3800 sec. The standard WFPC2 pipeline system was
used to bias-subtract, dark-subtract, and flat-field the images (Mobasher et al.,
2002). MultiDrizzle was then used to correct for geometric distortions, perform sky-
subtraction, image registration, cosmic ray rejection and final drizzle combination
(Koekemoer et al., 2002). We used a square interpolation kernel and output pixel
scale of 0.075” pix~!, leading to a per-pixel exposure time in the drizzled image of

~2200 sec.

3.2.1.3 NICMOS Data

Single orbit data of the DOGs were acquired with the NIC2 camera and the F160W
filter. We used a two-point dither pattern (NIC-SPIRAL-DITH) with a point spac-
ing of 0.637”. Total exposure time was ~2688 s. We followed the standard data
reduction process outlined in the NICMOS data handbook (Viana et al., 2009). We
used the IRAF routine nicpipe to pre-process the data, followed by the biaseq
task to correct for non-linear bias drifts and spatial bias jumps. We then used
nicpipe a second time to do flat-fielding and initial cosmic-ray removal. The IRAF
task pedsky was used to fit for the sky level and the quadrant-dependent residual
bias. Significant residual background variation remained after this standard reduc-
tion process. To minimize these residuals, we followed the procedure outlined in
Paper I: we constructed an object-masked median sky image based on all of our
NIC2 science frames, scaled it by a spatially constant factor and subtracted it from
each science image. The scaling factor was computed by minimizing the residual of
the difference between the masked science image and the scaled sky image. Mosaic-
ing of the dithered exposures was performed using calnicb in IRAF, resulting in a

pixel scale of 0.075" pix~1.
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3.2.1.4 Astrometry

Each WFPC2 and NICMOS image is aligned to the reference frame of the NDWF'S,
which itself is tied to the USNO A-2 catalog. We identify well-detected, unsaturated
sources in the I-band NDWFS data overlapping the field of view (FOV) of each
WFPC2/F814W image using Source Extractor (SExtractor, version 2.5.0, Bertin &
Arnouts, 1996). The IRAF tasks wesctran and imcentroid are used to convert the
RA and DEC values of this list of comparison sources into WFPC2 pixel coordinates.
Finally, the IRAF task ccmap is used to apply a first order fit which corrects the
zero point of the astrometry and updates the appropriate WCS information in the
header of the WFPC2 image. The aligned WFPC2 image serves as a reference frame
for correcting the astrometry of the NICMOS image as well as the IRAC images
(since the IRAC images of the Bootes Field are not tied to the USNO A-2 catalog,
but instead to the 2um All-Sky Survey frames, see Ashby et al., 2009) using a
similar procedure. The properly aligned, multi-wavelength dataset generally allows
for straightforward identification of the proper counterpart to the MIPS source,
since inspection of the four IRAC channels reveals a single source associated with
the 24pm emission for all sources. The absolute uncertainty in the centroid of the

IRAC 3.6pm emission ranges from ('2-0"4.

3.2.2 Power-law DOGs

As mentioned in the previous section, in Paper I we analyzed HST imaging of 31
power-law DOGs at z > 1.4. Although these sources have mid-IR, SED features
indicative of obscured AGN, their rest-frame optical morphologies nearly all show
minor (< 30%) point-source contributions and significant emission on scales of 1-
5 kpc. This indicates that the rest-frame optical light of these sources is produced
from stars, rather than AGN.

The NICMOS exposure times and H-band luminosities of these sources are sim-
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ilar to the bump DOGs, facilitating a comparison between the two populations.
This particular comparison — between distinct sub-classes of the most extreme

dust-obscured ULIRGs — is a major aspect of this study.

3.2.3 SMGQG Data

The SMG data used in this paper are HST NICMOS/F160W imaging of a sample of
25 SMGs selected from a catalog of 73 SMGs with spectroscopic redshifts (Chapman
et al., 2005) and were first presented by Swinbank et al. (2010a). Of the 25 SMGs,
23 have single-orbit NIC2 imaging from Cycle 12 HST program GO-9856 (Swinbank
et al., 2010a) and an additional 6 have multi-orbit NIC3 imaging from GOODS-N
(Conselice et al. 2010 in prep.). HST optical imaging in the F814W filter is also
available for all of these objects.

In this paper, we focus on the subset of 18 SMGs at z > 1.4. Of these 18, all
have NIC2 imaging and 3 have NIC3 imaging as well (SMM J123622.65+621629.7,
SMM J123632.61+620800.1, and SMM J123635.59+621424.1). Although the NIC3
images are significantly deeper, we prefer to use the NIC2 data (each of these sources
is well-detected at S/N> 2) because of the superior pixel scale of NIC2 and the
unusual shape of the NIC3 PSF. Some of these sources have optical HST imaging
with the Advanced Camera for Surveys (ACS), but the S/N levels are generally
insufficient for quantitative analysis and so are not used in this study.

We obtained the NIC2 images of SMGs from the HST data archive and reduced
them following the same procedure that is outlined in section 3.2.1.3. Most impor-
tantly, the methodology used to analyze the photometry and morphology of both
SMGs and DOGs in this study is identical and is described in section 3.4.
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3.2.4 XFLS Data

A sample of 33 XFLS ULIRGs at z > 1.4 was imaged with HST NICMOS/F160W
in Cycle 15 as part of program GO10858. These data and a morphological analysis
of the imaging was presented in Dasyra et al. (2008). We note that in our study, we
use only single-orbit NIC2 data of these objects to facilitate comparison with the
NIC2 images of the other high-z ULIRG populations studied here, which all have
only single-orbit NIC2 data. Double-orbit imaging is available for nearly 50% of the
sample and in principle could be used to measure more accurate morphologies of
the fainter objects as well as test for systematic errors in the morphologies resulting
from low S/N. The data were obtained from the HST data archive, reduced, and

analyzed using the same methodology that was applied to DOGs and SMGs.

3.3 Images

In this section, we present postage stamp images and provide a brief qualitative
description of each of the bump DOGs (as well as one DOG from the Cycle 16
HST imaging program that is a power-law source). Figure 3.3 shows 3” x 3” cutout
images of the DOGs in order of increasing redshift (note that redshifts are not
available for the first two sources presented). Each cutout is centered roughly on
the centroid of emission as seen in the NICMOS image. A red plus sign shows the
centroid of IRAC 3.6um emission and is sized to represent the 1-o uncertainty in the
position, which includes independent contributions from the centroiding error on the
3.6pum emission (~0'1-0"3, depending on S/N), the relative astrometric calibration
uncertainty within the 3.6um map (~0"2), and the uncertainty in tying the 3.6um
map to the HST images (=(0"1). The lo rms offset between TRAC and NICMOS
centroids of the sample is (0"2. In most cases, the offset in centroids is negligible,

but those cases where it is not are associated with faint 3.6um emission (when the
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absolute astrometric uncertainty may be as large as 0"4). This suggests there is no
significant offset between the near-IR and mid-IR centroids at > 1 kpc scales.

The DOGs exhibit a wide range of morphologies, with most being well-resolved.
Only one object (SST24 J143143.3+-324944) shows strong Airy rings and is clearly
an unresolved point source. However, we note that this source has a power-law
dominated mid-IR SED and is not representative of the bump DOG population.
Here we give a brief qualitative description of the morphology of each object.

(1) SST24 J143143.3+324944: F814W: Faint compact morphology. F160W:
Bright, compact morphology; dominated by unresolved component.

(2) SST24 J143152.4+4350029: F814W: Faint diffuse morphology. F160W:
Bright, extended morphology; low surface brightness extension to southwest.

(3) SST24 J142724.9+350823: F814W: Faint, compact source ~0’5 SW of
NIC2 centroid. F160W: Bright, extended morphology with tentative evidence of
tidal tails or spiral arms.

(4) SST24 J142951.1+342041: F814W: Faint, compact source ~(0’3 north of
NIC2 centroid. F160W: Bright, clumpy morphology.

(5) SST24 J143216.8+335231: F814W: Faint, compact source at eastern
edge of NIC2 emission. F160W: Bright, clumpy morphology; two bad pixels within
the segmentation map of this galaxy have been masked out in the analysis.

(6) SST24 J143137.14+334500: F814W: No detection. F160W: Extended
narrow morphology resembling a giant edge-on disk with semi-major axis larger
than 3”.

(7) SST24 J142832.44+340850: F814W: Faint, compact morphology. F160W:
No usable data.

(8) SST24 J143816.64333700: F814W: Faint, compact morphology. F160W:

Bright, compact morphology; no obvious PSF signature.
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Figure 3.3 Cutouts of the 22 DOGs observed by HST, shown with a linear stretch.

Columns 1 and 3 are the rest-UV images from WFPC2 F814W and columns 2 and 4
are the rest-optical images from NIC2 F160W. Each cutout is 3” on a side and is oriented
north up and east left. The objects are arranged in order of increasing redshift, and the
redshift is printed in the lower right corner of each NICMOS image. A red cross denotes
the position and 1-¢ uncertainty in the centroid of the IRAC 3.6um emission. In images
where the S/N per pixel is greater than 2, white contours outline the brightest 20% pixels
(for computing My), and black contours show the outline of the segmentation map used in
measuring the non-parametric morphologies. NICMOS imaging is not available for target

SST24 J142832.4+340850.
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(9) SST24 J143349.54-334602: F814W: Faint, clumpy morphology. F160W:
Two distinct faint, compact sources; IRAC centroid is closer to eastern source.

(10) SST24 J143020.44+330344: F814W: No detection. F160W: Compact
morphology; no obvious PSF signature.

(11) SST24 J142652.4+345504: F814W: No detection. F160W: Two faint
sources separated by =2”; IRAC centroid consistent with northeastern source.

(12) SST24 J142941.0+340915: F814W: No detection. F160W: Clumpy
morphology.

(13) SST24 J143324.2+334239: F814W: Faint, compact morphology. F160W:
Bright, compact morphology; low surface brightness extension to southwest.

(14) SST24 J143331.94352027: F814W: Very faint, clumpy morphology.
F160W: Bright, clumpy morphology; low surface brightness extension to northeast.

(15) SST24 J143503.34340243: F814W: No detection. F160W: Bright, com-
pact morphology; no obvious PSF signature.

(16) SST24 J142920.1+333023: F814W: Faint, compact morphology. F160W:
Bright, compact morphology.

(17) SST24 J143321.84342502: F814W: Faint, compact source spatially
coincident with peak NIC2 emission. F160W: Bright, compact morphology; no
obvious PSF signature; strong low surface brightness feature extending northeast.

(18) SST24 J143502.94-342657: F814W: No detection. F160W: Very clumpy
morphology with low surface brightness feature extending to south.

(19) SST24 J143458.84-333437: F814W: Very faint, compact morphology.
F160W: Bright, compact morphology; low surface brightness feature to northwest
resembles a tidal tail.

(20) SST24 J143028.5+343221: F814W: Very faint, clumpy morphology.

F160W: Bright, clumpy morphology; low surface brightness features extending in
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eastern and southern directions.

(21) SST24 J143702.0+344631: F814W: No detection. F160W: No detec-
tion.

(22) SST24 J142637.34+333025: F814W: Faint compact morphology. F160W:

Faint compact morphology; formally detected at 3o level with 0’6 diameter aperture.

3.4  Methodology

In this section, we describe our methods to measure photometry as well as visual,

non-parametric, and GALFIT morphologies.

3.4.1 Photometry

We perform 2” diameter aperture photometry on each DOG in both the NICMOS
and WFPC2 images, choosing the center of the aperture to be located at the peak
flux pixel in the NICMOS images. Foreground and background objects are identi-
fied and removed using SExtractor (see Section 3.5.2.2). The sky level is derived
using an annulus with an inner diameter of 2” and a width of 2”. In cases where
the flux density radial profile did not flatten at large radii, the appropriate sky
value was determined by trial-and-error. Photometric uncertainty was computed by
measuring the sigma-clipped root-mean-square of fluxes measured in N 2” diameter
apertures, where N ~ 10 and N ~ 100 for the NICMOS and WFPC2 images, respec-
tively. We verified the accuracy of our WFPC2 photometric zeropoints by compar-
ing well-detected, non-saturated sources common to both the WFPC2/F814W and
NDWEFS/I-band imaging. Photometric measurements of the DOGs are presented
in Table 3.2.
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Photometric Properties
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Frsiaw  orsiaw  Frieow  oreow  Faa R —[24]
Source Name (wly)  (wly)  (wly)  (uly)  (mdy) (Vega)
SST24 J142637.3+333025 0.36 0.19 0.45 0.57 0.64 >15.0
SST24 J142652.44-345504 0.24 0.15 1.78 0.36 1.29 15.0
SST24 J142724.94-350823 0.63 0.15 6.72 0.42 0.51 144
SST24 J142832.4+340850 0.59 0.16 — — 0.52 13.9
SST24 J142920.14+-333023 0.35 0.14 2.85 0.27 0.51 >13.6
SST24 J142941.04+-340915 0.30 0.13 2.47 0.46 0.59 >14.6
SST24 J142951.1+342041 0.55 0.16 5.30 0.52 0.60 >14.9
SST24 J143020.44-330344 0.31 0.13 4.26 0.50 0.54 >15.3
SST24 J143028.54343221 0.59 0.16 4.92 0.31 1.27 14.7
SST24 J143137.1+334500 0.18 0.14 2.67 0.37 0.57 14.3
SST24 J143143.34-324944 0.43 0.15 6.43 0.37 1.51 14.4
SST24 J143152.44+-350029 0.54 0.16 8.21 0.31 0.52 14.3
SST24 J143216.8+335231 0.51 0.15 4.24 0.37 1.28 >16.1
SST24 J143321.84-342502 0.72 0.16 7.16 0.37 0.56 14.4
SST24 J143324.24+-334239 0.96 0.17 6.67 0.47 0.53 13.8
SST24 J143331.94352027 0.66 0.17 3.58 0.32 0.60 14.3
SST24 J143349.5+334602 0.63 0.15 4.44 0.33 0.53 14.3
SST24 J143458.84-333437 0.49 0.20 5.14 0.51 0.57 14.0
SST24 J143502.94342657 0.24 0.13 2.52 0.63 0.50 14.1
SST24 J143503.3+340243 0.26 0.14 3.68 0.36 0.76 14.6
SST24 J143702.04-344631 0.10 0.11 0.17 0.33 0.33 14.2
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Table 3.2 (cont’d)

Frgiaw  orsiaw  Frieoow orieow  Faa R — [24]

Source Name (Wdy)  (wJy)  (WJy)  (wly) (my) (Vega)

SST24 J143816.6+333700 0.68 0.16 4.22 0.22 3.28 14.8

3.4.2 Morphology

To analyze the morphologies of the bump DOGs, we follow a similar procedure to
that outlined in Paper I. Here we summarize the three different, complementary
approaches used in analyzing the morphology of the DOGs in our sample: a visual
classification experiment, multi-component GALFIT modeling, and non-parametric

quantification.

3.4.2.1 Visual Classification

For this paper, our visual classification experiment differed significantly from Pa-
per I. The goal of the original experiment outlined in Paper I was to determine if
DOGs could be distinguished from normal field galaxies based on a visual classifica-
tion. This proved difficult to quantify due to the faintness of DOGs in the rest-frame
UV (ACS/WFPC2 images) and the small number of field galaxies in the rest-frame
optical (NICMOS images).

Our new classification experiment is designed specifically to identify morpholog-
ical differences found in the NICMOS imaging of bump and power-law DOGs. We
generated a 5”x5” cutout image of every DOG with NICMOS data (both power-law
and bump sources, a total of 53 objects) and arranged them randomly. Seven of
the coauthors classified these objects into “Regular”, “Irregular”, or “Too Faint To

Tell”. In addition to probing for a difference between bump and power-law DOGs,
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the mode of the classifications for each DOG as well as the number of coauthors
in agreement with the mode is useful as a qualititative assessment of the morphol-
ogy for comparison with the more quantitative methods discussed below. Seven
of the coauthors submitted morphological classifications. Results are presented in

Table 3.4 and discussed in section 3.5.2.1.

3.4.2.2 Non-parametric Classification

A wide variety of tools now exist to quantify the morphologies of galaxies. Five
such tools which frequently appear in the literature are the concentration index
C' (Abraham et al., 1994), the rotational asymmetry A (Schade et al., 1995), the
residual clumpiness, S (Conselice, 2003), the Gini coefficient G (Abraham et al.,
2003), and My, parameter (Lotz et al., 2004). Of these five, A and S have S/N and
spatial resolution requirements that are not satisfied by the imaging of the DOGs
in this sample. Therefore, this analysis is focused on C, G, and Ms.

The concentration index C'is defined as the ratio of the circular radii containing

20% and 80% of the total flux (Bershady et al., 2000):

C = 5logl0 (@) , (3.1)

20

where rgy and 19 are the circular apertures containing 80% and 20% of the total
flux, respectively. G was originally introduced to measure how evenly the wealth in
a society is distributed (Glasser, 1962). Recently, Abraham et al. (2003) and Lotz
et al. (2004) applied this method to aid in galaxy classification: low values imply a
galaxy’s flux is well-distributed among many pixels, while high values imply a small
fraction of the pixels within a galaxy account for the majority of the total flux. My
is the logarithm of the second-order moment of the brightest 20% of the galaxy’s
flux, normalized by the total second-order moment (Lotz et al., 2004). Higher values

of My, indicate multiple bright clumps offset from the second-order moment center.
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Lower values are typical of centrally-dominated systems.

Prior to computing G or My, we first generate a catalog of objects using SEx-
tractor (Bertin & Arnouts, 1996). We use a detection threshold of 30 (corresponding
to 23.7 mag arcsec™2) and a minimum detection area of 15 pixels. The center of the
image, the ellipticity, and position angle computed by SExtractor are used as inputs
to our morphology code. This code is written by J. Lotz and described in detail in
Lotz et al. (2004). Here, we summarize the relevant information.

Postage stamps of each object in the SExtractor catalog (and the associated
segmentation map) are created with foreground and background objects masked
out. For each source, we adopt the sky value computed in our photometric analysis.
Since the isophotal-based segmentation map produced by SExtractor is subject to
the effects of surface brightness dimming at high redshift, pixels belonging to the
galaxy are computed based on the surface brightness at the elliptical Petrosian
radius, pu(rp). We adopt the usual generalized definition for 7p as the radius at which
the ratio of the surface brightness at rp to the mean surface brightness within rp is
equal to 0.2 (Petrosian, 1976). The elliptical rp is derived from surface brightness
measurements within elliptical apertures and represents the length of the major axis.
Studies have shown that using the Petrosian radius to select pixels associated with
a galaxy provides the most robust morphological measurements (Lotz et al., 2004;
Lisker, 2008). Pixels with surface brightness above u(rp) are assigned to the galaxy
while those below it are not.

Using the new segmentation map, we recompute the galaxy’s center by minimiz-
ing the total second-order moment of the flux. A new value of rp is then computed
and a revised segmentation map is used to calculate G and Myy. Finally, the mor-
phology code calculates an average S/N per pixel value using the pixels in the revised

segmentation map (Eqs. 1 through 5 in Lotz et al., 2004). Results of this analysis
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are presented in Table 3.5 and will be discussed in section 3.5.2.2.

3.4.2.3 GALFIT Modeling

In Paper I, we reported the existence of a centrally located, compact component
that was present in the NICMOS images of power-law DOGs but absent in the
ACS/WFPC2 images, signifying the presence of strong central obscuration. To
quantify this feature, we used GALFIT (Peng et al., 2002) to model the 2-D light
profile of the DOGs. In this paper, we repeat this procedure on the bump DOGs
with HST NICMOS data. Here, we review our methodology.

We choose the size of the fitting region to be 41x41 pixels (corresponding to
angular and physical sizes of 3" and ~24 kpc, respectively) because the DOGs are
small and have low S/N compared to more typical applications of GALFIT. For the
same reason, we wish to include only the minimum necessary components in our
model. We model the observed emission with three components which are described
by a total of 10 free parameters. The number of degrees of freedom, Npop, is
calculated as the difference of the number of pixels in the image and the number
of free parameters. Thus, the maximum Npor is 1671. Cases where Npor < 1671
are associated with images where some pixels were masked out because they were
associated with obvious residual instrumental noise. NIC2 is a Nyquist-sampled
array (0.075” pix~! compared to 0.16” FWHM beam), so the pixels in our image are
not completely independent and the x? values should be interpreted in a relative
sense rather than an absolute one.

The first element in our GALFIT model is a sky component whose amplitude is
held constant at a value derived from the photometry to yield flat radial profiles.
The second is an instrumental PSF generated from the TinyTim software assuming
ared power-law spectrum (F, oc v72) as the object spectrum (Krist and Hook 2004),

which can simulate a PSF for NICMOS, WFPC2, and ACS. For the NICMOS and
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WEFPC2 images, the DOG is positioned in nearly the same spot on the camera. In
the case of WFPC2 this is pixel (132,144) of chip 3 and pixel (155, 164) for NICMOS.
The PSF is computed out to a size of 3.0”, and for the WFPC2 PSF we oversample
by a factor of 1.3 to match the pixel scale of the drizzled WFPC2 images.

The final component is a Sérsic profile (Sersic, 1968) where the surface brightness
scales with radius as exp[—k((r/Reg)'/™ —1)], where & is chosen such that half of the
flux falls within R.s. As few constraints as possible were placed so as to optimize
the measurement of the extended flux (i.e., non-point source component). In certain
cases, the Sérsic index had to be constrained to be positive to ensure convergence
on a realistic solution. When fitting the NICMOS data, the uncertainty image from
calnicb provides the necessary information required by GALFIT to perform a true
x? minimization. The TinyTim NIC2 PSF is convolved with the Sérsic profile prior
to performing the x? minimization. The initial guesses of the magnitude, half-light
radius, position angle, and ellipticity were determined from the output values from
SExtractor. Varying the initial guesses within reasonable values (e.g., plus or minus
two pixels for the half-light radius) yielded no significant change in the best-fit
model parameters. The NICMOS centroid was used as the initial guess for the (x,y)
position of both the PSF and extended components.

A degeneracy potentially exists between our estimates of the point-source frac-
tion (i.e., relative ratio of PSF component flux to Sérsic component flux) and the
Sérsic index. Fits using models without the PSF component yield larger reduced
x> values, especially when the point source fraction in our three-component model
was large (see further discussion in section 3.5.2.3). In cases where the point source
fraction was small, the no-PSF model had similar parameter values as our fiducial
three-component model, as would be expected.

The results of this GALFIT analysis are presented in Table 3.3 and will be
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discussed in section 3.5.2.3.



Table 3.3.

NICMOS GALFIT Results®
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Reg

PSF Fraction (kpce) n Axial Ratio Ngof X2
SST24 J142637.3+333025  0.45 £+ 0.55 — 0.1+£17 0.15+049 1594 23
SST24 J142652.4+345504  0.11 £ 0.20 3304 11+02 084+£0.06 1654 1.6
SST24 J142724.94-350823  0.04 £ 0.06 46 +£02 15+0.1 0.69 +0.02 165 1.1
SST24 J142832.44-340850 — — — — — —
SST24 J142920.14-333023  0.08 £ 0.09 33£02 08+£01 079 +£004 1663 2.5
SST24 J142941.04-340915  0.07 £+ 0.18 39+£18 00+£0.1 057004 1635 2.1
SST24 J142951.14342041  0.03 £ 0.09 52+£01 03£01 042 +0.01 1668 3.2
SST24 J143020.44-330344  0.13 £ 0.11 29+£02 09=£02 064004 1599 34
SST24 J143028.5+343221  0.05 £ 0.05 44+£02 07+01 039 +£002 1639 2.8
SST24 J143137.14334500 0.10 £0.13 105 £08 0.7+ 0.1 0.26 +£0.01 1657 1.1
SST24 J143143.3+324944  0.42 £ 0.05 — 1.0 £ 04 0.66 £ 0.03 1665 2.7
SST24 J143152.44-350029  0.02 £+ 0.03 39+£01 07+£0.1 0.69 +0.01 1666 2.2
SST24 J143216.84+-335231  0.00 £ 0.08 42+01 01401 0.60=+£0.01 1666 2.0
SST24 J143321.8+342502  0.13 £ 0.05 1.8+01 14+£01 061=£0.02 1659 1.6
SST24 J143324.2+334239  0.12 £ 0.06 2601 12£01 0.80+0.03 1612 2.6
SST24 J143331.94-352027  0.00 £ 0.08 4.7+£02 09+0.1 0.57+0.03 1658 2.7
SST24 J143349.5+334602  0.05 £ 0.07 32£03 08%+01 0.67+£004 1660 2.4
SST24 J143458.84-333437  0.15 £ 0.10 49+£05 21+03 081+£003 1657 1.9
SST24 J143502.94-342657  0.03 £+ 0.25 88+35 00=x01 035+002 1669 1.3
SST24 J143503.3+340243  0.09 £ 0.09 29+£01 1.0£01 0.62+0.02 1639 1.8
SST24 J143702.04+-344631  0.77 £+ 0.77 — — — —
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Table 3.3 (cont’d)

Reff
PSF Fraction (kpe) n Axial Ratio Ngof X2

SST24 J143816.6+333700  0.06 £ 0.04 23 +0.1 04=£01 0.81+0.02 1666 1.9

aUncertainties represent formal GALFIT measurements and likely underestimate true un-

certainties.

It is important to note here that NIC2 cannot spatially resolve objects smaller
than 1.3 kpc at z ~ 2. This limit is large enough to encompass a compact stellar
bulge as well as an active galactic nucleus, implying that we cannot, from these data
alone, distinguish between these two possibilities as to the nature of any central,

unresolved component.

3.5 Results

In this section, we present our photometry, visual classification, non-parametric

classification, GALFIT modeling, and stellar and dust mass results.

3.5.1 Photometry

Table 3.2 presents the photometric information derived from the HST imaging. In
Figure 3.4, we show the I — H vs. H color-magnitude diagram for bump DOGs,
power-law DOGs, XFLS ULIRGs, and a sample of galaxies in the Hubble Deep Field
(HDF) whose photometric redshifts are comparable to DOGs (1.5 < zppot < 2.5).
Power-law DOGs tend to be the reddest sources (I — H ~ 2 — 5 AB mag), followed
by bump DOGs (I — H ~ 2 — 3 AB mag), XFLS ULIRGs (I — H ~ 1.5 — 3), and
SMGs, which have I — H colors similar to high-z galaxies in the HDF (I — H ~ 0—2
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AB mag). SMGs and DOGs (both bump and power-law varieties) are comparably
bright in H. The bluer color of SMGs relative to DOGs at a given H-band magnitude
suggests weaker UV flux from DOGs, either due to older stellar populations in DOGs

or a higher dust mass relative to stellar mass in DOGs.

3.5.2  Morphologies
3.5.2.1 Visual Classification Results

From the 7 users who entered classifications of the NICMOS images of DOGs, the
main results can be summarized as follows: power-law DOGs were classified as
irregular (43%) approximately as frequently as they were classified regular (42%),
with 15% being too faint to tell. In contrast, bump DOGs were classified as irregular
significantly more often than they were classified as regular (69% vs. 26%, with
only 5% being too faint to tell). These results can be subdivided into those with
very robust classifications (6 or more users were in agreement), and less robust
classifications (fewer than 6 users were in agreement). The trends quoted earlier
become stronger when considering only the robust classifications, as the ratio of
regular:irregular classifications for this subset is 1.4:1 and 1:3 for power-law and
bump DOGs, respectively. Table 3.4 shows the breakdown of visual classifications
with this additional subdivision. In Table 3.5 we provide, for each DOG in this
sample, the mode of the classifications as well as how many users were in agreement
with the mode. Overall, the qualitative morphological assessment indicates that

bump DOGs have irregular, diffuse morphologies more frequently than power-law

DOGs.

