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ABSTRACT

In this dissertation, I study various aspects related to the gas and star formation
in dusty star-forming galaxies in the distant universe. My dissertation is heavily
based on observations made by the Atacama Large Millimeter/submillimeter Array
(ALMA), observing a sample of gravitationally lensed high-redshift dusty galaxies
originally discovered by the South Pole Telescope (SPT). In addition to the introductions to the individual chapters, Chapter 1 provides a broader background to the
study of these objects and places them in the overall context of galaxy evolution.
In Chapter 2 I describe a technique designed to search for faint molecular lines
in the spectrum of high-redshift dusty galaxies. The brightest molecular lines in the
spectra of these objects are due to carbon monoxide, but a host of other species are
present in the interstellar media. These other molecules trace gas of a wide range of
temperatures and densities, but are generally ten times fainter than the brighter CO
lines. I detected several other molecular lines, and used them to characterize the
conditions of the interstellar gas. This work was published in Spilker et al. (2014).
In Chapter 3, I describe a technique for modeling the effects of gravitational
lensing which is optimized for data from interferometers such as ALMA. Using
these models and data for a large sample of objects from ALMA, I studied the
intrinsic properties of the sample such as the source sizes and luminosities. I used
these intrinsic properties to revisit topics from the literature which benefit from the
additional size information I determined. This work was published in Spilker et al.
(2016).
In Chapter 4, I use the modeling technique I developed to investigate the relationship between the star formation and the cold molecular gas from which stars
form in two objects selected from the SPT sample. Using the models of the source,
I was able to determine the mass of molecular gas in these objects using several
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independent methods. I found that the molecular gas reservoirs are more extended
than the star formation, which has implications for the “law” used as a prescription
for star formation in many simulations. This work was published in Spilker et al.
(2015).
Chapter 5 describes ongoing work to determine what will happen to the dusty
galaxies after their active phase of star formation ends, and what processes dominate that change. Since their discovery, these dusty galaxies have been thought
to be progenitors of early quiescent galaxies. In this chapter, I show observations
of a massive molecular outflow from a single object, which may be responsible for
removing the raw material for star formation.
Finally, in Chapter 6, I end with a summary of this dissertation.
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CHAPTER 1
INTRODUCTION

1.1 Overview
The large, gravitationally bound structures we see today – galaxies and clusters of
galaxies – were initially seeded by quantum fluctuations within the first fraction of
a second of the history of the Universe. Beginning from near homogeneity, gravity
and the expansion of the universe have since acted on these initial fluctuations for
the past 13.7 billion years (Planck Collaboration et al., 2015). As the universe
expanded, the mean density of the universe fell, but gravity acted to pull matter
towards initially overdense regions, enhancing the contrast between the mean density
and the most dense regions over time (e.g., Mo et al., 2010). When these peaks in
the density field exceeded a critical overdensity relative to the mean density, the
region within became gravitationally bound, forming what have come to be known
as dark matter halos (e.g., Navarro et al., 1997). It is within these halos that galaxies
formed, with all of the complex phenomena associated with the conversion of gas
into stars, the generation and dispersal of heavy elements, and the formation of
planets and, eventually, life.
The past several decades have established the importance of observations in the
far-infrared (FIR) and sub/millimeter wavelengths due to the presence of “dust”
intermixed with the gas in the interstellar medium of galaxies. More akin to earthly
soot or very fine sand than household detritus, dust absorbs and scatters light at
short wavelengths, and is particularly effective at absorbing blue and ultraviolet
light while longer wavelengths are less affected (e.g., Draine and Li, 2007). Absorbing this light slightly heats the dust grains, and this energy is then released
as thermal emission at much longer wavelengths, ∼ 8 − 1000 µm, because the interstellar medium is far colder than stellar photospheres. Along with the general
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expansion of the universe, which redshifts light emitted at one wavelength to longer
observed wavelengths over time, emission from dust provides a unique window into
the study of galaxies that would otherwise be obscured from view. Indeed, early
observations with the Cosmic Background Explorer (COBE) satellite showed that
the cosmic optical and cosmic infrared backgrounds contained roughy equal energy
density. This implies that half of all the energy ever released by stars and accreting
supermassive black holes was absorbed by dust and re-radiated at long wavelengths
(e.g., Dole et al., 2006), even though dust makes up only a small fraction of the
mass of galaxies (.1%; Sandstrom et al. 2013).
Increasingly large and sensitive surveys of galaxies have established that the
average rate of star formation in the universe increased rapidly in the first billion
years after the Big Bang, peaked after approximately 2–3 Gyr, and has been declining slowly ever since (e.g., Madau and Dickinson, 2014). Accompanying the
rapid increase in the overall average star formation rate at early times were individual galaxies forming stars hundreds or thousands of times more rapidly than our
own Milky Way galaxy does today, the sites of the most intense star formation the
universe has ever witnessed. For reasons that remain unclear (Mancini et al., 2015,
e.g.), these intensely star-forming galaxies also produced vast quantities of dust that
frequently almost entirely obscures the UV and optical light produced by massive
young stars.
It is these dusty, star-forming galaxies (DSFGs) that are the subject of this dissertation. Originally known as submillimeter galaxies (SMGs) for their selection
wavelength, the terminology has since expanded to encompass a wide variety of survey and selection techniques predicated on detecting the thermal emission from dust.
First discovered 20 years ago, tremendous progress has been made in understanding
the conditions that facilitate their incredible star formation. The construction of
the Atacama Large Millimeter/submillimeter Array (ALMA) in the Chilean Andes
in particular has led to rapid advances in our understanding of these galaxies because it offers higher spatial resolution and better sensitivity by over an order of
magnitude compared to previous facilities. In this Introduction I provide a gen-
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eral background of the study of DSFGs, mostly focused on observed characteristics.
The remaining chapters also contain introductory material for the specific topics
addressed in each chapter, so this introduction is merely intended to provide some
historical background and a broad-based overview of the study of DSFGs. I also
note that more thorough reviews of this field are available elsewhere (Blain et al.,
2002; Casey et al., 2014).
1.2 Discovery and Selection of Dusty Star-forming Galaxies
The study of submillimeter galaxies began with their discovery by the Submillimeter Common User Bolometric Array (SCUBA) in place on the James Clerk Maxwell
Telescope on Mauna Kea in Hawaii in the late 1990s (Smail et al., 1997; Barger
et al., 1998; Hughes et al., 1998). This new instrument, observing principally in the
345 GHz / 850 µm atmospheric transmission window, was the most sensitive instrument at this wavelength at the time. Several objects were detected in maps of the
Hubble Deep Field, which were soon understood to lie at high redshift. Due to the
poor angular resolution (1500 ) of these maps, however, determining where the submillimeter emission was produced remained very challenging – deep optical imaging
revealed numerous galaxies as plausible counterparts to each submillimeter source.
By virtue of an observed correlation between FIR and radio emission, subsequent
observations with the Very Large Array (VLA) at spatial resolutions improved by
over an order of magnitude were able to identify counterparts for some submillimeter
sources, which could then be cross-identified with single objects detected at other
wavelengths (e.g., Ivison et al., 2002).
From these pioneering observations, numerous instruments on numerous telescopes have detected increasingly large and diverse samples of objects. Because
the selection wavelengths now vary from 24 µm–2 mm, in recent years the original
SMG moniker has largely been replaced by the more all-encompassing DSFG, which
includes any galaxy discovered primarily by its dust emission. While the selection
wavelength does influence the properties of the galaxies in any given sample (e.g.,
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the minimum detectable luminosity, Section 1.3.1, and redshift distribution, Section 1.3.2), the various samples have many properties in common – all find very
intensely star-forming galaxies at high redshifts. A few recent samples are particularly relevant to the remainder of this dissertation, which I describe in more detail
below.
My dissertation work centers around the sample of DSFGs discovered by the
South Pole Telescope (SPT; Carlstrom et al. 2011). Originally built for the study
of cosmic microwave background (CMB) anisotropies and galaxy clusters, the SPT
has now surveyed 2500 deg2 at 1.4 and 2 mm (Vieira et al., 2010; Mocanu et al.,
2013) with an angular resolution of ∼1’. The SPT sample is constructed by using
a matched-filter analysis to detect point sources in the maps otherwise dominated
by CMB emission. The survey finds 2.0 sources per deg2 on average. Of these, the
vast majority (∼80%) are dominated by synchrotron emission, as determined by
the spectral index between the SPT observing bands. The remainder have steeply
rising spectra between 2 and 1.4 mm, characteristic of thermal dust emission (see
Section 1.3.1). To further refine the sample, previously known objects from various
radio and infrared surveys are discarded; because these surveys are shallow and are
thus mostly sensitive to local objects, this veto removes known local galaxies that
are also generally detected in optical surveys. Finally, a flux cut is applied to the
sample, retaining only sources with S1.4 mm > 20 mJy, which effectively ensures that
the vast majority of the sample galaxies will be gravitationally lensed by intervening
galaxies or galaxy clusters. Figure 1.1 shows the number counts of the resulting
source catalog, and shows that models that do not include the effects of lensing
vastly underpredict the observed source counts. The final catalog consists of ∼100
sources. In principle this number could be substantially increased by relaxing the cut
in flux density, but even this relatively small sample requires substantial telescope
resources to characterize in meaningful detail.
Similar techniques were employed to select DSFGs from surveys conducted by
the SPIRE instrument on board the Herschel satellite (Griffin et al., 2010; Eales
et al., 2010; Oliver et al., 2012), which observed thousands of deg2 at wavelengths
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Figure 1.1: The number counts (source density vs. flux density) of SPT sources
selected for their dust-like emission and lack of counterparts in local galaxy catalogs.
Several models are shown; as can be seen, all models that do not include the effects
of gravitational lensing vastly underpredict the observed counts, indicating that the
SPT sample should be dominated by lensed sources. This figure is reproduced from
Mocanu et al. (2013).
of 250, 350, and 500 µm to varying depths. Due to its shorter selection wavelength
compared to SPT, the SPIRE surveys are most sensitive to sources at 1 . z . 4
(see Section 1.3.2), near the peak epoch of galaxy assembly. Many of these sources
have also been shown to be gravitationally lensed.
Among unlensed samples, the primary facilities of the past few years have been
the LABOCA bolometer array on the APEX telescope and the SCUBA-2 camera on
the JCMT. Both are most sensitive at 850 µm, although the SCUBA-2 sensitivity
at 450 µm is vastly improved over its predecessor. Both instruments have generally
targeted deep extragalactic survey fields (Weiß et al., 2009; Geach et al., 2013). The
sources detected by LABOCA in particular were some of the first observed with
ALMA in its early science operations, which refined the positions of the submillimeter sources by more than an order of magnitude and allowed counterparts at other
wavelengths to be identified (Karim et al., 2013; Hodge et al., 2013). These samples have the advantage that they can be used to constrain the volume density of
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sources easily; because gravitational lensing alters the effective survey volume, it is
not at all trivial to perform a similar exercise with the SPT sample, for example. As
the redshift completeness of these samples increases, the field will be able to move
away from simple number counts to full luminosity functions at various redshifts,
allowing a direct comparison between the obscured star formation in DSFGs and
the unobscured star formation probed by deep optical and near-infrared surveys.
1.3 Characterization of DSFGs
Once initially discovered, attention quickly turned to characterizing DSFGs in as
much detail as possible. Below I detail a few common areas of investigation.
1.3.1 Dust Spectral Energy Distributions
In fact, even before they were discovered, it was expected that sensitive submillimeter instruments would be able to detect dusty galaxies out to very high redshifts
(e.g., Blain and Longair, 1993). Although galaxies at higher redshift are increasingly distant, and thus should appear fainter, the study of DSFGs has benefited
from the shape of the dust spectral energy distribution (SED). At higher redshifts,
the rest-frame wavelength corresponding to a given observed wavelength is shorter
and the dust emission brighter. The increased distance to the source is counteracted
by observing a brighter portion of the SED. This is illustrated in Figure 1.2. At
the longest wavelengths, the limiting source luminosity is essentially independent of
redshift; if a galaxy is detectable at z ∼ 1, the same galaxy would be detectable at
z ∼ 10. This contrasts surveys at both optical and radio wavelengths, where the
SED has the opposite effect – not only do sources become fainter due to increased
distances, but the rest-frame portion of the SED probed is fainter as well.
Despite the fact that the long-wavelength dust SED is relatively featureless (Figure 1.2), a number of methods to fit the observed photometry are in common use.
These include simple functional forms, empirical template-based approaches, as well
as detailed models based on theoretical models of the emissivity of dust grains. In
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the end, each effectively constrains three parameters: the wavelength of the peak of
the SED, the width of the dust peak, and an overall normalization that is related
to the source luminosity. The differences in the fitting methods then largely come
down to a matter of physical interpretation of these three characteristics.
Due to its simplicity and effectiveness at matching observed SEDs, the most
common method used to fit the dust SED is the “modified blackbody” function,
Sνr ∝ (Bνr (Tdust ) − Bνr (TCMB ))(1 − e−τνr )

(1.1)

where Bνr (T ) is the Planck function evaluated at rest-frame frequency νr and temperature T . The blackbody spectrum (after removing the contribution of the cosmic
microwave background, which is not negligible at the very highest redshifts) is “modified” by the dust optical depth term. At long wavelengths, the dust opacity can
be written as τν = (ν/ν0 )β = (λ0 /λ)β with β ∼ 1.5–2 (e.g., Draine, 2006), where
λ0 ≈ 100 − 200 µm is a normalizing factor. Thus, at long wavelengths where the
dust opacity is 1, and the Planck function can be approximated by the RayleighJeans formula, the dust emission scales like ν 2+β . The value of β governs the longwavelength slope of the SED, while the combination of Tdust and λ0 governs the peak
wavelength and width of the SED. Despite its simplicity, the modified blackbody has
proven to accurately reproduce the observed photometry. Additional modifications
can be made to model warmer dust emission at wavelengths shorter than the SED
peak.
The success of the Herschel satellite has ensured that virtually all samples of
DSFGs have good photometric coverage of the dust SED; the SPIRE instrument
in particular provided excellent coverage of the broad SED peak. This has ensured that the FIR luminosities of most DSFG samples are well-known; LFIR can
be straightforwardly converted into an estimate of the galaxy star formation rate
(SFR; Kennicutt and Evans e.g., 2012), though with large systematic uncertainties
that are normally ignored in the literature.
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Figure 1.2: An illustration of the SED of a dusty galaxy at various redshifts. Left:
If a z = 0 source (black line) were to be transported to different redshifts, the
observed flux density at most wavelengths rapidly decreases as the source becomes
more distant. In the FIR and sub/millimeter, however, a given observed-frame
wavelength probes brighter portions of the dust SED (encompassing roughly restframe 8–1000 µm). Right: The observed flux density of the SED shown at left as a
function of redshift and observing wavelength. At 500 µm–2 mm, the observed flux
density is nearly independent of redshift. This figure is courtesy of Joaquin Vieira.
1.3.2 Redshift Determination and Distributions
Critical to any interpretation of DSFGs is knowledge of the redshifts of individual
sources. This allows integrated quantities such as LFIR to be computed using a
cosmological model that relates source redshift and luminosity distance, and also
allows followup studies to target particular spectral lines of interest, particularly in
the millimeter where the fractional spectrometer bandwidths are much lower than
typical optical/near-infrared instruments.
Ideally one could use the observed broad-band photometry to determine a photometric redshift sufficiently accurate for later followup work. Unfortunately, as the
previous section makes clear, the dust emission alone has only a single feature that
can constrain the source redshift – the wavelength of the peak of the dust SED. This
peak, mostly determined by the effective temperature of the dust, can be used to
determine the redshift of the source if that temperature is known. However, because
real objects have a range of effective temperatures, this method is generally only
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accurate at the level of ∆z/(1 + z) ≈ 1.
A somewhat better option is to associate the submillimeter source with another
galaxy detected in the optical or near-infrared, and use the shorter-wavelength photometry to constrain the redshift. This requires that the positional uncertainty in
the source location to be reduced by & 10× – in other words, it requires interferometric followup observations in the radio or submillimeter. This technique is still
frequently used for unlensed sources (e.g., da Cunha et al., 2015; Simpson et al.,
2015).
In order to determine precise redshifts, however, spectroscopy is required. Early
efforts focused on identifying counterpart galaxies in the radio with the VLA, exploiting the correlation between FIR and radio emission. Once a counterpart was
identified, optical spectrographs on 10 m-class telescopes could be used to determine
the redshift of the associated counterpart. This technique reached its pinnacle in
Chapman et al. (2005), who determined a median redshift of z = 2.2. Unfortunately
this technique is biased against high-redshift sources – neither the radio or optical
wavelengths benefit from the steeply rising dust SED, and so some submillimeter
sources had no radio counterparts, and some radio counterparts had no optical counterparts. Further, the dust obscuration was sufficiently large that even some sources
with clear counterparts showed no spectral lines.
With the commissioning of ALMA some six years ago, the best method to determine the redshift of DSFGs is now by pursuing spectral lines in the sub/millimeter
directly. Targeting redshifted lines of carbon monoxide and/or ionized carbon, this
technique solves multiple outstanding issues. Because ALMA observes in the same
portion of the SED in which the targets were originally detected, there are no issues
with counterpart identification. Second, because DSFGs are, by definition, dust-rich
and therefore rich in molecular gas (see Section 1.3.3), lines that trace molecular gas
such as CO are bright enough to detect. This method relies chiefly on the vastly
superior sensitivity of ALMA over previous facilities, but also takes advantage of the
increased bandwidth of heterodyne receivers in recent years, allowing large portions
of redshift space to be observed efficiently. This method was pioneered with the
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SPT sample using early science ALMA observations (Weiß et al., 2013), and the
still boasts the highest spectroscopic completeness of any sample (Strandet et al.,
2016).
Various samples have been determined to have different redshift distributions.
Median redshifts vary from z ∼ 0.9 for DSFGs selected at 24 µm to z > 4 for those
selected at 1.4 mm (Desai et al., 2008; Strandet et al., 2016). These differences have
led to concerns that samples selected at different wavelengths probe intrinsically
different galaxy populations. In fact the differences can be entirely explained by
selection effects, as demonstrated by Béthermin et al. (2015). The most prominent
of these selection effects is that, once the observed-frame selection wavelength begins
to probe wavelengths shorter than the peak of the dust SED, the limiting source
luminosity increases drastically. Because the more luminous sources are intrinsically
more rare, this imposes a cutoff or tail on the observed redshift distribution.
1.3.3 Gas, Dust, and Stellar Contents
Having outlined some of the most basic properties of DSFGs, I now turn to properties
that require somewhat more effort to determine and interpret.
Given that they were originally discovered by their bright dust emission, it is
unsurprising that DSFGs in fact contain vast quantities of dust. In principle the
mass of dust is rather simple to determine. In the optically thin regime,
Mdust =

Sνobs DL2
,
κνr (1 + zS )(Bνr (Tdust ) − Bνr (TCMB ))

(1.2)