3.5.2.2 Non-parametric Classification Results

The characterization of galaxy morphologies requires high S/N imaging in order to

provide reliable results. For non-parametric forms of analysis, typical requirements
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Figure 3.4 Color-magnitude diagram for bump DOGs, power-law DOGs , SMGs,
and XFLS ULIRGs at z > 1.4 (symbols as in Figure 3.1). Smaller symbols indicate
objects where the I-band measurement has been synthesized from the R-band or
V-band measurement (Dasyra et al., 2008; Bussmann et al., 2009b), assuming a
power-law of the form F, oc v~2. Arrows indicate 2-¢ limits. Galaxies spanning the
redshift range 1.5 < z < 2.5 in the HDF-N (Papovich, personal communication) and
HDF-S (Labbé et al., 2003) are shown with grey dots. Power-law DOGs have the
reddest I — H colors, followed by bump DOGs, XFLS ULIRGs, and SMGs, which

have colors comparable to high-z HDF galaxies.
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Table 3.4. Visual Morphological Classifications

Regular Irregular Too Faint Too Tell

Agree Disagree Agree Disagree Agree  Disagree

Power-law DOGs  34% 9% 24% 18% 6% 9%
Bump DOGs 16% 10% 48% 21% 5% 0%

are S/Npixe > 2 and R, (Elliptical) > 2 x FWHM (Lotz et al., 2004) (hereafter, rp
indicates the elliptical petrosian radius). In the case of the imaging presented here,
FWHM = 0716. None of the 22 DOGs in GO-11195 observed with WFPC2 have
the per-pixel S/N necessary to compute rp, G, My, and C'. On the other hand, 20
out of 21 bump DOGs with NICMOS observations have sufficient S/N. Table 3.5
presents the visual and non-parametric measures of DOG morphologies, including

per-pixel S/N, rp, G, My, and C' values for the NICMOS images.
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Source Name Visual® Nagrcob S/N rp (kpc) G Myy C
SST24 J142637.3+333025 TETT 4 3.1 — 047 -1.72 29
SST24 J142652.44-345504 Reg 4 3.8 8.6 0.38 -0.77 34
SST24 J142724.94-350823 Irr 6 4.1 12.0 048 -1.63 4.9
SST24 J142832.44-340850 — — 6.8 — — —_ —
SST24 J142920.14-333023 Irr 6 3.4 6.9 0.48 -1.00 238
SST24 J142941.04+-340915 Irr 7 2.8 6.6 0.40 -0.99 1.7
SST24 J142951.14+-342041 Irr 6 4.0 10.7 0.46 -098 2.8
SST24 J143020.44-330344 Reg 7 3.3 7.0 0.49 -1.63 3.0
SST24 J143028.5+343221 Irr 6 2.5 9.7 0.51 -1.18 4.0
SST24 J143137.14-334500 Irr 4 2.5 27.5 0.44 -1.00 3.2
SST24 J143143.34-324944 Reg 7 11.3 — 0.52 -1.69 3.0
SST24 J143152.44-350029 Irr 4 5.2 8.9 0.46 -1.41 438
SST24 J143216.84-335231 Irr 4 4.4 8.4 038 -098 24
SST24 J143321.84-342502 Irr 6 5.0 8.2 0.54 -0.78 3.3
SST24 J143324.24-334239  Reg 7 3.8 6.7 0.54 -1.62 3.0
SST24 J143331.94+-352027 Irr 6 4.1 8.2 037 -0.8 24
SST24 J143349.5+4-334602 Irr 7 2.5 11.8 0.48 -0.83 1.9
SST24 J143458.84333437 Irr 7 2.5 9.6 0.54 -1.24 3.8
SST24 J143502.94-342657 Irr 7 2.1 14.9 046 -0.77 24
SST24 J143503.34-340243 Reg 6 4.0 7.2 0.53 -1.71 28
SST24 J143702.04+-344631 TFTT 7 — — — — —
SST24 J143816.6+333700  Reg 5 5.1 5.7 047 -147 2.6
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Table 3.5 (cont’d)

Source Name Visual?® Nagmob S/N rp (kpc) G My C

& Mode of visual classification.

b Number of users in agreement with mode of visual classifica-

tion.

Figure 3.5 displays C as a function of rp for power-law DOGs, bump DOGs,
SMGs, and XFLS sources. The left panel of Figure 3.5, focusing only on bump and
power-law sources that qualify as DOGs, shows that bump DOGs have larger sizes
(median rp = 8.0 kpc) than their power-law siblings (median r7p = 5.4 kpc). The
right panel of Figure 3.5 shows SMGs and XFLS sources which are not DOGs. In
this diagram, almost all sources are bumps, and almost all sources have large sizes
(median rp = 8.5 kpc).

When no consideration is given to their R —[24] color, SMGs and XFLS sources
show a similar distinction in their sizes when dividing the samples into bump (SMG
median 7p = 8.6 kpc; XFLS median 7p = 7.6 kpc) and power-law (SMG median
rp = 4.6 kpc; XFLS median rp = 6.2 kpc) varieties. Indeed, considering all z > 1.4
ULIRGs regardless of whether they are selected at mid-IR or sub-mm wavelengths,
bump sources (median rp = 8.0 kpc) are significantly larger than their power-law
counterparts (median rp = 5.6 kpc), and a two-sided Kolmogorov-Smirnov (KS)
test indicates there is only a 1.3% chance the two populations could be drawn
randomly from the same parent sample. This finding is consistent with results from
Keck K-band adaptive optics imaging of DOGs which shows that power-law DOGs

are smaller and more concentrated than bump DOGs (Melbourne et al., 2009). One
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Figure 3.5 C' as a function of rp for z > 1.4 ULIRGs (symbols are the same as in

Figure 3.1). Left: Power-law DOGs, bump DOGs, SMGs that qualify as DOGs,

and XFLS ULIRGs at z > 1.4 that qualify as DOGs. Error bar in top left corner

illustrates typical uncertainty level, computed as a function of S/N and spatial

resolution (Lotz et al., 2006). Bump DOGs have larger sizes than power-law DOGs.
Right: Same as left panel, but only for z > 1.4 ULIRGs (SMGs and XFLS) that

are not DOGs. Regardless of sample selection criteria, power-law z > 1.4 ULIRGs

are significantly smaller than their bump counterparts (median rp of 5.6 kpc vs.

8.0 kpc, for the total respective populations).



117

caveat with this result is that the bump DOG sample is brighter in H-band than the
power-law DOG sample. Considering only the DOGs satisfying H < 22.5, the bump
and power-law DOGs have similar sizes (rp &~ 8 kpc). At the faint end (H > 22.5),
power-law DOGs are smaller than bump DOGs (5 kpc vs. 8 kpc, respectively).

The distribution in G — My space derived from NICMOS imaging of power-law
DOGs, bump DOGs, XFLS sources, and SMGs is shown in Figure 3.6. A sample of
73 local ULIRGs (z < 0.2) is also shown in this diagram (Lotz et al., 2004), using
data from HST WFPC2/F814W imaging (Borne et al., 2000). The dotted line
separates major mergers from other types of galaxies and is based on measurements
at roughly the same rest-frame wavelength (= 5000 — 5500 A) of these 73 local
ULIRGs (Lotz et al., 2004).

The left panel of Figure 3.6 (including all sources that qualify as DOGs) shows
that bump DOGs appear offset to lower G and higher My, values than power-law
DOGs. The median {G, My} values for bump and power-law DOGs are {0.47,
-1.08} and {0.49, -1.48}, respectively. These types of morphologies are consistent
with what is seen in simulations of major mergers during the beginning and end
stages, respectively, of the “final coalescence” of the merger when the SFR peaks
and begins to turn over (Lotz et al., 2008). In the right panel of Figure 3.6, SMGs
and XFLS 2z > 1.4 ULIRGs that are not DOGs are shown. Although nearly all of
these sources have bump SEDs, their morphologies bear a greater resemblence to
power-law DOGs than bump DOGs. The median {G, My} values for the non-DOGs
are {0.52, -1.46}.

The preceding analysis is largely qualitative in nature. A more quantitative
approach involves the use of contingency tables, which offer a means to quantify
broad-brush distinctions in the properties of two populations of objects. Three

properties are tested here: mid-IR SED shape (bump OR power-law), extent of
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Figure 3.6 Gini coefficient vs. My, derived from NIC2/F160W images of high-
redshift ULIRGs (symbols same as in Figure 3.1) and local ULIRGs (gray plus signs,
Lotz et al., 2004). The evolution of a typical gas-rich (fgs = 0.5) major merger
during its peak SFR period is illustrated by a green vector (Lotz et al., 2008).
The dashed line is drawn qualitatively to separate “diffuse” and “single-object”
morphologies and bisects the green vector. The dotted line shows the empirically
determined (based on measurements of local ULIRGs) demarcation line above which
objects are obvious major mergers (Lotz et al., 2004). Left: Bump DOGs, power-
law DOGs, and SMGs and XFLS ULIRGs qualifying as DOGs. Within this highly
obscured subset of the high redshift ULIRG population, bump sources are “diffuse”
(low G, high Msy) more often than power-law DOGs. In simulations of major
mergers, such morphologies occur during the early half of the peak SFR period of
the merger. Right: Same as left panel, but for SMGs and XFLS z > 1.4 ULIRGs that
are not DOGs. The distribution of morphologies for non-DOGs is skewed towards
the “single-object” region of this diagram. These objects may occur during the late

stage of the peak SFR period of a major merger, or they may be associated with

more secular evolutionary processes.



119

Table 3.6. NICMOS Morphology Contingency Table Data

R—[24] < 14 R—[24] > 14

Diffuse* Single-source® Diffuse® Single-source”

Power-law 0 1 7 24
Bump 3 20 15 14

AG < 0.4Mso + 0.9

PG > 0.4My + 0.9

obscuration (R — [24] > 14 OR R — [24] < 14), and morphology (low G, high My
OR high G, low Msg). The division based on morphology is derived from simulations
of major mergers, which indicate that the high SFR period of a merger is bisected
by a line described by the equation G = 0.4Ms + 0.9 (Lotz et al., 2008). Table 3.6
shows the two 2x2 contingency tables that are needed to account for the three
variables used in this analysis.

The first result from this analysis is the paucity of power-law sources in the non-
DOG subset. There are 29 bump DOGs, 23 bump non-DOGs, 31 power-law DOGs,
and only 1 power-law non-DOGs. The 2 x 2 contingency table for this dataset
indicates a negligible probability (Fisher Exact p-value < 0.0001) that all four sub-
populations are drawn randomly from the same parent sample. Could this be due
to a selection effect? The non-DOG sample comprises ULIRGs from the XFLS and
SMGs. XFLS sources are selected to have high Fby,m / Fs,m flux density ratios, which
tends to favor the selection of bump SEDs over power-law ones. On the other hand,

the XFLS sources are selected to be very bright at 24pm (Fbaym > 0.8 mJy. At these
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24pm flux densities, power-law sources are more common than bump sources (e.g.
Dey et al., 2008). SMGs are selected at sub-mm wavlengths, without any knowledge
of the mid-IR SED shape. Presently, it is not obvious that either the XFLS ULIRGs
or SMGs are affected by the kind of severe selection effect necessary to produce the
observed trends.

The second result from the contingency table data is that, considering only
bump sources, non-DOGs have a much more skewed distribution of morphologies
than DOGs. Diffuse type morphologies (low G, high M) are rare in the non-DOG
population, while in DOGs they occur much more frequently. A 2 x 2 contingency
table here suggests a very low probability (Fisher Exact p-value = 0.007) that blue
(R —[24] < 14) and red (R — [24] > 14) ULIRGs have morphologies drawn from
the same parent distribution. Low G and high My, values suggest irregular and
lumpy (less centrally concentrated) morphologies that could be caused by a clumpy
distribution of stars or significant dust obscuration (Lotz et al., 2008). Further
discussion of the implications of this result are deferred to section 3.6.

Finally, with the highly obscured subset of ULIRGs (DOGs), there is evidence
that bump DOGs have diffuse type morphologies more commonly than power-law
DOGs. A 2 x 2 contingency table indicates an extremely low probability (Fisher
Exact p-value = 0.003) that bump and power-law DOGs have morphologies drawn
from the same parent distribution. As mentioned earlier, this distinction is con-
sistent with expectations from simulations of major mergers during the peak SFR

phase of the merger (Lotz et al., 2008).

3.5.2.3 GALFIT Results

The results of our GALFIT analysis of the NICMOS images of the Cycle 16 DOGs
are shown in Table 3.3, along with 1-0 uncertainties in the best-fit parameters.

Included in this table are point source fractions (ratio of flux in the point-source
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component to the total flux of the source), effective radius of the Sérsic component
(Refr), Sérsic index (n), semi-minor to semi-major axis ratio of the Sérsic component
(Axial Ratio), number of degrees of freedom (Npor), and reduced chi-squared (x?2).

Figure 3.7 shows a comparison of Reg (the radius within which half the light is
enclosed) and rp (the radius at which the ratio of the surface brightness at rp to
the mean surface brightness within rp is equal to 0.2) for DOGs, SMGs, and XFLS
ULIRGs at z > 1.4. For bump DOGs and power-law DOGs, the median R.g values
are 3.3 kpc and 2.5 kpc, respectively. Bump sources that are not DOGs (from the
SMG and XFLS samples) have a median effective radius of 3.2 kpc. One of the
bump DOGs (SST24 J143137.1+334500) has the appearance of an edge-on disk
with a semi-major axis of 325, or 27.5 kpc at its redshift of 1.77. This extremely
large R.g value may imply that this object is in fact a merger viewed edge-on.
Spatially resolved dynamical information would be particularly useful for answering
this question.

Our measurements of SMG sizes (median R,.q value for the full SMG population
of 3.6 kpc) are in broad agreement, given the different methods used, with those
of Swinbank et al. (2010a), who find typical half-light radii of 2.8 + 0.4 kpc. For
XFLS ULIRGs, Dasyra et al. (2008) use GALFIT to find typical effective radii
of 2.43 £ 0.80 kpe, consistent with our results (median Reg of 2.5 kpc). As an
additional consistency check, a strong correlation is evident between R.g and rp for
all populations. Note that rp > R.g; this is because the Sérsic profile is defined such
that half of the galaxy’s flux is enclosed within a radius of r = R.g, while rp defines
the radius at which the surface brightness is one-fifth the average surface brightness
within rp.

Figure 3.8 shows the point source fraction and Sérsic index for DOGs, SMGs,

and XFLS ULIRGs at z > 1.4. The majority of sources have low point source
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Figure 3.7 Comparison of sizes of z > 1.4 ULIRGs (symbols same as in Figure 3.1)
as determined by the effective radius of the Sérsic component from GALFIT mod-
eling (Res) and the elliptical Petrosian radius (rp). Left: Bump DOGs, power-law
DOGs, and SMGs and XFLS ULIRGs qualifying as DOGs. Right: SMGs and
XFLS ULIRGs that are not DOGs. Both size measurements suggest that power-law
sources are on average smaller than bump sources, although a significant population

of compact bump sources exists.
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fractions (point source fraction < 0.3) and disk-type morphologies (n < 2). Studies
have found that when a point source contributes less than 20% of the total light,
it has an insignificant effect on the measured morphologies (Pierce et al., 2010).
Considering only DOGs with sufficient S/N to be placed on this diagram (left panel
of Figure 3.8), 6/28 power-law DOGs and 0/17 bump DOGs have either n > 3
or point source fraction > 0.4. Such sources have compact, centrally dominated
morphologies (n = 1 corresponds to an exponential profile, and n = 4 corresponds
to a de Vaucouleurs profile; Peng et al., 2002). This distinction is consistent with
the G and My results in section 3.5.2.2.

On the other hand, the distinction between bump and power-law sources is not
as obvious when considering the SMGs and XFLS sources. For SMGs, 2/3 power-
law and 2/11 bump sources satisfy the compact criteria outlined above, while for
XFLS ULIRGs the respective numbers are 2/6 (power-law sources) and 3/18 (bump
sources). Further discussion of the distinction between the morphological properties

of bump and power-law DOGs is deferred to section 3.6.

3.6 Discussion: Implications for Models of Massive Galaxy Evolution

ULIRG activity in the local universe has been known for some time to result from a
major merger of two gas-rich disk galaxies (e.g. Armus et al., 1987; Sanders et al.,
1988a). Material is funneled towards the center of the system and drives an intense
starburst, producing large amounts of cold dust, and begins to feed a nascent central
black hole. As the merger evolves, ambient gas and dust particles are heated by
feedback processes. This warm-dust ULIRG stage has been suggested to represent
a transition stage between cold ULIRGs and optically luminous quasars (Sanders
et al., 1988b).

Recently, efforts have been made to extend this paradigm to the ultra-luminous
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Figure 3.8 Sérsic index n as a function of point source fraction from GALFIT mod-
eling (symbols same as in Figure 3.1). Left: Power-law DOGs, bump DOGs, and
SMGs and XFLS ULIRGs qualifying as DOGs. Aside from a handful of power-law
DOGs with point source fraction > 0.4 or n > 2.5, there is strong overlap between
the bump and power-law DOG populations in this diagram. Right: SMGs and XFLS
ULIRGs that do not qualify as DOGs. In contrast to the DOG populations, there
are a number of n > 2.5 bump sources from the SMG and XFLS samples. As in
the analysis of the G' and My, values, these could represent objects at the end of
the peak SFR period, or they might not be associated with major merger activity
at all.
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galaxy populations at high-redshift. One possible hypothesis within this scenario is
that SMGs represent the cold-dust ULIRGs created during the early stage of the
merger, whereas Spitzer-selected sources represent the warm-dust ULIRGs formed
during the later stages of the merger (e.g., Dey et al., 2008; Dey & The ND-
WES/MIPS Collaboration, 2009; Narayanan et al., 2009). This basic picture (that
SMGs and Spitzer-selected ULIRGs are related) is strengthened by the similarity in
the measured clustering strengths of z &~ 2 SMGs, DOGs, and QSOs, which sug-
gest that these populations all reside in similar mass halos at similar epochs (e.g.
Brodwin et al., 2008; Dey & The NDWFS/MIPS Collaboration, 2009).

In this section, we use the morphological evidence presented in section 3.5 to
test the viability of this scenario. On one hand, when considering only the most ex-
tremely obscured objects (i.e., DOGs), a clear trend in morphologies emerges. Bump
DOGs are larger (i.e., more spatially extended) than power-law DOGs (rp ~ 8 kpc
vs. 5 kpc), more diffuse ({G, Moy} =~ {0.47, —1.08} vs. {G, My} =~ {0.49, —1.48}),
and more irregular (67% vs. 50% visually classified as irregular). This trend is con-
sistent with expectations from simulations of major mergers, which indicate that
merger morphologies generally evolve from extended, diffuse, and irregular at the
beginning of the peak SFR phase to compact and regular when star-formation shuts
down and the AGN begins to dominate (Lotz et al., 2008; Narayanan et al., 2009).

On the other hand, the less obscured sources (non-DOGs from the SMG and
XFLS sample) show two strong distinctions from their more extreme counterparts.
First, there are very few power-law non-DOGs. If power-law SEDs are more fre-
quently associated with objects that are more dust reddened, this may imply a
connection between the amount of extinction of the optical light and the nature of
the power source producing the mid-IR emission.

Second, within the bump population of non-DOGs, there are very few diffuse
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type morphologies (low G, high Myy). The prevalence of bump sources with “single-
object” morphologies is difficult to understand within the context of a major merger
scenario in which bump sources evolve into power-law sources. If the bump phase
always precedes the power-law phase, there should be very few bump sources with
compact, single-source morphologies. A number of potential explanations exist.

Perhaps the most exciting explanation is that high redshift ULIRGs are related
to one another within a single evolutionary scheme driven by major mergers, but
with an additional wrinkle related to the degree of obscuration. During the highly
dust-obscured period of the merger (represented jointly by both bump and power-law
DOGs), the bump phase typically occurs before the power-law phase. In contrast,
the less obscured sources (SMGs and XFLS ULIRGs) sample the merger over a
broader timescale and so the relationship between bump and power-law sources is
not as obvious. For example, there may be a significant population of blue ULIRGs
(non-DOGs) that occurs near the very end of the high SFR period of the merger
when the obscuring column of dust has decreased and UV light can escape the
galaxy.

An alternative, but potentially equally exciting, way to reconcile the morpho-
logical evidence is by appealing to more quiescent modes of galaxy assembly for
some fraction of the high redshift ULIRG population (e.g. Genzel et al., 2008).
Recent theoretical work has suggested that many SMGs may be produced not by
major mergers, but instead by smooth gas inflow and the accretion of small gas-rich
satellites (Davé et al., 2010). Such an explanation would be surprising, given the
evidence already in place favoring a major merger origin for SMGs largely based on
dynamical and kinematic arguments (e.g. Greve et al., 2005; Swinbank et al., 2006;
Tacconi et al., 2008), yet the results presented here provide some indication that this

may be happening more commonly in some of the bluer (i.e., less dust-obscured)
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high-redshift ULIRGs.

A third possibility is that the expected trends in morphologies with merger stage
are somewhat sensitive both to the initial conditions of the merger — for example,
highly radial orbits can have similar G and My values throughout the “final merger”
stage (Lotz et al., 2008) — as well as the viewing time and angle. It would be
surprising if unusual initial conditions or viewing times and angles were necessary
to explain most high redshift ULIRGs, particularly since they appear to have fairly
typical axial ratios (see Table 3.3).

An important consideration related to the XFLS ULIRGs and SMGs analyzed
here is that many of these objects are composite starburst and AGN systems with
complex mid-IR spectral features. Dasyra et al. (2008) show that the 7.7um PAH
feature is usually strong in extended sources, while it varies from strong to weak in
compact sources. The mid-IR spectral analysis of these sources (Sajina et al., 2007a)
indicates that only a few XFLS ULIRGs are clearly dominated by PAH features or
AGN continuum emission. This result is consistent with the nature of their mid-IR
SEDs and underscores the fact that these objects are composite systems that are not
easily classified by either their mid-IR spectral features or their rest-frame optical
morphologies. Only 7 SMGs in the sample studied here have both high-resolution
imaging and mid-IR spectroscopy (Menéndez-Delmestre et al., 2009). Of these 7,
all are bump sources, 4 have strong PAH emission, and 3 have weak or no PAH
emission. It may be the case that the mid-IR SEDs of the SMG and XFLS ULIRG
samples are not sufficiently distinct to identify significant morphology differences in

the bump vs. power-law sub-samples.
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3.7 Conclusions

We have used HST imaging to analyze the morphologies of 22 DOGs at z =~ 2 from
the Bootes field selected to show SED features typical of star-formation dominated
systems (bump DOGs). We compare these new data with similar HST imaging of
DOGs with SED features typical of AGN-dominated systems (power-law DOGs) as
well as sub-millimeter-selected galaxies (SMGs), ULIRGs at high-z selected from

the Spitzer XFLS. Our findings are summarized below.

1. Spatially resolved emission is observed in the rest-frame optical imaging of
all bump DOGs. GALFIT modeling indicates that the point source fraction
(ratio of flux in the point-source component to total flux of the source) in
these objects never exceeds 20% and is typically smaller than that found in
power-law DOGs, suggesting a smaller AGN contribution to the rest-frame

optical light from bump DOGs.

2. Typical Sérsic indices of the resolved emission of bump DOGs suggest disk-

type rather than bulge-type profiles (n < 2), similar to power-law DOGs.

3. At H < 22.5, bump and power-law DOGs have similar sizes (median rp =
8 kpc). At H > 22.5, bump DOGs are significantly larger than power-law
DOGs (median value of rp = 8 kpc vs. rp = 5.4 kpc, respectively). This
distinction is also true for SMGs and XFLS ULIRGs.

4. In the rest-frame optical, bump DOGs have lower G and higher My, values
than power-law DOGs. This difference is consistent with expectations from
simulations of major mergers. On the other hand, less obscured objects in our
sample (SMGs and XFLS ULIRGs that do not qualify as DOGs) have high G

and low Myg values that are more typical of “single-object” systems.
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Overall, our findings highlight the diversity and complexity of high redshift
ULIRG morphologies. Within the highly obscured subset (i.e., DOGs), we find
evidence in support of a major merger paradigm in which bump DOGs evolve into
power-law DOGs. Within the less obscured subset (i.e., SMGs and XFLS ULIRGs),
the picture is not as clear. This may be a result of the timescales over which ob-
scured and less obscured sources can be observed during a major merger, or it may
be an indication that more quiescent forms of galaxy assembly are important for a
significant faction of high redshift ULIRGs.
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CHAPTER 4

DOGs ARE WARM-DUST DOMINATED ULIRGS AT z ~ 2

We present SHARC-II 350pum imaging of twelve 24pm-bright (Fosum > 0.8 mJy)
Dust-Obscured Galaxies (DOGs) and CARMA 1mm imaging of a subset of 2 DOGs.
These objects are selected from the Bodtes field of the NOAO Deep Wide-Field
Survey. Detections of 4 DOGs at 350um imply infrared (IR) luminosities which are
consistent to within a factor of 2 of expectations based on a warm dust spectral
energy distribution (SED) scaled to the observed 24um flux density. The 350um
upper limits for the 8 non-detected DOGs are consistent with both Mrk 231 and M82
(warm dust SEDs), but exclude cold dust (Arp 220) SEDs. The two DOGs targeted
at Imm were not detected in our CARMA observations, placing strong constraints
on the dust temperature: Ty, > 35 — 60 K. Assuming these dust properties apply
to the entire sample, we find dust masses of &~ 3 x 10® M. In comparison to
other dusty z ~ 2 galaxy populations such as sub-millimeter galaxies (SMGs) and
other Spitzer-selected high-redshift sources, this sample of DOGs has higher IR
luminosities (2 x 10" L vs. 6 x 10" L) for the other galaxy populations) that are
driven by warmer dust temperatures (>35-60 K vs. ~30 K) and lower inferred dust
masses (3 X 10° M vs. 3 x 10° M)). Wide-field Herschel and SCUBA-2 surveys
should be able to detect hundreds of these power-law dominated DOGs. We use
existing Hubble Space Telescope and Spitzer/IRAC data to estimate stellar masses
of these sources and find that the stellar to gas mass ratio may be higher in our 24pm-
bright sample of DOGs than in SMGs and other Spitzer-selected sources. Although
much larger sample sizes are needed to provide a definitive conclusion, the data are
consistent with an evolutionary trend in which the formation of massive galaxies

at z ~ 2 involves a sub-millimeter bright, cold-dust and star-formation dominated
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phase followed by a 24pum-bright, warm-dust and AGN-dominated phase.

4.1 Introduction

In the local universe, the most bolometrically luminous galaxies are dominated by
thermal emission from dust which absorbs ultra-violet (UV) and optical light and
re-radiates it in the infrared (IR) (Soifer et al., 1986). While rare locally, these ultra-
luminous IR galaxies (ULIRGs) are more common at high redshift (e.g., Franceschini
et al., 2001; Le Floc’h et al., 2005; Pérez-Gonzélez et al., 2005). Studies combining
the improved sensitivity in the IR of the Spitzer Space Telescope with wide-field
ground-based optical imaging have identified a subset of this z ~ 2 ULIRG popula-
tion that is IR-bright but also optically faint (Yan et al., 2004; Houck et al., 2005;
Weedman et al., 2006b; Fiore et al., 2008; Dey et al., 2008). In particular, Dey
et al. (2008) and Fiore et al. (2008) present a simple and economical method for
selecting these systems based on R-band and 24pm Multiband Imaging Photometer
for Spitzer (MIPS; Rieke et al., 2004) data. Dey et al. (2008) employ a color cut
of R — [24] > 14 (Vega magnitudes; ~ F,(24um)/F,(R) > 1000) to identify objects
they call Dust-Obscured Galaxies (DOGs). Applied to the 8.6 deg? Bootes field of
the NOAO Deep Wide-Field Survey (NDWES) that has uniform MIPS 24um cov-
erage for F,(24pum) > 0.3 mJy , this selection yields a sample of ~2600 DOGs, or
~302 deg 2.

The extreme red colors and number density of the DOGs imply that they are
undergoing a very luminous, short-lived phase of activity characterized by vigorous
stellar bulge and nuclear black hole growth. Spectroscopic redshifts determined for a
sub-sample of DOGs using the Deep Imaging Multi-Object Spectrograph (DEIMOS;
Faber et al., 2003) and the Low Resolution Imaging Spectrometer (LRIS; Oke et al.,
1995) on the telescopes of the W. M. Keck Observatory (59 DOGs), as well as the
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Infrared Spectrometer (IRS; Houck et al., 2004) on Spitzer (47 DOGs) have revealed
a redshift distribution centered on z & 2 with a dispersion of o, ~ 0.5 (Dey et al.,
2008).

While DOGs are rare, they are sufficiently luminous (= 90% of DOGs with
spectroscopic redshifts have Lig > 10'? L)) that they may contribute up to one-
quarter of the total IR luminosity density from all z ~ 2 galaxies (and over half that
from all ULIRGs at z ~ 2) and may be the progenitors of the most luminous (~4.L*)
present-day galaxies (Dey et al., 2008; Brodwin et al., 2008). Thus far, the efforts
to estimate the IR luminosities of DOGs have primarily relied upon spectroscopic
redshifts and the observed 24pm flux density. Dey et al. (2008) use an empirical
relation between the rest-frame 8um luminosity (computed from the observed 24um
flux density) and the IR luminosity, derived by Caputi et al. (2007). However, there
is evidence from sources with Fby,y > 0.25 mJy that methods based on only the
24pm flux density can overestimate the IR luminosity by factors of 2-10 (Papovich
et al., 2007). Results from deep 70um and 160pm imaging of a sub-sample of 24pm-
bright DOGs are consistent with this, favoring hot-dust dominated spectral energy
distribution (SED) templates like that of Mrk 231 (Tyler et al., 2009) which lead
to estimates of the IR luminosity that are on the low end of the range in Lig/Lg
conversion factors adopted in Dey et al. (2008).

In this paper, we present 350um and 1mm photometry of a sample of DOGs
whose mid-IR spectral features (silicate absorption, power-law SEDs) suggest the
presence of a strong active galactic nucleus (AGN). The primary goals of this study
are to measure their IR luminosities and constrain their dust properties, in particular
the dust masses and temperatures. We also estimate stellar masses for the sources in
the sample using published Hubble Space Telescope (HST) data and Spitzer InfraRed
Array Camera (IRAC) catalogs from the Spitzer Deep Wide-Field Survey (SDWF'S;
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see Ashby et al., 2009). Comparison of the stellar and dust masses potentially allows
us to place constraints on the evolutionary status of these sources.

In section 4.2, we present the details of the observations. Section 4.3 presents the
DOG SEDs from 0.4um to lmm and IR luminosity measurements, constraints on
the dust temperature, and dust and stellar mass estimates. In section 4.4, we com-
pare our results with similar studies of sub-millimeter galaxies (SMGs) and Spitzer-
selected sources from the eXtragalactic First Look Survey (XFLS) and Spitzer Wide
InfraRed Extragalactic (SWIRE) survey. We present our conclusions in section 4.5.

Throughout this paper we assume a cosmology where Hy =70 km s~! Mpc™1,

Q, =0.3, and Q, =0.7.

4.2  Observations

4.2.1 Sample Selection

Dey et al. (2008) identified 2603 DOGs in the 8.6 deg? NDWFS Bootes field, se-
lecting all 24pm sources satisfying R — [24] > 14 (Vega mag) and Fayy, > 0.3 mJy.
We identified 12 DOGs with spectroscopic redshifts for follow-up 350um imaging
(see Figure 4.1) with the second-generation Submillimeter High Angular Resolution
Camera (SHARC-II) at the Caltech Sub-millimeter Observatory (CSO). These tar-
gets were selected to have bright 24pm flux densities (Fbsum 2 1 mJy) and a power-
law dominated mid-IR SED (based on Spitzer/IRAC and 24um MIPS photometry;
for details, see section 3.1.2 in Dey et al., 2008). Using the deeper IRAC observations
from SDWFS (Ashby et al., 2009), the fraction of DOGs qualifying as power-law
sources ranges from ~ 10% at Foyum = 0.3 mJy to = 60% at Foyum = 1 mJy. As
shown in Figure 4.1, our sample spans a broad range in R—[24] color (~ 14.5—17.5).
Spitzer/IRS spectroscopic redshifts have been obtained for these sources based on

the 9.7um silicate absorption feature. Power-law continua and silicate absorption
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are typical features of AGN-dominated systems (Donley et al., 2007; Weedman et al.,
2006a; Polletta et al., 2008; Brand et al., 2008). We note that such systems often
exhibit intense star-formation concurrent with the growth of a super-massive central
black hole (e.g., Wang et al., 2008).

Details of our observations are presented in Table 4.1. The effective integration
time (column 8 of table 4.1) represents the time necessary to reach the same noise
level given a completely transparent atmosphere (see Coppin et al., 2008, for details).

We observed two of the twelve DOGs at 1mm using the Combined Array for Re-
search in Millimeter-wave Astronomy (CARMA) interferometer to search for ther-
mal emission from cold dust particles. These were primarily selected to have robust
350pum detections to enhance the probability of detection at 1mm and, in the event
of a non-detection, allow useful constraints to be placed on the dust properties.
The two targets observed with CARMA are SST24 J142827.2+354127 (S2) and
SST24 J143001.94-334538 (S3). Table 4.2 presents the date and integration time of
the CARMA observations.

4.2.2 SHARC-II 350um Imaging and Photometry

The SHARC-II observations of the 12 target DOGs were carried out over the course
of five separate observing runs from 2005 January to 2007 May. Data were collected
only when the atmospheric opacity was low and conditions were stable (Toosqn, <
0.06). Pointing, focus checks, and calibration were performed every hour, using
ULIRG Arp 220 as a calibrator (Fss50,m = 10.2+1.0Jy). Other secondary calibrators
(CIT6, CRL2688, 3C345) were used occasionally to verify the Arp 220 calibrations.
A non-connecting Lissajous pattern was used to modulate the telescope pointing
with amplitudes of 15”-20” and periods of 10-20 s. The observations made use of
the CSO Dish Surface Optimization System to optimize the dish surface accuracy

and beam efficiency (Leong et al., 2006).
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Figure 4.1 R—[24] color vs. 24um magnitude for DOGs in the NDWFS Bodtes field.
Bottom and top abscissae show the 24um magnitude and flux density, respectively.
Left and right ordinates show the color in magnitudes and the Foyum/Fo7um flux
density ratio, respectively. Black dots and upward arrows show the full sample of
DOGs, with and without an R-band detection, respectively. The subsample studied
in this paper is represented by red circles (open symbols show sources undetected in
the R-band data). Two sources observed by CARMA at 1mm are highlighted by a
black square. This plot demonstrates that the sample studied in this paper probes

the 24pm-bright DOGs over a wide range of R — [24] colors.
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Table 4.1. SHARC-II 350pum Observations

RA DEC tint®  tegr”  Omap
Source Name 1D (J2000) (J2000) z UT Year-Month (hr) (min) (mJy)
SST24 J142648.9+332927 S1 14:26:48.970 +33:29:27.56 2.00¢ 2006-Apr 1.1 4.0 20
SST24 J142827.24-354127 S2 14:28:27.190 +35:41:27.71 1.2934 2005-Apr/2006-Apr/2007-May 3.3 11.9 10
SST24 J143001.9+334538 S3 14:30:01.910 +33:45:38.54 2.46° 2005-Apr/2006-Apr/2006-May 3.6 11.4 8
SST24 J143025.74342957 S4 14:30:25.764 +34:29:57.29 2.545f 2006-Apr 1.0 2.0 26
SST24 J143135.2+325456 S5 14:31:35.309 +32:54:56.84 1.48°¢ 2007-May 1.2 2.0 30
SST24 J143325.84-333736 S6 14:33:25.884 +33:37:36.90 1.90¢ 2006-Apr 0.3 1.2 28
SST24 J143411.0+4331733 S7 14:34:10.980 +33:17:32.70 2.656% 2005-Jan 3.8 12.7 8
SST24 J143447.74330230 S8 14:34:47.762 +33:02:30.46 1.78° 2007-May 1.8 10.5 10
SST24 J143508.4+334739 S9 14:35:08.518 +33:47:39.44 2.10¢ 2006-Apr 1.0 0.5 35
SST24 J143539.34-334159 S10 14:35:39.364 +33:41:59.13 2.62° 2005-Apr/2006-Apr 2.5 3.1 15
SST24 J143545.1+4342831 S11 14:35:45.137 +34:28:31.42 2.50¢ 2006-Apr 0.8 3.2 22
SST24 J143644.24-350627 S12 14:36:44.269 +35:06:27.12 1.95¢ 2006-Apr/2006-May 2.1 6.7 10

2 Actual on-source integration time.

bEffective integration time for a transparent atmosphere (Coppin et al., 2008).
“Redshift from Spitzer/IRS (Higdon et al. in prep).

dRedshift from Keck DEIMOS (Desai et al., 2006).

®Redshift from Spitzer/IRS (Houck et al., 2005).

fRedshift from Keck DEIMOS (Dey et al., in prep.).

&Redshift from Keck LRIS (Dey et al., 2005).

Table 4.2. CARMA 1mm Observations

ID UT Year-Month  tjp; (hr)?

S2  2008-April/May  10.3
S3  2008-April/May 7.5

#On-source integration time.
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Data were reduced using the Comprehensive Reduction Utility for SHARC-II
(CRUSH) software package with the ‘deep’ option to optimize the signal-to-noise
ratio (S/N) for faint (< 100 mJy) point sources (Kovécs, 2006). The output map
has a pixel scale of 1762 pixel ™!, and is smoothed with a 9” gaussian beam, resulting
in an effective image FWHM of 12'4.

A 20" diameter aperture was used for photometry to compute the instrumental
flux density of each source. The sky level and photometric uncertainty were com-
puted by measuring the mean and RMS in ~10 off-source 20" diameter apertures.
The same procedure was applied to the calibration images, and a scaling factor was
derived that converts the instrumental flux density to a physical flux density (us-
ing this method, no subsequent aperture correction is required as long as both the
science and calibration targets are unresolved and measured in the same aperture).

The aperture photometry is consistent with peak flux density measurements in
all but one source, SST24 J142648.9+332927. This source has a radial profile that is
significantly more extended than the point spread function of the final map, which
results in the peak flux underestimating the aperture flux density measurement.
The extended structure in the image is more likely to be noise than signal, so in this
case we report the peak flux measurement, which is formally a non-detection.

Flux boosting of low S/N sources can be an important effect in wide-field surveys
where source positions are not known a priori (e.g., Coppin et al., 2005). However,
because we know our source positions at the < 1” level (from MIPS and IRAC
centroids), flux boosting is not a significant effect, and so we do not apply any such
corrections to our measurements. Our approach follows that adopted by Laurent

et al. (2006) and Kovécs et al. (2006) in their 350pum follow-up imaging of SMGs.
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4.2.3 CARMA 1mm Imaging and Photometry

The CARMA observations were obtained between 2008 April 7 and May 1 in the
C-array configuration (beamsize is &~ 2 x 1 sq. arcsec). A total of 7.5 hours and 10.3
hours of integration time in good 1mm weather conditions were spent on sources
SST24 J143001.94-334538 (S3) and SST24 J142827.2+354127 (S2), respectively.
These sources were selected primarily because of their robust (S/N> 4.5) detec-
tions at 350pum. In addition, source S3 is detected with Spitzer/MIPS at 70um and
160pm (Tyler et al., 2009), while S2 is the subject of a detailed spectroscopic study
(Desai et al., 2006).

System temperatures were in the range 250-400 K. A correlator configuration was
used with three adjacent 15x31 MHz bands centered on 220 GHz, the frequency
at which the CARMA Imm receivers are most sensitive. The quasar J1310+4-323
(chosen for its spatial proximity) was observed every 15 minutes for amplitude and
phase calibration. Quasars 3C 273 and MWC 349 were used for pointing, pass-band
calibration, and flux calibration.

Data were reduced using the Multichannel Image Reconstruction, Image Analy-
sis, and Display (MIRIAD) software package (Sault et al., 1995). Visual inspection
of visibilities as a function of baseline length allowed us to identify and flag spurious
data. A cleaned map was generated for each track of integration time (ranging from
1 to 5 hours in length) and these tracks were coadded together using a weighted
mean to obtain a final image of these sources. No detections were found in either
case. Both sources are unresolved in the IRAC images, and NICMOS/F160W imag-
ing of S3 indicates a size of < (05, implying that it is very unlikely any emission
was resolved out by the interferometer. The IMSTAT routine from MIRIAD was
used to determine the noise level in the co-added images where we expected to see

the source. Table 4.3 shows the photometry from 24um to 1mm, where available.
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Non-detections are given as 3-c upper limits.

4.2.4 Optical, near-IR, mid-IR, and far-IR Photometry

The optical and near-IR photometry used in this paper to estimate stellar masses
are based on high spatial-resolution HST data (WFPC2/F606W, ACS/F814W, and
NIC2/F160W) published in Bussmann et al. (2009b). The HST data allow the
separation of an unresolved nuclear component (flux on scales < 1 kpc) from a more
spatially extended component. Because the AGN contribution in the rest-frame
UV to optical is uncertain, the photometry of the extended component is used here
(measured with 2" diameter apertures) to ensure that our stellar mass estimates are
not biased by the presence of an obscured AGN (for details on how the extended
component is computed, see Bussmann et al., 2009b). Additionally, 4” diameter
aperture photometry in the optical (By, R, and I) from the NDWFS is shown in
the SEDs of the objects in this sample (details on how the photometry is computed
may be found in Bussmann et al., 2009b).

The mid-IR photometry used in this paper are from the publicly available Data
Release 1.1 (DRI1.1) catalogs from the SDWFS IRAC coverage of the Bodtes field
(Ashby et al. 2009). The SDWFS catalogs incorporate the earlier IRAC Shallow
Survey of the Bootes field undertaken by the IRAC guaranteed time observation
(GTO) programs (Eisenhardt et al., 2004). We identified IRAC counterparts of the
DOGs in this paper from the SDWFS catalogs using a 3" search radius centered on
the 24pm position (the MIPS 24um 1-0 positional uncertainty is 172). All of the
DOGs in this paper have IRAC counterparts, detected at > 4o in all four IRAC
channels. We use the 4” (rather than the 6”) diameter aperture photometry from
the DR1.1 SDWFS catalog to reduce contamination from nearby sources. We note
that aperture corrections derived from isolated, bright stars have been applied to

the SDWF'S catalogs.



Table 4.3. Photometry®
R — [24] Foapm Fropm  Fiéopm  F350um  Fl.2mm Fooem”

Source Name  (Vega mag) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy)
S1 >16.1 2.33+£0.07 — — <66 — —

S2 15.7 10.5540.13 — <45¢ 74413 <15 —

S3 >17.4 3.84+0.06  9.3+2.3¢ 65+119 414+13  <1.8 0.42 + 0.04
S4 15.1 2.4740.05 — — <81 — 0.23 + 0.03
S5 14.5 1.514£0.05  — — <100 — 0.54 4+ 0.12
S6 15.4 1.8740.06 — — <137 — 0.20 + 0.03
S7 12.4¢ 0.86+0.05 <25 <90f 37413 — —

S8 >16.8 1.714£0.04  — — 45412 — 0.31 4 0.06
S9 15.3 2.6540.08  — — <150 — 0.24 4 0.04
S10 >16.7 2.67+£0.06  <8.14 <384 <50 — —

S11 >16.0 1.9540.05  — — <60 — —

S12 15.4 2.3440.05  9.14£25 43+12 <34 — 5.140.2

aUpper limits quoted are 3o values.

bPhotometry from Westerbork Synthesis Radio Telescope imaging de Vries et al. (2002).

°Photometry from Desai et al. (2006).

dPhotometry from Tyler et al. (2009).

¢R-band photometry includes diffuse emission from Ly-a nebula (Dey et al., 2005).

fPhotometry from Dey et al. (2005).
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Finally, 24, 70, and 160um data over 8.61 deg? of the Bootes field are available
from GTO programs. The data were reduced by the MIPS GTO team and reach
lo rms depths of 51 pJy, 5 mJy, and 18 mJy at 24, 70, and 160um, respectively.
Details of the GTO surveys, such as mapping strategy, data reduction, and source
catalogs, will be discussed elsewhere. In addition, several of the DOGs in this
paper were targeted for deeper MIPS photometric observations by Spitzer General
Observer program 20303 (P.I. E. LeFloc’h), and the results are reported in Tyler

et al. (2009). We use the Tyler et al. (2009) measurements where they are available.

4.3 Results

In this section, we present SEDs from 0.4um to 1mm for each source in our sam-
ple and compare with local starburst (M82) and ULIRG (Arp 220 and Mrk 231)
templates. Our approach is to artificially redshift the local galaxy templates and
normalize them to match the DOG photometry at observed-frame 24pm. This
allows a simple, qualitative comparison of DOGs and galaxies with properties rang-
ing from warm dust, star-formation dominated (M82), to cool dust, star-formation
dominated (Arp 220), to warm dust, AGN-dominated (Mrk 231). We will use the
SED that provides the best fit over the sampled wavelength range (observed optical
through sub-mm) to estimate the IR luminosities of the DOGs.

Later in this section, we use our limits at lmm from CARMA to place constraints
on the dust temperatures and limits on the dust masses of DOGs. Finally, we use

HST and Spitzer/IRAC data to estimate stellar masses of DOGs.

4.3.1 Qualitative SED Comparison

Figures 4.2 and 4.3 show the SEDs of the sources, divided respectively into those with
and those without detections at 350um. Note that the rest-frame UV photometry

for source S7 is contaminated by emission from nearby sources and will be treated
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Figure 4.2 SEDs of 5 DOGs detected by SHARC-II at 350um. Dotted, dashed, and
dot-dashed lines show the Mrk 231, Arp 220, and M82 template SEDs, respectively,
placed at the appropriate redshift and scaled to match the observed 24um flux
density. Red horizontal lines show the 5-¢ sensitivity limits (ignoring confusion)
from the planned wide-field Herschel surveys at 250, 350, and 500um, and SCUBA-
2 surveys at 850um. The cool dust SED of Arp 220 significantly overpredicts the
350pum flux density in all cases. The warm dust SED of M82 provides a better fit
in the far-IR, but Mrk 231 provides the best fit in both the far-IR and the optical.

in more detail in a future paper (Prescott et al., in prep.).
Overplotted in each panel are M82 (Silva et al., 1998)!, Mrk 231 (Chary 2008,

private communication), and Arp 220 (Rieke et al., 2008) templates, placed at the

'We use a slightly updated SED obtained from http://adlibitum.oat.ts.astro.it/silva/grasil/modlib/modlib.html
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Figure 4.3 Same as Figure 4.2, except showing SEDs of 7 DOGs not detected by
SHARC-IT at 350um. The limits at 350um are all inconsistent with the Arp 220
SED. The 250pm channel of Herschel should be very efficient for detecting power-law

DOGs in wide-field surveys, assuming that Mrk 231 is an appropriate representation

of the far-IR SED.
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appropriate redshift and scaled to match the flux density observed in the MIPS
24pum band. The scaling factors derived for the three templates range over 200-900,
and 2-10, 70-700, respectively (the deep silicate absorption feature in Arp 220 and
the strong PAH emission feature of M82 make the scaling factors closer to each
other than a simple estimate based on the ratio of the IR luminosities would imply).
For the Arp 220 and Mrk 231 templates, we have interpolated the spectrum in the
UV to match Galaxy Evolution Explorer photometry (in the case of Arp 220) and
International Ultraviolet Explorer data as well as HST Faint Object Spectrograph
data (in the case of Mrk 231; Hutchings & Neff, 1987; Gallagher et al., 2002).

These templates were chosen because they sample a range of dust temperatures
and AGN /starburst contributions. M82 is one of the closest (d; = 3.86 Mpc) galax-
ies undergoing a starburst, as it was triggered by a recent interaction with MS8I.
Although it is less luminous than DOGs (Lig & 6 x 10'° L); ? Sanders et al., 2003),
its nucleus is dominated by a warm dust component (Ty,s = 48 K; Hughes et al.,
1994). Arp 220 is a nearby (dr, = 77.3 Mpc) ULIRG (Lig ~ 1.6 x 10" L¢); Sanders
et al., 2003) dominated by cold dust (Tguss = 35K; Rigopoulou et al., 1996). Mrk 231
is another nearby (d;, = 175.1 Mpc) ULIRG (Lig = 3.2 x 10'* L¢); Sanders et al.,
2003), but has a warm dust (T = 51 K; Yang & Phillips, 2007) SED dominated
by an obscured AGN.

Qualitatively, the Mrk 231 template provides a much better fit than the Arp 220
template to the 350um photometry in every case. MS82 fits the 24pm and 350pm
photometry reasonably well (although not as well as Mrk 231), but it fares poorly
in the mid-IR and optical, where a strong stellar component in M82 is not seen
in the DOGs in this sample (which are dominated by a power-law in the mid-IR).

Additionally, M82 shows strong PAH emission which is not seen in the power-law

2L1r is the luminosity integrated over 8-1000um
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DOGs.

The red horizontal bars in Figures 4.2 and 4.3 show 5-¢ limits (ignoring con-
fusion) from planned wide-field (> 8 deg?) surveys with the Herschel Space Ob-
servatory (shown for the channels at 250, 350, and 500pm) and with the Sub-mm
Common-User Bolometer Array-2 (SCUBA-2) instrument at 850 pm. Most of the
power-law DOGs studied in this paper have SEDs that peak around observed-frame
250um, which is where the Herschel wide-field maps will be the deepest (5-0 limit of
14 mJy). If all of the 24pm-bright DOGs are detected at 250um in the two wide-field
surveys that are planned to reach the depths assumed here (Lockman Hole east, 11
deg?; Extended Chandra Deep Field South, 8 deg?), then a total of ~ 600 power-law
DOGs should be detected in the 250pum Herschel catalogs of these two fields. The
SCUBA-2 surveys of these fields should be deep enough (5-¢ limit of 3.5 mJy at
850um) to detect many of these sources, allowing dust temperature constraints to
be placed on a statistically significant sample of these rare, important objects.

Figure 4.4 shows all of the DOG SEDs on the same plot, normalized by the
rest-frame 8um flux density (which is estimated from the observed-frame 24pm flux
density by assuming a power law of the form F, o v®, where o = —2). The SEDs
M8&2, Arp 220, Mrk 231, and a composite SMG template SED spanning mid-IR to
sub-mm wavelengths are also shown. The composite SMG template is derived from
bright (Fss0um > 5 mJy) SMGs from the Great Observatories Origins Deep Survey
North (GOODS-N) field with mid-IR spectra (Pope et al., 2008b).

One striking feature of this plot is the steep slope shown by DOGs in the rest-
frame 1-4um. Whereas Mrk 231, M82, and Arp 220 all exhibit a bump in the 1-2pm
regime, no such feature is apparent in the DOG SEDs. This could be due to the
presence of an obscured AGN outshining the stellar light, in the rest-frame near-IR.

This is in constrast to rest-frame UV and optical wavelengths, where HST imaging
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Figure 4.4 Optical through sub-mm SEDs of DOGs in the SHARC-II sample. Flux
densities have been normalized by the rest-frame 8um flux density, computed from
the observed 24pum flux density. Of the three local galaxy templates shown, Mrk 231
provides the best fit over the rest-frame UV through sub-mm range because it has
a warm dust SED (unlike Arp 220) and because it lacks a strong stellar component
(unlike both Arp 220 and M82). None of the template SEDs match the steepness of
the rest-frame near-IR photometry of the power-law DOGs. This may indicate that
obscured AGN dominate stellar emission to a greater extent in power-law DOGs

than in Mrk 231.
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has revealed that stellar light appears to dominate (Bussmann et al., 2009b). As
noted previously, DOGs have far-IR to mid-IR flux density ratios more similar to
Mrk 231 than Arp 220. The composite SMG template overpredicts the far-IR flux
for a given mid-IR flux in all cases where we have 350um detections. We note that
adding an additional warm dust component (Ty. = 350 K; possibly powered by
an AGN) to the composite SMG SED (as was done in Pope et al., 2008a) improves
the quality of the fit over the rest-frame 8-100um. However, this composite SMG
+ AGN template retains a strong cool dust (Tqust ~ 30 K) component that over-
predicts the amount of emission at 1mm. If this type of SED was appropriate for the
power-law DOGs investigated in this paper, they would have been easily detected
by CARMA.

An alternative way of displaying this information is shown in Figure 4.5. In
each panel, the flux density ratio far-IR:mid-IR is plotted as a function of the flux
density ratio mid-IR:optical (Fbaum/Fo.7um). The top two panels show Fi50.m/Foapm
on the y-axis, while the bottom two panels show Fia0m/Foaum on the y-axis. SMGs
and various Spitzer-selected sources are shown in the plots, divided into those that
are detected in the (sub-)mm on the left and those that are not detected on the
right. The SMG, XFLS, and SWIRE R-band data come from Dye et al. (2008),
Yan et al. (2007), and Lonsdale et al. (2009), respectively. For SMGs without
detections at 1200pm, Fiagoum is estimated using the 850pum flux density and the
dust temperature from Coppin et al. (2008), and is represented by a red cross symbol.
Dotted, dashed, and dot-dashed lines indicate the evolution of Mrk 231, Arp 220,
and M82, respectively, on this diagram over redshifts of 1 — 3. Compared to SMGs,
DOGs in this sample have redder flux density ratios in the mid-IR:optical but bluer
far-IR:mid-IR ratios. This cannot be explained by an enhancement of the 24pm flux

due to PAH emission, since mid-IR spectra of these DOGs show power-law continua
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with silicate absorption and weak or absent PAH emission features (Houck et al.,
2005). Instead, the most likely explanation is that obscured AGN emission boosts
the mid-IR continuum (e.g., Rieke & Lebofsky, 1981) relative to both the optical
and far-IR.

4.3.2 IR Luminosities

In this section, we provide the best available estimates of the total IR luminosities
(Lr; 8-1000pm rest-frame) of the sample in this paper based on the 350pm imaging.
We then compare these with estimates based solely on the 24um flux density, and
also with estimates of the far-IR luminosity (Lggr; 40-500pum, rest-frame) based on
a modified black-body which has been scaled to match the sub-mm photometry.

The qualitative SED comparison from section 4.3.1 suggests that Mrk 231 pro-
vides a reasonable fit to the far-IR photometry. In addition, analysis of 70um and
160pm photometry of a sample of these types of AGN-dominated DOGs has sug-
gested that Mrk 231 provides a reasonable approximation of the full SED (Tyler
et al., 2009, see table 4.3 for overlap between that study and this one). Therefore,
as the best measure of Lig, we integrate (over 8-1000um rest-frame) a redshifted
Mrk 231 template which has been scaled to match the observed 350um flux density
(or 3-¢ limit, in the case of a non-detection). These values are tabulated in the first
column of Table 4.4. For sources with detections at 350pum, Ly is in the range of
(2.0 — 2.6) x 10'* L), with a median value of 2.2 x 10" L.

The second column of Table 4.4 shows the rest-frame 8um luminosity, v L, (8um),
while the third column shows the total IR luminosity (8-1000um, rest-frame) based
on the spectroscopic redshift and an empirically determined relationship between
vL,(8um) and Lig: Lig = 1.91L4% (Caputi et al., 2007). This approach was used by
Dey et al. (2008) in determining the contribution of DOGs to the total IR luminosity

density of all z ~ 2 galaxies. Lg values range over (0.5-8.1) x 10" Ly, with a
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Figure 4.5 Top and bottom panels show 350um/24pum and 1200um/24pm flux den-
sity ratios, respectively, as a function of R-[24] (Vega mag) color. For clarity, sources
are separated into those detected at 350um or 1200um on the left and those that
are not detected on the right. Objects that qualify as a DOG (R - [24] > 14) are
shown with a filled symbol. Black circles indicate DOGs in Bodtes. Red squares
show measurements of SMGs (Coppin et al., 2008), while red crosses show predicted
values based on 850um photometry (see text for details). Green stars show Spitzer-
selected bump sources from SWIRE (Lonsdale et al., 2009). Orange triangles (teal
triangles) show similarly identified sources from the XFLS dominated by PAH emis-
sion (silicate absorption) features (Sajina et al., 2008). Magenta inverted triangles
show XFLS sources from Sajina et al. (2008). Finally, dotted, dashed, and dot-
dashed lines show the evolution of Mrk 231, Arp 220, and M82 in this parameter
space over redshift 1 to 3. The DOGs studied in this paper have some of the reddest
R — [24] colors and lowest far-IR/mid-IR flux density ratios of other z ~ 2 ULIRGs

like SMGs or other Spitzer-selected sources.
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Table 4.4. Luminosities

Lir? vL, (8um) LigP Lrr?
Source Name  (10'2 L) (102 Lg) (102 Lg)  (10'2 L)

S1 < 32° 2.2 23 —
S2 26 4 54 2.4 25 9.1
S3 22 4 74 7.2 81 10
S4 < 44¢ 5.2 57 —
S5 < 40° 53 5.1 —
S6 < 64¢ 1.5 15 —
S7 21 £ 74 2.1 22 —
S8 20 + 54 1.1 11 —
S9 < 75° 2.9 31 —
S10 < 28° 6.2 69 —
S11 < 33° 3.9 42 —
S12 < 16° 2.0 21 —

aIntegral over 8-1000um of redshifted Mrk 231 template normalized
at 350pum.