(Greve et al., 2012) where κν is the dust mass absorption coefficient. At long wavelengths, the Planck function and therefore the dust mass are linearly proportional
to Tdust . Concealed within this simple formulation lie a host of uncertainties. The
absorption coefficient κν is poorly constrained, although most authors’ estimates
lie within a factor of two of each other (e.g., Li and Draine, 2001; Dunne et al.,
2000; James et al., 2002; Hildebrand, 1983; Ossenkopf and Henning, 1994). When
comparing literature dust mass values, care must be taken to ensure that the same
emissivity is assumed. Even the dust temperature, which in principle is easily con-
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strained by the peak wavelength of the dust SED, is not trivial – Scoville et al. (2014),
for example, argue that Tdust = 25 K should be used for all galaxies, because the
SED is sensitive to the luminosity-weighted Tdust , as opposed to the mass-weighted
Tdust . Typical dust masses of DSFGs range from ∼ 108 M up to a few ×109 M
(e.g., Casey, 2012). For reference, typical star-forming galaxies in the local universe
contain 106.3−8.1 M of dust (Draine et al., 2007).
Along with their large dust masses, DSFGs are inferred to contain vast amounts
of molecular gas (that are probably at least partly responsible for the incredible star
formation). Molecular hydrogen and atomic helium make up the vast majority of
the molecular interstellar medium in all galaxies; the next most abundant molecules
are a factor of ∼ 104 more rare (e.g., Wang et al., 2004). Because it is very light and
lacks a permanent electric dipole moment, direct observations of H2 are difficult, so
other tracers are necessary. The molecular gas mass Mgas can be estimated in several
ways that are explained in detail in Chapter 4. The molecular gas properties of the
SPT sample of DSFGs were studied by Aravena et al. (2016), using the luminosities
of the CO(1–0) or CO(2–1) lines. We found typical gas masses of Mgas ∼ 1010−11 M ,
which likely constitutes about half of the total mass within the effective radius of
each galaxy.
The stellar masses of DSFGs have long been a topic of heavy debate rife with
uncertainty. Beyond the usual uncertainties that affect the majority of stellar mass
estimates – the unknown stellar initial mass function and star formation history chief
among them – estimating Mstar in DSFGs is also hampered by the fact that they
frequently host active galactic nuclei (AGN) that can contaminate the broadband
photometry. Although the systematic uncertainties are large, most authors agree
that DSFGs are among the more massive galaxies present at their epochs, with
characteristic stellar masses Mstar ∼ 5 − 35 × 1010 M (e.g., Hainline et al., 2011;
Michalowski et al., 2012). These masses generally place DSFGs near or beyond
the knee in the galaxy stellar mass function observed at 1 < z < 5 (e.g., Furlong
et al., 2015). For the most part estimates of the stellar masses of DSFGs can be
reduced to a conversion from the rest-frame K-band (∼2.2 µm) luminosity, with the
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large uncertainties due to the wide range of input parameters to stellar population
synthesis models yielding varying mass-to-light ratios. Determining stellar masses
for the SPT sample has proven very challenging. The observed-frame wavelengths
sensitive to the stellar mass are in the near- to mid-infrared, where Spitzer /IRAC
photometry can in principle be used. Unfortunately the foreground lens galaxies are
also bright at these wavelengths, so de-blending of the low-resolution IRAC data is
necessary, and even this is only effective for systems with larger-than-average separations between the lensed images. This technique was demonstrated in Bothwell
et al. (2013b) and expanded in Ma et al. (2015). There we found a typical stellar
mass of Mstar ∼ 5 × 1010 M , with large statistical and larger systematic uncertainties. This is an area where the upcoming launch of the James Webb Space Telescope
will allow significant progress to be made, both because of its coverage into the
mid-infrared and the dramatically improved resolution over Spitzer, which will ease
the deblending process considerably.
1.4 DSFGs in the Context of Galaxy Evolution
The previous Section focused largely on basic observed properties of DSFGs. Historically, DSFGs have been perceived as somewhat of a niche population – rare,
extreme galaxies mostly unrelated to the bigger story of galaxy evolution. Such
extreme objects are useful for testing our understanding of galaxy physics in unusual circumstances – very intense star formation in gas-rich massive galaxies, for
example. Moreover, there is good evidence that DSFGs do play an important role
in the overall evolution of galaxy populations. In this Section I discuss a few aspects
of DSFGs that put them in context with other galaxy populations.
1.4.1 Dark Matter Halos and Clustering
Among the most fundamental pieces of contextual information is the typical mass
of the dark matter halos DSFGs inhabit. Given that the high SFRs of DSFGs
implied rapid growth to reach among the most massive galaxies at high redshifts,
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the initial inclination was that they likely resided in massive halos. This picture
could be complicated; if, for example, the duty cycle of the dusty starburst phase is
quite short, then DSFGs would not necessarily grow to large masses. When stellar
masses became available it became obvious that DSFGs were in fact quite massive,
with implied halo masses Mhalo ∼ 1012−13 M for typical stellar-to-halo mass ratios
(e.g., Behroozi et al., 2013).
An alternative method to estimate the halo masses of DSFGs relies on measuring their clustering in large blank-field maps. This method measures the excess
probability of finding a pair of DSFGs at a given distance above the probability
from randomly distributed sources, or occasionally the same probability between
a DSFG and another galaxy tracer. Because the redshifts of samples of DSFGs
in a large contiguous field are not available, only the two-dimensional (angular)
clustering has been measured. Assuming a known redshift distribution allows the
correlation length to be determined, which can be compared to simulations of structure formation where the halo masses are known. This was first undertaken by Blain
et al. (2004), and has since been pursued by a number of authors over many wavelengths (e.g., Weiß et al., 2009; Williams et al., 2011; Hickox et al., 2012; Viero et al.,
2013; Wilkinson et al., 2017). These analyses have determined typical halo masses
of ∼ 1012.5−13 M

for DSFGs. This is in agreement with semi-analytic models of

galaxy formation (e.g., Cowley et al., 2016). Further, based on the halo evolution
within simulations, most authors have concluded that the low-redshift descendants
of DSFGs are massive elliptical galaxies, a factor of 2–3 above the knee of the local
galaxy luminosity function.
1.4.2 Active Galactic Nuclei
Today it is understood that within every massive galaxy lies a supermassive black
hole (SMBH), and that these black holes grow in tandem with their host galaxies
(e.g., Kormendy and Ho, 2013) fueled by gas accretion. The most rapid galaxy
growth among galaxies occurs in DSFGs at high redshift, and the most rapid black
hole growth occurs in extremely luminous quasars at the same epoch. It is natural to
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speculate that the two phases are linked, through, e.g., a major merger sequence. In
this picture, the intense star formation in DSFGs is triggered by an interaction with
another gas-rich companion. Gas flows towards the center, causing the black hole
accretion to increase and inject heat and mechanical energy into the interstellar
medium. Over time, the black hole jets break out of the confines of the galaxy,
and the galaxy becomes an unobscured quasar; gas and dust are blown out of the
galaxy. Over time, the quasar fades, leaving a merger remnant and, in the future,
a quiescent, passively evolving galaxy (e.g., Hopkins et al., 2008). This view is
bolstered by the fact that the majority local infrared-bright starburst galaxies show
signs of interactions (e.g., Lonsdale et al., 1984). At high redshift, on the other
hand, even “normal” galaxies have SFRs comparable to or higher than those of
these nearby galaxies (e.g., Noeske et al., 2007a). It is unclear whether the picture
of a merger and subsequent QSO phase also holds at high redshift.
The “gold standard” for identification of AGN is X-ray emission above and beyond that expected from star formation (from high-mass X-ray binaries). Other
diagnostics include optical strong-line ratios, mid-infrared spectral diagnostics and
photometric colors, and radio continuum emission (although the reliability and completeness of many of these diagnostics is still under debate; e.g., Hainline et al. 2016).
The best observational data currently available is the 2 Ms integration covering the
Chandra Deep Field–South (Alexander et al., 2005). This original work suggested
that up to 75% of DSFGs hosted AGN, but was limited to sources that had also
been detected in the radio. Subsequent estimates place the AGN fraction between
14–30% (Laird et al., 2010; Johnson et al., 2013; Wang et al., 2013). Alexander et al.
(2008) later showed using optical spectroscopy that the SMBH masses of DSFGs
were 3-5× lower relative to the host galaxy mass than local galaxies, implying that
DSFGs are moving away from the relation between SMBH and galaxy masses, and
that a subsequent QSO phase would be required to return them to the normal
relation.
The SED of DSFGs in the mid-infrared has also been used as an AGN indicator, and will likely regain popularity in future years with the imminent launch of
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JWST. In this case the observed emission is not from the SMBH itself, but rather
from dust heated to 100–1000 K in the vicinity of the SMBH. The mid-infrared has
the advantage of being sensitive even to very obscured AGN, from which even the
high-energy X-rays are absorbed by the large column density of hydrogen within the
galaxy. Additional information can be gleaned from the ratio of emission features
of polycyclic aromatic hydrocarbons (PAHs) to the continuum luminosity. Unfortunately, because it is the rest-frame mid-infrared that must be observed, this type
of analysis will be limited even after the launch of JWST, as the strongest PAH
features redshift out of the JWST wavelength coverage by z ∼ 2.
We have little solid evidence for AGN activity within the SPT sample of DSFGs.
Many objects in the sample were observed by the Herschel /PACS instrument at
100 and 160 µm, which probes warm dust at nearly rest-mid-infrared wavelengths,
particularly for the highest-redshift objects in the sample. No thorough analysis
of these data has yet been published. However, only 30 and 40% of the observed
targets were detected with PACS at 100 and 160 µm, respectively, indicating that
warm AGN-heated dust on the short-wavelength portion of the dust SED is not
widespread. The most detailed investigation of AGN activity in the SPT sample
was performed by Ma et al. (2016). Targeting a single object selected for its extreme
properties even by the standards of the already-extreme SPT sample (e.g., high dust
temperature and ΣFIR ), Ma et al. searched for X-ray emission using a 50 ks Chandra
integration. No X-ray emission was detected, and the other properties of the targeted
object suggest that its IR luminosity is powered chiefly by star formation; no sign
of an AGN was found even in a target selected to be the most promising AGN host.
1.4.3 Connection to Passive Galaxies
I conclude this Introduction with a brief discussion of the likely relationship between
DSFGs and quiescent galaxies in both the local and high-redshift universe. As
previously discussed, DSFGs are massive and thought to occupy the high-mass end
of the halo mass function. If the halo masses are indeed 1013 M

at z = 2, the

implied z = 0 halo mass is ∼ 1014 M , meaning that the DSFGs are likely to end up
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as the brightest galaxies in medium-size groups (e.g., Davé et al., 2010). In fact the
idea that heavily dust-obscured galaxies could be the progenitors of local elliptical
galaxies even predates the original discovery of SMGs (Franceschini et al., 1994),
and this view has been common wisdom among the DSFG community for many
years (e.g., Ivison et al., 1998; Blain et al., 2004; Tacconi et al., 2008).
Recent years have seen renewed interest in the connection between DSFGs and
passive galaxies, this time from the optical/near-infrared community. Quiescent
galaxies have now been identified out to z ∼ 4 (e.g., Straatman et al., 2014; Glazebrook et al., 2017), and high-resolution HST images have shown that quiescent
galaxies at z ∼ 2 were very compact compared to normal star-forming galaxies at
that time (e.g., Trujillo et al., 2007; van Dokkum et al., 2008). The inferred star formation histories of these objects suggests that they formed the bulk of their stellar
mass at 3 . z . 6 (Krogager et al., 2014), and simulations show that major mergers can produce very compact remnants (Wuyts et al., 2010). The vastly increased
sensitivity and resolution of ALMA has allowed the size of the dust-emitting region
to be constrained for large samples of DSFGs (including my own work; Chapter 3).
While, as I have discussed, the stellar masses of DSFGs are highly uncertain, they
probably lie within the same region of the reff –Mstar (or size-mass) plane as the
compact quiescent (van der Wel et al., 2014; Toft et al., 2014), and recent ALMA
observations show that the star formation in quiescent progenitor candidates is both
largely obscured and very compact (Barro et al., 2016). In short, while the evidence
remains circumstantial, there exist a number of lines of reasoning that the future
of DSFGs includes an end to the burst of star formation followed by a transition to
quiescence. As I discuss in Chapter 5, this makes DSFGs excellent targets to study
the process(es) by which the transition to quiescence occurs.

30
CHAPTER 2
THE REST-FRAME SUBMILLIMETER SPECTRUM OF HIGH-REDSHIFT
DUSTY, STAR-FORMING GALAXIES

We present the average rest-frame spectrum of high-redshift dusty, star-forming
galaxies from 250 − 770 GHz. This spectrum was constructed by stacking ALMA
3 mm spectra of 22 such sources discovered by the South Pole Telescope and spanning
z = 2.0 − 5.7. In addition to multiple bright spectral features of
H2 O, we also detect several faint transitions of

13

12

CO, [CI], and

CO, HCN, HNC, HCO+ , and CN,

and use the observed line strengths to characterize the typical properties of the
interstellar medium of these high-redshift starburst galaxies. We find that the 13 CO
brightness in these objects is comparable to that of the only other z > 2 star-forming
galaxy in which 13 CO has been observed. We show that the emission from the highcritical density molecules HCN, HNC, HCO+ , and CN is consistent with a warm,
dense medium with Tkin ∼ 55 K and nH2 & 105.5 cm−3 . High molecular hydrogen
densities are required to reproduce the observed line ratios, and we demonstrate
that alternatives to purely collisional excitation are unlikely to be significant for the
bulk of these systems. We quantify the average emission from several species with
no individually detected transitions, and find emission from the hydride CH and
the linear molecule CCH for the first time at high redshift, indicating that these
molecules may be powerful probes of interstellar chemistry in high-redshift systems.
These observations represent the first constraints on many molecular species with
rest-frame transitions from 0.4 − 1.2 mm in star-forming systems at high redshift,
and will be invaluable in making effective use of ALMA in full science operations.
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2.1 Introduction
High redshift, dusty, star-forming galaxies (DSFGs) are a population of luminous
(LIR > 1012 L ), dust-obscured objects undergoing short-lived intense starburst
events (e.g., Blain et al., 2002; Lagache et al., 2005). First discovered by the SCUBA
instrument on the James Clerk Maxwell Telescope at 850 µm in the late 1990s (Smail
et al., 1997; Barger et al., 1998; Hughes et al., 1998), these distant sources are sufficiently faint to make follow-up study at all wavelengths difficult. Additionally, the
large beam sizes of single-dish submillimeter facilites has made the identification
of optical or infrared counterparts to the submillimeter sources challenging. Their
infrared luminosities imply star formation rates of hundreds to thousands of solar masses per year, making them capable of becoming massive, quiescent galaxies
(M∗ ∼ 1011 M ) in only 100 Myr (Hainline et al., 2011; Michalowski et al., 2012; Fu
et al., 2013). The space and redshift distributions of these extreme starbursts are
clearly important diagnostics of the buildup of structure in the universe, but remain
a challenge for current galaxy evolution models (e.g., Baugh et al., 2005; Swinbank
et al., 2008; Davé et al., 2010; Hayward et al., 2013). In recent years, a picture
has emerged in which the majority of gas-rich galaxies lie along a so-called ‘main
sequence’ in stellar mass vs. star formation rate, characterized by star formation
in massive, secular disks (e.g., Noeske et al., 2007b; Daddi et al., 2010; Tacconi
et al., 2010; Elbaz et al., 2011; Hodge et al., 2012). A minority of objects exhibit
significantly enhanced star formation rates, and are characterized by star formation
triggered by major mergers (e.g., Narayanan et al., 2009; Engel et al., 2010).
Given the challenging nature of follow-up observations, the study of gravitationally lensed starburst systems continues to generate valuable insight into the properties and physics of high-redshift DSFGs. Strong gravitational lensing creates gains
in sensitivity or angular resolution which allow much more detailed studies than
are possible for otherwise equivalent unlensed systems. Unfortunately, the brightest
sub-mm sources have such low number density (N < 1 deg−2 for S850 µm > 100 mJy;
Negrello et al. 2007) that large area surveys are the only way to build up a sta-
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tistically significant sample. Large numbers of such objects have recently been
uncovered by wide-field sub/millimeter surveys, including those conducted by the
South Pole Telescope (SPT; Carlstrom et al. 2011; Vieira et al. 2010; Mocanu et al.
2013) and Herschel /SPIRE (Negrello et al., 2010; Wardlow et al., 2013). Highresolution follow-up imaging at 870 µm has confirmed that these objects are nearly
all lensed (Hezaveh et al., 2013; Vieira et al., 2013; Bussmann et al., 2013). Lensed
DSFGs offer the best chance to observe these systems for spectral lines which would
otherwise be too faint to detect at such great distances, allowing a more detailed
characterization of the interstellar medium in these objects.
The prodigious star formation rates of DSFGs require that they contain vast
reservoirs of molecular gas (MH2 ∼ 1010 M ; e.g., Greve et al. 2005; Bothwell et al.
2013b) from which those stars form. Probing the density, thermodynamic state, and
balance of heating and cooling of the interstellar gas then reveals the star-forming
conditions in these extreme starbursts. Unfortunately, due to its low mass and lack
of a permanent electric dipole moment, direct observations of cold H2 are difficult.
Instead, a suite of molecular and atomic fine structure lines are typically used to
diagnose the interstellar medium of galaxies both locally and at high redshift. Carbon monoxide (12 CO) is by far the most common molecule observed at millimeter
wavelengths in extragalactic objects, due to its high abundance relative to H2 , ease
of excitation, and rotational lines at frequencies of high atmospheric transmission.
The ground state rotational line of

12

CO (1-0) (νrest =115 GHz) has been used for

decades (e.g., Wilson et al., 1970) as a tracer of the bulk of the molecular gas in the
interstellar medium. However, the numerical conversion between gas mass and 12 CO
luminosity can vary by more than an order of magnitude depending on the metallicity and gas conditions of the galaxy, and the appropriate value for most high-redshift
systems is uncertain (e.g., Downes and Solomon, 1998; Tacconi et al., 2008; Ivison
et al., 2011; Narayanan et al., 2012; Bolatto et al., 2013). Additional consideration
of optically thin species, such as

13

CO and C18 O, may allow for accurate gas mass

estimates, if the relative abundances of those species can be estimated.
Due to its low dipole moment (∼0.15 D),

12

CO rapidly becomes collisionally
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thermalized at densities of just nH2 ∼ few × 102 cm−3 . Spectral features of other
molecules with higher dipole moments, such as HCN, HNC, and HCO+ , are thought
to arise from regions with higher densities (nH2 & 104 cm−3 ) where stars are actively forming (Gao and Solomon, 2004). The extreme conditions required for these
molecules to be collisionally excited, combined with abundances lower than that of
12

CO by multiple orders of magnitude (e.g., Wang et al., 2004; Martı́n et al., 2006),

make their lines faint and observation difficult.
The extremely wide spectral range and high sensitivity of the Herschel /SPIREFTS instrument (Griffin et al., 2010) have allowed for spectral observations of
nearby Ultra-Luminous Infrared Galaxies (ULIRGs) over the entire far-IR wavelength range. In the prototypical ULIRG Arp 220, for example, the

12

CO spectral

line energy distribution (SLED) is now complete up to J = 13 − 12, and dozens of
lines of species including [CI], H2 O, HCN, and OH and their ions and/or isotopologues have been seen in emission and absorption (Rangwala et al., 2011; GonzálezAlfonso et al., 2012). With a sufficiently wide range of transitions observed, some
degeneracies inherent in excitation modeling can be eliminated, and simple geometric models can be constructed to reproduce all the observed spectral features.
Many of these lines can only be observed in local sources from space, making direct
comparison between local starbursts and their high-z counterparts challenging.
At high redshift (z & 1), observations of

12

CO and various far-IR fine structure

lines have become increasingly common (for a recent review, see Carilli and Walter
2013), with well-sampled CO SLEDs available for an increasing number of objects
(e.g., Weiß et al., 2007; Bradford et al., 2009; Riechers et al., 2013). Observations
of other molecular species, on the other hand, remain rare due to the faintness of
their lines. Thus far, detections of fainter molecular lines have been largely confined
to extraordinarily luminous, highly gravitationally magnified quasar host galaxies,
and only four objects have been detected in multiple molecules or isotopes besides
12

CO: H1413+117 (the “Cloverleaf” quasar), APM 0827+5255, a highly magnified

quasar host, SMM J2135-0102 (the “Cosmic Eyelash”), a cluster-lensed ULIRG,
and HFLS 3, a Herschel -selected starburst at z = 6.3. Specific observations of these
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objects will be discussed in more detail below.
Observations of the interstellar medium of high-z galaxies are being revolutionized with the beginning of science operations by the Atacama Large Millimeter/submillimeter Array (ALMA). In particular, ALMA has already been used in
Cycle 0 to conduct a blind

12

CO-based redshift survey of 26 high-z star-forming

galaxies (Vieira et al., 2013; Weiß et al., 2013), with spectral features seen in ∼ 90%
of the sample. Such redshift searches operate by scanning through large swaths of
frequency space looking for bright lines of

12

CO, [CI], and/or H2 O. As a byprod-

uct, they also offer the opportunity to detect emission from a variety of species
whose transitions lie in and amongst the brighter lines. In contrast to previous,
narrow-bandwidth targeted studies of specific transitions, blind redshift searches offer information on all transitions which fall within the rest-frame frequency range
observed, allowing future follow-up observations to focus on detectable species.
Here, we present the detection and analysis of several lines of 13 CO, HCN, HNC,
HCO+ , and the CN radical in a stacked spectrum of 22 gravitationally lensed DSFGs
spanning z = 2 − 5.7 discovered by the SPT. The stacked spectrum was created
utilizing the ALMA 3 mm spectra obtained as part of the blind redshift search
presented in Weiß et al. (2013), and spans 250–770 GHz (0.39–1.2 mm) in the rest
frame. This stacked spectrum represents a first attempt at quantifying the relative
strengths of a host of faint lines in high-redshift DSFGs and addresses the typical
ISM conditions which give rise to such lines.
This chapter is organized as follows: in §2.2, we briefly describe the sample
selection and observations used in the construction of the stacked spectrum. In §2.3,
we describe the method used to scale and stack the spectra of individual objects.
We present the combined spectrum and analyze the average conditions of the ISM
in these objects in §2.4, and conclude by comparing our derived properties to those
of other high-redshift systems, constraining the average emission from individually
undetected molecules, and discussing alternatives to pure collisional excitation in
§2.5. Throughout this work we adopt a WMAP9 cosmology, with (Ωm , ΩΛ , H0 ) =
(0.286, 0.713, 69.3 km s−1 Mpc−1 ) (Hinshaw et al., 2013).
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2.2 Data and Observations
Extensive details of our target selection and ALMA 3 mm observations are given in
Weiß et al. (2013). Briefly, we selected 26 bright (S1.4mm & 20 mJy) point sources
from the first 1300 deg2 of the SPT Sunyaev-Zel’dovich effect survey (Vieira et al.,
2010; Mocanu et al., 2013). These sources showed thermal, dust-like spectral indices
between 1.4 and 2 mm and had no counterparts in existing radio and/or far-IR catalogs, which ruled out synchrotron-dominated sources and low-redshift contaminants.
The sources were required to have been detected with the Large Apex BOlometer
CAmera (LABOCA) at 870 µm or the Submillimeter Array (SMA) at 1.3 mm to
refine their positions. Due to their extreme brightness, most of the sources were
suspected to be gravitationally lensed by intervening massive galaxies, groups, or
clusters (Negrello et al., 2007). This hypothesis was confirmed using high-resolution
ALMA 870 µm observations (Hezaveh et al., 2013; Vieira et al., 2013), which show
magnification factors µ = 5 − 20. The sample is not strictly 1.4 mm flux density limited due to observational constraints, but it does constitute a representative
sample of SPT sources which meet the selection criteria. The sources span redshift
z = 2.01 − 5.70, apparent infrared luminosity LIR = 5.5 − 158 × 1012 L (integrated
from 8 − 1000 µm), and dust temperature Td = 20 − 50 K, with medians of hzi = 3.5,
hLIR i = 4.2 × 1013 L , and hTd i = 37 K.
The ALMA observations were carried out during Cycle 0 in November 2011 and
January 2012 with a compact configuration of the 14–17 antennas available at the
time. The data comprise a spectral sweep of the 3 mm band (Band 3; Claude et al.
2008), using five tunings of the ALMA receivers to cover 84.2-114.9 GHz. Each
target was observed for roughly 120 s per tuning, or a total of ∼10 min per source.
Data were calibrated in the standard way using the Common Astronomy Software
Applications package (McMullin et al., 2007; Petry et al., 2012). Of the 26 targets,
redshifts for 18 were unambiguously determined either from the ALMA data alone
or in conjunction with additional observations from APEX, ATCA, or VLT; an
additional 5 showed a single spectral feature, narrowing the redshift to two or three
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possible options. The final three sources showed no lines in their 3 mm spectra.
Following publication of Weiß et al. (2013), two additional single-line sources
have had their redshifts confirmed – the redshift of SPT 0125-50 has been confirmed
at z = 3.9592 by the detection of the ground state 1670 GHz water transition at
336.8 GHz in high-resolution ALMA 870 µm data (Strandet et al., 2016), and the
redshift of SPT 0512-59 has been confirmed as z = 2.2334 by the detection of [CII]
by Herschel /SPIRE (Gullberg et al., 2015), leaving just three sources with mulitple
redshift options and three sources with no redshift constraint. For the purposes of
this stacking analysis, we include all sources with confirmed redshift, as well as those
sources for which a single redshift option is more than 60% probable (Weiß et al.
2013, their Fig. 4). The inclusion or exclusion of the sources with ambiguous redshift
does not significantly affect our conclusions, and their inclusion is not required for
the detection of any faint spectral features. Conversely, the stacked spectrum and
ALMA spectra of the single-line sources are not yet sensitive enough to constrain the
redshifts of these sources using the combined constraints of many faint, undetected
lines. The full list of sources included in this study is given in Table 2.1.
In order to stack and combine the spectra from multiple sources in a statistically
robust manner, we must retain an estimate of the flux density uncertainty in each
channel of the source spectra. We fit a point source to the calibrated visibilities of
each channel of each source, using the uncertainty from this fitting procedure as an
estimate of the noise in each channel. We see no signs of non-point-like structure in
the calibrated continuum images, as expected at the spatial resolution (> 400 ) of the
ALMA 3 mm data. Since the sources are generally undetected in any given single
channel, we fix the source position to that determined from the continuum image
of all channels, where every source is robustly detected. Typical noise levels are
∼1.5 mJy in 45 MHz channels, increasing to ∼2.5 mJy at the high frequency edge
of the ALMA bandpass as the atmospheric transmission declines. Noise levels are
√
roughly 2 lower in the frequency range from 96.2-102.8 GHz, which was covered
twice in our tuning scheme. The data were acquired with the ALMA correlator
configured for 3840 channels per 2 GHz baseband. The resulting spectral resolution,
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∼1.5 km/s, is much higher than a typical galaxy line width (∼ hundreds of km/s),
allowing us to average channels to increase significance.
2.3 Stacking Methods
The composite spectrum is constructed from individual source spectra that are
shifted in redshift and scaled to a common millimeter flux density. This is not
the scaling that optimizes the S/N of the stacked spectrum, but it provides a more
representative average of the wide distribution of line strengths seen in individual
sources at a small cost in the final noise level.
To create the average DSFG spectrum, we begin by removing a first-order polynomial continuum from the spectrum of each source, excluding channels with significant line emission (defined as channels with signal-to-noise ratios S/N > 3). We
then re-scale all spectra to a common redshift, zcommon = 3.0. The multiplicative
scaling factor to the channel flux densities and uncertainties of each source which
preserves the luminosity per unit bandwidth is
2