PEstimated from vL, (8um) - Lig relation from Caputi et al. (2007).

¢Integral over 40-500um of best-fit modified black-body (only sources
with CARMA 1mm data).

dUncertainties shown reflect 350um photometric uncertainties. Ad-
dtional systematic uncertainties associated with the adoption of a

Mrk 231 template are not included.

€30 upper limits.
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median value of 2.3 x 103 L. The Caputi et al. derived value for Lig is consistent
with the 350pum-based estimate (or 3-o limit, in the case of non-detections) in 6/12
of the power-law DOGs studied here. In the remaining half of the sample, the
Caputi et al. relation overestimates Lig in 5/6 targets. In only one DOG (S8) is the
350pm emission brighter than would be expected based on the 24pm flux density,
redshift, and the Caputi et al. relation. This implies that measurements of the
IR luminosity density of DOGs relying solely on the 24pum flux density will tend
to overestimate their true contribution, consistent with what has been found in a
recent study of faint (Foyum ~ 100 — 500pJy) DOGs in GOODS-N (Pope et al.,
2008a). Quantifying the extent of this effect will require much larger samples of
DOGs with sub-mm measurements, the kind that will result from wide field surveys
with Herschel and SCUBA-2.

Finally, the last column of Table 4.4 shows FIR luminosities computed from the
integral over 40-500um (rest-frame) of the best-fit modified black-body (described in
more detail in section 4.3.3). These values are tabulated only for those sources with
CARMA 1mm imaging. We find Lgig values of ~ 10'* L), implying Lig /L ~ 3.
In contrast, Mrk 231 has Lig/Lrr = 2, underscoring the fact that the IR luminosity

of these DOGs is dominated by mid-IR emission rather than FIR emission.

4.3.3 Constraints on Dust Properties

Additional constraints can be placed on the nature of the cold dust emission from
the two sources (S2 and S3) with CARMA. The 1mm non-detections imply warm
dust temperatures. If we compute the predicted flux density at 1mm based on the
observed 24um flux density and assuming the three local galaxy SED templates
(M82, Arp 220, and Mrk 231) used in the previous sections, we find values of 4.4,
740, 1.8 mJy, and 5.8, 120, 2.7 mJy for the two sources respectively. For S2, this

implies that our 3-¢ limit (< 1.5mJy) is close to the level we would expect if Mrk 231
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is an appropriate SED, while the other two SEDs are clearly inconsistent with the
data. For S3, the limit (< 1.8 mJy) is inconsistent with each of the SEDs, implying
a warmer dust temperature than even Mrk 231.

A more quantitative approach is to minimize the residuals between the 160um,
350pm, and 1mm data and that expected from a modified black body. Doing this,
we can constrain the dust temperature, Ty, and the dust emissivity index, 3, of
each target. The best-fit quantities and their uncertainties are estimated using a
bootstrap technique that mimics the procedure used by Dunne et al. (2000). Briefly,
for each flux density measurement, a set of 100 artificial flux densities are generated
using a Gaussian random number generator. The mean value and dispersion of
the distribution of artificial flux densities are set by the measurement value and its
1o uncertainty, respectively (for non-detections, we assume a mean value of 0 and
force artifical flux densities to be positive). Each artificial SED is used to construct
a distribution of best-fit scaling factors and associated y? values for a modified
black-body with a given combination of 3 and Tyst.

Figure 4.6 shows the median x2 contours for the grid of Ty, and (3 values we
have sampled in the model fitting for each source observed by CARMA. The con-
tours show the degeneracy between 3 and Tjy., and illustrate why a perfect fit is
not possible in spite of the fact that a model with three parameters is being fit to
three data points (i.e., the input parameters are not fully independent). The distri-
bution of Ty,s found for SMGs based on 350pum imaging from Coppin et al. (2008)
and Kovacs et al. (2006) is displayed in the lower panel. Two-sided Kolmogorov-
Smirnov tests suggest that the distribution of Ty. (assuming § = 1.5) for each
CARMA target is highly unlikely to be drawn from the same parent distribution
as the combined sample of SMGs (4% and 0.008%, for the two CARMA targets re-

spectively). In both of the CARMA targets, warmer dust temperatures are required
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due to the non-detection at lmm. The data cannot rule out models with higher
values of 3, but models of dust grains as well as Galactic and extra-galactic obser-
vations consistently suggest § = 1 — 2 (Hildebrand, 1983; Dunne & Eales, 2001).
For 8 = 1.5, we reject Tyust < 33K and 45K at the 95% confidence level, in S2 and

S3 respectively. For § = 2, we can reject Tyue < 25 K and 37 K.

4.3.4 Dust Masses

Assuming optically thin sub-mm emission, cold dust masses can be estimated from

the 350pum photometry (Hughes et al., 1997):

1 Sobs D
1+ 2z k5 B(rrest, Tyust)

Mdust — (41)

where S, is the observed 350um flux density, and s5** and B(v™* Ty.s) are,
respectively, the values of the mass absorption coefficient and black-body function

rest

at the rest frequency " and dust temperature Ty,s. The appropriate value for

Kq 1S uncertain to at least a factor of two (Dunne et al., 2003); we use a K™

value
interpolated from Draine (2003) (<x*>= 20 cm? g™').

The results from section 4.3.3 suggest that Ty, > 35 — 60 K for two of the
sources. Adopting the average of these limits (Tyuss = 45 K) for all of the sources in
this sample, then dust mass limits are in the range (4.1 — 7.9) x 10* My, (median
value of 5.1x10% M) for the five objects with detections at 350um. The 30 upper
limits on the dust masses of the remaining sample range from (3 — 15) x 10% M.
Warmer values of Tgus would lead to smaller inferred dust masses (e.g., increasing
the dust temperature by 10 K implies ~50% lower dust masses). The dust masses
are presented in Table 4.5.

These values agree with those of Bussmann et al. (2009b), where dust masses of

a sample of 31 power-law dominated DOGs were estimated using predicted 850um

flux densities based on Mrk 231 templates and the measured 24um flux density.
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Figure 4.6 x2 contours based on modified black-body fits to sources with CARMA
data. Lines indicate 80%, 95%, and 99.9% confidence intervals. Also shown are Ty,
distributions for SMGs with 350um data (Kovécs et al., 2006; Coppin et al., 2008).
The 95% confidence levels for S2 and S3 suggest dust temperature limits that would

place them in the warmest 50% and 15%, respectively, of SMGs.
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Table 4.5. Dust Masses and Stellar Properties

Source Name (108 Mg) (1010 Mg)  Mgpar/Mgas

S1 <63 (0.3—15)  0.05—0.24
S2 79+14 — —
S3 49+£1.5 < 10 < 1.7
S4 <55 (1-3) >0.15—-045
S5 <62 (1.5—3) >0.20—0.40
S6 <75 (10-20) >1.1-22
ST 2.7+£0.7 — —
S8 25£09 >1 > 0.33
S9 <85 (0.6—-1.1) >0.06-0.11
S10 <65 (0.5—3) >0.06—0.38
S11 < 4.0 (> 10) > 2.1
S12 <19 (1-2) >0.44—-0.88

aDust mass assuming Tyust = 45 K.

PStellar mass estimated from fitting photometry in the
rest-frame UV and optical (V/I and H respectively).
Range given reflects 95% confidence intervals based only

on photometric uncertainty.
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In previous work, we assumed a Ty, of 75 K and found a median dust mass of
1.6x10® M. This is consistent with the notion that Mrk 231 accurately character-
izes the far-IR SED of power-law DOGs, as described in section 4.3.1 and in Tyler
et al. (2009).

Finally, assuming a gas mass to dust mass ratio of 120 (as was found in a study
of the nuclear regions of nearby LIRGs; see Wilson et al., 2008), then the gas
masses can be estimated as well. Using the assumed ratio, we find gas masses of
(5—10) x 10" M) (median value of 6x10' M) for the detected objects and gas
mass 30 limits of (4 — 18) x 10'® M) in the remaining sample. We caution that
this is very uncertain; Kovécs et al. (2006) report a gas mass to dust mass ratio
of ~ 60 for SMGs, assuming ' = 15 cm? g=!. If this gas to dust mass ratio is

appropriate for our sample, then the implied gas masses will be a factor of two lower

(2 -5 x 10" M)

4.3.5 Stellar Masses

In this section, we describe the methodology and present estimates for the stellar

masses of the DOGs in this sample.

4.3.5.1 Methodology

To estimate stellar masses, we rely on Simple Stellar Population (SSP) template
SEDs from the Bruzual & Charlot (2003) population synthesis library. All models
used here have ages spaced logarithmically from 10 Myr up to 1 Gyr, solar metal-
licity, a Chabrier initial mass function (IMF) over the mass range 0.1 — 100 M,
(Chabrier, 2003), and use the Padova 1994 evolutionary tracks (Girardi et al., 1996).
The reddening law from Calzetti et al. (2000) is used between 0.12 — 2.2 ym and
that of Draine (2003) for longer wavelengths. This method is similar to that used
in Bussmann et al. (2009b).



158

For sources at z ~ 2 whose mid-IR luminosity is dominated by stellar light,
IRAC photometry samples the SED over the wavelength range where emission from
asymptotic and red giant branch stars as well as low-mass main-sequence stars
produces an emission peak at rest-frame 1.6um. In such cases, for given assumptions
regarding the star-formation history, metallicity, and IMF, stellar mass estimates can
be obtained via stellar population synthesis modeling. One goal of this work is to
estimate stellar masses using self-consistent modeling of photometry measured at
similar wavelengths for a variety of z ~ 2 dusty galaxies. Therefore, we apply this
method to determine stellar masses in SMGs as well as XFLS and SWIRE sources.
The IRAC data for each of these galaxy populations comes from, respectively, Dye
et al. (2008), Lacy et al. (2005), and Lonsdale et al. (2009).

The DOGs studied in this paper have mid-IR SEDs that are dominated by a
power-law component, suggesting that obscured AGN emission is overwhelming the
stellar flux at these wavelengths. The shape of the mid-IR SED therefore pro-
vides limited constraints on the stellar population and additional information is
needed to estimate the stellar mass of these sources. To overcome this challenge,
SSP models were fit to high spatial-resolution HST photometry in the rest-frame
UV (WFPC2/F606W or ACS/F814W) and rest-frame optical (NIC2/F160W) from
Bussmann et al. (2009b). Two sources currently lack HST data (SST24 J142827.24-354127
and SST24 J143411.0+331733%) and so are excluded from this analysis.

In principle, rest-frame near-IR data offer a means to estimate the SSP age and
Ay independently, since rest-frame optical and near-IR photometry sample the SED
above the 4000 A break while the rest-frame UV photometry samples galaxy light
below the 4000 A break. However, these data come from the IRAC 3.6m images
of the Bootes field (Spitzer Deep Wide-Field Survey; Ashby et al., in prep.), where

3HST data exist for this source but will be presented in a separate paper (Prescott et al., in
prep.)
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the spatial resolution is insufficient to resolve the nuclear source from the extended
galaxy component. In this case, there are only limited constraints on the amount of
non-stellar (i.e., obscured AGN) emission at 3.6um. We have explored the effect of
this uncertainty on the fitting process by artificially reducing the 3.6um flux by 50%
(corresponding to the situation where the 3.6um emission is equal parts starlight
and AGN) and re-analyzing the data. Comparing results, we find that higher AGN
fractions imply younger inferred SSP ages and higher Ay values. Because the AGN
fraction in these sources is currently unknown at 3.6pum, we are unable to constrain
both the age and Ay independently.

Although the usage of photometry at different wavelengths is not ideal for the
purposes of comparing stellar masses between galaxy populations, this method re-
mains valuable because the models being fit to the data are the same for each galaxy
population. Indeed, recent work has suggested that the dominant source of system-
atic uncertainty in stellar mass estimates of K-selected galaxies at z ~ 2.3 is the use
of different stellar population synthesis codes (Muzzin et al., 2009), and that these
systematics often dominate the formal random uncertainty. As long as the param-
eters of the model used here (such as the IMF, star-formation history, metallicity,
etc.) do not vary from population to population, then the comparison presented

here should be valid in a global sense.

4.3.5.2 Stellar Mass Estimates

Figure 4.7 shows x? contours for a grid of SSP ages and Ay values. The contours
trace lines of 80%, 95%, and 99.9% confidence intervals allowed by the photomet-
ric uncertainties (estimated using a bootstrap method similar to that outlined in
section 4.3.3). The solid grey lines trace iso-mass contours and show the range in
stellar masses allowed by the photometric uncertainties. The best-fit SSP model

parameters (M., and x2) are printed in each panel and shown in Table 4.5.
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Figure 4.7 % contours based on SSP fits to HST imaging in H-band and V- or I-
band. Black lines indicate 80%, 95%, and 99.9% confidence intervals. Grey contours
trace lines of constant stellar mass for the given HST photometry, starting with
Moy = 10" Mg in the bottom left and increasing by 0.5 dex towards the upper
right. In the top right corner of each panel is the minimum Y2 value and the
associated stellar mass, in units of log(Mar/M). The bottom left corner contains
the source identifier. Not shown are sources S2 and S7, since these targets have no

HST imaging available. The best-fit stellar masses range from 10" — 102 M.
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The stellar masses in the sample range from (1 — 20) x 10'° M), with a median
value of 2 x 10'° M. The x?2 values range from 0.37 — 1.16, with a median value of
0.69. In one case (SST24 J143001.9+334538, or S3), the photometric uncertainty is
so large that % < 1 over the full range of Ay and SSP age that we have sampled
and so the range of acceptable fits is very large. For this source, we quote the 3o
upper limit on the stellar mass based on the photometric uncertainty.

The ratio of the stellar to gas mass, ( = Mgar/Maas, is a measure of the evolu-
tionary state of the galaxy, with larger values indicating more processing of gas to
stars. Our estimates of (, computed assuming Mgas/Maust = 120, are presented in
Table 5. We caution that the gas mass to dust mass ratio is highly uncertain. In
SMGs, there is evidence suggesting it is ~ 60 (Kovacs et al., 2006). Adopting this
lower value would imply lower gas masses by a factor of two and hence double our
Mitar /Mgas estimates.

Clustering studies suggest that the most luminous DOGs reside in very massive
halos (Mpy ~ 10" Mg Brodwin et al., 2008). It is tempting to attribute the
low stellar masses we estimate for DOGs to youth. However, the absolute stellar
masses we compute are extremely uncertain. For example, the use of a Salpeter IMF
rather than a Chabrier IMF would approximately double our stellar mass estimates
(Bruzual & Charlot, 2003). Beyond the choice of what IMF slope to use, the mass-
to-light ratio of a model galaxy (for a given rest-frame near-UV - R color) can vary
significantly depending on the details of its star-formation history, the clumpiness
of its interstellar medium and the associated dust attenuation law, as well as how
advanced stages of stellar evolution are treated, such as blue stragglers, thermally-
pulsating asymptotic giant branch stars, etc. (Conroy et al., 2010). In light of these
uncertainties, the fact that our stellar mass estimates are low (Mg ~ 101° Mg)

compared to the dark matter haloes in which we believe they reside is not yet
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a cause for concern — a quantitative study of the maximum possible stellar mass
allowed by the photometry (by examining results from different stellar population
synthesis codes, star-formation histories, metallicities, etc.) would be the best way

to approach this issue in the near-term, but is beyond the scope of the current work.

4.4 Discussion

In this section, we seek to understand the role of DOGs in galaxy evolution and their
relation to other high-z galaxy populations. We begin by motivating a comparison
sample of such objects, including SMGs and Spitzer-selected ULIRGs from the XFLS
and SWIRE survey. We then examine how the measured properties differ from
population to population. We end with the implications of these comparisons for

models of galaxy evolution.

4.4.1 Related z ~ 2 Galaxy Populations

44.1.1 SMGs

SMGs represent an interesting population of galaxies for comparison with DOGs
because they are selected at sub-mm wavelengths where the dominant emission com-
ponent is cold dust (Tyus ~ 30 K). In contrast, DOGs are selected predominantly by
their brightness at 24um and therefore should be dominated by hot dust. Despite
this fundamental distinction, these two galaxy populations have similar number den-
sities and redshift distributions (Chapman et al., 2005; Dey et al., 2008; Blain et al.,
2004). Recent evidence suggests that 24pm-faint (Faypum ~ 0.1 — 0.5 mJy) DOGs
have a composite SED whose shape in the far-IR closely mimics that of the average
bright (Fgs0 > 5 mJy) SMG (Pope et al., 2008a). Futhermore, 24pm-faint DOGs
and SMGs have similar real space correlation lengths (rg ~ 6 £ 2 h~! Mpc), yet
there is tentative evidence that DOG clustering strength increases with 24um flux

density (ro &~ 13 £ 3 A~ Mpc for DOGs with Fyy,m > 0.6 mJy; Brodwin et al.,
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2008). While these results are suggestive of an association between the two popu-
lations, the details of such a connection are not yet clear. In an effort to study this
connection via their far-IR properties, we will compare the data presented in this
paper with SHARC-IT 350pum and MAMBO 1.2mm imaging of 25 SMGs from the
Submillimetre Common User Bolometer Array (SCUBA) HAIf Degree Extragalactic
Survey (Laurent et al., 2006; Kovécs et al., 2006; Coppin et al., 2008; Greve et al.,
2004).

4.4.1.2 XFLS Sources

A set of Spitzer-selected galaxies from the 4 deg? XFLS share many properties
with the 24pm-bright DOGs (Yan et al., 2007). The specific selection criteria are
similar, although not necessarily as extreme in their IR-optical flux density ratios:
Foyym > 0.9 mJy, vF,(24pm)/vF,(8pm) > 3.16, and vF, (24pm)/vF,(0.7um) > 10
(in comparison, DOGs have vF,(24pm)/vF,(0.7um) > 30). Spitzer/IRS spec-
troscopy of these objects has revealed strong silicate absorption and in some cases
PAH emission features on par with those of SMGs (Sajina et al., 2007b). This sug-
gests that the XFLS sources are composite AGN/starburst systems and may rep-
resent a transition phase between (un)obscured quasars and SMGs (Sajina et al.,
2008). MAMBO 1.2mm observations of 44 XFLS sources have allowed a detailed
study of their far-IR properties and have suggested <Lig> ~ 7x10' L (Sajina
et al., 2008).

4.4.1.3 SWIRE Sources

The last set of comparison galaxies we consider are Spitzer-selected sources from the
SWIRE survey (Lonsdale et al., 2009). Like DOGs in Bootes and the XFLS sources,
they have large IR-optical flux density ratios. However, an additional criterion has

been applied to identify sources with significant emission at rest-frame 1.6um due to
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evolved stellar populations. For sources at z = 1.5 — 3, this means selecting objects
whose mid-IR spectrum peaks at 5.8um. Although spectroscopic redshifts are not
available for most of this sample, SED fitting has suggested photometric redshifts
consistent with z ~ 2 and stellar masses of (0.2 - 6)x10" Mg, (Lonsdale et al.,
2009). MAMBO 1.2mm photometry for 61 of these SWIRE sources has indicated
far-IR luminosities of 10'2-10'*? L, (Lonsdale et al., 2009).

4.4.2 Comparison of Measured Properties

Our results from section 4.3 represent our best estimates of Lir, Lrir, Taust; Mdusts
and Mg, for the DOGs in the sample. In Table 4.6, we give the median value
of these quantities for DOGs in Bodtes (from this paper), SMGs, and XFLS and
SWIRE sources. In computing these median values, we do not consider sources
at z < 1; nor do we consider sources without detections at (sub-)mm wavelengths
(see discussion on caveats to the analysis at the end of this section). Table 4.6 also
makes a distinction between XFLS sources whose mid-IR spectra are dominated
by strong PAH features (XFLS PAH) and those that show weak or absent PAH
features (XFLS weak-PAH). Each of these galaxy populations is further subdivided
into those that qualify as DOGs (R — [24] > 14) and those that do not.

The primary feature of this comparison is that the relative uncertainty in the
estimated parameters between galaxy populations has been reduced by computing
the respective values self-consistently with the methods outlined in section 4.3. The
exceptions to this rule are Lig and Ty, (note that while the photometry used to
determine Mg, for Bootes DOGs is different than for the other galaxy populations,
the methodology used is the same, including the use of the same set of model SSP
templates). Our method of computing Ligr relies on the assumption that Mrk 231
represents a reasonable approximation of the source SED. For many SMGs as well as

XFLS and SWIRE sources, this is an unrealistic assumption. Instead, we estimate



165

Table 4.6. Average High-z Galaxy Properties
LIR LFIR Tdust Md Mstar
Source R24] N (102Lg) (102Lg)  (K) (10°Mg) (102 Mg)  Maar/Mgas®
BootesP > 14 5 23 10 45 0.5 > 2 > 0.3
XFLS® ALL 11 7.7 2.7 32 5.0 13 0.48
> 14 6 8.7 1.1 27 7.3 10 0.21
< 14 5 6.5 4.6 37 2.3 16 0.58
XFLS PAHC ALL 5 5.7 1.8 31 4.6 22 0.54
> 14 2 6.3 1.6 29 7.5 23 0.30
< 14 3 5.4 2.0 32 2.8 22 0.69
XFLS weak-PAH¢ ALL 6 9.4 3.4 32 5.3 5.0 0.25
> 14 4 3.5 0.8 26 7.2 3.8 0.17
< 14 2 14 8.0 45 1.6 7.3 0.40
SWIRE4 ALL 19 6.5 3.1 32 6.7 28 0.53
> 14 16 6.7 3.1 32 6.1 28 0.56
<14 3 5.5 2.6 30 9.9 24 0.35
SMG*® ALL 18 6.9 3.2 35 1.5 10 0.60
>14 4 7.8 3.6 28 2.9 6.9 0.28
<14 14 6.1 2.9 37 1.1 12 0.71

*Computed using Mgas/Maust = 120.

PIncludes only DOGs detected at 350um.

¢XFLS sources with MAMBO 1.2mm detections (Sajina et al., 2008).

dSWIRE sources with MAMBO 1.2mm detections (Lonsdale et al., 2009).

°From compilation of Coppin et al. (2008).
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Lig from Lpg, assuming (1) Lig = Lir, s + Lir, acn; (2) Lir, s = aLpmr; (3)
Lig, acn = €Lir, where « is a factor ~ 1.3, depending on Ty and [ (Helou et al.,
1988) and € is the typical AGN fraction of the galaxy population. For SMGs, we
adopt the conservative upper limit from Pope et al. (2008b) of € = 0.3. For SWIRE
sources and XFLS PAH sources, this fraction is ~ 0.3 (Pope et al., 2008b; Lonsdale
et al., 2009; Sajina et al., 2008), while for XFLS weak-PAH sources we use 0.7
(Sajina et al., 2008).

The Tyust values given in the literature are adopted for each source. It should
be noted that Ty, for SWIRE sources are uncertain due to the lack of data near
the far-IR peak (i.e., observed-frame 160 or 350 um). Lonsdale et al. (2009) analyze
the stacked signal at 160um from these sources and find that the Ty, is higher by
as much as 10 K than what is assumed in their Table 4.6. For a given 1.2mm flux,
increasing Ty by 10 K will increase Lgr by a factor of ~3 and decrease Mgy by
~50%.

The key result from Table 4.6 is that while the DOGs in our sample have lower
dust masses than the other galaxy populations by a factor of ~ 3 — 20, they have
higher total IR and far-IR luminosities by factors of ~2. This distinction is driven
by the difference in Ty, as DOGs in the sample have higher values by ~10-20 K
compared to the other galaxy populations.

In terms of the stellar and gas mass estimates, the relationship between DOGs in
Bootes (i.e., the sample studied in this paper) and the remaining galaxy populations
is unclear. Even if a single dust temperature and a single dust to gas mass ratio
for each of the sources studied in this paper is adopted, the uncertainties on the
stellar mass estimates are large enough to allow greatly varying stellar mass to gas
mass ratios. Sources satisfying R — [24] > 14 (i.e., DOGs) tend to have higher gas

masses compared to R — [24] < 14 sources (under the assumption of a constant
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dust-to-gas mass ratio). This difference is at least in part due to a difference in
dust temperatures; within this sample, DOGs have lower dust temperatures than
non-DOGs. This is in contrast with the evidence for high dust temperatures in the
Bootes DOGs studied in this paper and may be an indication that mm-detected
DOGs represent a special subset of DOGs that is more representative of the mm-
selected galaxy population than the DOG population.

An important caveat to this comparison is that we are dealing with small sample
sizes due to incomplete coverage at one or more bands from the mid- to the far-IR.
For instance, while every DOG has a measured 24um flux density, very few have
been observed at 350um, and only two have been observed at Imm. Similarly, few
XFLS and SWIRE sources have been detected at 1mm and even fewer have been
observed at 350um. Although SMGs are the best-studied class of objects within
this set of populations, they too suffer from low-number statistics. Larger sample
sizes in the critical 200-500um regime will arrive following the analysis of wide-field
survey data from the Balloon-borne Large Aperture Submillimeter Telescope (e.g.,

Pascale et al., 2009) and the Herschel Space Observatory.

4.4.3 Implications for Models of Galaxy Evolution

One of the major open questions in galaxy evolution is the effect that AGN have
on their host galaxies. In the local universe, there is observational evidence that
ULIRGs dominated by warm dust serve as a transition phase between cold dust
ULIRGs and optically luminous quasars and that this transition may be driven
by a major merger (Sanders et al., 1988a,b). Recent theoretical models of quasar
evolution based on numerical simulations of major mergers between gas-rich spi-
rals have suggested that the subsequent growth of a super-massive black hole can
regulate star-formation via a feedback effect which re-injects energy into the inter-

stellar medium (ISM) and expels the remaining gas that would otherwise form stars
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(Hopkins et al., 2006).

Although the notion that local ULIRGs are associated with mergers is well ac-
cepted (e.g., Sanders & Mirabel, 1996), the picture is less clear at high redshift.
Morphological studies of high-z galaxies suffer from surface brightness dimming,
making the detection of faint merger remnant signatures difficult (e.g., Dasyra et al.,
2008; Melbourne et al., 2008; Bussmann et al., 2009b; Melbourne et al., 2009). How-
ever recent theoretical work on the cosmological role of mergers in the formation
of quasars and spheroid galaxies suggests that they dominate the z > 1 quasar
luminosity density compared to secular processes such as bars or disk instabilities
(Hopkins et al., 2008b).

If major mergers drive the formation of massive galaxies at high redshift, then one
possible interpretation of our results involves an evolutionary scenario in which these
sources represent a very brief but luminous episode of extreme AGN growth just
prior to the quenching of star formation. In such a scenario, SMGs and the brightest
24pm-selected sources represent the beginning and end stages, respectively, of the
high star-formation rate, high IR luminosity phase in massive galaxy evolution.
Consistent with this scenario is that we find 24um-bright DOGs in Bodtes to have
higher dust temperatures (possibly from AGN heating of the dust) than SMGs and
less extreme Spitzer-selected sources. We caution, however, that these results are
consistent with any evolutionary model in which the 24um-bright phase follows the
sub-mm bright phase, be it driven by major mergers, minor mergers, or some secular
process.

Finally, we stress that larger samples of mm and sub-mm imaging of Spitzer-
selected galaxies are needed in order to understand their role in galaxy evolution fully
by comparing samples of similar number density, clustering properties, etc. Much

of this will be provided by upcoming Herschel and SCUBA-2 surveys. In the more
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immediate future, Imm imaging with currently available instruments such as the
Astronomical Thermal Emission Camera (AzTEC) and the MAx-Planck Millimeter
BOlometer Array (MAMBO) will be critical to constraining the cold dust properties
of Spitzer-selected galaxies. Only when these surveys have obtained statistically
significant numbers of detections or stringent upper limits will we be able to make
definitive conclusions regarding the nature of the link between AGN and starbursts

in the formation of the most massive galaxies.

4.5 Conclusions

We present CSO/SHARC-II 350pm and CARMA 1mm photometry of DOGs in the

Bootes Field. The major results and conclusions from this study are the following:

1. At 350pm, 4/5 DOGs are detected in data with low rms levels (< 15mJy) and
0/8 DOGs are detected in data with medium to high rms levels (20 — 50 mJy).

At 1mm, a subset of two DOGs were observed but not detected.

2. Mrk 231 is confirmed as a valid template for the SEDs of the DOGs in this
sample. This suggests the 24um bright (Fos,m 2 1 mJy) population of DOGs
is dominated by warm dust, possibly heated by an AGN. Cold dust templates

such as Arp 220 are inconsistent with the data in all twelve objects studied.

3. Trends in the flux density ratios 350um/24pm and 1200um/24pm with the R-
24] color (Faaym/Fo.7um) show that DOGs in this sample have elevated 24m

emission relative to SMGs, most likely due to an obscured AGN.
4. The non-detections at 1mm imply Ty, greater than 35-60 K for two objects.

5. If the dust properties of the two DOGs observed at 1mm apply generally to

the 24pm bright DOGs, then we estimate dust masses for these sources of
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1.6 — 6.1 x 108 Mg. Lower Tg. would imply higher dust masses and vice

versa.

6. In comparison to other z &~ 2 ULIRGs, DOGs have warmer dust temperatures
that imply higher IR luminosities and lower dust masses. This may be an

indication that AGN growth has heated the ambient ISM in these sources.

7. Our stellar mass estimates provide weak evidence indicating that the 24pum-
bright DOGs may have converted more gas into stars than SMGs or other
Spitzer-selected sources, consistent with them representing a subsequent phase
of evolution. An important caveat to this conclusion is that we have assumed
DOGs and SMGs share the same gas mass to dust mass ratio. Testing this

assumption will require new data and will be an important goal of future work.
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CHAPTER 5

THE STELLAR MASSES AND STAR-FORMATION HISTORIES OF DOGS AT 2 ~ 2

With the goal of elucidating the evolutionary relationship between different popu-
lations of dusty high-redshift galaxies, we estimate and compare the stellar masses
and star-formation histories of three populations of ultra-luminous infrared galaxies
(ULIRGs) at redshifts z ~ 2. Two of these are selected at mid-infrared (mid-IR)
wavelengths for their extremely red R—[24] colors (dust-obscured galaxies, or DOGs)
and one is selected at 850um (sub-millimeter galaxies or SMGs). One set of 39 DOGs
has a local maximum in their mid-IR spectral energy distribution (SED) at rest-
frame 1.6pm associated with stellar emission (“bump DOGs”), while the other set
of 51 DOGs has a power-law dominated mid-IR SED with spectral features suggest-
ing obscured AGN (“power-law DOGs"”). Using stellar population synthesis models
applied self-consistently to photometry in 11 broad-band filters from 0.4pm - 24pum,
we find that the best-fit stellar masses of SMGs, bump DOGs and power-law DOGs
are 4 x 10" Mg, 5 x 10'° Mgy, and 6 x 10" M), respectively (assuming a simple
stellar population and Chabrier IMF). These mass estimates increase by ~ 0.3 dex
when a merger-driven star-formation history using a Salpeter IMF is adopted, val-
ues that are consistent with simulations of gas-rich major mergers in which SMGs
evolve into bump DOGs and later power-law DOGs. On the other hand, cosmo-
logical simulations in which galaxies are assembled primarily by smooth accretion
predict stellar masses that are a factor of 2 (4 if a “bottom-light” IMF is assumed)
larger than our estimates for DOGs and SMGs. Although neither theoretical model
provides a perfect match to the data, the relatively low stellar masses found here

generally favor merger-driven star-formation histories.
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5.1 Introduction

Ultra-luminous infrared galaxies (ULIRGs) are systems with extremely high infrared
(IR) luminosities (Lig > 10'* L)) generally interpreted as arising from extreme
episodes of star-formation (M > 100 M) or accretion onto super-massive black
holes. These objects are rare in the local universe, yet they have been associated
with a critical phase of galaxy evolution linking mergers (Armus et al., 1987) with
quasars and red, dead elliptical galaxies (Sanders et al., 1988a,b). ULIRGs are more
commonplace in the distant universe, to the extent that they contribute a signifi-
cant component of the bolometric luminosity density of the universe at z > 1 (e.g.
Franceschini et al., 2001; Le Floc’h et al., 2005; Pérez-Gonzalez et al., 2005). This
realization implies that ULIRGs may represent an important evolutionary phase in
the assembly history of massive galaxies and has inspired a host of new techniques
for identifying ULIRGs at z > 1.

The two most successful techniques for identifying high-redshift ULIRGs rely on
selection at either mid-infrared or far-infrared wavelengths. Surveys at 24um with
the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al., 2004) instrument
for the Spitzer Space Telescope have been remarkably successful for the mid-IR
identification of ULIRGs (Yan et al., 2004; Houck et al., 2005; Weedman et al.,
2006b; Fiore et al., 2008; Dey et al., 2008; Fiore et al., 2009). In particular, Dey et al.
(2008) select sources from the 9 deg? NOAO Deep Wide-Field Survey (NDWFS)
Bootes field that satisfy R — [24] > 14 (Vega magnitudes; ~ Fba,m/Fr > 1000) and
Foyym > 0.3 mJy. These objects are called dust-obscured galaxies (DOGs), lie at
2z~ 2+0.5 (Houck et al., 2005; Weedman et al., 2006a; Desai et al., 2009, Soifer et
al., in prep.), have ULIRG luminosities (e.g. Bussmann et al., 2009a), have a space
density of (2.8240.05) x 107° A3, Mpc~3 (Dey et al., 2008), and inhabit dark matter
haloes of mass Mpy ~ 10'%% M, (Brodwin et al., 2008). These results imply DOGs
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are undergoing a very luminous, short-lived phase of activity characterized by both
vigorous stellar bulge and nuclear black hole growth.

In addition, DOGs can be divided into two groups according to the nature of
their mid-IR spectral energy distribution (SED). Those with a peak or bump at rest-
frame 1.6pm produced by the photospheres of old stars (“bump DOGs”), and those
dominated by a power-law in the mid-IR (“power-law DOGs”). The SED shapes,
as well as spectroscopy in the near-IR (Brand et al., 2007; Sajina et al., 2008) and
mid-IR (Yan et al., 2007; Sajina et al., 2007a; Farrah et al., 2008; Desai et al., 2009;
Huang et al., 2009) indicate that the bolometric luminosities of bump DOGs are
dominated by star-formation, while those of power-law DOGs are dominated by
obscured active galactic nuclei (AGN).

Another method of selecting high redshift ULIRGs is imaging at sub-millimeter
(sub-mm) wavelengths. The advent of the Sub-mm Common User Bolometer Array
(SCUBA; Holland et al., 1999) has allowed wide-field surveys at 850um which have
identified hundreds of sub-millimeter selected galaxies (SMGs). These objects have
similar redshifts, number densities (Chapman et al., 2005), and clustering properties
(Blain et al., 2004) as DOGs.

The fact that SMGs and DOGs have similar properties provides suggestive ev-
idence that these two populations of high redshift ULIRGs might be related in an
evolutionary sequence similar to that of ULIRGs in the local universe (e.g. Sanders
et al., 1988a). It has been hypothesized that such a sequence does indeed exist
(Hopkins et al., 2006; Dey & The NDWFS/MIPS Collaboration, 2009), and that
DOGs function as an important intermediate stage between gas-rich major mergers
and quasars (which have similar clustering properties as DOGs and SMGs; Brodwin
et al., 2008; Shen et al., 2009) at z ~ 2.

A theoretical understanding of how this evolutionary sequence might occur has
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recently been advanced using N-body/smoothed particle hydrodynamic simulations
combined with 3D polychromatic dust radiative transfer models (Narayanan et al.,
2009). In these models, simulations are used to follow the evolution of the SED of
both isolated disk galaxies and major mergers. These authors find that simulated
systems with Foym > 0.3 mJy are associated with gas-rich (f, ~ 0.4) major mergers
with a minimum total baryonic mass of M, =~ 3 x 10'! M.

While there is significant variation associated with different viewing angles, ini-
tial orbital configurations, etc., the typical simulated major merger achieves peak
star-formation rates (SFRs) of ~ 1000 My, yr~' at the beginning of final coalescence
when tidal torques funnel large quantities of gas into the nucleus of the system (Mi-
hos & Hernquist, 1996). This period is also when the system is brightest at sub-mm
wavelengths and thus can be selected as an SMG. At the same time, central inflows
begin to fuel the growth of a supermassive black hole. Approximately 100 Myr after
the peak SFR, the black hole accretion rate peaks (at about 1-2 M) yr™!) and ac-
tive galactic nucleus (AGN) feedback starts to terminate star-formation (along with
consumption of the gas by star-formation). The models indicate that this period of
AGN feedback coincides with the DOG phase (Fayum/Fr > 1000). As the gas and
dust are consumed by star-formation, optical sightlines open up and the system can
be optically visible as a quasar. Thus, in these models, the expected evolutionary
progression is driven by major mergers and proceeds from SMG to DOG to quasar to
red, dead, elliptical galaxy (illustrated qualitatively in the top panel of Figure 5.1).

Alternative theories for the formation of SMGs which do not involve major merg-
ers have also been advanced recently (Davé et al., 2010). These studies rely on nu-
merical simulations of cosmological volumes and select SMGs as the most actively
star-forming systems that match the observed number densities of SMGs. These

SMGs have stellar masses in the range M, = (1 —5) x 10" M) and SFRs in the
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Figure 5.1 Cartoon picture illustrating the two star-formation histories examined in
this paper (adapted from Dey & The NDWFS/MIPS Collaboration, 2009). Top:
(1) A gas rich major merger leads to a (2) dust-enshrouded starburst phase. (3)
Energetic feedback from the growth of a central super-massive black hole heats
the dust resulting in an increase in the mid-infrared luminosity. (4) The following
evolution depends on the relative timescales of AGN fuelling, dust dissipation, and
star formation, but the system could be visible briefly as a QSO before settling on
the red sequence. Bottom: (1) An alternative scenario in which massive galaxies
are assembled via smooth accretion of gas and small satellites along filamentary
structures. Some mechanism is still needed to quench star-formation; in this cartoon
picture, steps (2), (3), and (4) are assumed to be the same as in the major merger
driven scenario. Ome of the primary purposes of this paper is to use the star-
formation histories of high redshift ULIRGs to test the two different possibilities

illustrated in step (1) of this diagram.
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range 200-500 Mg yr~'. This is a factor of 3 lower than what is observed in SMGs,
which Davé et al. (2010) attribute to systematic effects in the SFR calibration (in
particular, a “bottom-light” initial mass function requires lower SFRs to produce
the observed IR luminosities of SMGs). Because the star-formation histories (SFHs)
which produce these simulated SMGs do not involve major mergers, they are re-
ferred to here as “smooth accretion” SFHs (a qualitative illustration of this SFH is
given in the bottom panel of Figure 5.1).

Studies attempting to connect the mid-IR and far-IR selected ULIRG population
at high redshift have so far focused on their basic properties such as bolometric lu-
minosities (Sajina et al., 2008; Coppin et al., 2008; Lonsdale et al., 2009; Bussmann
et al., 2009a; Fiolet et al., 2009), clustering strengths (Blain et al., 2004; Brod-
win et al., 2008), and morphologies. In particular, high-spatial resolution imaging
(Dasyra et al., 2008; Melbourne et al., 2008, 2009; Bussmann et al., 2009b; Swinbank
et al., 2010b) and dynamics (Tacconi et al., 2006, 2008, Bussmann et al., submitted,
Melbourne et al., submitted) have identified morphological trends which are consis-
tent with an evolutionary scenario driven by major mergers in which sources that
show a bump in their mid-IR SED (i.e., bump DOGs and most SMGs) evolve into
those with a power-law dominated mid-IR SED (i.e., power-law DOGs) (Bussmann
et al., submitted). To test the origins of these sources further, it is imperative to use
alternative, complementary methods of constraining the SFHs of DOGs and SMGs
at z ~ 2.

This paper is focused on one such technique: stellar population synthesis (SPS)
modeling of broad band photometry of DOGs and SMGs with known spectroscopic
redshifts. The primary goal of this study is to place the tightest constraints possible
on the stellar masses (M,) and SFHs of bump DOGs, power-law DOGs, and SMGs

using a uniform SPS modeling analysis with common model assumptions and fitting
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techniques for each ULIRG population. There are several reasons to pursue this goal.

First, constraints on the M, values and SFHs of Spitzer-selected ULIRGs are
very limited (Berta et al., 2007; Lonsdale et al., 2009). In particular, the constraints
on M, and SFHs presented here for power-law DOGs are the first such results for
this potentially very important population of galaxies.

Second, as SPS modeling methods have become more sophisticated, stellar mass
results for a given population have not necessarily converged. For example, Borys
et al. (2005) use Spitzer/Infrared Array Camera (IRAC; Fazio et al., 2004) data to
infer average SMG stellar masses of M, ~ 2.5 x 10'" M. More recently, Dye et al.
(2008) and Michalowski et al. (2010) have found average stellar masses for SMGs
of M, = 6.3 x 10" My and 3.5 x 10" M), respectively. Finally, a new study
by Hainline et al. (2010) using essentially the same data set as Michalowski et al.
(2010) finds significantly lower average SMG stellar masses of M, = 7 x 10" M.
This emphasizes the significant systematics that affect stellar mass estimates based
on SPS modeling and underscores the need for a uniform analysis when comparing
different ULIRG populations.

Third, the disagreement in observed stellar masses has significant bearing on
theoretical models for the formation of high redshift ULIRGs. As outlined earlier,
the cosmological hydrodynamical simulations of Davé et al. (2010) predict that
SMGs have large stellar masses that are roughly consistent with the estimates of
Borys et al. (2005) and Michatowski et al. (2010), but a factor of &~ 2 larger than the
estimates of Hainline et al. (2010). These mass estimates are also somewhat lower
than what is expectated from merger simulations (Narayanan et al., 2009), although
it should be noted that these expectations are highly dependent on the stage of the
merger, viewing angle, etc. A systematic comparison of the stellar masses and SFHs

of DOGs and SMGs with both theoretical models is therefore an urgent matter, and
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one that is the primary subject of this paper.

In section 5.2, the details of the data used in this analysis are presented, including
DOG SEDs from rest-frame ultra-violet (UV) to near-IR. Section 5.3 outlines the
general methodology and describes the SPS libraries, initial mass functions (IMFs),
and SFHs that are used in the analysis. Results are presented in section 5.4, includ-
ing constraints on stellar masses, visual extinctions, and stellar population ages.
In section 5.5, we compare our results with similar studies of SMGs and other
Spitzer-selected ULIRGs, identify ways to improve the analysis by obtaining new
medium-band photometry, and explain the implications of the results for models of
galaxy evolution. Conclusions are presented in section 5.6.

1

Throughout this paper we assume a cosmology in which Hy =70 km s~! Mpc™1,

Q= 0.3, and Q) = 0.7. All magnitudes are in the AB system.

5.2 Data

The goal of this paper is to study the rest-frame UV through near-IR SEDs of high-z
ULIRGs via stellar population synthesis modeling of broad-band photometry. To
minimize degeneracies in the models, it is important to limit the analysis to sources
with spectroscopic redshifts. Thus, the present sample consists of ULIRGs with
spectroscopic redshifts at z > 1.4 and broad-band photometry from the rest-frame
UV through near-IR. The sample comprises three main sub-groups: two selected
with Spitzer at 24pm (DOGs), and one selected with the Sub-mm Common User
Bolometer Array (SCUBA) at 850um (SMGs).

5.2.1 DOGs

5.2.1.1 Sample Selection

For the Spitzer-selected ULIRGs, a total of 2603 DOGs satistying R — [24] > 14
(Vega mag) and Foy,m > 0.3 mJy were identified in the 8.6 deg? NDWFS Bodtes
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field with deep Spitzer/MIPS 24pum coverage (Dey et al., 2008). This paper focuses
on the subset of 90 of these objects that have known spectroscopic redshifts at
z > 1.4 either from observations with the Keck telescope (=~ 60%, Soifer et al., in
prep., 2010) or with the InfraRed Spectrometer (IRS Houck et al., 2004) onboard
Spitzer (Houck et al., 2005; Weedman et al., 2006b).

Figure 5.2 shows the R — [24] color as a function of 24um magnitude for the
subsample studied here (the “spectroscopic sample”) in comparison to the overall
sample of DOGs in Bootes. To optimize the spectroscopic detection rate, the spec-
troscopic sample is biased towards bright 24pum sources, although the full range of
R — [24] colors is sampled. The spectroscopic sample consists of 39 star-formation
dominated “bump” sources (those that show a peak at rest-frame 1.6pm) and 51
active galactic nucleus (AGN) dominated “power-law” sources. Also shown in this
diagram are 58 sub-millimeter galaxies (SMGs) with spectroscopic redshifts from
Chapman et al. (2005) (see section 5.2.2). The redshift distributions of these groups
of galaxies are shown in Figure 5.3. The positions, R — [24] colors, and nature of

mid-IR SED for each DOG in the sample are given in Table 5.1.
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Figure 5.2 R —[24] color vs. 24um magnitude distribution for DOGs in the NDWFS
Bootes field. Gray dots and upward arrows show the full sample of DOGs, with
and without an R-band detection (20 limits), respectively. Highlighted are the
subsamples with spectroscopic redshifts and either a mid-IR power-law SED (PL
DOGs, red circles) or a mid-IR bump SED (Bump DOGs, blue squares). Also
shown are SMGs (orange stars) with spectroscopic redshifts from Chapman et al.

(2005) and 24pm photometry from Hainline et al. (2009).
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Figure 5.3 Redshift distribution of DOGs in the Bootes Field with spectroscopic
redshifts. The redshift distribution of bump DOGs (blue hatched) is relatively
narrow due to selection effects (for details see Desai et al., 2009), while power-law
DOGs (red hatched) are weighted towards slightly larger redshifts. Also shown is
the redshift distribution of SMGs (orange filled region) from Chapman et al. (2005).
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1D

R.A. (J2000)

Dec. (J2000)

Bump/Power-law

SST24 J142538.2+351855
SST24 J142541.34342420
SST24 J142554.94341820
SST24 J142607.8+330425
SST24 J142622.04+345249
SST24 J142626.4+344731
SST24 J142637.3+333025
SST24 J142644.3+333051
SST24 J142645.7+351901
SST24 J142648.9+332927
SST24 J142652.5+345506
SST24 J142653.2+330221
SST24 J142724.94350824
SST24 J142748.4+344851
SST24 J142759.84351243
SST24 J142800.6+350455
SST24 J142804.1+332135
SST24 J142810.54+352509
SST24 J142814.2+352245
SST24 J142815.44-324720
SST24 J142827.94334550
SST24 J142832.44340849
SST24 J142842.94342409
SST24 J142846.6+352701
SST24 J142901.54+353016

216.4089050
216.4219513
216.4792328
216.5326385
216.5918884
216.6102295
216.6558075
216.6846313
216.6904144
216.7039337
216.7188568
216.7218781
216.8541260
216.9518738
216.9991150
217.0028992
217.0172119
217.0439453
217.0593109
217.0640869
217.1163635
217.1351166
217.1790771
217.1942139
217.2565460

35.3156586
34.4056931
34.3057480
33.0739212
34.8804398
34.7919617
33.5071220
33.5143967
35.3169899
33.4908333
34.9181824
33.0391388
35.1399765
34.8142471
35.2118530
35.0819473
33.3596916
35.4192238
35.3795052
32.7887993
33.7639198
34.1473694
34.4030418
35.4504471
35.5044174

Power-law
Power-law
Power-law
Power-law
Bump
Power-law
Power-law
Power-law
Power-law
Power-law
Bump
Power-law
Bump
Power-law
Power-law
Power-law
Bump
Power-law
Power-law
Power-law
Power-law
Bump
Power-law
Bump

Power-law

> 15.6
14.7
15.5
14.4
15.0

> 15.7

> 14.7
14.9

> 16.3
15.7
15.0
15.8

> 14.8
14.6

> 154
14.7

> 15.8
14.8
14.2
15.1
15.4
13.8
15.1

> 15.3

> 14.7



Table 5.1 (cont’d)

ID R.A. (J2000) Dec. (J2000) Bump/Power-law
SST24 J142920.1+333023  217.3341827 33.5063858 Bump 14.0
SST24 J142924.84+353320 217.3533783 35.5559425 Power-law > 15.9
SST24 J142928.5+350841  217.3685455 35.1448898 Bump > 144
SST24 J142931.3+321828  217.3808136 32.3076057 Power-law > 15.7
SST24 J142934.2+322213  217.3932343 32.3701096 Power-law 15.2
SST24 J142941.0+340915  217.4209595 34.1542397 Bump > 14.7
SST24 J142951.1+342042  217.4629822 34.3447685 Bump > 14.7
SST24 J142958.3+322615  217.4930878 32.4376068 Power-law 15.6
SST24 J143001.9+334538  217.5076904 33.7603149 Power-law 16.2
SST24 J143020.4+330344  217.5855865 33.0622444 Bump > 15.2
SST24 J143022.5+330029  217.5941925 33.0080185 Power-law > 15.7
SST24 J143025.7+342957  217.6072998 34.4992828 Power-law 15.4
SST24 J143028.5+343221  217.6188049 34.5392456 Power-law 15.1
SST24 J143102.24+325152 217.7593689 32.8645210 Power-law > 15.8
SST24 J143109.7+342802  217.7908020 34.4673615 Power-law 15.7
SST24 J143135.2+325456  217.8971863 32.9158325 Power-law 14.7
SST24 J143137.14+334501  217.9042053 33.7503319 Bump 14.8
SST24 J143152.3+350030 217.9683838 35.0082169 Bump 14.6
SST24 J143201.8+340408 218.0076141 34.0688477 Power-law 14.5
SST24 J143216.8+335231  218.0702515 33.8754730 Bump > 14.8
SST24 J143225.3+334716  218.1057739 33.7878914 Power-law > 15.9
SST24 J143242.5+342232  218.1771698 34.3757019 Power-law > 15.5
SST24 J143251.84+333536  218.2159729 33.5932732 Power-law > 15.3
SST24 J143312.74+342011  218.3028564 34.3364716 Power-law 15.3
SST24 J143315.1+335628  218.3133240 33.9411583 Power-law 14.2
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Table 5.1 (cont’d)

ID

R.A. (J2000)

Dec. (J2000)

Bump/Power-law

SST24 J143318.84+332203
SST24 J143321.8+342502
SST24 J143324.3+334239
SST24 J143325.84+333736
SST24 J143330.0+342234
SST24 J143331.9+352027
SST24 J143332.5+332230
SST24 J143335.94334716
SST24 J143349.5+334601
SST24 J143353.7+343155
SST24 J143358.0+332607
SST24 J143407.4+343242
SST24 J143410.6+332641
SST24 J143411.04+331733
SST24 J143424.4+334543
SST24 J143447.7+330230
SST24 J143458.9+333437
SST24 J143502.94342658
SST24 J143503.2+340243
SST24 J143504.14+354743
SST24 J143508.44334739
SST24 J143509.7+340137
SST24 J143518.8+340427
SST24 J143520.7+340602
SST24 J143520.74340418

218.3284149
218.3410492
218.3508911
218.3575897
218.3752289
218.3831787
218.3855133
218.3996735
218.4567871
218.4738007
218.4916382
218.5311125
218.5445557
218.5457833
218.6019135
218.6988373
218.7454834
218.7622208
218.7635042
218.7672272
218.7854614
218.7904500
218.8285065
218.8361969
218.8364868

33.3674889
34.4173508
33.7109337
33.6268959
34.3762436
35.3409195
33.3750801
33.7877769
33.7671394
34.5321503
33.4355431
34.5451361
33.4447975
33.2924194
33.7619972
33.0417976
33.5770416
34.4496611
34.0454417
35.7955055
33.7942467
34.0269583
34.0741196
34.1007767
34.0716324

Power-law
Bump
Bump

Power-law

Power-law
Bump
Bump

Power-law
Bump
Bump

Power-law
Bump

Power-law

Power-law

Power-law

Power-law
Bump
Bump
Bump

Power-law

Power-law

Power-law
Bump
Bump

Power-law

14.6
14.2
14.3
15.4
15.2
14.3
> 15.3
14.5
> 14.7
14.0
> 16.5
> 15.7
14.1
13.8
> 15.2
> 17.0
14.2
14.2
15.3
16.2
15.3
14.6
13.9
13.8
15.8
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Table 5.1 (cont’d)
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ID

R.A. (J2000)

Dec. (J2000)

Bump/Power-law

SST24 J143523.9+330706 218.8497772 33.1186829 Power-law 15.3
SST24 J143539.3+334159  218.9140167  33.6998062 Power-law > 16.8
SST24 J143545.1+342831  218.9378204 34.4752998 Bump > 16.0
SST24 J143631.8+350210 219.1326141 35.0360146 Bump 15.0
SST24 J143632.74+350515  219.1362610 35.0877495 Power-law 14.3
SST24 J143634.3+334854  219.1430206 33.8151054 Power-law 14.9
SST24 J143641.0+350207  219.1708542 35.0353083 Bump 14.0
SST24 J143641.6+342752  219.1735382 34.4644394 Power-law 14.9
SST24 J143644.2+350627  219.1842804 35.1075211 Power-law 15.6
SST24 J143701.9+344630 219.2582875 34.7751167 Bump > 15.6
SST24 J143725.14+341502  219.3548889 34.2506104 Power-law > 16.2
SST24 J143740.1+341102  219.4176636 34.1841354 Power-law 14.5
SST24 J143742.5+341424  219.4276276 34.2403145 Power-law 15.0
SST24 J143808.3+341016  219.5347443 34.1708908 Power-law 15.5
SST24 J143816.6+333700  219.5695038 33.6167984 Bump 14.5

5.2.1.2 Optical Photometry

The NOAO Deep Wide Field Survey (NDWFS; Jannuzi & Dey, 1999) is a ground-
based optical and near-IR imaging survey of two 9.3 deg? fields, one in Bodtes
and one in Cetus. In this paper, we utilize the optical imaging of the Boétes field,
conducted using the NOAO 4m telescope on Kitt Peak. The survey reaches 5o point-
source depths in By, R, and I of 27.1, 26.1, and 25.4 (Vega mag), respectively. The
NDWES astrometry is tied to the reference frame defined by stars from the United

States Naval Observatory A-2 catalog. NDWEFES data products are publicly available
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via the NOAO science archive .

Photometry for each DOG was measured in 4” diameter apertures, centered on
the 3.6pm centroid position measured from the Spitzer Deep Wide-field Survey (SD-
WFEFS; Ashby et al., 2009) imaging data (Ashby et al., 2009). Foreground and back-
ground objects were removed using SExtractor, and the sky level was determined
using an annulus with an inner diameter of 6” and a width of 5”. The background
level and photometric uncertainty were computed by measuring the sigma-clipped
mean and RMS of fluxes measured in roughly fifty 5” diameter apertures within 1’

of the target. Aperture corrections were derived using bright, non-saturated stars

for each of the 27 sub-fields that comprise the NDWEFS.

5.2.1.3 Near-Infrared Photometry

The NOAO Extremely Wide Field InfraRed iMager (NEWFIRM) has conducted a
survey at near-IR wavelengths of the full 9.3 deg? Bootes field using the NOAO 4m
telescope on Kitt Peak during the spring semesters of 2008 and 2009. The nominal
50 limits of the survey within a 3” diameter aperture in J, H, and Ks are 22.05,
21.3, and 19.8 (Vega mag), respectively. All of the survey data are publicly available
(Gonzalez et al., in prep.).

Photometry was computed in the same manner as with the NDWFS images (see
section 5.2.1.2). Aperture corrections were computed using bright, non-saturated
stars for each of the 52 sub-fields that comprise the NEWFIRM survey of Bootes.

Photometry in the optical and near-IR is presented in Table 5.2.

thttp://archive.noao.edu/nsa
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Table 5.2. NDWEFS and NEWFIRM Photometry of DOGs?