1 + zcommon
DL (zsource )
,
DL (zcommon )
1 + zsource

(2.1)

where DL is the luminosity distance to the original and common redshifts of each
source. The choice to scale to z = 3 is intended to be representative of the typical redshift of DSFGs – Chapman et al. (2005) find hzi = 2.3, while the redshift
distribution of the sources presented here implies hzi = 3.5.
We also normalize the flux density and uncertainty of each source by the 1.4 mm
flux density it would have were it located at zcommon . Because the sources have are
being shifted to z = 3, the 1.4 mm flux densities are taken from fits to the continuum
SED of each source. The dust continuum is represented by a single-temperature
modified blackbody, with β = 2 and λ0 , the wavelength at which the dust opacity
is unity, fixed to 100 µm (Draine, 2006). Additionally, we exclude photometric
points at λrest < 50 µm, as in Greve et al. (2012), because the single-temperature
SED fits we use below are inappropriate at such short wavelengths, where relatively
warm dust contributes significantly. The ALMA spectra are then multiplied by the
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Table 2.1. Source Properties
Source Name

z

Td

Scaled S350 µm

Scaled S21 µm

–

–

(K)

(mJy)

(mJy)

SPT0452-50

2.0104

21

11.7

0.0

SPT0551-50

2.1232

27

18.2

0.1

SPT0512-59

2.2334a

34

19.5

0.8

SPT0125-47

2.5148

41

33.5

13.2

SPT2134-50

2.7799

41

18.8

9.9

SPT0103-45

3.0917

34

22.2

0.1

SPT0550-53

3.1286b

32

9.0

1.1

SPT0529-54

3.3689

32

20.7

0.1

SPT0532-50

3.3988

36

34.0

2.9

SPT0300-46

3.5956b

39

12.3

0.4

SPT2147-50

3.7602

42

9.4

1.4

SPT0125-50

3.9592a

44

16.5

17.7

SPT0418-47

4.2248

54

9.6

6.6

SPT0113-46

4.2328

33

13.2

0.0

SPT0345-47

4.2958

53

13.5

33.9

SPT2103-60

4.4357

39

10.7

0.7

SPT0441-46

4.4771

40

11.8

2.1

SPT2146-55

4.5672

40

10.0

3.6

SPT2132-58

4.7677

39

11.3

3.7

SPT0459-59

4.7993

37

10.1

3.6

SPT0346-52

5.6559

53

17.3

35.9

SPT0243-49

5.6990

32

18.1

1.1

Note. — Fluxes derived by scaling continuum SEDs for each source
to z = 3 using Equation 2.1 (§2.3) before measuring the flux at
rest-frame 350 and 21 µm (observed-frame 1.4 mm and 84 µm). The
observed-frame 1.4 mm fluxes are used to scale the spectra of individual sources; 21 µm fluxes will be used in §2.5.3 to test the effect of the
mid-infrared radiation field on the observed line ratios.
a Redshift
b Most

confirmed since publication of Weiß et al. (2013)

likely redshift of two possible options
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factor that converts the fitted 1.4 mm (rest-frame 350 µm) flux density to a common
S1.4 mm = 15 mJy, approximately the average brightness of the SPT sources were
they all located at z = 3. After scaling each source to z = 3, DSFGs with scaled
S1.4 mm = 15 mJy will have their ALMA flux densities unchanged, while sources
fainter (brighter) than this will have their flux densities scaled proportionally higher
(lower). Due to the well-known submillimeter “negative k-correction” (Blain and
Longair, 1993), the SPT observed and redshift-scaled 1.4 mm flux densities are nearly
identical for most sources. The sources with the largest difference between observed
and scaled 1.4 mm flux density are those located at the highest redshifts, where
the dust opacity even at observed-frame 1.4 mm is no longer negligible. It is these
sources which lower the average scaled 1.4 mm flux density to ∼15 mJy from the
observed average of ∼20 mJy. The choice of “reference” wavelength has little effect
on the results of our stacking; nearly identical results are obtained referencing to
850 µm in analogy to samples discovered by SCUBA or LABOCA.
The decision to normalize the ALMA spectra by a scaled version of the sources’
milllimeter flux density is by no means unique – a variety of source properties could
conceivably be used for normalization, including apparent LIR , 12 CO line luminosity,
or dust mass. The line ratios derived from these various weighting schemes are
relatively robust to which quantity is used for normalization, with the majority of
average line ratios agreeing to within 15% regardless of normalization choice. We
choose to normalize by the scaled 1.4 mm flux density of each source as the SPT
sources were selected at this wavelength.
To create a composite “template” spectrum of the SPT DSFGs, we interpolate
the spectrum of each source onto a grid spanning 240–780 GHz, the rest frequencies probed by the ALMA spectra given the redshift distribution of our sources
(z = 2.01 − 5.70). The grid is constructed with 500 km/s spacing, which roughly
corresponds to the typical full-width at half-maximum (FWHM) of the observed
12

CO lines. We then perform a weighted average of all sources which contribute

to a given output channel, with weights determined as the inverse variance in each
channel. Due to the changing number of sources which contribute at each rest fre-
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quency (ranging from two to 13), the re-scaling of each spectrum, and the noise
properties of the original spectra, the noise level of the composite spectrum varies
from approximately 0.11 to 1.5 mJy in each 500 km/s output channel, except in the
extreme edges of the band where single sources alone remain (see Figure 2.2).
The template spectrum is an imperfect tool for the detection of faint lines because its regular channel grid necessarily splits the flux of most lines between multiple channels, reducing their significance. A cleaner assessment of the presence or
absence of spectral features can be obtained by constructing spectra centered at
the rest frequencies of potentially-detectible ISM lines. To construct these spectra,
we extract the spectrum of every source that samples the line of interest in very
wide 600 km/s channels centered on the target line. A constant continuum level is
estimated and subtracted from each source before stacking, excluding the central
0 km/s channel and any other channels which also potentially contain other faint
lines. The wide 600 km/s channel width was chosen to match the typical

12

CO

line widths of our sources, hFWHMi ∼ 450 km/s. For a perfectly Gaussian line of
FWHM = 450 km/s, a channel of 600 km/s centered at the rest frequency of the line
contains & 90% of the total line flux. This choice assumes that the widths of all lines
will be roughly equivalent to the widths of

12

CO, but faint transitions, especially

those with high critical densities, frequently show narrower line widths than

12

CO

(e.g., Weiß et al., 2007). With 600 km/s channelization, therefore, essentially all flux
from narrower lines will be contained within a single channel. The significance of
the detection or non-detection of each line can then be interpreted easily based on
the flux and noise properties of the central 0 km/s channel. When applied to the
stacked bright

12

CO lines themselves, this channelization indeed recovers ∼ 90% of

the total integrated flux in the channel centered on the rest frequency of each line,
suggesting that this chosen width is an acceptable compromise between including
as much line flux as possible while excluding excess noise. We classify a line as
detected if the line flux in the 0 km/s channel has S/N > 3.
This procedure is complicated by those species with fine and/or hyperfine structure components which are too close together to be separated, the most relevant of
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which is the cyanide radical CN. For these molecules, we choose the main fine structure component as the rest frequency of the line, using spectroscopic data from the
JPL (Pickett et al., 1998) and CDMS (Müller et al., 2001, 2005) line catalogs. CN
presents an additional complication in its N = 4 − 3 lines, the strongest components
of which are separated by less than a typical FWHM (∼ 90 and 220 km/s) from
the nearby HNC(J = 5 − 4) line. These lines are blended in two adjacent 600 km/s
channels. To attempt to separate them, we use the line ratio derived from the only
high-redshift observation of this pair of lines, in the APM 0827+5255 quasar (Guélin
et al., 2007). We assign line flux in accordance with that ratio (36% and 64% for
CN(4–3) and HNC(5–4), respectively), and include an additional 33% uncertainty
in the derived line fluxes.
To ensure that the stacking method does not introduce a spurious line where
none exists, we use a Monte Carlo procedure to characterize the statistical properties of the stacked spectrum at a line-free frequency, 513 GHz. For each source that
covers this rest-frame frequency, we extract spectra in 600 km/s channels within
±4500 km/s. In 3000 trials, we randomly shuffle the channels of each input spectrum, then scale, normalize, and average. The flux in each channel is not altered,
but the placement of the channels is randomized such that emission originally located in the 0 km/s channel may now be located in any other channel. We then stack
the spectra as usual and bin the signal-to-noise (S/N) distribution of the resulting
stacked channels from the entire ±4500 km/s velocity range. This channel distribution is shown in Fig. 2.1, which indicates that the noise properties of the stacked
spectra are well-represented by Gaussian statistics. The probability of falsely finding a stacked line with |S/N| > 3 is therefore very small; we expect < 0.3 false
detections in the ∼100 line frequencies we search.
2.4 Results
We show the average 250–770 GHz spectrum of the SPT DSFGs in Fig. 2.2, with a
sample of detected and potentially-detectable ISM lines marked. A summary of the
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detected lines and an assortment of upper limits is given in Table 2.2. This table
is not intended to be an exhaustive list of useful ISM diagnostics, but rather gives
a host of lines in our bandpass that may be detected in high-redshift starbursts by
ALMA in the future. In addition to the
we also detect two lines each of

13

12

CO lines from J = 3 − 2 to J = 6 − 5,

CO, CN, HNC, and HCO+ , and a single line of

HCN. While, as mentioned in §2.3, the composite spectrum cannot strictly be used
to discern the strength of a faint line, all visually apparent lines are accounted for in
Table 2.2, and no obvious lines remain unidentified. To extend the observed
SLED to low J, we include in Table 2.2 the average

12

CO (1–0) and

12

12

CO

CO (2–1)

luminosities of these sources as observed by the Australia Telescope Compact Array
(ATCA) and reported in Aravena et al. (2013) and forthcoming papers.
Below, we analyze and discuss the detected lines in more detail. Where applicable, we use the radiative transfer code RADEX (van der Tak et al., 2007) to constrain
the average ISM conditions in these galaxies. RADEX iteratively solves for the line
emission and level populations of a given molecule using the escape probability formalism, and provides results comparable to Large Velocity Gradient (LVG) codes .
All models use collisional rate coefficients from the LAMDA database (Schöier et al.,
2005) and are carried out for the geometry of an expanding sphere. Since absolute
line luminosities are proportional to the common redshift and value of S1.4 mm chosen
as a reference, we carry out our analysis using only line ratios, with the understanding that the line luminosities given in Table 2.2 should be taken as relative to a
source with S1.4 mm = 15 mJy at z = 3. For typical dust continuum SEDs of the
SPT sources, this corresponds to an apparent LIR ∼ 4×1013 L , with LIR integrated
from 8 − 1000 µm. Typical magnifications range from µ = 5 − 20 (Hezaveh et al.,
2013).
The results of this line excitation modeling should be viewed with caution, given
the varying number of sources which contribute to each line. With a typical bandwidth of ∼130 GHz in the rest frame, at most two lines each of

12

CO,

13

CO, HCN,

HNC, CN, or HCO+ can appear in the spectrum of any given source. Thus, lines of
the same molecule with ∆Jup ≥ 2 can have no contributing sources in common. Ad-
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ditionally, the averaging of spectra of many galaxies with varied gas conditions may
distort the observed line ratios such that typical gas properties are unrecoverable.
However, we show in Appendix A that conditions representative of the input conditions are recovered, subject to the degeneracies inherent in large velocity gradient
modeling. Differential magnification, in which different spectral lines are magnified
by different amounts, could also skew the averaged line ratios. However, a detailed
accounting of the effects of differential magnification would require knowledge of the
filling fractions of gas emitting in each transition and the lensing geometry of our
sources, which is beyond the scope of this paper. The quantities derived from the
radiative transfer modeling are intended to be representative of the gas conditions
which give rise to the observed lines. Significant uncertainty in properties of the
molecular gas will remain as a result of the limited sample size, the variation of
fluxes between sources, and the limited number of species and transitions detected.
Gas conditions derived from 12 CO transitions in individual sources will be presented
in a future publication.
Table 2.2: Spectral Line Properties
Line
–

νrest

Nsources

L0

(GHz)

–

(109 K km/s pc2 )

CO(1-0)a

115.2712

5

296.6 ± 16.5

CO(2-1)a

230.5380

10

329.0 ± 12.9

CO(3-2)

345.7960

6

256.9 ± 10.2

CO(4-3)

461.0408

12

179.1 ± 9.3

CO(5-4)

576.2679

10

199.8 ± 16.8

CO(6-5)

691.4731

2

136.3 ± 30.4

13 CO(3-2)

330.5880

5

12.8 ± 3.6

13 CO(4-3)

440.7652

9

12.6 ± 3.0

13 CO(5-4)

550.9263

9

2.8 ± 5.8

13 CO(6-5)

661.0673

4

6.3 ± 5.9

C18 O(3-2)

329.3305

5

1.4 ± 3.8

C18 O(4-3)

439.0888

7

-6.0 ± 4.5

C18 O(5-4)

548.8310

9

6.1 ± 5.5

C18 O(6-5)

658.5533

4

11.8 ± 6.1

[CI](1-0)

492.1606

13

47.5 ± 3.7

HCN(3-2)

265.8864

2

-14.2 ± 10.1

HCN(4-3)

354.5055

6

13.4 ± 3.2

HCN(5-4)

443.1161

9

4.4 ± 2.8
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Table 2.2 (cont’d)
Line
–

νrest

Nsources

L0

(GHz)

–

(109 K km/s pc2 )
3.9 ± 5.0

HCN(6-5)

531.7164

10

HCN(7-6)

620.3040

7

7.2 ± 7.0

HCN(8-7)

708.8770

2

25.7 ± 10.2

HNC(3-2)

271.9811

3

2.2 ± 8.5

HNC(4-3)

362.6303

5

16.2 ± 4.2

HNC(5-4)

453.2699

10

15.6 ± 4.3

HNC(6-5)

543.8976

10

12.8 ± 5.1

HNC(7-6)

634.5108

5

-4.4 ± 10.2

HNC(8-7)

725.1073

2

-3.2 ± 9.1

HCO+ (3-2)

267.5576

2

8.5 ± 9.5

HCO+ (4-3)

356.7342

6

11.7 ± 3.2

HCO+ (5-4)

445.9029

10

3.0 ± 2.8

HCO+ (6-5)

535.0616

10

22.6 ± 4.8

HCO+ (7-6)

624.2085

7

16.0 ± 7.6

HCO+ (8-7)

713.3414

2

7.7 ± 10.4
-0.6 ± 3.8

H2 O(51,5 -42,2 )

325.1529

5

H2 O(41,4 -32,1 )

380.1974

6

7.0 ± 3.4

H2 O(42,3 -33,0 )

448.0011

10

-2.0 ± 2.8

H2 O(53,3 -44,0 )

474.6891

12

8.2 ± 3.9

H2 O(11,0 -10,1 )

556.9360

9

-15.5 ± 5.4

H2 O(21,1 -20,2 )

752.0331

2

31.4 ± 8.8

H2 O+ 604

604.6786

8

-5.7 ± 6.7

O+

607

607.2273

8

2.0 ± 6.5

H2 O+ 631

631.7241

5

6.7 ± 8.4

H2 O+ 634

634.2729

5

3.9 ± 8.6

H2

O+

721

721.9274

2

7.3 ± 9.2

H2 O+ 742

742.1090

2

29.3 ± 8.9

H2 O+ 746

746.5417

2

21.8 ± 8.2
6.9 ± 10.3

H2

H2

O+

761.8188

2

LiH(1-0)

761

443.9529

9

0.6 ± 2.9

CH 532

532.7239

10

12.6 ± 4.9

CH 536

536.7614

10

9.6 ± 4.8

OH 425

425.0363

8

-1.7 ± 2.9

OH 446

446.2910

10

5.0 ± 2.8

CN(N = 3 − 2)

340.2478

5

11.4 ± 3.5

CN(N = 4 − 3)

453.6067

10

9.1 ± 2.9

CN(N = 5 − 4)

566.9470

11

6.0 ± 5.2

CN(N = 6 − 5)

680.2641

2

-16.4 ± 6.0

SiO(7-6)

303.9270

4

-2.6 ± 4.0

SiO(8-7)

347.3306

6

-5.1 ± 3.6

SiO(9-8)

390.7284

7

-4.9 ± 4.0
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Table 2.2 (cont’d)
Line
–

νrest

Nsources

L0

(GHz)

–

(109 K km/s pc2 )

SiO(10-9)

434.1196

8

-0.0 ± 2.8

SiO(11-10)

477.5031

11

-3.4 ± 3.8

SiO(12-11)

520.8782

11

8.8 ± 5.3
-7.7 ± 5.3

SiO(13-12)

564.2440

11

SiO(14-13)

607.5994

8

2.2 ± 6.6

SiO(15-14)

650.9436

4

-10.8 ± 6.0

SiO(16-15)

694.2754

2

9.8 ± 9.8

SiO(17-16)

737.5939

2

-5.4 ± 9.5

CS(6-5)

293.9122

3

1.3 ± 6.0
1.2 ± 3.4

CS(7-6)

342.8830

5

CS(8-7)

391.8470

7

2.7 ± 3.7

CS(10-9)

489.7510

13

-5.9 ± 3.5

CS(11-10)

538.6888

10

-2.4 ± 5.4

CS(12-11)

587.6162

10

9.5 ± 5.4

CS(13-12)

636.5318

5

15.4 ± 9.0

CS(14-13)

685.4348

2

-1.1 ± 7.6

CS(15-14)

734.3240

2

1.3 ± 9.3

NH3 (10 -00 )

572.4982

10

5.4 ± 5.9

N2 H+ (3-2)

279.5117

2

-22.2 ± 10.7

N2 H+ (4-3)

372.6725

5

-1.8 ± 3.6

N2 H+ (5-4)

465.8250

10

0.8 ± 3.3

N2 H+ (6-5)

558.9667

9

1.6 ± 5.2

N2 H+ (7-6)

652.0959

4

-3.8 ± 6.0

N2 H+ (8-7)

745.2103

2

9.0 ± 9.8

CCH(3-2)

262.0042

1

38.1 ± 19.3

CCH(4-3)

349.3387

6

7.2 ± 3.3

CCH(5-4)

436.6604

7

5.0 ± 2.9

CCH(6-5)

523.9704

11

13.9 ± 5.2

CCH(7-6)

611.2650

7

14.2 ± 6.7

CCH(8-7)

698.5416

2

-4.0 ± 10.5

H21α

662.4042

4

-4.4 ± 6.1

H22α

577.8964

10

-0.8 ± 5.5

H23α

507.1755

11

-6.1 ± 5.4

H24α

447.5403

10

0.8 ± 2.8

H25α

396.9008

7

-3.8 ± 3.5

H26α

353.6227

6

-1.0 ± 3.2

H27α

316.4154

4

-1.4 ± 3.8

H28α

284.2506

3

-3.0 ± 7.7

All fluxes have been scaled to z = 3 and S1.4 mm = 15 mJy, corresponding to LIR ∼ 5 × 1013 L . Lines with
S/N > 3 are shown in bold. For transitions with fine or hyperfine structure, only the main transition is listed, and

46
the line may be referred to by frequency instead of quantum numbers for clarity.
a Derived

2.4.1
12

12

from ATCA low-J

12 CO

observations

CO and its Isotopologues

CO SLED

Figure 2.3 shows the composite

12

CO SLED in comparison to the well-sampled

SLEDs of quasar H1413+117 (z = 2.56, apparent LIR = 2.4×1013 L ; Barvainis et al.
1994), SMM J2135-0102 (z = 2.32, apparent LIR = 3.8 × 1013 L ; Swinbank et al.
2010), and quasar APM 0827+5255 (z = 3.91, apparent LIR ∼ 1015 L ; Egami et al.
2000). We also show the average SLED found by Bothwell et al. (2013b) in a sample
of (almost all unlensed) DSFGs selected at 850µm by SCUBA with optical or midIR spectroscopic redshifts. The average SLEDs of both DSFG samples are clearly
less excited than those of either high-z QSO host, with the DSFG samples showing
an apparent flattening or turnover near J = 5 similar to local starburst galaxies
M82 or NGC253 (Panuzzo et al., 2010; Bradford et al., 2003). Weiß et al. (2007)
and Danielson et al. (2011) use well-characterized (up to and beyond J = 10 − 9)
12

CO SLEDs of APM 0827+5255 and SMM J2135-0102, respectively, to demonstrate

multiphase interstellar media in those objects, while Bradford et al. (2009) find
that the ISM of H1413+117 is well represented by a single, high-excitation gas
component. As our spectrum covers only six lines (or five line ratios) of 12 CO, none
of which are clearly beyond the peak of the CO SLED, we postpone a discussion of
excitation modeling in our objects until observations of
13

13

CO are added, below.