ID FBy, 9By Fr IR Fr o1 Fy o Fg om Fks OKs
SST24 J142538.24-351855 -0.05 0.04 0.05 0.10 -0.01 0.11 1.4 0.8 2.3 1.3 9.2 2.5
SST24 J142541.34-342420 0.19 0.06 0.37 0.15 0.46 0.09 0.9 0.8 1.7 1.4 2.1 2.5
SST24 J142554.94-341820 0.19 0.04 0.30 0.13 0.54 0.12 1.2 0.8 2.2 1.3 3.8 3.0
SST24 J142607.84-330425 0.12 0.05 0.38 0.05 0.73 0.12 3.9 0.7 10.7 1.6 14.8 2.8
SST24 J142622.04345249 0.44 0.05 0.52 0.12 0.63 0.16 0.8 1.0 -4.3 3.2 5.2 2.6
SST24 J142626.44-344731 0.04 0.05 0.00 0.13 -0.15 0.21 -0.5 0.9 2.3 1.3 7.0 2.8
SST24 J142637.34333025 0.10 0.05 0.14 0.18 0.28 0.11 -0.9 0.6 2.0 1.5 2.1 4.3
SST24 J142644.34-333051 0.08 0.06 0.52 0.19 0.91 0.10 3.2 0.8 4.2 2.1 21.8 5.4
SST24 J142645.74351901 0.04 0.03 0.07 0.07 0.30 0.13 2.2 0.7 5.0 1.1 5.3 1.5
SST24 J142648.9+4332927 0.34 0.06 0.52 0.21 0.83 0.11 2.2 0.6 4.1 1.8 3.2 5.0
SST24 J142652.54345506 0.09 0.04 0.24 0.11 0.30 0.18 1.0 0.7 4.5 1.6 2.3 1.6
SST24 J142653.24-330221 0.10 0.04 0.18 0.08 0.42 0.16 0.8 0.8 5.3 1.4 1.7 2.9
SST24 J142724.94-350824 0.09 0.04 0.15 0.13 0.52 0.23 3.7 1.1 8.7 3.0 4.3 2.5
SST24 J142748.4+4-344851 1.66 0.06 1.26 0.13 0.80 0.27 2.7 0.8 5.7 1.3 5.9 2.7
SST24 J142759.84-351243 0.34 0.04 0.40 0.21 0.47 0.32 2.9 0.6 5.9 1.0 6.5 1.4
SST24 J142800.6+4-350455 0.40 0.05 0.51 0.14 0.70 0.26 4.7 0.8 12.6 1.1 12.4 1.7
SST24 J142804.14332135 0.00 0.05 -0.01 0.09 -0.14 0.14 -1.1 0.6 2.6 2.0 1.5 4.7
SST24 J142810.54352509 0.14 0.03 0.32 0.11 0.73 0.09 3.3 1.0 6.6 1.4 9.9 2.6
SST24 J142814.24-352245 0.20 0.03 0.50 0.11 0.87 0.10 3.3 0.9 6.3 1.5 9.0 2.2
SST24 J142815.44-324720 0.33 0.04 0.51 0.07 0.85 0.14 2.0 1.5 4.1 2.0 8.5 3.0
SST24 J142827.94-334550 0.20 0.04 0.22 0.09 0.37 0.14 2.4 1.2 10.2 1.6 18.7 2.7
SST24 J142832.4+4-340849 0.29 0.02 0.68 0.15 1.17 0.14 4.3 1.1 5.7 1.3 8.5 2.3
SST24 J142842.94-342409 1.12 0.06 1.23 0.17 2.66 0.15 13.3 1.6 16.4 1.5 24.4 2.9
SST24 J142846.64352701 0.10 0.05 0.18 0.12 0.31 0.15 3.3 1.6 7.1 1.4 10.9 1.7
SST24 J142901.54-353016 0.39 0.04 0.24 0.12 0.70 0.13 2.8 1.5 3.4 1.5 7.0 1.6
SST24 J142920.14-333023 0.22 0.06 0.53 0.09 0.68 0.10 3.3 0.7 3.3 1.4 8.1 2.8
SST24 J142924.84-353320 0.08 0.04 0.09 0.10 0.15 0.08 -0.2 1.8 0.4 2.5 -0.2 2.1
SST24 J142928.54350841 -0.01 0.07 0.14 0.14 -0.02 0.29 2.3 0.8 2.9 2.3 3.5 2.1
SST24 J142931.34-321828 -0.13 0.07 -0.09 0.12 0.39 0.24 0.0 0.0 0.0 0.0 0.0 0.0
SST24 J142934.2+4-322213 0.61 0.04 0.39 0.06 0.57 0.12 0.9 0.8 6.5 1.9 11.2 3.9
SST24 J142941.04-340915 0.05 0.04 -0.07 0.16 0.29 0.11 2.1 1.2 3.7 1.6 11.2 2.6
SST24 J142951.14342042 0.24 0.04 0.26 0.16 0.82 0.11 1.6 1.0 4.8 1.1 9.5 2.6
SST24 J142958.34322615 0.20 0.04 0.27 0.09 0.31 0.13 1.3 0.9 0.1 1.5 10.2 3.4
SST24 J143001.9+4-334538 0.28 0.06 0.52 0.12 0.28 0.17 1.0 1.1 1.9 1.3 3.9 3.0
SST24 J143020.44-330344 0.06 0.05 0.17 0.09 0.57 0.15 3.7 0.5 9.8 1.4 7.9 2.5
SST24 J143022.54330029 0.01 0.05 0.16 0.09 0.05 0.11 1.2 0.8 6.5 1.8 8.1 3.2
SST24 J143025.74342957 0.46 0.04 0.70 0.12 1.15 0.13 -0.9 2.0 3.9 1.5 6.0 3.0
SST24 J143028.5+343221 0.35 0.06 0.47 0.10 0.66 0.14 3.6 1.1 6.4 1.5 7.9 2.5
SST24 J143102.24-325152 -0.04 0.04 0.16 0.12 0.69 0.17 -2.0 1.1 0.7 2.2 -3.2 3.0
SST24 J143109.74342802 0.02 0.05 0.24 0.09 0.23 0.17 2.5 0.9 3.0 1.3 15.4 5.5
SST24 J143135.24-325456 0.41 0.04 0.80 0.10 1.55 0.21 6.3 1.4 9.1 3.3 23.4 5.0
SST24 J143137.14334501 0.17 0.06 0.28 0.12 0.80 0.15 1.5 1.2 4.7 1.9 8.2 3.3
SST24 J143152.34350030 0.14 0.03 0.30 0.09 0.66 0.10 4.8 0.8 10.0 1.2 14.3 2.9
SST24 J143201.84-340408 0.43 0.05 0.43 0.18 1.26 0.17 4.8 1.0 12.6 1.6 17.5 2.5
SST24 J143216.84-335231 0.11 0.05 0.23 0.12 0.39 0.12 3.4 0.8 5.6 1.5 11.9 2.6
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Table 5.2 (cont’d)

D FBy, 9By Fr IR Fr o1 Fy o Fg om Fks OKs
SST24 J143225.34-334716 0.07 0.04 0.13 0.12 0.14 0.13 -0.1 1.1 3.0 1.6 5.3 3.0
SST24 J143242.5+4-342232 0.05 0.04 0.20 0.12 0.30 0.18 3.4 1.1 3.9 1.7 12.4 2.9
SST24 J143251.84-333536 0.06 0.05 0.13 0.13 0.34 0.14 3.3 0.6 4.2 1.4 10.9 2.1
SST24 J143312.7+4342011 0.53 0.04 0.57 0.13 0.85 0.12 2.9 1.0 4.7 1.5 10.6 2.7
SST24 J143315.14335628 0.42 0.07 0.73 0.08 0.86 0.12 3.2 0.8 7.2 1.4 12.6 2.5
SST24 J143318.84-332203 0.28 0.05 0.27 0.06 0.15 0.10 0.6 0.7 5.0 1.5 -1.4 2.3
SST24 J143321.84-342502 0.18 0.07 0.50 0.09 0.91 0.11 5.0 0.8 9.1 1.4 14.4 2.6
SST24 J143324.3+4334239 0.24 0.06 0.44 0.12 1.04 0.10 4.5 1.2 7.3 1.4 13.8 2.5
SST24 J143325.84-333736 0.20 0.06 0.55 0.10 0.92 0.13 7.8 0.7 11.2 1.4 20.7 2.0
SST24 J143330.0+342234 0.43 0.05 0.66 0.12 0.59 0.18 0.8 1.0 1.7 1.4 3.5 3.0
SST24 J143331.94-352027 0.18 0.03 0.47 0.06 0.78 0.10 3.0 1.5 5.1 1.6 8.0 3.9
SST24 J143332.5+332230 0.09 0.05 0.14 0.07 0.17 0.13 1.0 0.8 -2.3 2.0 -1.0 3.4
SST24 J143335.94-334716 0.36 0.06 0.39 0.14 0.49 0.12 1.5 1.1 1.3 2.7 14.5 3.9
SST24 J143349.5+4334601 0.12 0.06 0.26 0.14 0.50 0.15 4.5 1.1 9.2 1.5 12.0 3.2
SST24 J143353.74343155 0.33 0.04 0.69 0.13 1.10 0.17 8.6 0.8 9.0 1.5 14.3 2.5
SST24 J143358.04-332607 0.05 0.04 0.03 0.06 0.04 0.09 1.1 0.7 5.0 1.6 4.8 2.3
SST24 J143407.44-343242 0.07 0.04 0.12 0.07 0.28 0.15 0.1 1.0 -0.7 1.8 -1.6 2.8
SST24 J143410.6+4332641 0.72 0.06 0.58 0.06 0.93 0.10 4.1 0.8 10.5 1.4 23.2 2.6
SST24 J143411.04-331733 0.84 0.04 1.08 0.05 1.20 0.13 2.5 1.0 6.2 1.5 3.7 2.8
SST24 J143424.4+4-334543 0.09 0.06 0.04 0.14 0.31 0.31 2.0 1.1 3.4 1.5 5.8 2.5
SST24 J143447.74330230 0.00 0.05 0.03 0.06 -0.01 0.11 1.2 0.7 1.5 1.7 3.8 3.1
SST24 J143458.9+4-333437 0.20 0.04 0.49 0.12 0.66 0.11 4.2 0.8 5.5 1.4 13.2 2.3
SST24 J143502.94-342658 0.28 0.04 0.43 0.13 0.46 0.15 2.5 1.1 2.9 1.6 11.6 2.4
SST24 J143503.24-340243 0.03 0.06 0.23 0.11 0.38 0.12 2.6 1.1 6.5 1.6 11.3 2.8
SST24 J143504.14-354743 0.01 0.04 0.17 0.07 0.02 0.10 0.0 0.0 0.0 0.0 0.0 0.0
SST24 J143508.44-334739 0.45 0.05 0.82 0.11 0.83 0.11 3.2 0.9 5.1 1.6 11.0 4.1
SST24 J143509.7+4340137 0.07 0.06 0.28 0.11 0.55 0.15 1.2 0.8 2.5 1.4 8.4 2.9
SST24 J143518.84-340427 0.13 0.05 0.45 0.11 0.81 0.19 0.9 1.3 6.0 1.5 7.5 2.0
SST24 J143520.7+4340602 0.40 0.04 0.59 0.09 1.03 0.13 2.8 1.2 8.3 1.8 11.3 2.1
SST24 J143520.74340418 0.37 0.06 0.30 0.13 0.67 0.22 0.0 1.0 2.0 1.5 5.7 2.1
SST24 J143523.94-330706 0.03 0.03 0.33 0.08 0.53 0.14 2.1 0.9 4.9 1.7 3.7 3.5
SST24 J143539.34-334159 0.10 0.07 0.16 0.10 0.39 0.16 1.0 1.1 0.6 2.4 3.7 3.8
SST24 J143545.14-342831 0.22 0.06 0.13 0.16 0.40 0.12 2.6 1.2 6.1 2.0 7.1 2.3
SST24 J143631.84-350210 0.00 0.05 0.13 0.06 -0.16 0.14 1.3 0.8 2.8 1.2 7.8 4.3
SST24 J143632.74+350515 1.31 0.03 1.39 0.08 1.71 0.15 6.9 0.9 10.5 1.5 16.7 3.9
SST24 J143634.34-334854 1.02 0.05 1.47 0.06 2.27 0.14 10.9 1.0 23.4 2.4 49.0 2.9
SST24 J143641.04-350207 0.29 0.04 0.36 0.05 1.56 0.18 2.0 0.9 7.0 1.4 15.6 4.5
SST24 J143641.64-342752 0.30 0.03 0.23 0.12 0.44 0.11 1.8 1.4 5.3 1.6 8.5 2.5
SST24 J143644.24-350627 0.39 0.04 0.57 0.06 0.79 0.16 3.4 1.0 6.4 1.5 10.5 2.5
SST24 J143701.94-344630 -0.00 0.06 0.09 0.06 -0.12 0.19 -0.1 0.9 -2.5 1.5 6.4 2.7
SST24 J143725.14+-341502 0.10 0.03 0.08 0.10 0.06 0.10 1.9 1.0 6.3 1.7 12.9 4.5
SST24 J143740.14341102 0.43 0.04 0.62 0.12 0.50 0.12 5.1 1.0 13.4 1.7 21.6 3.9
SST24 J143742.5+341424 0.31 0.05 0.33 0.12 0.61 0.14 3.9 1.0 8.0 1.8 17.7 3.8
SST24 J143808.34-341016 0.30 0.04 0.44 0.12 0.72 0.17 2.6 0.9 7.3 1.8 13.0 2.6
SST24 J143816.6+333700 0.18 0.04 0.36 0.10 0.71 0.14 1.6 1.5 4.2 1.1 7.0 2.5
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Table 5.2 (cont’d)

2All flux densities given in units of pJy.

5.2.1.4 Mid-Infrared Photometry

The SDWFS is a four-epoch survey of roughly 8.5 deg? of the Bodtes field of the
NDWFS. The first epoch of the survey took place in 2004 January as part of the
IRAC Shallow Survey (Eisenhardt et al., 2004). Subsequent visits to the field as
part of the SDWFS program reimaged the same area three times to the same depth
each time. The final co-added images have 50 depths (aperture-corrected from a 4”
diameter aperture) of 19.77, 18.83, 16.50, and 15.85 (Vega mag) at 3.6um, 4.5um,
5.8um, and 8.0um, respectively. All SDWEFS data are publicly available.

Part of the SDWFS Data Release 1.1 includes band-matched catalogs created
with Source Extractor (SExtractor, Bertin & Arnouts, 1996). Astrometry in these
catalogs is tied to 2MASS positions within 0’2. We identify DOGs in these catalogs
using a 3" search radius, and use the values in these catalogs for our flux density
measurements of DOGs. SExtractor underestimates the true magnitude uncertain-
ties because it does not account for systematic errors associated with the IRAC
data. In place of the SExtractor-derived values, we determine our own estimates
of the uncertainty on each flux density measurement using 4” diameter apertures
randomly placed within 1’ of each object of interest.

Photometry in the mid-IR is presented in Table 5.3.
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Table 5.3.  SDWFS and MIPS24 Photometry of DOGs?
ID F3.6m 03.6um F4.5um 04.5um Fs5.8m 05.8um Fg.0pm 08.0pum Faapum 024m
SST24 J142538.2+351855 19.4 2.4 26.7 3.4 30.9 10.2 44.0 8.0 850 85
SST24 J142541.3+342420 15.0 2.3 30.5 3.7 80.9 14.6 164.5 13.0 670 67
SST24 J142554.9+341820 9.4 1.9 13.7 2.6 11.2 7.9 51.2 9.2 1140 114
SST24 J142607.8+4330425 32.0 3.3 44.3 4.5 75.8 13.8 131.1 12.3 540 54
SST24 J142622.0+345249 4.3 1.4 4.1 1.7 0.0 5.6 37.0 7.7 1290 129
SST24 J142626.4+4344731 18.3 2.7 25.2 3.4 39.8 12.1 39.3 8.3 1170 117
SST24 J142637.3+333025 4.4 1.4 11.9 2.5 34.8 11.3 89.1 11.1 640 64
SST24 J142644.3+4+333051 62.3 4.6 93.1 6.3 164.4 19.8 384.9 18.7 1140 114
SST24 J142645.7+4+351901 32.5 3.4 52.7 4.8 84.3 14.7 156.5 12.5 1140 114
SST24 J142648.9+332927 57.4 4.5 180.4 8.8 497.8 33.1 952.7 28.6 2330 233
SST24 J142652.5+345506 22.0 0.7 30.0 1.1 28.0 5.9 22.9 6.8 598 50
SST24 J142653.2+330221 19.2 2.6 29.6 3.7 34.5 11.2 64.5 9.2 880 88
SST24 J142724.9+4+350824 43.6 3.6 57.4 4.6 72.3 12.9 65.1 9.1 510 51
SST24 J142748.4+344851 15.4 2.4 50.5 4.8 162.6 20.2 473.0 20.8 2210 221
SST24 J142759.8+4351243 48.5 4.7 78.6 6.9 181.1 23.6 333.9 21.0 1540 154
SST24 J142800.6+350455 57.2 4.4 85.9 6.1 163.8 19.4 300.2 16.5 920 92
SST24 J142804.1+4332135 5.6 1.5 8.5 2.1 0.0 7.0 9.0 7.1 850 85
SST24 J142810.5+352509 27.3 3.1 39.7 4.1 66.4 12.9 125.2 11.8 650 65
SST24 J142814.2+4352245 30.1 3.2 57.4 4.9 107.1 16.3 182.1 13.4 570 57
SST24 J142815.4+324720 19.6 2.5 24.5 3.2 47.0 10.8 86.3 11.5 1400 140
SST24 J142827.9+334550 51.0 4.2 79.8 5.9 153.0 19.1 292.0 17.1 770 7
SST24 J142832.4+340849 35.9 3.5 43.7 4.3 49.8 11.6 34.5 7.8 520 52
SST24 J142842.9+342409 126.2 5.2 200.7 7.8 393.4 26.6 695.7 23.8 3110 311
SST24 J142846.6+352701 42.1 3.8 68.6 5.4 120.0 17.1 169.9 13.2 750 75
SST24 J142901.5+353016 25.3 3.0 50.5 4.7 94.1 15.4 194.9 13.9 440 44
SST24 J142920.1+333023 19.1 2.7 24.8 3.5 36.6 11.6 16.2 8.7 510 51
SST24 J142924.8+353320 6.1 1.6 10.7 2.3 21.5 8.7 71.1 10.6 1040 104
SST24 J142928.5+350841 27.2 2.9 32.6 3.6 29.6 10.7 30.0 8.2 410 41
SST24 J142931.3+321828 9.8 1.9 12.7 2.5 23.0 10.1 65.3 8.9 1060 106
SST24 J142934.2+322213 18.3 2.5 29.6 3.8 75.5 14.8 152.5 14.2 1160 116
SST24 J142941.0+4+340915 31.4 3.2 42.1 4.2 47.9 11.5 41.5 8.4 590 59
SST24 J142951.1+4342042 42.6 3.4 54.9 4.3 60.4 12.3 42.8 7.5 600 60
SST24 J142958.3+322615 28.9 3.2 48.0 4.6 111.2 16.5 219.0 14.4 1180 118
SST24 J143001.9+334538 13.1 2.5 26.0 3.6 113.4 18.7 459.8 21.7 3840 384
SST24 J143020.4+330344 34.9 3.6 44.1 4.5 54.2 12.6 47.1 9.1 540 54
SST24 J143022.5+330029 39.3 3.7 48.0 4.5 89.1 14.8 196.8 13.9 800 80
SST24 J143025.7+342957 21.1 2.8 53.5 4.9 164.0 20.0 527.8 21.8 2470 247
SST24 J143028.5+343221 28.0 3.2 47.6 4.7 120.9 17.0 288.4 16.4 1270 127
SST24 J143102.2+4325152 3.9 1.4 5.9 1.8 0.0 7.7 53.2 8.3 1190 119
SST24 J143109.7+342802 7.5 1.7 10.1 2.4 27.4 9.1 62.6 9.7 1110 111
SST24 J143135.2+325456 70.9 4.9 137.4 7.6 268.4 24.6 494.9 21.2 1510 151
SST24 J143137.1+4+334501 29.4 3.0 40.4 3.9 43.2 11.1 35.6 8.2 570 57
SST24 J143152.3+350030 49.0 4.0 63.1 5.1 63.3 12.7 51.7 8.9 520 52
SST24 J143201.8+340408 44.8 3.9 72.3 5.5 121.2 16.8 230.3 14.7 670 67
SST24 J143216.8+4335231 32.4 0.7 41.4 1.1 46.6 5.7 42.1 6.5 502 44
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ID F3.6m 03.6um F4.5um 04.5um Fs5.8m 05.8um Fg.0pm 08.0pum Faapum 024m
SST24 J143225.34-334716 39.1 3.7 76.2 5.8 167.9 19.7 350.0 18.0 1280 128
SST24 J143242.5+342232 36.6 3.6 59.3 5.2 127.8 18.0 225.0 15.1 910 91
SST24 J143251.84-333536 41.5 3.7 55.2 4.8 69.3 13.1 110.4 10.9 820 82
SST24 J143312.7+342011 27.9 3.2 35.1 4.0 65.5 13.4 106.3 11.5 1760 176
SST24 J143315.14335628 35.3 3.6 55.8 5.0 102.7 16.2 164.4 13.5 830 83
SST24 J143318.8+332203 11.5 2.0 18.6 2.8 31.0 9.4 56.1 9.1 430 43
SST24 J143321.84-342502 32.8 3.3 41.3 4.2 56.2 12.7 48.5 9.2 560 56
SST24 J143324.3+334239 41.5 3.5 54.0 4.7 50.4 11.2 52.9 8.8 530 53
SST24 J143325.84-333736 62.0 4.6 81.3 6.0 118.0 16.5 141.3 12.1 1870 187
SST24 J143330.0+342234 7.0 1.7 12.3 2.6 17.7 8.2 64.7 9.8 1920 192
SST24 J143331.94-352027 26.5 3.1 35.4 4.0 41.4 11.0 26.0 7.7 600 60
SST24 J143332.5+332230 4.6 1.4 2.4 1.5 0.0 7.1 13.5 7.2 460 46
SST24 J143335.94334716 30.1 3.2 41.6 4.2 64.5 12.7 0.0 9.2 590 59
SST24 J143349.5+334601 37.2 3.8 42.0 4.9 62.2 13.6 32.0 8.1 530 53
SST24 J143353.74+343155 32.2 3.2 37.6 4.1 43.6 11.7 100.5 10.6 680 68
SST24 J143358.0+332607 13.4 2.4 19.2 3.2 42.2 10.9 88.8 10.7 1070 107
SST24 J143407.4+4343242 0.0 1.2 0.0 1.5 0.0 6.4 0.0 7.6 620 62
SST24 J143410.6+332641 50.9 4.2 80.7 5.9 148.9 18.9 271.3 15.7 630 63
SST24 J143411.04-331733 20.4 2.6 26.3 3.4 49.7 16.9 76.9 15.0 860 51
SST24 J143424.4+334543 14.8 2.3 23.5 3.3 73.0 14.2 156.4 13.9 860 86
SST24 J143447.74330230 21.2 2.7 32.3 3.8 42.9 11.9 87.8 10.7 1710 171
SST24 J143458.9+333437 40.0 3.7 48.6 4.6 60.5 13.0 53.9 8.4 570 57
SST24 J143502.94342658 44.7 3.4 47.2 4.3 46.2 12.5 44.0 8.4 500 50
SST24 J143503.24340243 34.3 3.5 46.2 4.6 54.5 13.0 45.1 9.0 760 76
SST24 J143504.1+354743 21.0 2.7 33.8 4.0 50.8 12.1 86.6 10.8 1260 126
SST24 J143508.4+4334739 14.4 2.4 16.6 2.9 34.9 10.4 175.3 14.0 2650 265
SST24 J143509.7+340137 13.1 1.9 15.8 2.5 32.6 8.8 53.0 9.9 470 47
SST24 J143518.84-340427 23.4 2.8 31.8 3.8 53.9 12.2 48.2 8.9 400 40
SST24 J143520.7+340602 29.8 3.2 35.1 4.0 40.5 11.1 25.2 8.2 490 49
SST24 J143520.74340418 5.8 1.5 7.1 2.0 15.1 8.5 7.4 7.5 1530 153
SST24 J143523.9+330706 17.7 2.6 34.1 4.1 93.5 16.0 250.3 16.4 1090 109
SST24 J143539.34-334159 14.1 2.3 23.9 3.4 65.8 13.6 249.5 15.7 2670 267
SST24 J143545.1+342831 16.4 2.5 18.1 3.0 27.0 9.4 95.0 10.4 1960 196
SST24 J143631.84-350210 25.4 2.8 31.5 3.4 33.0 10.0 20.7 6.6 330 33
SST24 J143632.7+350515 53.2 4.2 92.2 6.2 172.8 20.1 348.1 17.9 1690 169
SST24 J143634.34334854 91.9 5.6 170.1 8.4 350.5 27.9 680.3 24.2 3280 328
SST24 J143641.0+350207 20.6 2.4 26.0 3.2 30.6 9.4 43.4 8.2 330 33
SST24 J143641.64-342752 23.8 2.9 38.8 4.1 77.9 14.0 162.1 13.2 530 53
SST24 J143644.2+350627 37.9 3.6 103.3 6.6 308.7 26.4 734.2 25.1 2340 234
SST24 J143701.94-344630 18.0 0.8 17.9 1.3 13.2 8.8 37.0 7.7 508 60
SST24 J143725.1+341502 52.9 4.3 87.9 6.1 167.5 19.6 283.4 16.3 1410 141
SST24 J143740.14-341102 52.3 4.2 79.8 5.8 148.0 18.9 236.9 15.1 950 95
SST24 J143742.5+341424 32.7 3.4 54.2 4.8 98.0 15.8 172.9 13.4 780 78
SST24 J143808.34341016 35.9 3.5 73.2 5.6 193.7 21.1 411.9 19.5 1710 171
SST24 J143816.6+333700 24.1 0.7 29.4 1.1 31.2 6.1 19.8 6.4 530 36
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Table 5.3 (cont’d)

ID F3.6m 03.6um F4.5um 04.5um Fs5 8m 05.8um Fg.0pm 08.0um Faqpm 024pm

2All flux densities given in units of uJy.

5.2.2 SMGs
5.2.2.1 Sample Selection

For the SCUBA-selected SMGs, we use the sample of 58 objects with spectroscopic
redshifts at z > 1.4 from Chapman et al. (2005). These are sources with precise
positional information derived from Very Large Array 1.4 GHz imaging and redshifts
obtained with optical ground-based spectroscopy with the Keck I telescope. Their
clustering properties indicate they inhabit very massive dark matter haloes (Mpy ~
10" M; Blain et al., 2004), comparable to the dark matter halo masses of DOGs
(Brodwin et al., 2008).

5.2.2.2 SMG Photometry

The broad-band photometry of SMGs used in this paper has been collected from a
variety of sources. B- and R-band photometry were obtained with several telescopes
and were presented in Chapman et al. (2005). I-, J-, and K-band photometry also
were obtained with several telescopes and were presented in Smail et al. (2004).
These photometry values were derived with 4” diameter apertures and have been
aperture-corrected. Mid-IR photometry of SMGs was obtained from Hainline et al.
(2009), who compute aperture-corrected 4” diameter aperture photometry using

SExtractor.
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5.3 Stellar Population Synthesis Models

Stellar population synthesis (SPS) modeling offers a means of constraining the mass
and star-formation history of a galaxy’s stellar population. This section contains
a description of the technique adopted here to apply the SPS models to the high-
z ULIRG photometry outlined in section 5.2. Additionally, details are provided
regarding three initial mass functions (IMFs) and three SFHs that are used in this
paper for testing theories for the formation of massive galaxies at high redshift.
Results from this analysis are presented in section 5.4.

In all models, the simplifying assumption of a uniform dust screen (Ay ranging
from 0 to 3) is adopted which obscures the intrinsic stellar light according to the
reddening law for starbursts from Calzetti et al. (2000) for wavelengths between
0.12 — 2.2 ym and that of Draine (2003) for longer wavelengths. The quality of
currently available data precludes the use of more complex models in which younger
stars have different dust obscuration prescriptions than older stars (e.g., Charlot &

Fall, 2000).