CO and C18 O

Observations of
abundance of

12

12

CO are frequently difficult to interpret because the high relative

CO molecules and low electric dipole moment cause the lines to

become optically thick even at moderate densities (nH2 . 103 cm−3 ). Observations
of the less abundant isotopologues 13 CO and C18 O are thus useful, as these lines are
frequently optically thin and the line strengths are then proportional to the total
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molecular column density. For high-redshift objects, observations of

13

CO are also

interesting due to the different formation mechanisms of the carbon and oxygen
isotopes. While

12

C nuclei are produced during He burning in high-mass stars

on rapid timescales,

13

C nuclei are “secondary,” formed from

12

C seed nuclei in

intermediate-mass stars undergoing CNO cycle burning, at ages of &1 Gyr (Wilson
and Rood, 1994). The formation of

18

O is less well understood, but the clearest

route is also via a branch of the CNO cycle apparently most pronounced in massive
stars, causing

18

O-bearing species to be enhanced in galaxies with recent massive

star formation (e.g., Henkel and Mauersberger, 1993). Identification of

13

C-bearing

species could be used as a type of nucleosynthesis chronometer, since the interstellar
medium must be enriched by the metals from previous generations of stars for the
species to be present. At high redshift, then, the

12

CO/

13

CO line ratio could be

large, since relativly little time will have passed for young starbursts to generate
13

C nuclei and disperse them back into the interstellar medium (Hughes et al., 2008;

Henkel et al., 2010).
In the stacked spectrum of SPT DSFGs, we detect both
(4–3), but no transitions of C18 O. Relative to their
0

12

13

CO (3–2) and

13

CO

CO counterparts, we find

0

L12 CO /L13 CO ∼ 20 and 15 in the J = 3−2 and J = 4−3 lines, respectively, indicating
that the optical depth of

13

CO increases at least to J = 4 − 3. Our measurements
0

0

of C18 O, meanwhile, are only sensitive enough to constrain L13 CO /LC18 O > 1 (3σ)
in the J = 3 − 2 and J = 4 − 3 transitions.
In Milky Way molecular clouds, typical 12 CO/13 CO line ratios are ∼5–10 (Buckle
et al., 2010, e.g.,), despite the variety of molecular cloud conditions from galactic
center to the outer galaxy. Through analysis of the optically thin wings of the CO
lines, and in combination with observations of other molecules, the CO line ratio
likely indicates a [12 C/13 C ] abundance gradient from ∼25 near the galactic center
to ∼100 beyond the Sun’s galactocentric radius (Wilson and Rood, 1994; Wang
et al., 2009). In nearby spiral galaxies, the line ratio rises to ∼10 as typical large
millimeter dish beams average over both molecular clouds and more diffuse regions
where both CO isotopologues are optically thin. Local infrared-luminous galaxies,
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on the other hand, show markedly weaker
12

13

CO lines – Greve et al. (2009) find

CO/13 CO line ratios of ∼40, 18, and 8 in the (1–0), (2–1), and (3–2) transitions,

respectively, towards the prototypical ULIRG Arp 220, and weaker yet

13

CO lines

in the LIRG NGC 6240. These large line ratios have been interpreted as evidence of
the merger-driven inflow of unenriched gas (Rupke et al., 2008) or as a purely optical
depth effect, in which the bulk of the
medium with τ12 CO . 1, while

13

12

CO emission comes from a warm, turbulent

CO arises from denser regions with a small filling

factor (Aalto et al., 1995). Typical 13 CO/C18 O ratios in the local universe generally
range from ∼ 4 − 8 (e.g., Henkel and Mauersberger, 1993), which reflects the true
abundance ratio of these species if both are optically thin. This ratio decreases
towards unity, however, in systems known to host recent star formation, with local
ULIRG Arp 220 showing the lowest measured 13 CO/C18 O = 1.0 (Greve et al., 2009),
which may indicate

18

O enrichment from the massive stars in that system.

Few observations of CO isotopologues exist at high redshift. Danielson et al.
(2013) detect the (3–2) and (5–4) transitions of both 13 CO and C18 O in SMM J21350102, showing ratios to

12

CO of 18 and 43, respectively. These authors, along with

Danielson et al. (2011), additionally constrain the (1–0), (4–3), and (7–6) transitions
of

13

CO. The most stringent of these leads to a 3σ lower limit of

(4–3)&60, a limit difficult to reconcile with the detection of other

13

12

CO/13 CO

CO lines at

lower and higher J in that object. The C18 O transitions in SMM J2135-0102 are
unusually bright, comparable to the

13

CO lines as in Arp 220, which may indicate

the presence of a large number of massive young stars. Henkel et al. (2010) find
12

CO/13 CO ∼40 in the J = 3 − 2 line towards quasar H1413+117, suggesting a

deficit of
13

13

CO on the order of [12 CO/13 CO ] = 300 − 104 . If real, the lack of

CO would conflict with quasar absorption line studies in the optical and near-

infrared, which have consistently shown solar or near-solar abundances of secondary
species such as iron and nitrogen out to high redshift (e.g., Sameshima et al., 2009;
Juarez et al., 2009; Nagao et al., 2012). Henkel et al. (2010) posit that the apparent
contradiction may originate from the geometry of the source, with the metal-enriched
gas observed in the optical and infrared largely confined to the regions nearest to
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the AGN, while the CO emission arises from relatively metal-poor gas hundreds or
more parsecs from the AGN. The SPT DSFGs have

13

CO emission intermediate

between that of local galaxies and H1413+117, similar to the line brightness ratios
seen in SMM J2135-0102. The SPT DSFGs do not, however, have C18 O emission as
bright as in SMM J2135-0102, but further observations are necessary to determine
the true strength of C18 O in the typical SPT DSFG.
To attempt to characterize the typical gas conditions and the [12 CO/13 CO ]
abundance ratio in the SPT DSFGs, we use RADEX to model the interstellar media
of the SPT DSFGs in aggregate, under the assumption that all the detected
and

13

12

CO

CO emission arises from gas of comparable temperature and density. Since

these models are compared not to the lines of a single object but rather to the average
of lines of a large number of objects, we include an additional 15% uncertainty in
the calculated line ratios, motivated by the variation seen when different scaling
methods are applied to the sources which contribute towards individual lines. We
run a grid of excitation models with free parameters NCO /∆v, the column density
of

12

CO molecules per unit line width, Tkin , the kinetic temperature of the gas,

nH2 , the number density of molecular hydrogen, and [12 CO/13 CO ], the relative
abundance of the CO isotopologues. Our grid of models spans NCO /∆v = 1015 −
1019 cm−2 (km/s)−1 , Tkin = 12 − 300 K, nH2 = 10 − 106 cm−3 , and [12 CO/13 CO ] =
10 − 104 . In all models, we fix the background temperature of the cosmic microwave
background (CMB) to TCMB = (1 + zcommon )TCMB (z = 0) ∼ 11 K, though, as we
discuss further below, any value of TCMB (z) provides nearly equivalent results for
z = 2 − 6.
Many prior assumptions typically implemented during line radiative transfer
modeling – for example, that the system be dynamically stable, or that the total
gas mass not exceed the dynamical mass – have no straightforward analog when
modeling the average excitation of a collection of sources. As such, we adopt only
two priors. First, motivated by the RADEX documentation, line optical depths are
constrained to be τ < 100, because at optical depths exceeding 100 the line excitation temperatures are unlikely to reflect conditions in the emitting region. This
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prior effectively excludes the corner of parameter space defined by high

12

CO col-

umn density, low temperature, and low H2 number density. Second, we require that
the gas have at least enough velocity dispersion to correspond to virialized motion
under its own self gravity, i.e., that Kvir not be  1. A convenient parameterization
of this criterion is provided in Bradford et al. (2009).
The parameter degeneracies and posterior probability distributions for each parameter are shown in Figure 2.4. We find that no single model fits all seven available
line ratios well (minimum χ2 = 10.4 for three degrees of freedom). This likely reflects
the simplicity of the modeling procedure, which represents a heterogeneous collection of galaxies as a single, homogeneous gas component of simple geometry. The
column density per velocity interval is well-determined, ∼ 3 × 1017 cm−2 (km/s)−1 ,
indicating that the

12

CO lines are moderately optically thick, with τ ∼ 1 − 10 for

the transitions considered here. The average line ratios as measured slightly prefer
two solution ranges, with one solution implying a cold but very dense medium with
Tkin ∼ 22 K, nH2 > 105 cm−3 , and [12 CO/13 CO ]∼ 700, while the other indicates a
more diffuse but hot medium, with Tkin & 100 K, nH2 ∼ 800 cm−3 , and [12 CO/13 CO
]∼ 40. However, further investigation indicates that this apparent bimodality is
largely due to the influence of the 12 CO (4-3) line. If the flux of this line is increased
by ∼ 30%, the standard degeneracy between nH2 and Tkin is recovered. A larger
sample size and studies of individual DSFGs will indicate whether this apparent
deficit of 12 CO (4-3) is in fact real or whether it indicates that the J ≥ 5 12 CO lines
are beginning to trace a second, higher-excitation gas component. Without further
data, we cannot break the degeneracy between Tkin and nH2 . If, however, the gas
and dust are effectively coupled, the temperatures of gas and dust are roughly comparable. In this case, with the measured range of dust temperatures in these sources
Td = 20 − 50 K, we obtain a density of nH2 ∼ 104 − 105 cm−3 and an abundance
ratio [12 CO/13 CO ]∼ 100 − 200. Measuring additional

12

CO lines would indicate

whether the tentative flattening we see near J = 5 indeed leads to a turnover at
higher J, and may help break the degeneracies present in these radiative transfer
models. We note that such degeneracy is common and expected for CO SLEDs (and
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is illustrated clearly by Carilli and Walter 2013, their Fig. 3, and Appendix A).
With the above degeneracies in mind, for the typical submillimeter galaxy in the
SPT sample, we find that

13

CO is likely no more than 3% as abundant as

the best fit solution range, the

13

12

CO. In

CO lines have moderate opacity – τ13 CO = 0.4 for

Tkin = 40 K. Better abundance constraints require observations of purely optically
thin species, or observations of sufficient depth that the optically thin wings of a
centrally optically thick line can be used for abundance measurements (e.g., Muller
et al., 2006).
2.4.2 The Dense Gas Phase
Due to its weak electric dipole moment, 12 CO rapidly becomes thermalized at densities above a few hundred molecules cm−3 . Molecules such as HCN, HNC, and HCO+ ,
on the other hand, require densities ∼ 100× higher for collisional excitation, and
have been used extensively within the Milky Way and in local galaxies as probes
of the dense phase of the interstellar medium from which stars actively form. In
the rest-frame spectrum of SPT DSFGs, we detect 7 lines of CN, HCN, HNC, and
HCO+ from 240–780 GHz. Specifically, we detect the (4 − 3) transition of all four
species, the N = 3 − 2 transition of CN, the J = 5 − 4 HNC line, and the J = 6 − 5
line of HCO+ . All lines are roughly equally bright, suggesting the emission from
these lines is optically thick, nearly thermalized, and arises from a warm and dense
medium. Such thermalized emission would certainly be unusual were it to arise from
a single object – Knudsen et al. (2007) and Papadopoulos et al. (2007) both find
that subthermal excitation of these dense gas tracers is common, with thermalized
emission of HCN up to J = 4 − 3 arising only in local ULIRG Arp 220.
0

The relationship between LHCN (1–0) and LIR appears linear over a remarkable
7–8 orders of magnitude (Wu et al., 2005), from dense galactic cores to ULIRGs,
suggesting that the same gas responsible for the HCN emission also gives rise to
the infrared luminosity indicative of massive star formation. This linear relation
may break down for high-redshift objects (e.g., Gao et al., 2007; Riechers et al.,
2007a), though many of the objects detected thus far also host active galactic nuclei
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which may provide an additional contribution to LIR at short wavelengths. A similar
relation has also been found for HCO+ and the cyanide radical CN (Riechers et al.,
2006, 2007b), though interpretation of CN is difficult due to its strong spin-spin
and spin-nucleus coupling. The fine and hyperfine structure transitions of CN lie
close enough to each other (.few hundreds of km/s) as to be spectrally confused
for most galaxy-integrated measurements, and we make no attempt to separate the
components within our very wide channels.
0

0

In comparison with other molecular ISM tracers, LHCN (1 − 0)/LCO (1 − 0) may
indicate a type of “dense gas fraction.” With its low critical density, CO can be
interpreted as tracing the total gas mass, while HCN, HNC, and HCO+ trace only
the densest active star-forming regions. Support for this framework comes from
0

0

observations showing that, in nearby spiral galaxies, LHCN /LCO ∼ 0.01 − 0.06, rising
to ∼0.15 in starbursting systems (Gao and Solomon, 2004). Juneau et al. (2009)
use observations of the J = 1 − 0 and J = 3 − 2 transitions of HCN and HCO+ in
local (U)LIRGs and numerical simulations to show that the dense gas fraction can
rise sharply during the final stages of a major merger event. In this scenario, the
dissipation of angular momentum during the galactic collision funnels vast quantities
of gas to the center of the system, triggering an intense burst of star formation. In
0

0

the average SPT DSFG spectrum, we find LHCN (4 − 3)/LCO (1 − 0) = 0.045. For the
range of HCN excitation found by Papadopoulos et al. (2007), this corresponds to
0

0

LHCN (1 − 0)/LCO (1 − 0) = 0.045 − 0.165, in agreement with typical measurements
of actively star-forming galaxies (Gao et al., 2007, e.g.,).
The dense gas tracer lines we detect have comparable brightness, which would
be unexpected if each molecule arose in the same gas conditions unless the lines
are highly optically thick. However, variations in line strength between the various dense gas tracers may be attributable to a variety of chemical abundance effects. Models from Maloney et al. (1996), for example, indicate that HCO+ may
be preferentially destroyed in X-ray Dominated Regions (XDRs), while more recent
simulations from Meijerink and Spaans (2005) find instead that the abundance of
HNC relative to HCN may increase in the presence of an XDR. In these models, the
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ionization structure induced by the deeply-penetrating X-rays alters the balance of
formation channels for the three molecules. HNC may also become overluminous
in the centers of galaxies as the dominant reaction type shifts from ion-neutral to
neutral-neutral as density increases (Aalto et al., 2002). The CN radical, meanwhile,
which has a critical density intermediate between CO and HCO+ , appears particularly well-suited to tracing regions with strong UV fields where HCN and HNC may
be selectively dissociated (Boger and Sternberg, 2005), as in the filaments of Orion
A (Rodriguez-Franco et al., 1998). As a further complication, the high-J lines of
HNC, HCN, and HCO+ may not result from purely collisional excitation, as the
presence of a strong mid-IR radiation field allows these molecules to be radiatively
pumped via their first bending modes at 21, 14, and 12 µm, respectively. We discuss
this possibility in more detail in §2.5.3.
At high redshift, the faintness of these molecular lines has historically confined
their study to bright, highly magnified lensed systems, with only two objects detected in multiple transitions or species. In quasar H1413+117, observations of lowand mid-J transitions of HCN, HCO+ , and CN indicate purely collisional excitation
with Tkin ∼ 60 K and nH2 ∼ 104.8 cm−3 (Wilner et al., 1995; Barvainis et al., 1997;
Solomon et al., 2003; Riechers et al., 2006, 2007b, 2011b). The APM 0827+5255
quasar, in contrast, is bright in HCN, HNC, and HCO+ at least to the J = 6 − 5
lines, and the excitation of those species indicates that radiative pumping is likely
in play (Garcı́a-Burillo et al., 2006; Guélin et al., 2007; Weiß et al., 2007; Riechers
et al., 2010). Such a finding is not unexpected, given the very hot dust (Td ∼ 220 K)
surrounding the nuclear starburst / active nucleus in this system.
To investigate the gas conditions which could excite these lines, we again make
use of RADEX models. We assume the emission from all four of these species comes
from the same single gas component, not necessarily related to the origin of the
CO emission discussed previously. While the medium that gives rise to these dense
gas tracer lines will also contribute to the CO emission, the converse is less likely
to be true, given the excitation requirements of higher critical density molecules.
In order to narrow the vast parameter space that emerges when many species are

54
modeled simultaneously, we assume the relative abundance ratios of CN, HCN,
HNC, and HCO+ are the same as in the local starburst galaxy NGC253 – namely,
[HCO+ /HCN] = 2, [HNC/HCN] = 0.5, and [CN/HCN] = 0.25 (Wang et al., 2004).
Since we only aim to infer general properties for DSFGs, this choice is not critical;
using abundance ratios as derived for the prototypical starburst galaxy M82 (Naylor
et al., 2010), or even equal abundances of all four species changes the results by less
than an order of magnitude in column and number densities and a factor of two in
gas kinetic temperature. As before, we implement a prior on the line optical depth τ ,
require solutions with enough velocity dispersion to correspond to virialized motion
under the self-gravity of the gas, and include an additional 15% uncertainty in the
modeled line ratios to account for the varied sources contributing to the flux of each
line.
Our analysis indicates that the emission from mid-J lines of HCN, HNC, HCO+ ,
and CN arises largely from warm, dense gas, with Tkin ∼ 55 K and nH2 ∼ 105.5 −
107.5 cm−3 (Fig. 2.6), though significant degeneracies remain. The best-fit molecular
column density per velocity interval, NHCN /∆v ∼ 1015 cm−2 (km/s)−1 , is high enough
to indicate that the lines of species other than CN are moderately optically thick,
with τ ∼ 5 − 30 (due to its many fine and hyperfine energy level splittings, CN
is always optically thin). The high optical depth reduces the critical density for
collisional excitation by a comparable factor. The prior constraint that τ not be too
high effectively constrains the molecular hydrogen density to nH2 > 105 cm−3 . The
extreme optical depths which would be required to fit the observed line ratios for
nH2 < 105 cm−3 lead us to investigate alternatives to pure collisional excitation in
§2.5.3, below.
As a cross-check, we can calculate the fraction of the total
arises from this dense gas component by assuming the

12

12

CO emission which

CO lines emitted by gas

in the dense phase have the same filling factor as the lines of the dense gas tracer
molecules. The assumption of equal filling factors effectively provides a normalization between the dense gas tracer lines and the 12 CO lines. Assuming a [12 CO/HCN]
abundance ratio of 8000 as in NGC253 (Wang et al., 2004), the estimated contribu-
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tion of
12

12

CO emission arising from this gas component to the total is 4 − 10% from

CO (1-0) to 12 CO (6-5). This confirms that fitting the two components separately

is justified. The gas traced by these high-critical density molecules only begins to
dominate the 12 CO emission beyond the J = 8 − 7 transition; future radiative transfer modeling of individual DSFGs will require multiple gas components when such
high-J

12

CO lines are included.

2.5 Discussion
2.5.1 Comparison to other High-Redshift Galaxies
Given the substantial observing time invested in the pre-ALMA era to detect the
faint ISM diagnostics presented here, it is instructive to place our results in context
with other well-studied high-redshift objects. We focus on three systems in particular: the lensed starburst galaxy SMM J2135-0102, and lensed quasars H1413+117
and APM 0827+5255. These objects may not be representative of the high-redshift
star-forming galaxy population. APM 0827+5255, in particular, appears to be one
of the most extreme objects in the universe by any measure. Our results, based on
the aggregate properties of many sources, should be relatively immune to distortion by extreme outlying objects, allowing the average properties of DSFGs to be
determined.
ALMA will dramatically reduce the time necessary to detect molecular ISM
lines at high redshift – summed across sources, all lines we detect in our average
spectrum were observed for less than 30 minutes in total, and with only ∼1/4
the final number of antennas incorporated into the array. Given that each of our
sources was observed for only two minutes per tuning, and scaling to the noise level
reached for the stacked transitions, we find that at full capacity, ALMA will be able
to detect these faint lines and at higher spectral resolution in only half an hour
per line, assuming a fiducial target galaxy with LIR = 5 × 1013 L . As a tool for
planning future ALMA observations of high-redshift DSFGs, we show in Fig. 2.7
the ratio of the line luminosity of several species to the

12

CO line luminosity at the
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same rotational level for our composite spectrum and the reference objects described
above. The SPT DSFGs exhibit brighter

13

CO emission than H1413+117, but are

fainter in most other lines which trace the dense phase of the ISM. Both the SPT
DSFGs and SMM J2135-0102 appear to have significantly less-highly excited highcritical density molecules at J > 4, underscoring the extreme conditions present in
the circumnuclear region of the APM 0827+5255 quasar.
2.5.2 Combining Multiple Transitions of Each Species
For many species, we detect no single transition significantly, but by stacking all
transitions of those species that fall within our bandpass, we can constrain the total
luminosity emitted by a given molecule. As an example, there are 10 hydrogen-α
radio recombination lines (H20α to H29α) from 250–770 GHz. In Table 2.3, we
give the average integrated flux per transition of a number of species which have
numerous lines within our bandpass. Such a table is intended to draw attention to
species which are ripe for future study.
Aside from the lines with individually detected transitions, we also find significant flux in the stacked transitions of the rigid rotor CCH and in the CH
N, J = 1, 3/2 → 1, 1/2 doublet at 532 and 536 GHz, the first detection of these
species at high redshift. The formation mechanisms of both molecules – for CH,
the radiative association of C+ and H2 ; for CCH, the dissociative recombination
+
of C2 H+
2 or C2 H3 – indicates that they likely trace regions of moderate density

(n ∼ 103 cm−3 ) where UV radiation controls the chemical networks (Sheffer et al.,
2008; Godard et al., 2009; Gerin et al., 2010, 2011). Given the close proximity of
the CH doublet lines to the J = 6 − 5 lines of HCN and HCO+ , all three species
can be observed simultaneously in the 3 mm atmospheric window for z ∼ 4 sources,
making this group of transitions a potentially powerful probe of the chemistry of
the ISM at high redshift.
Using Table 2.3, we can quantify the amount of contamination to brighter lines
from molecules with closely spaced frequency ladders. As an example, based on
unexpectedly luminous HC3 N emission up to J = 25 − 24 in the highly-obscured
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LIRG NGC 4418 (Aalto et al., 2007), Riechers et al. (2010) speculate that the
HCO+ (5–4) flux in the APM 0827+5255 quasar may be contaminated by emission
from HC3 N (49–48). From 40 transitions of HC3 N well-separated from other lines,
observed nearly 250 times, we find no evidence for significant emission from HC3 N,
indicating that this heavy rotor does not significantly contaminate the flux of other
observed lines at high-J.
2.5.3 Excitation in Dense Gas Tracer Molecules
Oddities exist in the line ratios of the dense gas tracer species we have detected – the
0

HNC(4–3) and (5–4) lines are nearly equally luminous, and LHCO+ (6−5) significantly
0

exceeds LHCO+ (4−3) . Given the high critical densities of these lines (ncrit > 107 cm−3 )
which argue against purely collisional thermalization, alternate excitation mechanisms and geometrical effects must be explored.
The first possible mechanism, which is also the easiest to rule out, is that the
changing CMB temperature affects the level populations of each observed line differently or that diminishing contrast between the lines and CMB alters the observed
line ratios (da Cunha et al., 2013). Since our redshift search program covered a fixed
observed frequency range, the highest-J molecular lines come preferentially from the
highest-redshift sources, in which the higher CMB temperature can more easily populate the upper energy states. This is unlikely to offer a satisfactory explanation for
our observed line ratios. From our lowest-redshift object to the highest, the CMB
changes temperature only by a factor of two, from 8.2–18 K, and this temperature
is still much lower than other relevant temperatures in these systems, for which
Tkin ∼ Td & 30 K. Additionally, if the dust and gas are nearly in thermodynamic
equilibrium, for a given dust temperature at z = 0, the thermodynamically equiv6
6
alent temperature at higher redshift is (Tkin
(z = 0) + TCMB
(z))1/6 ≈ Tkin (z = 0) so

long as Td = Tkin > TCMB , assuming a dust emissivity law of β = 2 (Papadopoulos
et al., 2000).
Of course, with a sample size of less than 25 objects, the “average” properties
we derive may still be dominated by outliers. The faint lines we detect typically
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Table 2.3. Average Combined Line Properties
D

0

L

E

Species

Transitions

Observations

–

–

–

(109 K km/s pc2 )

12 CO

4

30

209.3 ± 6.2

13 CO

4

27

10.6 ± 2.0

C18 O

4

26

1.2 ± 2.3

HCN

6

36

7.5 ± 1.8

HNC

6

35

12.1 ± 2.3

HCO+

6

37

9.8 ± 1.8

CS

4

57

0.8 ± 1.6

H2 O+

7

34

7.5 ± 2.9

CH

2

20

11.3 ± 3.4

OH

2

18

1.8 ± 2.0

CN

4

28

9.0 ± 2.1

SiO

10

75

-2.4 ± 1.4

N2 H+

6

34

-0.7 ± 2.0

Hα RRLs

10

56

-1.8 ± 1.4
7.8 ± 1.9

CCH

6

34

H2 CO

9

56

1.8 ± 1.3

HC3 N

40

249

-1.5 ± 0.8

Note. — Luminosity given is the average luminosity per transition; luminosities vary for individual transitions. Line averages
exclude individual transitions which are strongly blended with
other lines. The number of observations refers to the number
of times a line was observed in a single source, summed over all
sources and transitions for each species. Molecules with combined
transitions detected at S/N > 3 are shown in bold.
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arise from spectral regions covered by 5–10 sources, and using a weighted average
increases the contribution from bright sources. In the least-sampled lines, a single
source contributes ∼ 65% of the weight to the stacked line, though out of just five
or six sources. Whether our observed line ratios are truly typical of the DSFG population (lensed and/or unlensed) will become clearer as other targeted spectroscopic
observations and blind redshift surveys are performed.
Alternatively, the excitation of HNC, HCN, and HCO+ may be strongly affected
by pumping by mid-infrared photons. In this scenario, a molecule in the ground
vibrational state, ν = 0, J = Ji , absorbs a mid-IR photon to excite it to the
ν = 1, J = Ji + 1 state before decaying to the ν = 0, J = Ji + 2 state, a net
change of ∆J = +2. The first bending modes of HNC, HCN, and HCO+ are at
21, 14, and 12µm, respectively, so for dust-dominated continuum SEDs, which fall
from 21–12µm, we might expect HNC to be more susceptible to mid-IR pumping
than HCO+ . Various studies of local IR-bright galaxies have concluded that this
effect is unimportant compared to collisional excitation (Stutzki et al., 1988; Gao
and Solomon, 2004), but the phenomenon is still plausible for the APM 0827+5255
quasar, where very hot Td ∼ 220 K dust near the central AGN creates an intense
radiation field in the mid-IR (Riechers et al., 2010). Whether this effect is also
possible in the SPT DSFGs is less clear. No SPT source in the sample presented
here shows a continuum SED with Td > 60 K. Detection of mid-IR absorption
lines would provide definitive proof of the effectiveness of mid-IR pumping (e.g.,
Lahuis et al., 2007), but such observations would be extremely challenging given
the faintness of these sources. Instead, we use Herschel /PACS measurements at
100 and 160µm to constrain the short wavelength side of the dust SEDs (Strandet
et al., in prep.), which we accomplish by allowing λ0 , the wavelength at which the
dust opacity is unity, to be a free parameter (which had previously been fixed at
100 µm). Since we aim only to divide the sample into two groups, the precise form of
this fitting function is unimportant; nearly the same source divisions emerge when
the short-wavelength side of the continuum SED is represented by a power law with
index α = 2.
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With these short-wavelength SED fits in hand, we again scale all SEDs to the
common redshift of z = 3 before dividing the sample based on rest-frame 21µm flux
density. For our sample, we divide the sources into two groups, with S21µm > 2 mJy
and S21µm < 2 mJy. Both groups of sources span our entire redshift range, and
the grouping is not influenced by PACS detection or non-detection (that is, sources
with PACS 100µm detections are present in both groups, as are those with nondetections). Both H1413+117 and APM 0827+5255 would fall in the high mid-IR
group of sources (although the continuum SEDs of our sources are less well constrained in the rest-frame mid-IR than either of these objects), and APM 0827+5255
has a stronger mid-IR radiation field than any of the SPT sources. Since dividing
the sample in half lowers the number of sources for each individual transition to
2–5, we average all available transitions of each molecule to lower the uncertainty
on the average line flux. To determine the significance of any difference between the
high and low mid-IR groups, we also repeat the above procedure for 1000 random
subsets of the sample, each containing half the total number of sources. The spread
of this distribution shows the expected variation in line ratios when the sample is
divided in half at random. As shown in Fig. 2.8, both groups are consistent with
randomly dividing the sample in half, suggesting that vibrational mode pumping is
insignificant in the average SPT DSFG.
Finally, the SPT DSFGs could be subject to differential magnification which
distorts the observed line fluxes. Although lensing itself is wavelength-independent,
the finite size of the background source causes different regions of the lensed object
to be magnified by varying amounts, leading to variations in the ratios of observed
spectral lines (e.g., Downes et al., 1995). This is an important effect when the
tracers in question fill different parts of the target galaxy (Serjeant, 2012; Hezaveh et al., 2012). However, for these chemically related and energetically similar
species, differential magnification seems unlikely to influence the line ratios we have
measured.
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2.6 Conclusions
We have presented the average rest-frame millimeter spectrum of 22 gravitationally lensed dusty, star-forming galaxies at high redshift. Stacking wide-band ALMA
spectra of objects from z = 2 − 5.7 allows faint ISM diagnostics to be studied as
typical characteristics of the SPT DSFGs. Aside from bright transitions of
we also find multiple much fainter molecular transitions from

13

12

CO,

CO, HCN, HNC,

HCO+ , and CN. The 12 CO SLED resembles that of other high-redshift DSFGs, and
in conjunction with multiple

13

CO lines, we constrain the [12 CO/13 CO ] abundance

ratio to be ∼ 100 − 200 for gas temperatures comparable to the dust temperatures of these sources, Tkin ∼ 40 K. The average SPT DSFG has

13

CO brightness

comparable to the only other high-z star-forming system in which it has been measured (SMM J2135-0102), but does not show similarly bright C18 O. Our excitation
analysis indicates the HNC, HCN, HCO+ , and CN emission arises from a warm,
dense, and optically thick medium, which allows the energy levels 40–90 K above
the ground state to be sufficiently populated. Population of vibrational modes in
these molecules is unlikely to be relevant for the typical SPT DSFG, though a small
sample size and the possibility of differential magnification may explain the line
ratios we observe. These observations represent the first constraints on the relative
strengths of these lines in high-redshift star-forming galaxies, and will be instrumental in planning future ALMA observations of such systems.
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Figure 2.1: Testing the statistical properties of the stacking procedure. Shown is
the signal-to-noise distribution of channels in the stacked spectrum near rest-frame
513 GHz, where no line is expected. The channels of the individual source spectra
included in the stack were randomized before stacking, 3000 trials were used. The
dashed line indicates a unit-width Gaussian distribution. The normal distribution
of these channels indicates that the statistics of the stack are well-described by a
Gaussian distribution with the width specified by the assumed noise level.
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Figure 2.2: The composite continuum-subtracted rest-frame 0.4 − 1.2 mm spectrum
of high-redshift submillimeter galaxies, constructed from 22 SPT DSFGs and shown
at 500 km/s resolution. A selection of potentially-detectable molecular lines are
marked. Lines we detect using the stacking procedure detailed in §2.3 are labeled
in large font, and the running ±1σ noise level is shown in grey. The middle panel
shows the running signal-to-noise ratio of the top panel, while the bottom panel
shows the number of sources which contribute at each frequency.
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Figure 2.3: 12 CO SLEDs of the SPT DSFGs and other systems for comparison, normalized to the J = 2 − 1 transition. The average 12 CO (1–0) and (2–1) transitions
are derived from data obtained with ATCA. The SLEDs are plotted both in flux
units (top) and brightness temperature units (bottom). The SPT points are shown
with an additional 15% systematic uncertainty from the choice of weighting; uncertainties for the other objects are not shown. The dotted line indicates thermalized,
optically thick gas. The two outlying objects, H1413+117 and APM 0827+5255,
both host powerful quasars.
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Figure 2.4: The results of our excitation analysis of the 12 CO and 13 CO lines detected in our composite spectrum, showing the degeneracies between parameters.
Marginalized posterior distributions for the parameters along the bottom axis are
shown along the diagonal. The 12 CO gas is thermalized at densities nH2 > 106 cm−3 ,
and most 12 CO molecules are in J > 5 levels for temperatures Tkin > 150 K, so
those regions of parameter space are equally well fit given the transitions available. Contour levels are 1, 2, and 3σ. The apparently unbounded one-dimensional
marginalized parameter distributions are a direct consequence of degeneracies inherent in such modeling; expanded ranges would not lead to bounded distributions
(see Appendix A).
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Figure 2.5: Representative solutions to the excitation modeling of 12 CO and 13 CO
marked as dashed lines, from the parameter degeneracies shown in Figure 2.4. The
three solutions shown demonstrate the difficulty in distinguishing gas conditions
along the degenerate curve in nH2 -Tkin . Each panel shows the line ratio, in brightness
temperature units, with respect to the 12 CO (3–2) line. The top panels show the
12
CO SLED, the bottom panels the 13 CO SLED.
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Figure 2.6: Parameter degeneracies in the excitation analysis of HCN, HNC, HCO+ ,
and CN, as in Fig. 2.4. Contour levels are 1, 2, and 3σ. Again, the unbounded onedimensional marginalized distributions reflect inherent degeneracies in the radiative
transfer models, explored further in Appendix A.
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Figure 2.7: Comparison of faint lines in the SPT DSFGs to those detected in
three high-redshift lensed sources: starburst galaxy SMM J2135-0102, and quasars
H1413+117 and APM 0827+5255. Plotted is the ratio (in brightness temperature
units) of the faint line to the same-J 12 CO line – for example, 13 CO (4–3)/12 CO (4–3)
or CN(N = 3 − 2)/12 CO (J = 3 − 2). All upper limits are 3σ. Data for SMM J21350102 from Danielson et al. (2011, 2013); for H1413+117 from Barvainis et al. (1997);
Weiß et al. (2003); Riechers et al. (2007b); Bradford et al. (2009); Henkel et al.
(2010); Riechers et al. (2011b); for APM 0827+5255 from Downes et al. (1999);
Wagg et al. (2005); Garcı́a-Burillo et al. (2006); Guélin et al. (2007); Weiß et al.
(2007); Riechers et al. (2010). The 12 CO (5-4) line luminosity for APM 0827+5255
is interpolated from the CO SLED presented in Weiß et al. (2007).
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Figure 2.8: Line ratios in comparison to 12 CO determined by dividing our sample
into a group with strong mid-IR flux density (S21µm > 2 mJy) and a group with weak
mid-IR flux density (S21µm < 2 mJy). Also shown is the range of values (average and
16-84% interval) found when randomly drawing subsamples of half the sources (with
replacement). That the high critical density molecules HNC, HCN, and HCO+ are
comparably bright in the two groups indicates that these molecules are unlikely to
be pumped to high-J energy levels via their first vibrational modes in the mid-IR.
Note that HCN, HCO+ and CN are detected at only 2.0, 2.0, and 2.5σ in the low
mid-IR group of sources, respectively.
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CHAPTER 3
ALMA IMAGING AND GRAVITATIONAL LENS MODELS OF SOUTH POLE
TELESCOPE–SELECTED DUSTY, STAR-FORMING GALAXIES AT HIGH
REDSHFITS

The South Pole Telescope has discovered one hundred gravitationally lensed, highredshift, dusty, star-forming galaxies (DSFGs). We present 0.500 resolution 870 µm
Atacama Large Millimeter/submillimeter Array imaging of a sample of 47 DSFGs
spanning z = 1.9−5.7, and construct gravitational lens models of these sources. Our
visibility-based lens modeling incorporates several sources of residual interferometric
calibration uncertainty, allowing us to properly account for noise in the observations.
At least 70% of the sources are strongly lensed by foreground galaxies (µ870µm > 2),
with a median magnification µ870µm = 6.3, extending to µ870µm > 30. We compare
the intrinsic size distribution of the strongly lensed sources to a similar number
of unlensed DSFGs and find no significant differences in spite of a bias between
the magnification and intrinsic source size. This may indicate that the true size
distribution of DSFGs is relatively narrow. We use the source sizes to constrain
the wavelength at which the dust optical depth is unity and find this wavelength
to be correlated with the dust temperature. This correlation leads to discrepancies
in dust mass estimates of a factor of 2 compared to estimates using a single value
for this wavelength. We investigate the relationship between the [CII] line and the
far-infrared luminosity and find that the same correlation between the [CII]/LFIR
ratio and ΣFIR found for low-redshift star-forming galaxies applies to high-redshift
galaxies and extends at least two orders of magnitude higher in ΣFIR . This lends
further credence to the claim that the compactness of the IR-emitting region is the
controlling parameter in establishing the “[CII] deficit.”
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3.1 Introduction
With the Atacama Large Millimeter/submillimeter Array (ALMA) now in full operation, our understanding of dust-enshrouded star formation at high redshifts is
advancing more rapidly than ever before. The most intense star formation in the universe takes place in dusty, star-forming galaxies (DSFGs), at high redshifts (z > 1),
creating new stars at rates of > 100 − 1000 M

yr−1 (see a recent review by Casey

et al. 2014). The otherwise high UV luminosity from massive young stars in these
galaxies is almost entirely reprocessed by interstellar dust, which absorbs the shortwavelength radiation and re-radiates it at far-infrared (FIR) and (sub)millimeter
wavelengths. Although DSFGs represent a significant contribution to the comoving
star formation rate density out to at least z = 4 (e.g., Chapman et al., 2005; Casey
et al., 2013), producing a realistic population of DSFGs has long been a challenge
for theoretical models of galaxy evolution (e.g., Baugh et al., 2005; Davé et al., 2010;
Hayward et al., 2013; Narayanan et al., 2015).
Observations of these galaxies benefit from a strongly negative “K-correction”
at submillimeter wavelengths (e.g., Blain and Longair, 1993), in which the dimming
due to increased cosmological distance is countered by the rapidly rising dust spectral energy distribution (SED) at fixed observing wavelength. DSFGs were initially
discovered in low-resolution (> 1000 ) 850 µm deep images (Smail et al., 1997; Barger
et al., 1998; Hughes et al., 1998), and high-resolution follow-up studies at submillimeter wavelengths remain challenging, as are observations at other wavelengths that
do not benefit from the negative K-correction. One fairly straightforward method
of gaining resolution is to target a sample of gravitationally lensed galaxies, such as
those discovered by the South Pole Telescope (Carlstrom et al., 2011; Vieira et al.,
2010; Mocanu et al., 2013) or the Herschel Space Observatory (Negrello et al., 2010;
Wardlow et al., 2013). Follow-up observations of these galaxies at FIR/submillimeter
wavelengths, where they are brightest, with interferometers such as ALMA and the
Submillimeter Array have shown that the bulk of the brightest objects are consistent with strong gravitational lensing (e.g., Hezaveh et al., 2013; Vieira et al., 2013;
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Bussmann et al., 2013). Lensed samples offer the opportunity to study DSFGs at
higher resolution and using fainter observational diagnostics than otherwise possible
(e.g., Swinbank et al., 2010; Fu et al., 2012; Bothwell et al., 2013a; Spilker et al.,
2014).
Taking advantage of gravitational lensing requires careful modeling to understand its effects. In this paper, we present lens models of a sample of 47 DSFGs
discovered in South Pole Telescope data and observed by ALMA at ∼ 0.5” resolution. Hezaveh et al. (2013) presented models of four sources which were spatially
resolved at the ∼ 1.500 resolution of the first data acquired for this project; here we
expand this work to include the completed dataset, including all sources and array
configurations. As in Hezaveh et al. (2013), our models are performed in the Fourier
plane native to the interferometer, and marginalized over several common calibration uncertainties. The resulting intrinsic source properties span a large range in
luminosity, and we use these derived properties to explore the intrinsic size distribution of DSFGs, their dust SEDs, and the relation between the [CII] fine structure
line and the FIR luminosity.
In Section 3.2, we describe the selection criteria and ALMA observations. Section 3.3 describes our gravitational lens modeling technique, with the results of these
models detailed in Section 3.4. In Section 3.5 we use these models to address selected
topics of interest, including the intrinsic size distribution of DSFGs and the relationship between the [CII] fine structure line and the FIR luminosity. We conclude
in Section 3.6. Throughout this work, we assume a flat WMAP9 ΛCDM cosmology,
h = 0.693, Ωm = 0.286, and ΩΛ = 0.713 (Hinshaw et al., 2013). We define the
far-infrared luminosity LFIR to be integrated over rest-frame 42.5 − 122.5 µm (Helou
et al., 1988).
3.2 Sample Selection and Observations
The selection criteria used to generate the SPT DSFG sample are described in detail
by Weiß et al. (2013). Briefly, sources were selected to have dust-like spectral in-
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dices between 1.4 and 2 mm (i.e., S1.4 mm /S2mm > 1.7; Mocanu et al. 2013). Further
selection criteria remove synchrotron-dominated and low-redshift (z < 0.1) contaminant sources. Redshifts for some of the SPT DSFGs are presented in Strandet et al.
(2016). Optical and near-infrared spectroscopic redshifts of the foreground lenses,
where available, will be presented in Rotermund et al., in prep. Finally, we make use
of optical and infrared imaging data obtained from a variety of facilities, including
the Hubble Space Telescope, Very Large Telescope, Magellan-Baade telescope, and
Spitzer /IRAC.
To refine the coarse SPT positions, each source was observed at higher spatial
resolution to improve the positional accuracy, typically at 870 µm using the Large
Apex BOlometer CAmera (LABOCA) or at 1.3 mm using the Submillimeter Array
(SMA). From this catalog, we selected 47 bright sources which could be placed into
four groups of targets that lie within 15◦ of each other on the sky in order to share
calibrator sources. The targets are listed in Table 3.1. In Figure 3.1 we compare
the objects in the subsample observed by ALMA with all SPT sources and with the
Herschel -selected objects observed by Bussmann et al. (2013, 2015).
These 47 SPT sources were observed by ALMA at 870 µm as part of Cycle 0
program 2011.0.00958.S (PI D. Marrone). The ALMA observations were carried
out in eight sessions from November 2011 to August 2012 and are summarized in
Table 3.2. Given the limited number of antennas available at the beginning of
Cycle 0 (minimum 14), each group of sources was observed with two different array
configurations, corresponding to approximately 0.5 and 1.500 resolution, to provide
better sampling of the uv plane. Over the series of observations the number of
antennas increased (up to 25), providing greater sensitivity in later observations.
Additional sources with precisely known positions from the International Celestial
Reference Frame (ICRF; Ma et al. 1998) were observed to verify the astrometric
and antenna baseline solutions. Each source was observed for 60–90 s per array
configuration. The total observing time for all calibrators and science targets was
9.4 hours.
Four basebands, each processing 2 GHz of telescope bandwidth, were centered
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near 336.8, 338.8, 348.8, and 350.8 GHz. The correlator was configured to provide
128 channels of 15.6 MHz width for each baseband. Bandpass calibration was performed by observing a bright quasar at the beginning of each track. Time-dependent
amplitude and phase variations were calibrated using several quasars near (typically
within < 5◦ of) the science targets. The flux scale was determined at the beginning of each track using an available solar system object or quasar with a recently
determined flux density, as detailed in Table 3.2. This flux scale is estimated to
be correct to within 10%, although we allow an amplitude re-scaling between the
two observations of each group of sources in our modeling (see Section 3.3). We
estimate the noise on each visibility measurement by calculating the scatter after
differencing successive visibilities on the same baseline, baseband, and polarization.
After calibration, the data from each track were combined and imaged using Briggs
weighting (robust parameter = −0.5). This weighting represents a compromise
which somewhat favors higher resolution at the expense of sensitivity.
In four objects (SPT0125-47, SPT0125-50, SPT2103-60, SPT2354-58), we
serendipitously detected a spectral feature in the ALMA data. As we consider
only models of the continuum emission in this work, for these sources, we exclude
the spectral window containing the spectral line.
Another four objects (SPT0550-53, SPT0551-50, SPT2351-57, SPT2353-50) appear to be lensed by galaxy groups or clusters. HST imaging shows numerous
galaxies in the vicinity of the 870 µm emission. Images of these sources are shown
in Appendix C. The ALMA measurements show only single images, and the ALMA
field of view does not encompass the expected locations of counterimages. For these
sources, the lensing geometry cannot be constrained by the ALMA data alone. Beyond counting them among the sources identified as lensed, we ignore them for the
remainder of this paper.
Images of the sources we model in this paper, overlaid on the best-available
near-IR or optical imaging, are shown in Fig. 3.2.