5.3.1 General Methodology

In principle, it is possible to perform SPS modeling of each individual galaxy in this
sample and thereby constraint the mass (M,), age, and visual extinction (Ay) of
the stellar population. However, degeneracies between age and Ay, as well as the
uncertainty introduced by the unknown IMF and SFH, lead to large uncertainties
on the best fit quantities. Such large errors on each individual absolute measure-
ment suggest that care must be taken when attempting to determine the aggregate
properties of a population of such galaxies.

In this study, the goal is to measure the properties of three distinct populations
of high redshift ULIRGs using a uniform, self-consistent analysis. This will allow

the stellar masses of these objects to be measured in a relative sense and therefore
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minimize many of the uncertainties discussed above. The first group comprises
DOGs showing a local maximum at rest-frame 1.6um (i.e., the bump DOGs), which
typically have strong PAH emission and are thought to be powered by on-going star-
formation (e.g., Desai et al., 2009). The second group consists of DOGs showing
a mid-IR power-law (i.e., the power-law DOGs), which usually have weak PAH
emission and are associated with obscured AGN. Bussmann et al. (2010, submitted)
found a distinction in morphology between these two types of sources — bump
DOGs are larger and have irregular morphologies more frequently than power-law
DOGs — that is consistent with expectations of major mergers. The third grouping
is composed of sub-mm galaxies (SMGs), which frequently exhibit bluer R — [24]
colors and more UV flux (possibly a reflection of less dust obscuration) than DOGs.
An important aspect of this work is to test these conclusions based on morphology
using the broadband photometry from the optical through the mid-IR.

The approach used here is to apply SPS models of varying Ay and age values
to each galaxy on an individual basis. A probability density function for the stellar
mass of each galaxy is then derived from those model fits satisfying x? < 12. Values
above this level have a less than 10% chance of occuring randomly (when the number
of degrees of freedom is 7, as is the case here). Each individual galaxy’s stellar mass
probability density function contributes equally to the final stellar mass probability
density function for that population of galaxies.

The use of SPS models to determine intrinsic properties of galaxies assumes that
all of the observed flux is emitted by stars. In fact, many of the sources in this study
have a significant contribution in the rest-frame near-IR from obscured AGN (this
is especially true for the power-law DOGs). Some authors add this component (in
the form of a variable slope power-law) to their SPS modelling efforts (e.g., Hainline

et al., 2010). Alternatively, it is possible to minimize the AGN contribution by
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considering only the first two IRAC channels (i.e., up to observed-frame 4.5um).
This is the approach that is adopted in this study. For bump DOGs and SMGs,
this should provide a reasonably reliable measurement of the stellar light from these
objects. For power-law DOGs, there still exists a significant possibility that the
observed-frame 4.5um light is contaminated by AGN. For this reason, the stellar
mass estimates of power-law DOGs should be regarded as upper limits on the true
stellar mass.

Only solar metallicity models are tested in this study. This is a reasonable
assumption, since high-redshift dusty galaxies have been found to have near-solar
metallicities (Swinbank et al., 2004). Moreover, our broad-band SED data do not
provide the ability to constrain metallicity. The adoption of a single metallicity
in SPS modeling typically introduces uncertainties at the level of 10-20% (Conroy
et al., 2009; Muzzin et al., 2009), which are insignificant compared to systematic

uncertainties related to the IMF, SFH, and age of the stellar population.

5.3.2 Initial Mass Functions

One of the most critical adjustable parameters involved in SPS modeling is the IMF.
Despite its importance, the detailed nature of the IMF in galaxies at high redshift
is poorly constrained. The relevant parameter space is characterized here by three
different forms of the IMF, all with a lower mass cutoff of 0.1 Mg and an upper
mass cutoff of 100 M.

The first form of the IMF used here is from Salpeter (1955), and can be char-
acterized as a single power-law of the form ¢(m) oc m=23%, where ¢(m)dm is the
number of stars born with masses between m and m + dm.

More recent observations of stars in the Milky Way disk have favored an IMF
with a power-law form similar to that of Salpeter (1955) for M > 1 M), but a

lognormal form below this mass limit (Chabrier IMF; Chabrier, 2003). The primary
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effect of this modification is to reduce the relative number of low mass stars and
hence decrease the mass-to-light ratio compared to the Salpeter IMF. The Chabrier
IMF produces mass-to-light ratios very similar to the Kroupa (2001) IMF.

Finally, in very recent years circumstantial evidence has been building in support
of a modified IMF at high redshift (e.g., the “bottom-light” IMF of van Dokkum,
2008; Davé, 2008). Functionally, this is accomplished by adjusting the characteristic
mass, m.., which governs both the cutoff mass at which the lognormal form dominates
as well as the shape of the lognormal part of the IMF itself. In particular, van
Dokkum (2008) use the color and luminosity evolution of cluster ellipticals to infer
me ~ 2 Mgy at z > 4. In this study a characteristic mass of m. = 0.4 My, has been
adopted, as this value matches both the (very rough) estimates for SMGs at z ~ 2
as well as theoretical expectations based on a model in which the characteristic mass
is a function of the CMB temperature: m, oc Tgo%. The effect of such a change
in the characteristic mass is to produce a Salpeter-like slope at M > 1 Mg and
a turnover at M ~ 1 My). This reduces the number of low-mass stars relative to
the high-mass ones, thereby lowering the mass-to-light ratio relative to the Chabrier
IMF (for intermediate age stars or younger).

Since observational constraints on the IMF are not readily available, each IMF
has been tested with each SFH (see section 5.3.3). In the case of the simple stellar
population (ssp), this provides a measure of the uncertainty resulting from the
unknown IMF. However, for the purposes of testing the self-consistency of more
complicated SFHs of ULIRGs at high redshift, it is necessary to select certain IMF's
for each model. The simulations of major mergers tested here (Narayanan et al.,
2009) adopt a Salpeter IMF, so that is what is focused on here. Meanwhile, the
IMF is a free parameter in the smooth accretion SFH (Davé et al., 2010). However,

a Salpeter IMF is disfavored in these simulations because it overpredicts the sub-
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mm fluxes of SMGs. A Chabrier IMF is therefore adopted in this paper, with
an accompanying thorough discussion of the implications of a more “bottom-light”

IMF.

5.3.3 SPS Star-formation Histories

Another critical adjustable parameter in SPS modeling is the star-formation his-
tory (SFH). The focus in this paper is placed on three distinct SFHs that broadly
encompass a reasonable range of parameter space.

The first SFH adopted here is the simplest one possible: an infinitely short burst
of star-formation at time ¢t = 0 during which all the stars of the galaxy are formed,
followed thereafter by passive evolution. This is called a simple stellar population
(SSP), and is used commonly in SPS modeling in the literature. If the objects under
study here have recently had star-formation shut off by some process (e.g., AGN
feedback), then the SSP model provides constraints on how long ago such an event
ocurred. Models used here have ages spaced logarithmically from 10 Myr up to
1 Gyr.

The second SFH used in this paper is borrowed from a representative simulation
of a major merger which undergoes a very luminous sub-mm phase (SMG) as well
as a highly dust-obscured phase (DOG) before star-formation is shut off by AGN
feedback effects (Narayanan et al., 2009). This SFH traces the star-formation rate
from the beginning of the simulation — before the two gas-rich (f, ~ 0.8) disks
begin to interact — through the period of final coalescence when the SFR peaks
near 1000 Mg yr', to the end of the simulation and a red, dead, elliptical galaxy.
Models used here have ages spaced roughly linearly from 10 Myr to 0.8 Gyr.

The third SFH adopted in this study comes from cosmological hydrodynamical
simulations in which SMGs are posited to correspond to the most rapidly star-

forming systems that match the observed number density of SMGs (Davé et al.,
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2010). In particular, the SFH and metallicity history of the highest SFR simulated
SMG are used. This object has a SFR of ~ 150 Mg yr~* for most of the simulation
but is boosted to ~ 500 M yr~! at z = 2 and reaches a mass of M, = 2.8 x10™ M,
by the same redshift. As nearly all of the mass is assembled in a quiescent mode, this
SFH is nearly opposite to a SSP, in which all stars are formed in a single infinitely
short burst. Models used here have ages spaced roughly linearly over the full range
of the SFH, from 10 Myr to 3 Gyr.

Figure 5.4 shows the SFHs from Narayanan et al. (2009) and Davé et al. (2010)

that are used in this analysis.

5.4 Results

This section contains basic photometry results as well as constraints on the median
stellar masses (M, ) of bump DOGs, power-law DOGs, and SMGs. The impact of a
different choice of SPS library, IMF, and SFH are explored here as well.

5.4.1 SEDs

Since every source in this study has a known spectroscopic redshift, it is possible
to construct SEDs showing the luminosity per unit frequency (L,) as a function
of rest-frame wavelength (Aes). Figure 5.5 shows the median rest-frame SED for
each population of ULIRGs in this study: power-law DOGs, bump DOGs, and
SMGs. Also shown in this diagram is the SED of a simulated major merger during
a time when the system is observable as a DOG and has an IR luminosity of Lig ~
3 x 10" L, (Narayanan et al., 2009).

Power-law DOGs have the brightest rest-frame near-IR luminosities, with lumi-
nosities at 3um approaching vL, = 102 L. This represents a near-IR excess of a
factor of 3-5 compared to bump DOGs and SMGs. Such an excess is an indicator

of thermal emission from an obscured nuclear source (i.e., obscured AGN; Rieke,
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Figure 5.4 Star-formation histories used in stellar population synthesis models. Dot-
ted line represents high-z ULIRGs identified in cosmological hydrodynamical sim-
ulations formed via smooth gas inflow and accretion of small satellites (Galaxy A
from Figure 4 of Davé et al., 2010). Dashed line represents high-z ULIRGs formed

via major mergers of two gas-rich disks (Narayanan et al., 2009).
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1978).

Bump DOGs and SMGs have rest-frame optical and near-IR SEDs that qualita-
tively match the shape of the simulated merger SED shown in Figure 5.5. However,
SMGs show a rest-frame UV excess compared to bump DOGs and power-law DOGs.
It is not clear with the available data whether this is the result of a selection effect,
a difference in dust obscuration, or the luminosity weighted-age of the stellar pop-
ulation. Resolving this issue may require deep, high spatial resolution imaging of
SMGs in the rest-frame UV, optical, and near-IR (currently, only UV and optical
imaging is available and only for a handful of sources; e.g. Conselice et al., 2003;

Swinbank et al., 2010b).

5.4.2  Stellar Population Synthesis

In principle, SPS models can be applied to the broad-band photometry of a galaxy
to constrain its stellar mass (M,), visual extinction (Ay), and stellar population
age. However, such a process is dominated by uncertainties resulting from the
unknown dust extinction, stellar population age, star-formation history and IMF of
that galaxy. Although differences exist in the detailed treatment of various aspects of
stellar atmospheres and evolution between various SPS libraries, our results suggest
that these details are sub-dominant to the other sources of uncertainty listed above
(see section B). The nominal fiducial model chosen in this paper is the CB07 SPS
library with a SSP SFH and Chabrier IMF, and is presented in section 5.4.2.1. In

later sections, alternative SFHs and IMF's are explored.

5.4.2.1 Simple Stellar Population

The SSP represents a SFH in which all stars form in an infinitely short burst of
star-formation and evolve passively thereafter. This is surely an idealized scenario

for the formation of massive galaxies, but it is worth studying nonetheless, since
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Figure 5.5 Luminosity per unit frequency as a function of rest-frame wavelength
for the median power-law DOG (red), bump DOG (blue), and SMG (orange). The
SED of a simulated gas-rich major merger at z = 2 during a phase when it would

be observed as a DOG is overplotted for reference (Narayanan et al., 2009).
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SSPs form the building blocks of more complex SFHs and can be used more easily
to compare the effect of different SPS libraries and IMFs (see section 5.4.2.4 for
more details on this last point).

Figure 5.6 shows the stellar mass cumulative distribution function (derived from
the probability density function) resulting from fitting a SSP (computed with the
CBO07 SPS library and a Chabrier IMF) to the population of power-law DOGs, bump
DOGs, and SMGs. In each panel are x? and iso-mass contours that illustrate the
1o range of acceptable M,, Ay, and stellar age parameters.

All three populations (power-law DOGs, bump DOGs, and SMGs) have a similar
range of acceptable M, values. Power-law DOGs are the most massive systems,
followed by bump DOGs and then SMGs. However, their best-fit median stellar
masses are separted by only ~ 0.1 dex, while the spread in their distributions are
~ 0.3—0.4 dex. This implies that the trends in stellar mass between the populations
are suggestive rather than conclusive. The best-fit and 1o range of acceptable masses
for this SFH are given in Table 5.4.

One feature of the fitting process that is not shown in Figure 5.6 is the significant
degeneracy between Ay and stellar age — the broad-band photometry of these high-
z ULIRGs can be fit either by young (10 Myr) and dusty (Ay ~ 1.5 — 2) stellar
populations or intermediate age (500 Myr) and less dusty (Ay ~ 0.0 —0.5). Given
the large quantities of dust that are known to exist in these systems based on
observations at longer wavelengths (e.g., Kovécs et al., 2006; Coppin et al., 2008;
Bussmann et al., 2009b; Lonsdale et al., 2009; Kovécs et al., 2010), it is unlikely that
Ay < 1 solutions are acceptable. Assuming Ay = E(B — V)/Ry (where Ry = 3.1)
and the relation between F(B — V) and the hydrogen column density (Ng) from
Bohlin et al. (1978), Ay ~ 1 implies Ng ~ 2 x 102! em™2. Under the assumption of

a spherical shell around the source with radius equal to the effective radius (Reg),
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Figure 5.6 Cumulative distribution function for the stellar masses of power-law
DOGs (red), bump DOGs (blue), and SMGs (orange) derived using using the CB07
library, a Chabrier IMF, and a simple stellar population SFH. The best-fit median
stellar masses are separated by about 0.1 dex, with M,(SMG) < M,(BumpDOG) <
M,.(PLDOG). The 1o spread in each stellar mass probability distribution is about
0.3-0.4 dex, indicating that these differences between the populations are suggestive

rather than conclusive at the current level of precision.
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the dust mass can be estimated from Ny using:

1
Md = ﬂ,upNHllﬂ-Rgffa (51)
g

where fqq is the gas-to-dust mass ratio (assumed to be 60, the value found appropri-
ate for SMGs; Kovécs et al., 2006) and p, is the mean molecular weight of the gas (as-
sumed to be 1.6 times the mass of a proton). Morphological measurements indicate
these objects have typical effective radii of 3-8 kpc (Dasyra et al., 2008; Bussmann
et al., 2009b; Donley et al., 2010). All together this implies My ~ (0.5—3) x 10% M),
depending on the size of R.g. In fact, based on 350um observations, Kovacs et al.
(2010) find dust masses of My ~ (5 — 10) x 10% M, for Spitzer-selected ULIRGs
with a mid-IR bump feature. This suggests that Ay > 1 and hence age < 200 Myr

models should be preferred.

5.4.2.2 Merger-Driven Star-Formation History

One of the major goals of this paper is to go beyond instantaneous burst SFHs
(SSPs) and test the self-consistency of more complicated SFHs. Two in particular
that are tested here are a major merger-driven SFH (Narayanan et al., 2009) and
a more quiescent SFH driven mainly by smooth accretion of gas and nearby small
satellites (Davé et al., 2010). The merger-driven SFH is described here, while the
smooth accretion SFH is described in more detail in section 5.4.2.3.

Figure 5.7 shows the cumulative distribution function for the best-fit stellar
masses of power-law DOGs, bump DOGs, and SMGs derived using a merger-driven
SFH (from Narayanan et al., 2009) with the CB07 SPS library and a Salpeter IMF.
The best-fit and 1o range of acceptable M, values are given for this SFH in Table 5.4.
At ages > 0.8 Gyr, the SFR drops below ~ 30 Mg yr~' and this object would not
qualify as a ULIRG. Thus we focus on ages < 0.8 Gyr, where the differences in

the best-fit stellar mass estimates of power-law DOGs, bump DOGs, and SMGs are
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Figure 5.7 Similar to Figure 5.6, but assuming a major merger SFH and a

Salpeter IMF (see Figure 5.4 of this paper and Narayanan et al., 2009).

similar to those obtained using the SSP SFH.

In the merger SFH, the DOG phase occurs at the end of the peak SFR period
at an age of ~ 0.75 Gyr. The median M, for bump DOGs, power-law DOGs, and
SMGs at this age is & 1.6 x 10" M. In this simulation, the baryonic mass is
initially My, = 3 x 10" Mg, while the stellar mass evolves as gas is converted
into stars. At an age of ~ 0.75 Gyr, the simulated merger has assembled a stellar

mass of M, ~ 1.8 x 10! M), roughly consistent with the inferred stellar masses
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of these ULIRGs. At younger ages (e.g., 0.1 Gyr), the inferred median M, values
for power-law DOGs, bump DOGs, and SMGs are lower (M, ~ 5 x 10'° M) and
would be harder to reconcile with the merger simulations. Furthermore, such objects
would have bright, well-separated nuclei which are not typically seen in high-spatial
resolution imaging (e.g. Dasyra et al., 2008; Bussmann et al., 2009b; Swinbank et al.,

2010b, Bussmann et al., submitted).

5.4.2.3 Smooth Accretion Star-Formation History

In the cosmological hydrodynamical simulations of Davé et al. (2010), SMGs are
posited to be the maximally star-forming galaxies whose number densities match the
observed number density of SMGs. This results in the typical simulated SMG having
a SFH described by a relatively constant SFR of 100-200 M, yr~' over a period of
3 Gyr; this leads to a stellar mass in these systems in the range Mg ~ (1 —5) x
10" M. Davé et al. (2010) note that their simulated SFRs are a factor of ~ 3 lower
than the typical values observationally inferred for SMGs, and hypothesize that a
“bottom-light” IMF such as that proposed by van Dokkum (2008) and Davé (2008)
could explain this discrepancy. This type of IMF would also have the consequence
of modifying the M, /Ly, meaning that at a given Ly, the inferred stellar mass is
lower than for other IMFs such as Chabrier or Salpeter. It is for this reason that
the constraints on the stellar masses of the high-z ULIRGs with this SFH are of
particular interest.

Figure 5.8 shows the cumulative distribution function for the best-fit stellar
masses of power-law DOGs, bump DOGs, and SMGs derived using a SFH driven
mainly by smooth accretion of gas and nearby satellites (with the CB07 SPS library
and a Chabrier IMF). The best-fit and 1o range of M, estimates are provided in
Table 5.4. In this case, the best-fit stellar masses of the three populations are

separated by &~ 0.2 dex, with power-law DOGs being the most massive and SMGs
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Table 5.4. Best-fit x2, M,, and associated uncertainty for PL. DOGs, bump
DOGs, and SMGs using the CBO7 library.

PL DOGs Bump DOGs SMGs
SFH log(M*/MQ) log(M*/MQ) log(M*/MQ)

Instantaneous Burst® 10.8 + 0.4 10.7 + 0.3 10.6 = 0.5
Major Mergerb 11.1 £ 04 11.0 £ 0.3 109 £ 04
Smooth Accretion® 11.0 £ 0.3 10.8 £ 0.3 10.6 £ 0.5

2Assuming a Chabrier IMF
PSFH from Narayanan et al. (2009), assuming a Salpeter IMF

¢SFH from Davé et al. (2010), assuming a Chabrier IMF

being the least massive (note that this is still below the typical 1o dispersion in the
stellar mass estimates of ~ 0.3 — 0.4 dex).

For bump DOGs at an age of = 1.5 Gyr, the best-fit stellar masses are M, =
5 x 10" M. This is roughly a self-consistent result, as integrating this SFH from
t =0 to ¢t = 1.5 Gyr implies an assembled mass of ~ 5 x 10'® My,. For an age of
~ 3 Gyr, the best-fit stellar mass of bump DOGs is ~ 10'! M. Integrating the SFH
from ¢ = 0 to t = 3 Gyr, the assembled mass is ~ 2 x 10! M. In other words, the
rest-frame UV through near-IR luminosities of the high-z ULIRGs studied in this
paper are about a factor of 2 lower than they should be if they have been forming

stars according to the SFH of Davé et al. (2010) for ~ 3 Gyr.
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Figure 5.8 Similar to Figure 5.6, but assuming a smooth accretion SFH (see Fig-
ure 5.4 of this paper and Davé et al., 2010). The median stellar mass for all three
high-z ULIRG populations (power-law DOGs, bump DOGs, and SMGs) is within

~ 0.2 dex of M, = (0.8) x 10" M), depending on the age of the stellar population.
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5.4.2.4 Variation with IMF

The importance of the IMF in SPS modeling has mainly to do with the mass-to-light
ratio. Bruzual & Charlot (2003) showed that the B —V and V — K colors of SPS
models distinguished only by their IMFs (Chabrier vs. Salpeter) are very similar.
On the other hand, the Salpeter IMF gives mass-to-light ratios that are ~ 0.2 dex
larger than the Chabrier IMF. Bottom-light IMFs (such as that advocated by van
Dokkum, 2008) have more complicated mass-to-light ratios that depend on both the
characteristic mass (m.) and the age of the stellar population. van Dokkum (2008)
find that for m. = 0.4 Mg (as adopted here) and ages < 1 Gyr, the mass-to-light
ratio is lower by 0.2-0.3 dex compared to a Chabrier IMF. The results of this study
are consistent with this finding: assuming a SSP SFH and this bottom-light IMF,
the stellar masses of bump DOGs are in the range M, = (0.1 — 0.6) x 10" M),
or about 0.3-0.4 dex lower than those inferred using a Chabrier IMF. A similar
reduction in M, occurs when using the bottom-light IMF in conjunction with more
complicated SFHs such as the merger-driven SFH and the smooth accretion SFH
detailed in sections 5.4.2.2 and 5.4.2.3.

5.5 Discussion

The focus of this section is to build upon the constraints on the stellar masses and
star-formation histories of bump DOGs, power-law DOGs, and SMGs presented in
section 5.4. First, the estimates of M, presented here are compared with estimates
of other dusty high-redshift ULIRGs. Next, possibilities are discussed for improving
constraints on the age of the dominant stellar population (the primary source of
uncertainty in SPS modeling). Finally, implications for models of galaxy evolution
are presented based upon a comparison of the two theoretical SFHs considered in

this study (major merger and smooth accretion).
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5.5.1 Comparing Stellar Mass Estimates

Studies of other Spitzer-selected ULIRGs with a bump mid-IR SED have found
median stellar masses of M, ~ 10! Mg (Berta et al., 2007; Lonsdale et al., 2009;
Huang et al., 2009). This is a little less than 1o higher than the median stellar mass
found for bump DOGs here. Considering the different sample selection criteria as
well as assumptions in IMF, SFH, and SPS libraries, it is remarkably consistent.
The difference in stellar mass estimates can probably be fully accounted for by the
different selection criteria as well as the use in this study of the new CB07 SPS
libraries, which have redder near-IR colors and hence tend towards lower inferred
stellar masses (see section 5.4.2.4).

Two recent studies of SMGs using stellar population synthesis modeling have
come to differing conclusions regarding their median M,. While Michalowski et al.
(2010) find a median stellar mass of M, ~ 2 x 10" Mg, (using SEDs from Iglesias-
Péramo et al., 2007), Hainline et al. (2010) find M, = 7 x 10'° M (assuming a
Chabrier IMF and models from Maraston, 2005). Hainline et al. (2010) argue that
models which do not consider the contribution of an obscured AGN in the mid-
IR (particularly in the 5.8um and 8.0um channels of IRAC) can bias stellar mass
estimates of SMGs upwards by a factor of ~ 2. Our analysis (which excludes these
two IRAC channels to minimize the contribution from an obscured AGN) indicates
stellar masses that are closer to those of Hainline et al. (2010), with median M, =
6 x 100 M. However, inclusion of the additional two IRAC channels increases our
stellar mass estimates only by a factor of 30-40% (median M, = 8 x 10'® M), not
by a factor of two. appears

The DOGs and SMGs studied in this paper represent some of the rarest, most
actively star-forming systems at z ~ 2. More typical star-forming galaxies at this

epoch and earlier are frequently selected via their rest-frame UV colors (e.g., Lyman
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Break Galaxies or LBGs; Steidel et al., 1996). Stellar population synthesis analysis
of these objects have shown that they have stellar masses of M, ~ 10" M, (Shapley
et al., 2005; Erb et al., 2006; Kornei et al., 2010). This is roughly a factor of 7-10
smaller than the typical DOG or SMG. Unless these objects have very high gas
fractions (fgas > 0.8), this implies that only the high-mass tail of the distribution of
LBGs (M, > 5x 10" M) can contribute as progenitors in merger-driven scenarios
for the formation of DOGs or SMGs. An important path of research that is beyond
the scope of this work is to examine whether LBGs above this mass threshold are
sufficiently numerous given the merger rate at z ~ 2 to match the observed number

density of ULIRGs at this epoch.

5.5.2 Improving Estimates of Stellar Population Age

The primary uncertainty in the SPS modeling methods used in this paper is the
unknown age of the dominant stellar population in the galaxy of interest. This leads
to factors of &~ 3 uncertainty in the stellar mass (M, ) and even larger uncertainties in
the extinction (Ay ). Obtaining an independent constraint on the stellar population
age is therefore the best way to improve upon the procedure followed in this paper.
Perhaps the most promising avenue forward on this front is photometry that fully
samples the rest-frame 4000 A break. This feature arises from a collection of spectral
absorption lines occuring near 4000 A. The absorption lines are stronger in older
stars (elements in younger stars are multiply ionized and therefore less opaque),
so the depth of the 4000 A break can be used as a tracer of the age of a stellar
population (Bruzual A.; 1983).

At z ~ 2, the 4000 A break is shifted into the near-IR. Recent efforts to identify
this spectral feature in galaxies at z ~ 2 have thus relied on medium-band photome-
try at five near-IR wavelengths: three covering the J-band atmospheric window and

two covering the H-band atmospheric window (NEWFIRM Medium-Band Survey,
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NMBS; van Dokkum et al., 2009). This setup ensures the 4000 A break will be
well-sampled for any objects at 1.5 < z < 3.5. The initial use of these filters in
the NMBS focused on obtaining very deep maps (8¢ rms level of Kyp = 23.3) over
two relatively small fields (27" x 27" each). For the DOGs in this study, the median
signal of the stacked power-law DOG is K, ~ 21.4 (AB), while for bump DOGs it
is K = 21.8 (AB). Therefore, a shallower survey reaching Kap & 21.5 and covering

several square degrees would be ideal for these objects.

5.5.3 Implications for Galaxy Evolution at z ~ 2

Observational evidence indicates that ULIRGs in the local universe are the product
of major mergers (Armus et al., 1987) and that they are connected in an evolu-
tionary sense with quasars (Sanders et al., 1988a,b). It is tempting to postulate
a similar major-merger origin for the high-redshift ULIRGs. However, conclusive
evidence linking these variously selected ULIRG populations to each other and to
quasars requires measurements that challenge our current observational capabili-
ties. There are some tantalizing hints that these diverse populations are indeed
linked. Brodwin et al. (2008) have demonstrated that the clustering strength of
DOGs is comparable to that of both the SMGs and QSOs at similar redshifts.
Bussmann et al. (submitted) have shown that the quantitative morphologies of
DOGs and SMGs are consistent with an evolutionary picture in which the SMG
phase precedes the bump DOG phase, which in turn precedes the PL. DOG phase.
However, these studies are challenging because of surface brightness dimming and
dust-obscuration effects, which prevent a straightforward merger identification via
morphological studies (Dasyra et al., 2008; Melbourne et al., 2008; Bussmann et al.,
2009b; Melbourne et al., 2009, Bussmann et al., submitted).

This study offers an independent means of testing the merger hypothesis via

SPS modeling of broad-band imaging in the rest-frame UV through near-IR. The
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approach followed in this paper is to test the self-consistency of two distinct SFHs.
One is from Narayanan et al. (2009) and is characterized by a major merger, while
the other is from Davé et al. (2010) and is characterized by a more quiescent, steady
SFH.