75
Table 3.1: Observed Target Summary
Short Name

IAU Name

RAALMA

DecALMA

SLABOCA

a
SALMA

mJy

mJy

zL

zS

0.693

...

SPT0020-51

SPT-S J002023-5146.3

00:20:23.45

-51:46:34.80

70 ± 8

77 ± 8

SPT0027-50

SPT-S J002706-5007.3

00:27:06.84

-50:07:19.00

138 ± 16

126 ± 13

...

...

SPT0103-45

SPT-S J010312-4538.9

01:03:11.57

-45:38:51.90

124 ± 14

105 ± 11

0.740

3.0917

SPT0109-47

SPT-S J010949-4702.1

01:09:49.91

-47:02:09.50

109 ± 14

82 ± 9

0.669

...

SPT0113-46

SPT-S J011308-4617.7

01:13:09.03

-46:17:56.90

79 ± 11

54 ± 6

...

4.2328

SPT0125-47

SPT-S J012507-4723.8

01:25:07.18

-47:23:55.50

144 ± 17

144 ± 15

0.305

2.5148

SPT0125-50

SPT-S J012549-5038.3

01:25:48.41

-50:38:17.40

109 ± 14

81 ± 9

0.510

3.9593

SPT0128-51

SPT-S J012809-5129.7

01:28:09.87

-51:29:43.80

19 ± 3

17 ± 4

...

...

SPT0202-61

SPT-S J020258-6121.2

02:02:58.86

-61:21:13.20

109 ± 13

81 ± 9

...

...

SPT0243-49

SPT-S J024308-4915.6

02:43:09.07

-49:15:33.00

84 ± 10

57 ± 7

...

5.6991

SPT0245-63

SPT-S J024544-6320.7

02:45:44.23

-63:20:44.30

61 ± 8

48 ± 6

...

...

SPT0300-46

SPT-S J030004-4621.4

03:00:04.21

-46:21:25.30

57 ± 8

58 ± 7

...

3.5954

SPT0319-47

SPT-S J031931-4724.6

03:19:32.37

-47:24:33.20

67 ± 9

57 ± 7

...

4.5164

SPT0345-47

SPT-S J034510-4725.7

03:45:10.97

-47:25:40.90

89 ± 11

92 ± 10

0.364

4.2958

SPT0346-52

SPT-S J034640-5205.0

03:46:41.19

-52:05:05.50

131 ± 15

123 ± 13

...

5.6559

SPT0348-62

SPT-S J034841-6220.9

03:48:41.55

-62:20:55.80

52 ± 7

40 ± 5

0.378

...

SPT0403-58

SPT-S J040331-5850.1

04:03:32.28

-58:50:06.70

40 ± 6

50 ± 6

...

...

SPT0404-59

SPT-S J040446-5949.2

04:04:45.82

-59:49:09.90

25 ± 6

14 ± 4

1.10

...

SPT0418-47

SPT-S J041839-4751.9

04:18:39.27

-47:51:50.10

108 ± 15

102 ± 11

0.263

4.2248

SPT0441-46

SPT-S J044143-4605.5

04:41:44.13

-46:05:29.50

80 ± 12

100 ± 11

0.882

4.4771

SPT0452-50

SPT-S J045246-5018.5

04:52:45.51

-50:18:40.60

43 ± 6

64 ± 7

1.218

2.0104

SPT0459-58

SPT-S J045901-5805.3

04:59:00.47

-58:05:17.00

53 ± 8

63 ± 7

...

4.8564

SPT0459-59

SPT-S J045913-5942.4

04:59:12.62

-59:42:21.20

61 ± 8

68 ± 8

0.938

4.7993

SPT0529-54

SPT-S J052903-5436.6

05:29:03.37

-54:36:40.30

118 ± 14

115 ± 12

0.140

3.3689

SPT0532-50

SPT-S J053250-5047.1

05:32:51.27

-50:47:09.50

118 ± 14

172 ± 18

1.15

3.3988

SPT0538-50

SPT-S J053816-5030.8

05:38:16.83

-50:30:52.00

125 ± 13

146 ± 15

0.404

2.7817

SPT0550-53b

SPT-S J055002-5356.6

05:50:01.08

-53:56:41.20

53 ± 8

55 ± 6

0.85

3.1280

SPT0551-50b

SPT-S J055138-5058.0

05:51:38.97

-50:58:03.30

74 ± 10

84 ± 9

0.365

3.1638

SPT2031-51

SPT-S J203100-5112.3

20:30:59.33

-51:12:26.40

64 ± 7

53 ± 6

0.624

...

SPT2048-55

SPT-S J204823-5520.7

20:48:23.47

-55:20:43.70

54 ± 7

56 ± 7

...

...

SPT2052-56

SPT-S J205239-5611.9

20:52:40.87

-56:11:57.50

22 ± 3

15 ± 4

...

...

SPT2103-60

SPT-S J210330-6032.8

21:03:31.55

-60:32:46.40

78 ± 10

62 ± 7

0.76

4.4357

SPT2132-58

SPT-S J213244-5803.1

21:32:43.54

-58:02:54.00

58 ± 8

57 ± 7

...

4.7677

SPT2134-50

SPT-S J213403-5013.4

21:34:03.85

-50:13:27.10

101 ± 12

86 ± 9

0.776

2.7799

SPT2146-55

SPT-S J214654-5507.9

21:46:54.13

-55:07:52.10

54 ± 7

49 ± 6

...

4.5672

SPT2146-56

SPT-S J214644-5617.0

21:46:44.58

-56:17:00.90

8±2

4±3

0.673

...

SPT2147-50

SPT-S J214719-5035.9

21:47:19.62

-50:35:59.00

61 ± 8

54 ± 6

0.845

3.7602

SPT2300-51c

SPT-S J230012-5157.4

23:00:12.48

-51:57:23.70

20 ± 3

4±3

...

...

SPT2311-54

SPT-S J231124-5450.6

23:11:24.26

-54:50:32.80

44 ± 5

40 ± 5

0.44

4.2796

SPT2319-55

SPT-S J231921-5557.9

23:19:22.20

-55:57:57.80

38 ± 5

36 ± 5

0.91

5.2928

SPT2340-59

SPT-S J234010-5943.3

23:40:09.57

-59:43:30.40

34 ± 5

35 ± 5

0.113

3.8641
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Table 3.1 (cont’d)
Short Name

IAU Name

RAALMA

DecALMA

SLABOCA

a
SALMA

mJy

mJy

zL

zS
2.6480

SPT2349-50

SPT-S J234942-5053.6

23:49:42.70

-50:53:33.20

43 ± 5

43 ± 6

0.450

SPT2349-56

SPT-S J234942-5638.2

23:49:42.70

-56:38:18.90

56 ± 10

22 ± 4

...

4.3002

SPT2351-57b

SPT-S J235150-5722.3

23:51:51.03

-57:22:16.40

35 ± 5

32 ± 5

0.589

5.8113

SPT2353-50b

SPT-S J235338-5010.2

23:53:39.50

-50:10:04.60

41 ± 6

35 ± 5

0.697

5.5764

SPT2354-58

SPT-S J235434-5815.1

23:54:34.58

-58:15:06.50

66 ± 8

58 ± 7

0.428

1.8671

SPT2357-51

SPT-S J235718-5153.7

23:57:16.85

-51:53:51.50

53 ± 8

36 ± 5

...

3.0700

Positions listed correspond to the ALMA phase center. Source redshifts are given in Weiß et al. (2013) and
Strandet et al. (2016). Lens redshifts are given in Rotermund et al., in prep. Note that both LABOCA and ALMA
flux densities are measured at 870 µm.

a Total

flux density in the ALMA image; see Section 3.4.2. Flux densities

include 10% absolute calibration uncertainties. b Source appears to be lensed by a large group or cluster and cannot
be modeled; these sources are shown in Appendix C. c SPT2300-51 is undetected by ALMA; the listed ALMA flux
is derived from a ∼4σ source outside the primary beam half-power radius.
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Figure 3.1: Comparison of the subsample of SPT sources observed by ALMA to
all SPT sources and the Herschel -selected samples of Bussmann et al. (2013, 2015).
Note that S870µm shown in this figure is derived from single-dish LABOCA measurements for the SPT sources. Single-dish photometry is not available for the Herschel
sources, so these points are derived from interferometric (SMA or ALMA) observations only and may underestimate the true total flux density; see Section 3.4.2.
Top: The subsample of SPT sources observed by ALMA was selected to have high
S1.4 mm , and spans most of the range of S870µm seen in the full sample. Bottom:
Flux density – FIR color diagram for SPT- and Herschel - selected DSFGs (Bussmann et al., 2013, 2015). The SPT sources are redder on average, and at higher
redshift (e.g., Weiß et al., 2013; Béthermin et al., 2015), largely due to their longer
selection wavelength.

1.4
1.7

22 May 2012

0.9

14 Aug. 2012
13 Aug. 2012

0.9

0.9

06 May 2012

15 June 2012

Neptune

Neptune

Neptune

Neptune

Callisto

Callisto

Neptune

J0403-360

Flux Calibrator

and beam size are averages for all science targets in each track.

observation time includes overheads.

b Sensitivity

a Total

SPT2300-51 – SPT0128-51

SPT2031-51 – SPT2147-50

0.8

16 Nov. 2011

28 Nov. 2011
04 June 2012

SPT0202-61 – SPT0418-47

SPT0441-46 – SPT0551-50

1.4
1.4

Date

Source Group

Total Timea (h)

25

19

22

17

20

16

18

14

Nant

0.21

0.40

0.31

0.42

0.64

0.72

0.29

0.60

σ b (mJy)

Table 3.2. ALMA 870 µm Observational Summary

0.5”×0.6”

0.4”×0.5”

0.5”×0.6”

0.4”×0.5”

0.5”×0.7”

1.3”×1.5”

0.5”×0.6”

0.8”×2.2”

Beam Sizea
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3.3 Visibility-Based Lens Modeling
When modeling the effects of gravitational lensing, many methods perform the fitting procedure directly on observed images of the lensed emission. However, ALMA
does not directly image the sky emission; rather, it measures the Fourier components of the sky emission at a range of two-dimensional spatial frequencies. Inverting
these visibilities leads to correlated noise in the resulting images which can introduce
bias into later measurements. Instead, a better option is to model the visibilities
directly, where the noise and measurement are well understood. Modeling in the
uv plane also allows us to model and account for residual calibration errors, including improper antenna delay calibrations and mismatched absolute flux scales from
observations taken on different days. Our lens modeling procedure is based on the
work of Hezaveh et al. (2013) (see also Bussmann et al. 2012, 2013 for a similar
technique).
The lens mass profile is represented by one or more Singular Isothermal Ellipsoids
(SIEs), with lensing deflections derived by Kormann et al. (1994). The SIE is
parameterized by its two-dimensional location relative to the phase center (xL , yL ),
the lens strength in the form of the angular Einstein radius θE,L , ellipticity eL , and
position angle of the major axis φL in degrees east of north. In some cases, the data
also favor the existence of an external tidal shear (γ), with deflections calculated as
in Keeton et al. (2000) (we have redefined the shear position angle, φγ , to match
the convention used here for φL ). Background source emission and any unlensed
sources are represented as one or more unresolved point sources (with position xS
and yS , and flux density S870µm as free parameters) or Sérsic profiles (Sersic 1968;
with position xS and yS , flux density S870µm , Sérsic index nS , half-light radius reff ,
axis ratio bS /aS , and position angle φS as free parameters). Note that a Sérsic index
n = 4 corresponds to a de Vaucouleurs (1953) profile, n = 1 an exponential disk, and
n = 0.5 a Gaussian light profile (in Hezaveh et al. 2013, all sources were modeled as
circularly symmetric Gaussian profiles). For lensed sources, we define the location
of the source to be relative to the primary lens in the model, while for unlensed
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sources it is defined relative to the ALMA phase center. Within the framework we
have developed, any of these lens and source parameters may be held fixed during
fitting, and loose flat priors may be used. We use available optical/NIR imaging
to guide the models (e.g., a single lens vs. multiple lenses), but the positions of
galaxies identified in these images are not otherwise used, except for singly-imaged
sources for which the ALMA data alone are not sufficiently constraining.
To reproduce the information present in our high signal-to-noise ratio measurements, and to represent realistic calibration uncertainties, our modeling must be
more flexible than that used in previous work (e.g., Bussmann et al., 2013; Hezaveh
et al., 2013; Bussmann et al., 2015). For example, because we are jointly modeling
multiple datasets taken several months apart (see Table 3.2), small differences in absolute calibration or atmospheric conditions between epochs could be translated into
false shifts in parameters. To address this possibility, we allow for a multiplicative
amplitude re-scaling factor and an astrometric offset between the two tracks. We
also calibrate uncorrected antenna-based phase errors using the procedure described
in Hezaveh et al. (2013). These phase errors may be attributed to uncompensated
atmospheric delays or imprecisely known antenna positions. These phase errors are
generally small except in the two Nov. 2011 tracks, which were observed prior to antenna baseline solutions being incorporated into the reduction pipeline. The phase
errors and astrometric shifts derived from this procedure are consistent with those
found for the ICRF sources that we added to our observations to test the calibration
and astrometry of the data.
We employ a Markov Chain Monte Carlo (MCMC) fitting procedure, using the
emcee (Foreman-Mackey et al., 2013) code to sample the posterior probability function. At each point in parameter space, we generate a model image from a given
set of lens and source parameters, including the flux scaling and astrometric offsets mentioned above. We then invert this image to the Fourier plane and measure
the modeled visibilities at the uv coordinates of each dataset. The quality of fit is
calculated using the χ2 metric. When comparing models of the same source with different numbers of free parameters, we use the Deviance Information Criterion (DIC;
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Spiegelhalter et al. 2002) for model selection. The DIC determines, for example,
whether including an additional source-plane component is justified.
The code used to generate all the models in this work, along with example usage
scripts, is available at https://github.com/jspilker/visilens.
3.4 Results
Images of each system along with the best-fit image- and source-plane models are
shown in Fig. 3.2. These models are briefly described in Appendix B. Summaries of
the properties of the lenses and sources are provided in Tables 3.3 and 3.4, respectively.
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Figure 3.2: Images and lens models for all sources modeled in this work. Left: ALMA
870 µm emission (blue contours) overlaid on the best-available optical/NIR image
(greyscale) for each source. Contours are drawn at 10, 30, ... percent of the peak
value. The synthesized beam is indicated in the lower left corner. For some objects,
we also show images of the 870 µm emission which highlight the resolved structure
present in the data, created by imaging only the data from the longest baselines
(green contours; see Appendix B for details). Greyscale images are logarithmically
scaled to emphasize the objects detected. Fitted lens positions are shown with navy
diamonds; sources with multiple lenses are labeled as in Table 3.3. In panels with a
large field-of-view, the ALMA primary beam half-power radius is indicated with a
dotted line; for the other objects, the primary beam correction at the center of the
image is given in the middle panel as the scale factor before the noise level in mJy.
Middle: Model dirty images (greyscale), with residual contours (blue) in steps of ±2,
4, ...σ. Right: Fully resolved best-fit model images (blue), with caustics shown in
green. The inset of each panel shows a zoomed-in view of the source-plane emission,
where the size of the inset is given in the lower-center of each panel. Multiple sources
are labeled as in Table 3.4.
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Figure 3.2: Continued.
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Figure 3.2: Continued.
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Figure 3.2: Continued.

2.19 ± 0.02
-2.01 ± 0.01
1.20 ± 0.01
-0.77 ± 0.01

-0.04 ± 0.01
-2.46 ± 0.01
2.00 ± 0.01
-5.36 ± 0.01

SPT0202-61

SPT0243-49

SPT0300-46

SPT0319-47

3.10
-3.23 ± 0.11
9.75 ± 0.05
-2.71 ± 0.01
4.24 ± 0.01
-3.73 ± 0.30

10.90
1.63 ± 0.11
-1.07 ± 0.05
3.87 ± 0.01
-0.56 ± 0.01
4.29 ± 0.19

SPT0348-62

SPT0403-58

SPT0404-59

SPT0418-47

SPT0441-46

SPT0452-50

1.26 ± 0.01

7.06

-0.45

3.04 ± 0.01

-4.26 ± 0.02

-0.42 ± 0.02

SPT0125-50

SPT0128-51

-2.42 ± 0.01

-0.94 ± 0.01

-1.76 ± 0.02

SPT0125-47

-0.81 ± 0.01

1.63 ± 0.02
3.07 ± 0.10

-1.11 ± 0.02
-1.93 ± 0.10

B
C

SPT0345-47

0.68 ± 0.01

-0.14 ± 0.01

SPT0113-46 A

SPT0346-52

-0.73 ± 0.03

-1.70 ± 0.04

-3.61 ± 0.13
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-4.66 ± 0.18

-2.44 ± 0.01

-0.34 ± 0.01

SPT0103-45
-1.81 ± 0.07

-0.34 ± 0.01

-7.65 ± 0.23

-1.18 ± 0.07

-3.98 ± 0.06
-2.48 ± 0.01

B
C

B

-1.73 ± 0.01

-2.49 ± 0.01

SPT0027-50 A

C

-2.24 ± 0.01
-2.69 ± 0.01

-1.26 ± 0.01
-0.27 ± 0.03

B

yL
arcsec

xL
arcsec

SPT0020-51 A

Source

0.820 ± 0.140

0.678 ± 0.006

1.247 ± 0.003

0.549 ± 0.027

0.533 ± 0.047

1.002

0.979 ± 0.007

0.306 ± 0.002

0.283 ± 0.009

0.344 ± 0.008

0.327 ± 0.003

0.758 ± 0.005

0.750

0.984 ± 0.005

1.011 ± 0.002

0.258 ± 0.019

0.439 ± 0.012

1.157 ± 0.010

0.839 ± 0.021

0.930 ± 0.025

1.304 ± 0.033

0.880 ± 0.003

0.119 ± 0.004

0.316 ± 0.013

0.638 ± 0.007

0.171 ± 0.010

0.614 ± 0.007

arcsec

θE,L

0.27 ± 0.14

0.42 ± 0.03

0.11 ± 0.01

0.49 ± 0.11

0.59 ± 0.12

0.00

0.52 ± 0.03

0.45 ± 0.02

0.48 ± 0.08

0.53 ± 0.02

0.55 ± 0.05

0.44 ± 0.03

0.00

0.40 ± 0.01

0.40 ± 0.01

0.50 ± 0.05

0.08 ± 0.03

0.28 ± 0.01

0.59 ± 0.04

0.53 ± 0.03

0.66 ± 0.06

0.11 ± 0.01

0.36 ± 0.05

0.55 ± 0.05

0.23 ± 0.03

0.58 ± 0.08

0.41 ± 0.03

eL

173 ± 13

87 ± 1

24 ± 1

88 ± 7

49 ± 5

0

71 ± 1

126 ± 1

130 ± 5

66 ± 1

136 ± 1

70 ± 3

0

40 ± 0

23 ± 1

18 ± 5

151 ± 8

84 ± 1

96 ± 5

6±7

119 ± 6

87 ± 1

77 ± 6

14 ± 3

3±4

94 ± 4

12 ± 2

deg. E of N

φL

–

–

–

–

–

–

0.12 ± 0.01

–

–

–

–

0.23 ± 0.01

–

–

0.03 ± 0.00

–

0.17 ± 0.01

–

0.15 ± 0.01

0.11 ± 0.01

γ

Table 3.3: Modeled Properties of Foreground Gravitational Lenses
φγ

–

–

–

–

–

–

122 ± 3

–

–

–

–

178 ± 2

–

–

97 ± 5

–

54 ± 3

–

62 ± 2

47 ± 3

deg. E of N
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2.35 ± 0.02
-1.91 ± 0.01
-1.58 ± 0.02

-4.38 ± 0.01
-2.50 ± 0.02
-0.30 ± 0.03

SPT2349-50

SPT2354-58

SPT2357-51

θE,L

0.215 ± 0.003

0.321 ± 0.003

0.244 ± 0.005

1.581 ± 0.016

0.430 ± 0.003

0.209 ± 0.007

1.195 ± 0.006

0.858 ± 0.004

0.518 ± 0.002

0.335 ± 0.006

0.552 ± 0.020

0.791 ± 0.022

0.455 ± 0.009

0.361 ± 0.006

0.534 ± 0.005

1.728 ± 0.004

0.556 ± 0.003

1.360 ± 0.008

0.627 ± 0.018

0.468 ± 0.015

arcsec

0.61 ± 0.03

0.14 ± 0.02

0.56 ± 0.06

0.37 ± 0.06

0.29 ± 0.03

0.53 ± 0.06

0.25 ± 0.02

0.12 ± 0.02

0.14 ± 0.01

0.40 ± 0.03

0.81 ± 0.03

0.11 ± 0.02

0.62 ± 0.02

0.07 ± 0.03

0.45 ± 0.02

0.13 ± 0.01

0.41 ± 0.04

0.17 ± 0.01

0.40 ± 0.05

0.34 ± 0.09

eL

φL

151 ± 2

124 ± 5

4±5

19 ± 3

117 ± 2

83 ± 5

14 ± 2

48 ± 3

37 ± 1

144 ± 4

15 ± 3

35 ± 9

41 ± 2

85 ± 10

16 ± 1

163 ± 0

4±2

91 ± 3

68 ± 6

30 ± 6

deg. E of N

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

γ

φγ

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

deg. E of N

without uncertainties have been fixed to the values shown during fitting.

(eL ), and position angle (φL ). For sources which require an external shear component, the shear strength (γ) and position angle (φγ ) are also given. Quantities

Lens positions (xL , yL ) are relative to the ALMA phase center, shown for each source in Table 3.1. Also listed are the lens Einstein radius (θE,L , ellipticity

-0.13 ± 0.02
-2.47 ± 0.03

-4.74 ± 0.01
-2.16 ± 0.07

2.10 ± 0.02

-2.89 ± 0.01

SPT2311-54
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4.21 ± 0.02
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-0.50 ± 0.02
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2.18 ± 0.01

-4.76 ± 0.01
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C

-6.40 ± 0.06
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B
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2.47 ± 0.01
5.53 ± 0.01

-5.42 ± 0.01
-4.25 ± 0.01
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-0.31 ± 0.02
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0.02 ± 0.01

-2.35 ± 0.01
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0.85 ± 0.04

-5.37 ± 0.03
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yL
arcsec

xL
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Source
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0.16 ± 0.02
0.05 ± 0.01
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0.24 ± 0.00
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0.23 ± 0.00

-0.41 ± 0.01

B

B

0.19 ± 0.01

-0.05 ± 0.00

SPT0103-45 A

SPT0109-47 A
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0.27 ± 0.01

SPT0020-51 A

C

yS
arcsec

xS
arcsec

Source

4.85 ± 1.10
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4.06 ± 0.41

4.19 ± 0.41

3.29 ± 0.19

3.41 ± 0.38

9.79 ± 4.65

1.39 ± 0.26

4.39 ± 0.22

0.82 ± 0.10

3.91 ± 0.30

21.42 ± 0.67

2.35 ± 0.06

0.21 ± 0.17

3.91 ± 0.31

3.37 ± 0.19

19.66 ± 0.48

1.06 ± 0.07

2.98 ± 0.15

3.64 ± 0.21

16.58 ± 0.56

2.88 ± 0.13

10.94 ± 0.42

mJy

S870µm

0.143 ± 0.018

0.049 ± 0.007

0.387 ± 0.022

0.123 ± 0.017

0.145 ± 0.010

0.082 ± 0.005

0.134 ± 0.029

0.222 ± 0.026

0.051 ± 0.004

0.122 ± 0.017

0.139 ± 0.015

0.124 ± 0.031

0.036 ± 0.002

0.078 ± 0.016

0.093 ± 0.009

0.118 ± 0.003

0.075 ± 0.003

0.039 ± 0.006

0.170 ± 0.023

0.045 ± 0.005

0.261 ± 0.005

0.021 ± 0.003

–

0.057 ± 0.003

0.142 ± 0.003

0.043 ± 0.004

0.104 ± 0.004

arcsec

reff

0.5

0.5

0.5

0.5

0.5

0.5

0.5

1.50 ± 0.22

0.26 ± 0.07

0.5

0.5

1.5

0.72 ± 0.13

0.95 ± 0.22

0.78 ± 0.13

0.21 ± 0.01

0.5

0.74 ± 0.14

1.23 ± 0.17

0.43 ± 0.05

0.83 ± 0.03

1.04 ± 0.15

–

0.85 ± 0.09

0.98 ± 0.06

0.36 ± 0.06

0.75 ± 0.06

nS

1.0

1.0

0.67 ± 0.08

0.29 ± 0.06

1.0

1.0

1.0

0.64 ± 0.09

0.23 ± 0.03

1.0

1.0

0.49 ± 0.18

0.22 ± 0.02

0.67 ± 0.13

0.41 ± 0.09

0.89 ± 0.03

0.38 ± 0.02

0.60 ± 0.07

0.41 ± 0.15

0.55 ± 0.10

0.49 ± 0.01

0.69 ± 0.15

–

0.50 ± 0.04

0.64 ± 0.03

0.52 ± 0.10

0.51 ± 0.03

bS /aS

Table 3.4: Intrinsic Properties of All Modeled Sources
φS

0

0

161 ± 9

168 ± 3

0

0

0

88 ± 7

130 ± 2

0

0

83 ± 13

39 ± 1

112 ± 8

48 ± 4

74 ± 3

53 ± 1

34 ± 15

50 ± 5

148 ± 8

117 ± 1

128 ± 12

–

28 ± 5

31 ± 3

77 ± 6

69 ± 3

deg. E of N

4.0 ± 0.3

9.0 ± 0.8

1.0

1.0

3.1 ± 0.1

6.7 ± 0.5

1.0

9.1 ± 0.7

16.2 ± 0.8

1.1 ± 0.0

1.1 ± 0.1

11.7 ± 0.9

15.0 ± 0.5

7.6 ± 0.7

6.0 ± 0.2

5.3 ± 0.1

23.9 ± 0.5

41.8 ± 17.1

10.2 ± 1.0

12.8 ± 3.7

5.1 ± 0.1

9.3 ± 0.5

1.0

11.2 ± 0.4

5.1 ± 0.2

10.3 ± 0.4

4.2 ± 0.1

µ870µm
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0.73 ± 0.02
0.80 ± 0.02

0.10 ± 0.01
0.05 ± 0.01
4.99 ± 0.03
-0.86 ± 0.02

SPT2031-51

SPT2048-55

SPT2052-56

SPT2103-60

0.09 ± 0.00

0.09 ± 0.01

0.15 ± 0.02

B

-0.23 ± 0.01

-0.25 ± 0.01

0.08 ± 0.01

SPT0538-50 A

SPT2146-55

0.15 ± 0.02
-0.00 ± 0.02

-0.05 ± 0.01

SPT0532-50

-0.15 ± 0.01

0.00 ± 0.00

-0.02 ± 0.01

SPT0529-54

-0.05 ± 0.01

0.03 ± 0.01

-1.17 ± 0.06

B

0.05 ± 0.01

0.29 ± 0.03
-0.98 ± 0.07

-0.08 ± 0.02

SPT0459-59 A

-0.01 ± 0.00

0.08 ± 0.02

-0.15 ± 0.02

SPT0459-58

SPT2134-50

1.22 ± 0.21

-0.63 ± 0.11

SPT2132-58

0.16 ± 0.01

-0.01 ± 0.00

SPT0452-50

B

SPT0441-46

1.11 ± 0.10

SPT0403-58 A

0.05 ± 0.01

-5.88 ± 0.21

0.01 ± 0.00

0.82 ± 0.09

-5.16 ± 0.09

C

D

SPT0418-47

1.36 ± 0.10

-3.48 ± 0.04

B

0.90 ± 0.09

1.65 ± 0.06

-6.11 ± 0.02

SPT0348-62a A

-0.29 ± 0.03

1.75 ± 0.04

-0.22 ± 0.00

SPT0346-52

1.16 ± 0.10

0.27 ± 0.01
1.22 ± 0.02

0.02 ± 0.00

SPT0345-47

0.02 ± 0.03

-0.06 ± 0.01

0.23 ± 0.01

SPT0404-59

0.14 ± 0.06
0.09 ± 0.01

-7.68 ± 0.11

C

yS
arcsec

xS
arcsec

SPT0319-47

Source

8.34 ± 0.61

4.31 ± 0.50

8.72 ± 0.90

2.29 ± 0.16

10.92 ± 0.67

9.27 ± 1.06

15.33 ± 0.78

1.50 ± 0.20

3.77 ± 0.43

13.23 ± 0.85

7.02 ± 0.58

3.22 ± 0.41

11.26 ± 1.11

11.82 ± 1.51

30.74 ± 2.32

6.88 ± 0.57

2.58 ± 0.23

2.87 ± 0.57

3.64 ± 0.47

24.14 ± 1.48

3.38 ± 0.60

1.81 ± 0.29

4.58 ± 0.49

17.33 ± 1.11

19.64 ± 0.46

9.71 ± 0.61

19.12 ± 1.93

9.65 ± 2.17

mJy

S870µm

0.136 ± 0.010

0.033 ± 0.004

0.095 ± 0.009

0.073 ± 0.004

0.183 ± 0.011

0.111 ± 0.010

0.170 ± 0.008

0.152 ± 0.016

0.060 ± 0.006

0.134 ± 0.007

0.248 ± 0.019

0.205 ± 0.048

0.323 ± 0.023

0.217 ± 0.023

0.265 ± 0.015

0.076 ± 0.007

0.092 ± 0.008

0.126 ± 0.029

0.051 ± 0.022

0.486 ± 0.020

0.180 ± 0.030

0.080 ± 0.019

0.141 ± 0.029

0.173 ± 0.013

0.101 ± 0.003

0.083 ± 0.005

0.162 ± 0.011

0.488 ± 0.132

arcsec

reff

Table 3.4 (cont’d)

2.29 ± 0.28

0.95 ± 0.14

0.39 ± 0.08

0.5

0.5

1.71 ± 0.32

1.44 ± 0.17

0.5

0.5

0.35 ± 0.12

0.96 ± 0.21

0.5

0.5

0.5

1.50 ± 0.22

2.30 ± 0.32

0.74 ± 0.18

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.81 ± 0.10

0.5

0.22 ± 0.02

0.5

nS

0.75 ± 0.05

0.82 ± 0.12

0.40 ± 0.06

0.78 ± 0.08

1.0

0.96 ± 0.05

0.88 ± 0.05

1.0

1.0

0.90 ± 0.05

0.22 ± 0.02

1.0

0.60 ± 0.07

1.0

1.0

1.0

0.86 ± 0.03

1.0

1.0

1.0

0.53 ± 0.09

0.65 ± 0.11

0.55 ± 0.11

0.85 ± 0.09

0.71 ± 0.03

1.0

0.74 ± 0.06

1.0

bS /aS

φS

59 ± 6

95 ± 23

134 ± 3

4 ± 13

0

125 ± 19

99 ± 12

0

0

102 ± 16

122 ± 1

0

171 ± 6

0

0

0

134 ± 10

0

0

0

148 ± 45

72 ± 10

7 ± 27

58 ± 21

121 ± 4

0

90 ± 6

0

deg. E of N

6.6 ± 0.4

21.0 ± 2.4

5.7 ± 0.5

27.8 ± 1.8

1.0

6.3 ± 0.7

3.9 ± 0.2

23.4 ± 1.9

18.8 ± 2.3

10.0 ± 0.6

13.2 ± 0.8

1.5 ± 0.1

4.2 ± 0.4

5.0 ± 0.6

1.7 ± 0.1

12.7 ± 1.0

32.7 ± 2.7

4.1 ± 0.6

1.7 ± 0.2

1.6 ± 0.1

1.2 ± 0.0

1.2 ± 0.0

1.3 ± 0.0

1.2 ± 0.0

5.6 ± 0.1

7.9 ± 0.5

2.9 ± 0.3

1.0

µ870µm
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-0.01 ± 0.00
-0.18 ± 0.01

0.05 ± 0.02

SPT2357-51

13.80 ± 0.66

10.23 ± 0.61

1.59 ± 0.27

1.67 ± 0.22

1.53 ± 0.16

4.60 ± 0.27

7.85 ± 0.26

8.76 ± 0.27

21.01 ± 0.99

10.90 ± 0.95

0.72 ± 0.15

4.38 ± 0.49

21.58 ± 1.04

11.00 ± 0.78

2.80 ± 0.30

mJy

S870µm

reff

0.152 ± 0.004

0.100 ± 0.004

–

–

–

0.114 ± 0.019

0.103 ± 0.011

0.176 ± 0.013

0.159 ± 0.006

0.121 ± 0.006

0.059 ± 0.016

0.043 ± 0.007

0.143 ± 0.005

0.145 ± 0.008

–

arcsec

0.5

0.22 ± 0.02

–

–

–

0.5

0.5

0.5

1.02 ± 0.14

1.26 ± 0.17

0.90 ± 0.32

2.21 ± 0.30

0.61 ± 0.12

1.17 ± 0.18

–

nS

1.0

0.61 ± 0.03

–

–

–

0.65 ± 0.08

0.53 ± 0.07

0.36 ± 0.06

0.76 ± 0.05

0.58 ± 0.04

1.0

0.40 ± 0.13

0.84 ± 0.04

0.63 ± 0.04

–

bS /aS

φS

0

133 ± 4

–

–

–

60 ± 22

88 ± 10

67 ± 3

16 ± 6

76 ± 5

0

122 ± 7

160 ± 8

93 ± 5

–

deg. E of N

2.9 ± 0.1

6.3 ± 0.4

1.0

1.0

1.0

1.0

1.0

1.0

2.1 ± 0.1

3.4 ± 0.3

13.9 ± 1.8

6.9 ± 0.6

1.9 ± 0.1

6.6 ± 0.4

1.0

µ870µm

unresolved (pointlike) in the ALMA data.

a Parameters

derived under the assumption of fixed lens Einstein radius; see Appendix B.

to the ALMA phase center given in Table 3.1. Quantities without uncertainties have been fixed during fitting to the values listed. Sources without a listed size are

For lensed sources (µ870µm > 1), source positions are relative to the first lens listed for each source in Table 3.3. For unlensed sources, positions are relative