In the major merger SFH, the progenitors each have a baryonic mass of 1.5 x
10" M and gas fractions of f, = 0.8. This represents the minimum mass necessary
in these simulations to obtain a DOG and SMG phase. By the end of the merger,
much of the gas has been expelled by AGN feedback and the rest has been converted
into stars, leaving a system with a stellar mass of M, = 1.5 x 10! M. Narayanan
et al. (2009) note that this system is typically the minimum mass system that
satisfies the DOG criteria in the simulations. Figure 5.9 shows the mass assembly
history of this simulated merger, as well as the best-fit stellar masses for PL. DOGs,
bump DOGs, and SMGs derived from the simulated SED at each point during
the SFH. The stellar mass estimates assume a Salpeter IMF (as is assumed in the
simulations) and are consistent with the assembled mass of the simulated merger
both just before final coalescence (t = 0.4 Gyr) as well as about 200 Myr after final
coalescence (t = 0.7 Gyr). If a Chabrier IMF is instead adopted, the estimates of
M, for DOGs and SMGs decrease by a factor of roughly 2.

Turning now to the smooth accretion SFH (Figure 5.10), the best fit stellar
masses of DOGs and SMGs match the assembled mass in the simulated galaxy
at an age of about 2.0 Gyr. Yet by ¢t = 3.0 Gyr, the assembled stellar mass in
the simulated system is roughly a factor of 2 larger than those inferred for the
median power-law DOG, bump DOG, and SMG from the stellar population synthesis
analysis in this paper. Another way of stating this distinction is that roughly 85%
of the galaxies in the samples studied here have stellar masses that are lower than

the median simulated system at ¢t = 3 Gyr. Adopting a Salpeter IMF rather than a
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Chabrier IMF would increase the stellar masses by roughly a factor of 2. However,
if a Salpeter IMF is truly appropriate for these z ~ 2 ULIRGs, then their sub-mm
fluxes (typically Fgsoum ~ 8 mJy) would imply SFRs of ~ 1000 Mg yr~'. In the
cosmological simulations of Davé et al. (2010), SMGs have SFRs that are a factor
of = 3 lower than this value.

In fact, Davé et al. (2010) suggest that some or all of the difference between the
theoretical and observed SFRs may be due to the use of a “bottom-light” IMF that
is lacking in low mass stars compared to a Chabrier IMF (e.g., van Dokkum, 2008;
Davé, 2008). However, if a bottom-light IMF is adopted in the SPS models used
here, DOGs and SMGs are found to have masses of M, ~ 0.5 x 10! Mg at an age
of 3 Gyr, roughly a factor of 4 lower than the assembled M, of the simulated galaxy
at this age. In this case, 95% of the objects studied in this paper have stellar masses
that are lower than the median simulated system at t = 3 Gyr.

One way to reconcile the rest-frame UV through near-IR luminosities with a
bottom-light IMF is by having the DOGs and SMGs begin forming their stars at a
later time than is indicated in the smooth accretion model of Davé et al. (2010). For
example, if the typical DOG or SMG begins forming stars at a rate of 150 Mg, yr~!
at z = 3 (when the universe is &~ 2 Gyr old) instead of z = 6 (when the universe
is ~ 1 Gyr old), then the assembled mass at z = 2 is M, = 10" M), significantly

closer to what is observed.

5.6 Conclusions

We have attempted to connect the various z &~ 2 ULIRG populations (specifically,
highly obscured mid-IR selected DOGs and far-IR selected SMGs) in an evolutionary
sequence, and determine whether these populations are different stages of major

mergers. Previous work by our group (Brodwin et al., 2008) has shown that the
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Figure 5.9 Stellar mass assembly history for a major merger SFH (dashed line;
Narayanan et al., 2009). Also shown are stellar mass estimates as a function of
time for power-law DOGs, bump DOGs, and SMGs assuming a Salpeter IMF (as is
used in the simulations). The mass estimates for these objects match the simulated
assembled stellar mass just before final coalescence (¢ = 0.4 Gyr) and about 100-

200 Myr after final coalescence (t = 0.65 — 0.75 Gyr).
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Figure 5.10 Stellar mass assembly history for a smooth accretion dominated SFH
(dotted line; Davé et al., 2010) assuming a Chabrier IMF (a Salpeter IMF applied
to the cosmological simulations using this SFH implies IR luminosities of simulated
ULIRGs that are a factor of 3 lower than observed). The mass estimates are con-
sistent with the simulated assembled M, at 1.5-2 Gyr, but are a factor of 2 too low

at an age of 3 Gyr (i.e., z ~ 2, the epoch where these objects are typically found).
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clustering measurements of DOGs, SMGs, and QSOs suggests that these three short-
lived populations reside in dark matter halos of similar mass. In addition, we have
also shown in previous work that the morphologies of these populations suggest
they may be placed in an evolutionary scenario where the SMG phase precedes
the DOG phases (Bussmann et al., 2009b, Bussmann et al., submitted). In this
paper, we analyze the broad-band SEDs of a large sample of DOGs and SMGs with
known spectroscopic redshifts. Using stellar population synthesis models, we derive,
in a self-consistent manner, estimates of the stellar masses of the DOG and SMG
populations and compare these to the theoretical predictions from three different

evolutionary scenarios. We list our conclusions below.

e The best-fit stellar masses of SMGs, bump DOGs and power-law DOGs are 4 x
10" M), 5x 10" My, and 6 x 101° M, respectively (assuming a simple stellar
population SFH, a Chabrier IMF, and the CBO07 stellar libraries). This trend
is consistent with a scenario in which SMGs evolve into bump DOGs which
evolve into power-law DOGs, yet uncertainties in the stellar mass estimates are
large (= 0.3 — 0.5 dex, primarily due to the unknown age and dust extinction)

and suggest further study is necessary.

e Simulations which produce SMGs and DOGs via gas-rich major mergers re-
quire a minimum amount of stellar mass that is consistent with the results
reported here for the median SMG, bump DOG, and power-law DOG at z ~ 2

(assuming a Salpeter IMF, as is done in the simulations).

e The median stellar mass of simulated SMGs at z ~ 2 in smooth-accretion
dominated cosmological hydrodynamical simulations is a factor of 2 larger than
the median stellar masses found here, assuming a Chabrier IMF. Adoption of

a bottom-light IMF in the modeling efforts of this study would increase this
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discrepancy to a factor of 4.

There is some tension between the stellar mass estimates reported here and
those of the major merger simulations of Narayanan et al. (2009), considering that
is the minimum mass model which matches the median DOG and SMG stellar mass
estimates. However, we argue that the tension with the smooth accretion simulations
of Davé et al. (2010) is greater, particularly when a bottom-light IMF is adopted
(without a bottom-light IMF, the SMGs in the smooth accretion simulations have
SFRs a factor of 3 too low). On balance therefore, these results favor the major
merger scenario, with the obvious caveat that more work remains to be done.

In the near future, wide-field medium-band photometry surveys in the near-IR
will provide a finer sampling of the rest-frame 4000 A break and significantly improve
constraints on the primary uncertainty in this analysis, the stellar population age
in DOGs and SMGs. Further in the future, the advent of the James Webb Space
Telescope will provide high-spatial resolution imaging in the mid-IR and provide
improved constraints on the amount of stellar emission vs. AGN emission in ULIRGs
at high redshift. This is critical information especially for power-law DOGs, but
holds significance for bump DOGs and SMGs as well.

This work is based in part on observations made with the Spitzer Space Tele-
scope, which is operated by the Jet Propulsion Laboratory, California Institute of
Technology under NASA contract 1407. Spitzer/MIPS guaranteed time observing
was used to image the Bootes field at 24pm and is critical for the selection of DOGs.
We thank the SDWF'S team (particularly Daniel Stern and Matt Ashby) for making
the IRAC source catalogs and imaging publicly available.

We are grateful to the expert assistance of the staff of Kitt Peak National Ob-
servatory where the Bootes field observations of the NDWFS were obtained. The
authors thank NOAO for supporting the NOAO Deep Wide-Field Survey. In partic-
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CHAPTER 6

CONCLUSION

In this chapter, we summarize the results and implications of our study of the mor-
phological, dust, and star-formation history properties of DOGs. We also identify

potential future steps that promise to advance this field significantly.

6.1 Summary of the Nature of DOGs

In Chapter 2 and Chapter 3, we used HST imaging to study the morphologies
of power-law DOGs and bump DOGs, and SMGs. We found evidence that very
few of these sources are dominated by a point source in the rest-frame optical,
yet bump DOGs are larger and have more irregular morphologies than power-law
DOGs. These trends are consistent with expectations from simulations of major
mergers in which bump DOGs evolve into power-law DOGs near the end of the
final coalescence period of the merger when the star-formation rate peaks. The
morphological evidence alone cannot rule out alternative, non-merger origins for
DOGs. In fact, there is some evidence that high redshift ULIRGs which are less
obscured (i.e., do not qualify as DOGs) have morphologies which are expected from
a more quiescent mode of galaxy formation.

In Chapter 4, we employed 350um and 1.3mm imaging of a handful of power-law
DOGs, to determine that these objects are ULIRGs with dust temperatures higher
than SMGs by > 10 — 20 K. Meanwhile, other authors have shown that bump
DOGs have dust temperatures that are 5-10 K warmer than SMGs. One possible
way to interpret these results is in the context of a major merger driven model
for galaxy evolution in which AGN feedback plays a significant role in quenching

star-formation by heating the surrounding gas and dust particles near the end of
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final coalescence. In this scenario, power-law DOGs are warmer than bump DOGs
because they occur at a later stage when AGN feedback has had more time to warm
the interstellar medium. It should be noted that the observations reported here
provide no constraints on the triggering mechanism; for example, a highly turbulent
gas-rich disk could potentially lead to a strong inflow of gas which subsequently
triggers some kind of AGN feedback.

In Chapter 5, we used synthesized stellar populations and broad-band photome-
try in the rest-frame ultra-violet, optical, and near-IR to measure the stellar masses
and test star-formation histories of bump DOGs, power-law DOGs and SMGs. We
found that the best-fit quantities are consistent with an evolutionary scenario in
which the stellar mass grows as SMGs evolve into bump DOGs which then evolve
into power-law DOGs. In testing a major-merger driven star-formation history, our
stellar mass estimates were consistent with the assembled stellar mass of the simu-
lated merger just before final coalescence (potentially the bump DOG phase) as well
as 100-200 Myr after final coalescence (potentially the power-law DOG phase). On
the other hand, our tests of more quiescent star-formation histories dominated by
smooth accretion of gas found stellar masses that were a factor of 2-4 lower than ex-
pected from cosmological simulations. The relatively low stellar masses found from

this line of analysis therefore favor a merger-driven origin for ULIRGs at z ~ 2.

6.2 Possible Paths Forward in the Future

In the next decade, the advent of the Atacama Large Millimeter Array (ALMA),
James Webb Space Telescope (JWST), 30-meter class optical telescopes, and other
new systems promise to revolutionize the study of massive galaxy evolution at high
redshift. ALMA and JWST will be especially valuable, as they will allow detailed

kinematical studies on sub-kpc scales of the dust, gas, and stellar emission in galaxies
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as faint as our own Galaxy at z ~ 2.

In the more immediate future, the most promising way forward is likely to
come from wide-field surveys conducted by the Wide-field Infrared Survey Explorer
(WISE), Herschel Space Observatory and from the Sub-mm Common User Bolome-
ter Array 2 (SCUBA-2) instrument at the James Clerk Maxwell Telescope. These
new instruments are capable of surveying thousands of degrees of sky at wavelengths
from 3um to 850um and will provide definitive constraints on the dust properties
of DOGs and other high-redshift ULIRGs. The study described in this thesis used
data of only a handful of DOGs, yet there are over 2600 DOGs in the 9 deg? Bodtes
field alone!

These surveys will also provide samples of hundreds of lensed ULIRGs at high-
redshift that are so bright that they can be used for extensive follow-up observations
as ALMA & JWST precursor studies. In particular, sub-mm interferometers have
the capability of providing high spatial resolution imaging of the thermal dust emis-
sion from these sources. Currently, it is not clear whether the bolometric luminosity
of DOGs is dominated by an obscured AGN or by its host galaxy, but high spatial
resolution imaging of lensed ULIRGs holds the potential to resolve this question.

Lensed ULIRGs will also be useful for exploring the gas and dynamical properties
of high redshift ULIRGs. Sub-mm interferometers again are critical for this effort,
as they provide both the spatial and spectral resolution necessary to carry out this
type of research. The gas mass can be compared with the stellar mass as one
form of evolutionary indicator, as gas is converted into stars during the evolution
of a galaxy. The Sub-Millimeter Array (SMA), where I will be doing my post-doc
beginning in 2010 November, is capable of carrying out these types of studies; I
am looking forward to using it for exactly these purposes! As mentioned earlier,

these efforts will act as precursors to subsequent studies with ALMA. I plan to stay
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heavily involved in this field and be a regular ALMA user in the future.

Finally, another important near-term project will be to obtain medium-band
photometry in the near-IR over as wide a field as possible. These data will provide
strong constraints on the 4000 A break in DOGs and thereby provide an independent
measure of the luminosity-weighted age of the stellar population in DOGs. This will
be vital to testing the idea that bump DOGs typically evolve into power-law DOGs
over the course of 100-200 Myr. Furthermore, a better measurement of the age will

provide improved constraints on the stellar masses and thus star-formation histories

of DOGs.
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APPENDIX A

SMG aND XFLS ULIRG NON-PARAMETRIC MORPHOLOGIES

The morphologies presented herein comprise a large sample of high redshift ULIRGs
analyzed in a uniform manner. This minimizes systematic uncertainties in the mor-
phological measurements by facilitating interpretation of the results in a relative
sense.

Table A.1 presents the measurements of non-parametric morphologies of SMGs
at z > 1.4 derived from NIC2 images using the same morphology code used to
analyze the imaging of XFLS ULIRGs and DOGs. A total of 18 SMGs meet this re-
quirement, but 2 of these have per-pixel-S/N< 2 and are not included in our analysis
here. This table also includes an estimate of whether the source is dominated by a
bump or by a power-law in the mid-IR using IRAC data from Hainline et al. (2009)
and the same statistical definition originally used for DOGs (Dey et al., 2008).

Swinbank et al. (2010a) present measurements of rp and G for SMGs, and it is
instructive to compare their results with ours here. We find that our size measure-
ments are generally consistent, with median rp values of 8.4 kpc in our analysis and
8.6 kpc in that of Swinbank et al. (2010a). We also find no systematic offset either
at large or small radii in the rp values.

On the other hand, we find significant offsets in the respective measurements
of G. Our median G value for SMGs at z > 1.4 is 0.49, while that of Swinbank
et al. (2010a) is 0.54. Additionally, aside from a few exceptions, there is tentative
evidence that the offset increases with S/N-per-pixel. These offsets may be the result
of a different means of selecting which pixels belong to the galaxy in question. As
discussed in section 3.4.2.2, pixels with surface brightness above p(rp) are assigned

to the galaxy while those below it are not. Meanwhile, Swinbank et al. (2010a) adopt
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1.5rp as their Petrosian radius. Studies of the morphologies of galaxies in the HST
Ultra-deep field (UDF) have shown that the G coefficient has a strong dependence
on the specific definition used for the Petrosian radius (Lisker, 2008). At reliable
S/N levels (S/N> 2), Lisker (2008) show that using the larger aperture to define a
galaxy’s extent can cause an increase in GG of up to 0.1, with some evidence for an
increase in the offset with S/N. This effect is thus qualitatively consistent with the
differences observed between our measurements and those presented in Swinbank
et al. (2010a).

The primary takeaway of this comparison is that when comparing morphologies
of objects, it is necessary to apply a single systematic method in analyzing all
objects in the sample. We note that the central conclusions presented in Swinbank
et al. (2010a) are based on measurements of the morphologies of SMGs relative to
a population of field galaxies and are therefore robust.

Finally, Table A.2 presents our measurements of non-parametric morphologies
of XFLS ULIRGs at z > 1.4 derived from NIC2 images using the same morphology

code used to analyze the imaging of SMGs and DOGs.



227

Table A.1. SMG NICMOS Morphological Classifications
Tp Reg

Source Name Bump/PL S/N  (kpc) G Moo C  PSF Fraction (kpc) n Naot X2
CFRS03-15 Bump 6.1 12.5 0.57 -1.72 4.3 0.00+£ 0.02 40.7 £ 34.1 183 £ 3.8 1671 4.3
LOCKMAN-03 Bump 4.4 13.4 0.51 -1.15 3.0 0.00% 0.03 4.5 £ 0.2 1.2 £0.1 1671 1.4
LOCKMAN-06 Bump 3.5 10.2 048 -1.46 3.0 0.00+£ 0.05 5.3 +04 20+£0.1 1671 0.9
LOCKMAN-02 Bump 4.0 12.9 046 -0.99 4.5 0.03+£ 0.07 5.4 £ 0.1 0.5 £ 0.0 1663 0.7
HDFN-082 Bump <2 — — — — — — — — —
HDFN-092 Bump 2.0 8.2 044 -099 54 0.114+ 0.16 4.1 +£0.1 0.1 +£0.1 1671 1.2
HDFN-093 Bump 5.8 3.4 049 -1.76 3.2 0.194 0.03 1.3 £0.2 424+ 1.2 1664 0.7
HDFN-105 Bump 7.1 4.8 049 -1.73 28 0.00% 0.08 2.5+ 0.2 2.9+ 0.2 1671 1.4
HDFN-127 PL 3.1 4.6 049 -1.17 3.5 0.41+ 0.21 1.7 £ 0.2 0.2+ 0.2 1671 1.4
HDFN-143 Bump 3.4 8.4 034 -1.04 24 0.02+ 0.08 44 +£0.1 0.2+ 0.1 1670 0.7
HDFN-161 Bump 5.5 5.4 0.58 -1.80 34 0.01% 0.10 29.8 2419 200+£76 1671 1.9
HDFN-172 Bump 5.5 8.6 046 -1.02 24 0.184+ 0.09 4.1 +£0.3 1.7 £ 0.2 1671 1.7
SA13-332 PL 5.1 3.2 0.51 -1.62 3.0 0.47+£ 0.03 1.4+ 0.1 0.9 £0.3 1666 0.6
SA13-570 PL 3.2 7.0 049 -1.76 2.7 0.03+£ 0.18 29 £0.1 1.5+ 0.2 1662 0.5
CFRS14-3 Bump 5.7 6.1 0.59 -1.56 3.4 0.01+£ 0.09 1.6 £ 0.1 3.4£0.3 1671 1.4
ELAIS-13 Bump <2 — — — — — — — — —
ELAIS-07 Bump 4.7 8.6 046 -0.96 4.3 0.00+ 0.08 3.7+ 0.2 1.4 +£0.1 1671 1.5
ELAIS-04 Bump 5.6 9.3 054 -1.30 3.8 0.05+ 0.04 3.3+ 0.0 0.5 + 0.0 1671 3.3
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Table A.2. XFLS NICMOS Morphological Classifications
rp Regr
Source Name Bump/PL S/N  (kpc) G Moo C  PSF Fraction (kpc) n Naot X2
MIPS506 Bump 5.0 5.2 046 -1.45 3.1 0.15 + 0.24 2.6 + 0.2 1.3 £0.1 1671 0.8
MIPS289 Bump 5.2 11.1 0.54 -2.01 34 0.08 £+ 0.03 4.7+ 0.3 2.2+ 0.2 1671 2.1
MIPS8342 Bump 8.0 5.3 0.57 -1.73 3.1 0.11 4+ 0.04 1.3 £ 0.1 2.1+0.1 1671 1.2
MIPS8242 Bump 4.7 12.8 044 -0.89 3.3 0.05 4 0.04 5.4 4+ 0.1 0.5 £ 0.1 1671 2.1
MIPS464 PL 5.2 4.6 0.40 -1.59 2.5 0.16 4+ 0.70 1.9+ 0.1 0.7 £ 0.1 1671 1.0
MIPS227 Bump 104 7.7 054 -1.84 3.0 0.03 4+ 0.01 2.6 £0.1 1.6 = 0.1 1671 1.7
MIPS8196 Bump 8.5 9.0 0.54 -2.09 3.7 0.07 4+ 0.01 44 +£0.2 4.0 £0.2 1671 1.8
MIPS8327 Bump 5.9 5.6 0.51 -1.44 2.8 0.00 £ 0.06 1.8 £ 0.1 3.4+ 04 1671 1.4
MIPS8245 Bump 3.2 3.5 044 -0.96 2.2 0.00 £+ 1.00 1.6 £ 0.1 0.4+ 0.2 1670 1.7
MIPS78 PL 2.2 6.5 043 -0.84 2.5 0.21 + 0.51 2.7+ 0.3 0.3+ 0.1 1671 1.5
MIPS180 Bump 4.7 3.6 041 -1.90 24 0.31 4+ 0.82 1.6 £ 0.1 0.2+ 0.2 1671 1.8
MIPS42 PL 3.4 5.2 047 -0.95 2.5 0.14 £+ 0.18 2.2+ 03 1.1 £ 0.5 1671 2.0
MIPS8493 Bump 3.7 12.1 049 -1.09 3.7 0.00 £+ 0.07 5.3 £ 0.3 1.2 £0.1 1671 1.3
MIPS22661 Bump 8.1 4.8 050 -1.81 29 0.21 4+ 0.04 1.8 £ 0.1 1.0 £ 0.1 1670 2.4
MIPS22277 Bump 7.8 5.9 0.53 -1.67 3.0 0.06 + 0.03 2.0+£0.1 20+£0.1 1670 1.4
MIPS22204 PL 11.6 3.4 0.51 -1.60 29 0.17 + 0.04 0.7 £ 0.1 3.7+ 0.3 1671 1.5
MIPS16080 Bump 5.5 9.4 0.57 -1.39 3.5 0.03 £+ 0.03 2.8 +0.1 2.8 + 0.2 1671 1.4
MIPS22303 PL 2.4 6.4 042 -0.99 2.6 0.19 4+ 0.29 2.6 £0.5 1.1+ 0.3 1669 1.0
MIPS15977 Bump 8.6 5.8 0.52 -1.87 3.0 0.22 4+ 0.04 2.5+ 0.1 0.7+ 0.1 1669 1.4
MIPS15928 Bump 7.7 7.5 0.52 -1.90 3.1 0.22 £+ 0.05 3.2+£0.1 0.6 + 0.1 1671 2.8
MIPS15840 PL 4.4 4.8 045 -1.47 2.8 0.18 4+ 0.22 2.24+0.1 0.6 £ 0.1 1671 1.1
MIPS22651 Bump 6.0 7.7 0.58 -2.00 3.3 0.11 £+ 0.06 24+ 0.1 1.6 £ 0.1 1671 1.2
MIPS22558 Bump 4.8 3.6 0.51 -1.84 34 0.16 £+ 0.12 31+£22 109+52 1671 0.8
MIPS22699 PL 4.3 3.6 049 -237 3.0 0.09 £+ 1.00 09 £0.1 3.2+ 09 1671 1.1
MIPS16122 PL 2.4 7.6 046 -1.26 3.0 0.04 4+ 0.20 2.3 +0.1 1.2 £0.1 1671 1.6
MIPS15949 Bump 4.0 8.6 0.61 -1.52 3.7 0.28 4+ 0.05 2.8 + 0.2 1.7+ 0.2 1671 1.0
MIPS15880 Bump 4.0 8.8 046 -1.08 2.3 0.03 + 0.08 54 £ 0.3 0.7 £ 0.1 1671 1.8
MIPS16113 Bump 1.6 9.0 0.47 -0.66 1.8 0.02 £+ 0.12 2.6 + 0.2 1.5 £0.2 1671 1.6
MIPS22530 Bump 2.4 10.0 0.47 -1.42 25 0.03 £+ 0.13 3.94+0.3 0.9 £ 0.1 1664 1.5
MIPS15958 PL 7.7 3.7 0.53 -1.74 3.0 0.67 £ 0.10 1.6 £ 0.1 0.4+ 0.1 1671 1.1
MIPS16095 Bump 9.3 5.7 0.52 -1.83 3.1 0.06 £+ 0.04 1.9 £0.1 1.7 £ 0.1 1671 1.2
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Table A.2 (cont’d)

TP Reff
Source Name Bump/PL S/N  (kpc) G Moo C PSF Fraction (kpc) n Naot X2
MIPS16144 Bump 3.7 13.0 0.50 -1.46 4.4 0.10 £+ 0.04 56 1.0 3.1 0.6 1664 1.3

MIPS16059 Bump 5.2 8.4 0.53 -1.31 2.5 0.05 + 0.05 29+£01 03+£01 1671 1.7
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APPENDIX B

TESTS OF FOUR SPS LIBRARIES

Four SPS libraries have been tested in this analysis of the SEDs of DOGs and SMGs.
The first SPS library used in this paper is from the Bruzual & Charlot (2003)
population synthesis library. It uses the isochrone synthesis technique (Charlot
& Bruzual, 1991) and the Padova 1994 evolutionary tracks (Girardi et al., 1996)
to compute the spectral evolution of stellar populations at ages between 10° and
2x 101 yr. The STEllar LIBrary (STELIB Le Borgne et al., 2003) of stellar spectra
offer a median resolving power of 2000 over the wavelength range 3200 to 9500 A.
Outside this wavelength range, the BaSel. 3.1 libraries (Westera et al., 2002) are
used and offer a median resolving power of 300 from 91 A to 160um.

The second SPS library used here is an updated version of the Bruzual & Charlot
(2003) population synthesis library (Charlot & Bruzual, private communication,
hereafter CB07). The primary improvement included in these models is a new
prescription for the thermally pulsing asymptotic giant branch (TP-AGB) evolution
of low- and intermediate-mass stars Marigo & Girardi (2007) and Marigo et al.
(2008). This has the effect of producing significantly redder near-IR colors for
young and intermediate-age stellar populations, which leads to younger inferred
ages and lower inferred masses for a given observed near-IR color. These new models
otherwise still rely on the Padova 1994 evolutionary tracks and the combination of
BaSeL 3.1 and STELIB spectral libraries.

The third SPS library employed in this paper is called a Flexible Stellar Popu-
lation Synthesis library (FSPS; Conroy et al., 2009, 2010; Conroy & Gunn, 2010).
This library uses the isochrone synthesis technique as well, but with updated evo-

lutionary tracks (Padova 2008 Marigo & Girardi, 2007; Marigo et al., 2008). FSPS
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adopts the BaSeL 3.1 spectral library (Westera et al., 2002) but includes TP-AGB
spectra from a compilation of more than 100 optical/near-IR spectra spanning the
wavelength range 0.5 2.5um (Langon & Wood, 2000; Langon & Mouhcine, 2002).
One feature of this library that is not available in the others is the ability to input
a custom IMF (e.g., a “bottom-light” IMF).

The fourth and final SPS library used here is from Maraston (2005). This li-
brary adopts the “fuel-consumption” approach, in which the integration variable
is the amount of hydrogen or helium consumed by nuclear burning during a given
post-main-sequence phase (unlike the isochrone synthesis approach, in which the
integration variable is the stellar mass). This library features a strong contribution
from TP-AGB stars (=~ 40% of the bolometric light) for age ranges of 0.2 - 2 Gyr. A
comparison between this library and that of Bruzual & Charlot (2003) found that
the near-IR colors of z ~ 2 galaxies were better fit by the former (Maraston et al.,
2006), highlighting the importance of a proper treatment of the TP-AGB phase for
intermediate age stellar populations.

All four libraries yield similar constraints (within the uncertainties) on Ay, M,,
and stellar population age. For example, using the most recent Charlot & Bruzual
libraries and assuming a SSP SFH and a Chabrier IMF, the mass range for bump
DOGs was found to be M, = (0.3 —1.2) x 10" M) (see Table 5.4). With the same
assumptions but instead using the Conroy et al. (2009) libraries, the mass range is
M, = (0.4—1.6) x 10" M. The slightly higher upper limit on M, from the Conroy
et al. (2009) libraries is typical of the other libraries tested here as well (Bruzual
& Charlot, 2003; Maraston, 2005). This is a reflection of the fact that the most
recent Charlot & Bruzual libraries include the TP-AGB evolution prescription of
Marigo et al. (2008) for low- and intermediate-mass stars. This prescription leads

to significantly redder near-IR colors, and hence younger inferred ages and lower
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masses, for intermediate-age stellar populations and younger (age < 300 Myr).
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