-3.59 ± 0.18

0.13 ± 0.01

F

-10.83 ± 0.23

-6.83 ± 0.05

-4.73 ± 0.05

E

SPT2354-58

-6.13 ± 0.02
-6.19 ± 0.03

1.06 ± 0.02
0.21 ± 0.02

C

D

-4.91 ± 0.01

0.61 ± 0.01

B

SPT2340-59
0.00 ± 0.01

0.21 ± 0.02

-0.92 ± 0.07

B

-0.46 ± 0.01

0.12 ± 0.01
-0.05 ± 0.01

0.05 ± 0.00
-0.00 ± 0.01

SPT2319-55 A

-0.22 ± 0.01

0.24 ± 0.01

0.09 ± 0.01

SPT2311-54

-0.33 ± 0.01

0.27 ± 0.02

0.27 ± 0.01

SPT2147-50

SPT2349-56 A

1.03 ± 0.03

0.94 ± 0.05

SPT2146-56

SPT2349-50

yS
arcsec

xS
arcsec

Source
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3.4.1 Basic Lens Model Properties
As expected, a large fraction of the 47 fields observed by ALMA are consistent with
strongly lensed systems – for 38 sources (81%), strong gravitational lensing is the
most plausible explanation for the ALMA emission. Of these, 4 sources (11% of the
strongly lensed sources) appear to be lensed by large groups or clusters of galaxies.
An additional 8 sources (17%) appear to be unlensed or weakly lensed. Of these
sources, 2 are co-located (< 0.500 ) with objects also detected in the optical or nearinfrared but do not appear to be lensed, two more are within 300 of optical/NIR
counterparts and are likely either weakly lensed background sources or unlensed
sources with undetected optical counterparts, while the remaining 4 sources do not
appear to be closely associated with any objects detected in the best-available optical/NIR imaging. The final source, SPT2300-51, was undetected by ALMA at > 5σ
significance within the ALMA primary beam half-power radius and was determined
to be a spurious detection in the LABOCA follow-up of SPT sources; this source is
shown in Appendix B.
Figure 3.3 summarizes some key parameters of the lens models. The left panel
shows the distribution of Einstein radii for the strongly lensed sources, where we
have added the Einstein radii of systems with multiple lenses in quadrature. We find
a median Einstein radius of 0.6400 , with the distribution rising until approximately
the half-resolution radius of our data. The minimum discernible Einstein radius
is dependent on the lensing geometry and properties of the background sources.
A multiply-imaged source lensed by a galaxy with an Einstein radius less than
approximately the half-resolution radius of our data would be difficult to discern,
because the multiple images of strongly lensed systems are generally separated by ∼2
Einstein radii. The same restriction does not apply for singly-imaged sources, but in
this case the background source must be sufficiently extended for the lens to induce
noticeable distortion in the image. The fact that the distribution of Einstein radii
rises until the half-resolution radius of our data may indicate that higher resolution
observations will reveal that some of the sources which are unresolved in the current
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data may also be gravitationally lensed. A similar median Einstein radius of ∼ 0.600
was found for the Herschel -selected sample of Bussmann et al. (2013). This may
indicate that the two surveys probe a similar population of lens galaxies, in spite
of the difference in background source properties (e.g., Fig. 3.1). We defer a more
thorough discussion of the lens galaxies to a future work.
The center panel of Fig. 3.3 shows the distribution of µ870µm for the SPT sources,
with a median magnification of 5.5 for all sources, or 6.3 for the strongly lensed subset alone. This is somewhat higher than the median magnification of 4.6 found by
Bussmann et al. (2013) in a study of Herschel -selected objects. The magnification
distribution for the SPT sources also appears to contain a tail to higher magnifications compared to the Herschel sample; for approximately 30% of the strongly
lensed sources, the best-fit magnifications are µ870µm > 10.
The fraction of strongly lensed sources is expected to vary with the flux density
threshold used to create the source catalogs. Lower flux density limits will include
a higher proportion of unlensed sources. Equivalently, the median magnification of
an observed sample of objects is a function of the flux density threshold. The right
panel of Fig. 3.3 illustrates this effect: on average, apparently brighter sources are
magnified more highly. This effect is also apparent in the brighter Herschel sample
studied by Bussmann et al. (2013), in which at least 21 of 30 sources are strongly
lensed, compared to a fainter sample described in Bussmann et al. (2015), in which
only 6 of 29 sources are strongly lensed. This difference is likely due to the shape
of the submillimeter number counts, which drop steeply for sources with intrinsic
S870µm & 8.5 mJy (Karim et al., 2013; Simpson et al., 2015).
3.4.2 Flux Recovery
Every source targeted was detected, with the exception of SPT2300-51 (this source
was determined to be false after it was included in the ALMA sample). Each source
had previously been observed at the same frequency using LABOCA on APEX, a
single-dish bolometer camera with the same primary beam size as the ALMA data.
By comparing the 870 µm flux density measured by LABOCA to that recovered
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Figure 3.3: Left: Distribution of Einstein radii for the strongly lensed SPT sources.
For objects with multiple lenses, the Einstein radii of the individual lens galaxies
have been added in quadrature. Middle: Distribution of µ870µm for all modeled
sources. For sources with multiple components, the flux density-weighted mean
magnification is shown. Right: Source magnification as a function of apparent
LABOCA flux density.
in the ALMA data, we can test whether significant flux has been resolved out by
ALMA due to limited coverage of the uv-plane. This could occur if the sources have
structure extended on scales greater than the largest scale recoverable by the data,
or if additional sources are present in the maps which are too faint to have been
detected individually or are outside the primary beam.
Almost all of the sources in our sample are significantly resolved in the ALMA
data. To estimate the total flux density present in the ALMA maps, we first image
the data using a taper in the uv-plane at 50 kλ, corresponding to a resolution of
& 4”. This ensures that we measure a value as close as possible to the true singledish “zero-spacing” flux density. We then CLEAN the images to a 3σ threshold
and correct for the response of the primary beam. The total ALMA flux is then
defined as the sum of the CLEAN components, in order to avoid the need to define an
aperture over which to measure the total flux density. If our sources were unresolved
on scales < 50 kλ, this would be equivalent to reporting the maximum pixel value
in the images; in practice, many of our sources still show some structure on these
scales.
In the left panel of Fig. 3.4, we compare the total flux densities of the ALMA
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sources determined in this way to the LABOCA measurements (Weiß et al., 2013).
Note that we have made no effort to correct for the different bandwidths of the two
instruments (8 vs. ∼60 GHz). We recover a median of (91 ± 24)% of the LABOCA
flux density, consistent within the mutual absolute flux scaling uncertainties (∼10%
for both instruments). Meanwhile, the middle panel of Fig. 3.4 shows no clear trend
in the fraction of flux recovered as a function of LABOCA flux density. These plots
suggest that, in general, the ALMA data do not resolve out significant extended
emission or hide a large population of sources too faint to detect individually. Hodge
et al. (2013) reached a similar conclusion using ALMA to image a large sample of
unlensed 870 µm–selected sources discovered by LABOCA in the Extended Chandra
Deep Field-South. The sample of SPT DSFGs observed in this work shows a better
degree of consistency between the ALMA and LABOCA flux densities, which may
be due to the fact that the SPT-selected sources are apparently brighter. Indeed,
the brightest sources studied by Hodge et al. correspond to the faintest sources in
the present sample.
We also test the extent to which the total ALMA flux densities agree with the
total flux densities inferred from the lens models. In this case, we define the total
model flux density as the sum over all components of S870µm × µ870µm . This is
shown in the right panel of Fig. 3.4. The models contain a median of 102% of the
total ALMA flux densities, indicating that no significant sources of emission remain
unaccounted for by the models. As the residual maps generated by the best-fit
models shown in Fig. 3.2 show no significant remaining peaks, this is unsurprising.
3.4.3 Multiplicity in the SPT Sample
Several high-resolution ALMA follow-up studies of submillimeter sources originally
detected in low-resolution single-dish surveys have concluded that a significant fraction of the sources break up into multiple components when observed at higher
resolution. In the ALESS program, Hodge et al. (2013) find that at least 35% of
their sources contain multiple components, but that these components are consistent
with being distributed randomly on the sky. In contrast, Bussmann et al. (2015) re-
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Figure 3.4: Extent to which flux densities derived from ALMA, LABOCA, and the
lens models agree; see Sec. 3.4.2 for details. In all three panels, solid lines indicate
perfect agreement between the flux density measurements being compared. Left:
The ALMA data recover a median of 91% of the single-dish flux density measured
by LABOCA, indicated by the dashed line. Middle: No clear trend is seen in the
fraction of flux detected by ALMA as a function of LABOCA flux density. Right:
The lens models of all sources contain a median of 102% of the total ALMA flux
density.
port a multiplicity fraction of 69%, with the multiple sources strongly concentrated
at separations . 300 . Similarly, Simpson et al. (2015) report that 61% of SCUBA-2
sources contain multiple components.
Our ability to determine multiplicity fractions from the follow-up of SPT-selected
sources is hampered by two potential issues. First, the large majority of the sources
considered here are strongly lensed. This makes finding close-in multiple components
difficult, as any faint nearby companions will be overwhelmed by the much brighter
lensed emission. Second, the SPT sources have a much higher apparent brightness
compared to the unlensed single-dish sources observed in other follow-up campaigns.
This reduces our ability to detect faint sources, as low-level phase errors can create
spurious “companions.” For this reason, we use a higher (5σ, with σ870µm ∼ 0.18 −
0.5 mJy) threshold for source detection than other source catalogs. We also refrain
from counting sources which require multiple source-plane components to reproduce
the lensed emission as multiples, because these components are generally separated
by < 0.500 , and the source-plane components are likely an approximation of complex
underlying structure within a single galaxy.
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In the ALMA data presented here, only 13% (6/47) of sources contain multiple
components at > 5σ significance. This fraction is significantly lower than the high
multiplicity rates reported by other ALMA follow-up programs. While obviously
dependent on the depth of the follow-up observations, the high reported multiplicity
fractions in other programs come from data with roughly comparable depth and
resolution to the ALMA data presented here (ALESS detection threshold ∼ 1.1 −
2.1 mJy, compared to ∼ 0.9 − 2.5 mJy here). After considering our lack of sensitivity
to close-in sources and a higher source detection threshold, the ALESS sample is
the most natural comparison sample – the higher detection threshold in our data is
balanced by the increased depth of our observations, and both samples are insensitive
to multiples at separations of . 1.500 . While the overall multiplicity fraction does
appear to be lower in the SPT sample, the few multiples in our data are consistent
with being uniformly distributed within the fields, as in the ALESS data.
3.5 Discussion
We are now in a position to take advantage of the comprehensive followup programs
we have been conducting to revisit a number of topics of interest which may be
investigated further using our new knowledge of source sizes.
3.5.1 Reliability of Lens Models
For the four sources studied by Hezaveh et al. (2013) using low-resolution (∼1.500 )
data, we find generally good agreement with the updated models. The differences
between the previous and updated models can be entirely explained by the difference
in background source parameterization – that is, fitting only the data used by Hezaveh et al. with elliptical source-plane components recovers the models presented
here, while fitting all of the data used in this work with the circularly symmetric
Gaussian components assumed by Hezaveh et al. recovers the models shown there.
This indicates that the model uncertainties on the properties of the background
sources are dominated by systematic, rather than statistical, uncertainty. We have
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attempted to counter this issue by use of the DIC for model selection, which effectively penalizes models with more degrees of freedom unless they reproduce the
data significantly better.
ALMA is now capable of resolutions as fine as a few tens of milliarcseconds. To
what extent can we expect that the model properties (e.g., µ870µm ) derived here
would agree with the properties derived from observations with the ∼20× better
resolution now possible? Given that the true source structure of DSFGs is expected
to be clumpy and irregular (e.g., Swinbank et al., 2011; Dye et al., 2015), in contrast
to the smooth source parameterization assumed here, this question is difficult to
answer. This irregular structure means that different regions of a given source will
be magnified by different amounts, as opposed to the magnifications derived here,
which are averaged over the assumed-elliptical source profile.
One instructive comparison comes via the ALMA Long Baseline Campaign observations of the lensed DSFG SDP.81 at ∼0.02300 resolution (ALMA Partnership
et al., 2015). This source was also included in the sample studied by Bussmann
et al. (2013), who used ∼0.5–100 SMA observations to construct the lens models,
comparable to the resolution of the ALMA data used in this work. Note, however,
that the SMA observations reached only a peak signal-to-noise of 12 for SDP.81, far
less than the typical significance of our detections (median peak signal-to-noise of
62). The lens model, which also represented the background source as an elliptical Sérsic profile, as in this work, yielded a magnification of µ870µm ∼ 11. Several
authors have constructed lens models of the continuum emission using the highresolution ALMA observations of SDP.81, finding magnifications µ870µm ∼ 16 − 22
using pixelated source-plane reconstructions (Rybak et al., 2015; Dye et al., 2015;
Tamura et al., 2015). It is difficult to know whether these ∼50% variations are to
be generally expected, or whether the differences arise chiefly from data resolution,
data signal-to-noise, or modeling approach. In at least this single case, however,
shrinking the beam area by &100× leads to less than factor of two changes in the
model source-averaged magnification.
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3.5.2 Size Distribution of Background Sources
Gravitational lensing allows us to study the background sources at effective resolutions higher than the instrumental resolution of our observations. It is worth
considering, however, the biases which may be present when comparing lensed and
unlensed samples. For example, numerous authors have explored a potential size bias
of lensed samples (e.g., Serjeant, 2012; Hezaveh et al., 2012; Wardlow et al., 2013),
in which sources with high magnification are preferentially smaller than sources
with lower magnification factors. This effect is due to the angular extent of the
background source in comparison to the relatively small region near caustics over
which high magnification is possible – small sources near caustics can experience
a higher net magnification compared to more extended sources. Different regions
of a given background source experience different magnifications, depending on the
lensing geometry, an effect known as differential magnification.
We explore this effect in the left panel of Fig. 3.5. Here, we show the source
magnification as a function of its size for both the SPT sample and the Herschel selected samples of Bussmann et al. (2013, 2015). Many of the lens models reproduce
the complex background source morphology by invoking multiple Sérsic components.
These components are likely to be physically associated, so we show the total fluxweighted magnification and the total source area of all related components (so the
two components of, e.g., SPT0103-45 are shown as a single point, while the two
components of, e.g., SPT0128-51 are shown separately). We find a median intrinsic
FWHM of 0.28”. This figure shows no clear correlation between the two parameters.
However, in agreement with the size bias mentioned, it does appear that the sources
with the highest magnifications are preferentially smaller than sources with lower
magnifications. In other words, small size appears to be a necessary but not sufficient
criterion for the highest magnifications.
A separate but related question is whether selecting strongly lensed sources results in a biased measurement of the true size distribution of DSFGs (e.g., Hezaveh
et al., 2012). Even though high-magnification sources are preferentially compact,
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the size distribution of lensed samples is not necessarily biased, depending on the
true underlying brightness and size distributions (for example, if the true size distribution were a delta function, no bias would exist). The presence of such a bias can
be investigated by comparing size distributions measured from lensed and unlensed
samples. In the right panel of Fig. 3.5, we compare the size distribution measured
from the strongly lensed (µ870µm > 2) sources in the SPT and Herschel samples
with two unlensed DSFG samples. Simpson et al. (2015) measure sizes of 22 sources
based on 870 µm ALMA imaging of objects selected from the 850 µm SCUBA-2
Cosmology Legacy Survey (Geach et al., 2013). Only one source was unresolved
by these data, with a FWHM. 0.18”, although the sample is restricted to sources
with S870µm ∼ 5 − 12 mJy to ensure sufficient signal-to-noise to measure an accurate
source size. Ikarashi et al. (2015) report 1.1 mm sizes from ALMA observations of
13 AzTEC 1.1 mm-selected objects spanning S1.1mm ∼ 1.2 − 3.5 mJy. Assuming a
dust emissivity index β = 2, this corresponds to S870µm ∼ 3 − 9 mJy. Even after accounting for the gravitational magnification, the SPT sources are typically brighter
than many of the unlensed comparison sources, although no significant correlations
between source flux density and size are seen in either unlensed sample or our own.
Both unlensed samples have sizes measured from the dust continuum emission, eliminating possible confusion in comparing to sizes measured with alternative methods
(e.g., from the radio continuum; Biggs et al. 2011).
Given the present sample sizes, both samples of strongly lensed sources have size
distributions consistent with the distribution of unlensed sources. The two-sample
K–S test confirms that we cannot reject the hypothesis that both distributions are
drawn from the same parent distribution (p = 0.84). Few of the unlensed sources
have robust spectroscopic redshifts, which hinders our ability to infer whether the
consistent angular size distributions correspond to differing physical size distributions. As detailed in Béthermin et al. (2015) and Strandet et al. (2016), we expect
more sources at higher redshifts in the SPT sample due to its long selection wavelength and preferential selection of lensed sources. We note, however, that the angular size scale evolves slowly for z > 2; the difference in the size scale between the
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SPT median redshift and the median redshift of the unlensed DSFGs of Chapman
et al. 2005 is <15%.
The lensed samples appear to recover the “true” unlensed size distribution in
spite of the bias discussed above. This seems to indicate one of two possibilities.
First, it may be that neither the lensed nor unlensed samples are sufficiently complete for differences to be noticeable. The lensed samples effectively select sources
based on the product of intrinsic flux density and magnification, while the unlensed
samples would not measure the true size distribution if faint sources are preferentially more extended, precluding size measurements from the current ALMA data.
Alternatively, the underlying DSFG size distribution may lack sufficient dynamic
range for the size bias to become noticeable without a very large number of sources.
The true size distribution may have few objects at both very small and very large
sizes, making the magnification bias unimportant. Both scenarios are testable from
deeper observations of a larger sample of unlensed sources.
3.5.3 Constraining the Dust Opacity
The size information we have determined affords us additional constraints on other
fitted parameters which would be difficult to determine from unresolved observations. One of the most common fitting functions used to describe the dust emission
of galaxies is the “modified blackbody” function,
Sνr =

Ωsource
(Bνr (Tdust ) − Bνr (TCMB ))(1 − e−τνr )
(1 + zS )3

(3.1)

where Bνr (T ) is the Planck function evaluated at rest-frame frequency νr and temperature T . This blackbody is “modified” by the dust optical depth term, and
the overall normalization of the SED is related to the intrinsic source solid angle
2
2
Ωsource = πreff
/DA
. At long wavelengths, the dust optical depth can be parameter-

ized as a power-law in frequency (e.g., Draine, 2006), with τν = (ν/ν0 )β = (λ0 /λ)β ,
and the optical depth reaching unity at wavelength λ0 . The value of β governs the
slope of the Rayleigh-Jeans tail of the dust emission, while the combination of Tdust
and λ0 governs the peak wavelength and width of the peak of the dust emission.

101

SPT (All)
Herschel (All)

10
8

N

870 m

101

SPT (Lensed)
Herschel (Lensed)
SCUBA-2 (Unlensed)
AzTEC (Unlensed)

6
4
2

100
0.0

0.2

0.4

0.6

0.8

1.0

Source FWHM (arcsec)

1.2

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Source FWHM (arcsec)

Figure 3.5: Left: Intrinsic source size plotted as a function of 870 µm magnification,
for all sources in the SPT and Herschel DSFG samples. Sources with the highest
magnifications are preferentially more compact than the full sample. Right: Size
distributions of strongly lensed (µ870µm > 2) SPT and Herschel sources (Bussmann
et al., 2013, 2015), compared to samples of unlensed DSFGs observed by ALMA from
the 850 µm-selected SCUBA-2 Cosmology Legacy Survey (Simpson et al., 2015) and
AzTEC 1.1 mm-selected sources (Ikarashi et al., 2015). For all samples, we plot the
circularized FWHM; Simpson et al. report only source major axes (priv. comm.),
so we have circularized their measurements assuming an average axis ratio of 0.8.
This figure indicates that the lensed samples recover the same size distribution as
the unlensed samples, despite the potential size bias shown in the left panel.
The value of β is generally in the range 1.5–2, while the value of λ0 is commonly
assumed to be 100–200 µm (3–1.5 THz) (e.g., Blain et al., 2003; Casey et al., 2014).
For sources without size measurements, the source solid angle is unknown, in
addition to the other parameters which control the shape of the dust SED. Even
with sizes derived from the lens models, we are forced to assume a single dust
temperature and value of λ0 averaged over the source for each object. Improvements
on this scenario require spatially resolved continuum measurements at several widely
spaced frequencies, especially those which straddle the SED peak. While this may
one day be possible, at present we assume that the source emission is uniform,
mirroring the assumptions which must be made with unresolved photometry.
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The spatially unresolved long-wavelength SED alone is usually insufficient to
constrain the value of λ0 , as degeneracies with the other parameters (particularly
the dust temperature Tdust ) allow for good matches to the data for a wide range
of λ0 . The inferred Tdust , in turn, has a large effect on other inferred quantities,
such as the total dust mass (e.g., Casey, 2012). Our new knowledge of the intrinsic
size of the SPT DSFGs offers an alternative avenue for constraining an effective
λ0 . For those sources with spectroscopic redshifts, we fit the photometry at rest
wavelengths > 50 µm with the modified blackbody function given above, assuming
β = 2 and allowing λ0 to be a free parameter, although allowing β as a free parameter
does not alter our results. The cutoff at short wavelengths is used because neither
the modified blackbody function nor our lens models are expected to capture the
emission from hot dust which dominates the short-wavelength side of the SED.
This assumption ignores any possible contribution of a hot dust component to the
long wavelength photometry, but Herschel /PACS photometry indicates that this
component is negligible at the relevant wavelengths (Strandet et al., 2016). We
have verified that neither a hot dust component nor a short-wavelength power-law
significantly affect our conclusions.
We perform the fitting described using the source photometry in Weiß et al.
(2013); Strandet et al. (2016), and an MCMC fitting routine. The free parameters
are the SED normalization (which stands in for the source solid angle at wavelengths without size measurements; see below), Tdust , and λ0 . At each MCMC
step, we calculate the log-likelihood of producing the spatially unresolved continuum measurements given the proposed combination of parameters, and add to this
the log-likelihood of the proposed Tdust and λ0 reproducing the intrinsic source flux
density determined from the lens models, after marginalizing over the uncertainty in
source size. The reason the contributions from the spatially unresolved and resolved
measurements must be calculated separately is that, as shown in Fig. 3.4, there is
a median 10% offset and large scatter between the total flux density measured in
our (resolved) ALMA images compared to the (unresolved) LABOCA images at the
same wavelength; presumably this scatter would also be present if we resolved the

103
sources at all other wavelengths. In order to avoid biases introduced by this scatter,
we use the exact form in Eq. 3.1 at observed-frame 870 µm only, and allow a normalization at other wavelengths. This normalization effectively allows us to match flux
captured by the large single-dish beams (primarily from galaxies associated with the
foreground lensing haloes; Welikala et al. 2016) not included in the lens modeling,
as well as general measurement and calibration errors. We have verified that this
method does not give unphysical results, and that the inclusion of the lens model
sizes merely shrinks the allowable parameter space without driving the solutions to
otherwise unfavored values.
The results of this fitting are shown in the left panel of Fig. 3.6. We find a
median value of λ0 = 140 ± 40 µm, somewhat larger than the canonically assumed
value of 100 µm (e.g., Greve et al., 2012). Moreover, as previously mentioned, this
wavelength is correlated with the inferred dust temperature. Fitting a line to the
points shown in Fig. 3.6 using orthogonal distance regression (marginalizing over
the probability of points being outliers; e.g., Hogg et al. 2010) yields
λ0 = (3.0 ± 0.7) × (Tdust − 40) + (118 ± 12)µm.

(3.2)

Using this relation provides a better alternative to assuming a single value for λ0
when the available photometry cannot constrain both λ0 and Tdust – this relation
can be easily inserted into likelihood functions when fitting the dust SED. This
correlation may manifest in part from the relationship between star formation and
molecular gas – at a simplistic level, the star formation rate of dusty galaxies is
related to LFIR , which in turn is related to Tdust ; meanwhile, the gas mass is related
to the dust mass, which, as we discuss further below, is related to the dust emissivity
encapsulated in λ0 .
The impact of this correlation has little effect on the integrated LFIR . This is
as expected, since our photometric coverage fully samples the SED peak. The dust
mass Mdust , on the other hand, is strongly influenced. In the optically thin limit,
Mdust is related to the source flux density and Tdust via
Mdust =

Sνobs DL2
,
κνr (1 + zS )(Bνr (Tdust ) − Bνr (TCMB ))

(3.3)
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(Greve et al., 2012) where κν is the dust mass absorption coefficient. At present, we
are concerned only with the relative difference in the dust mass determined under
various assumptions, so the form and normalization of κν are irrelevant (as it is
related to the source flux density at one frequency and Tdust ). The right-hand panel
of Fig. 3.6 shows the ratio of the dust mass determined through our SED fitting when
leaving λ0 as a free parameter compared to the dust mass inferred by assuming λ0 =
100 µm, effected through the changes in the fitted Tdust . A similar range of inferred
dust masses are seen for other assumed values, although the range of temperatures
with reasonable agreement shifts higher for higher λ0 . For dust temperatures . 45 K,
the difference is relatively small. However, as dust temperature increases, the dust
mass is increasingly over-predicted under the assumption that λ0 = 100 µm, reaching
more than a factor of 2 for the hottest sources. A similar result, ignoring the dust
optical depth and instead framed in terms of Tdust , was obtained by Magdis et al.
(2012), who showed that single-temperature fits underestimated Mdust compared to
more complex models. This demonstrates that the assumption of a single, constant
value of λ0 can cause a severe distortion in other derived quantities, especially those
which rely on Tdust .
3.5.4 Revisiting the [CII]/FIR Ratio
The 158 µm [CII] line has long been known as a powerful coolant of the ISM (e.g.,
Crawford et al., 1986), radiating about 0.1–1% of the total IR luminosity (e.g.,
Stacey et al., 1991, 2010). Unfortunately, [CII] can be emitted by gas under a wide
variety of conditions, which makes its physical interpretation challenging.
One challenge in interpreting [CII] manifests as the “[CII] deficit,” in which the
[CII]/LFIR ratio can fall rapidly for LFIR & 1011 L (e.g., Malhotra et al., 1997; Luhman et al., 1998; Graciá-Carpio et al., 2011). A variety of physical mechanisms for
this deficit have been proposed, including AGN contributions to LFIR (e.g., Sargsyan
et al., 2012), increased ionization parameter (e.g., Malhotra et al., 2001; GraciáCarpio et al., 2011), collisional de-excitation of [CII] (Appleton et al., 2013), and
differences in emitting column (Goicoechea et al., 2015). The [CII] emission of a
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Figure 3.6: Left: Correlation between the inferred dust temperature and λ0 , the
wavelength where the dust optical depth is unity, derived from a joint fit to the FIR
photometry and the source properties inferred from the lens models for sources with
spectroscopic source redshifts. The solid line and grey region indicate the relation
in Eq. 3.2 and its associated 68% credibility interval, respectively. The histogram of
the inferred values of λ0 is also shown. The median and standard deviation for the
SPT DSFGs is 140 ± 40 µm. Right: Ratio of the dust mass inferred by allowing λ0
to be a free parameter in the joint fit of the SED and derived source properties over
the dust mass inferred by fixing λ0 to 100 µm. Fixing λ0 = 100 µm over-predicts
the dust mass by more than a factor of 2 for the sources with the highest dust
temperatures.
sample of 20 SPT DSFGs was studied in detail by Gullberg et al. (2015), who noted
that nearly saturated [CII] emission (via, e.g., excitation or optical depth effects)
could cause much of the [CII]/LFIR variation to be controlled by variations in LFIR
alone. This is tentatively supported by photodissociation models which attempt to
simultaneously explain both the [CII] and CO(1–0) emission.
In their studies of a large sample of local IR-luminous galaxies from the Great
Observatories All-Sky LIRG Survey (GOALS), Dı́az-Santos et al. (2013) find that
the [CII]/LFIR ratio is also correlated with the FIR luminosity surface density ΣFIR .
This correlation held for both purely star-forming galaxies as well as objects with
significant AGN activity (although many of the AGN-dominated sources were spatially unresolved, resulting in lower limits on ΣFIR ). A similar result was obtained
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for galaxies at z < 0.2 by Ibar et al. (2015), who additionally noted that the spiral
galaxies in their sample had higher [CII]/LFIR ratios than irregular and elliptical
galaxies. Using our new measurements of the size of the dust continuum emitting
regions of the SPT DSFGs, and drawing on a compilation of high-redshift objects
from the literature, we can extend this work two orders of magnitude higher in
ΣFIR . The result is shown in Fig. 3.7. We have re-fit the photometry of all sources
to ensure a uniform determination of LFIR .
The dashed line in Fig. 3.7 represents the best-fit relation determined by Dı́azSantos et al. (2013). We have shifted their relation vertically to match our redetermination of LFIR , but the slope is exactly as determined by Dı́az-Santos
et al. (2013), i.e., [CII]/LFIR ∝ Σ−0.35
FIR . The decline continues unabated another
two orders of magnitude beyond the limits of the GOALS survey, to at least
ΣFIR ∼ 1013 L /kpc2 . This lends further support to the claim that the compactness
of the IR-emitting region drives the relationship between [CII] and LFIR . A similar
correlation can be seen by comparing the [CII]/LFIR ratio with the dust temperature
2
4
Tdust , since, to first order, ΣFIR ∝ LFIR /reff
∝ Tdust
. This correlation was first shown

by Malhotra et al. (1997) and further explored by Gullberg et al. (2015), who determined that most of the variation could indeed by explained by the Stefan-Boltzmann
law, with a small residual dependence on Tdust . Formulating the correlation in terms
of ΣFIR itself, however, leads to a dispersion approximately a factor of 2 smaller than
formulating it in terms of Tdust (Dı́az-Santos et al., 2013). While the nature of the
[CII] emission is still uncertain, it is clear that the compactness of the IR-emitting
region plays a vital role in determining the coupling of the [CII]-emitting gas with
the warm dust.
3.6 Conclusions
We have used ALMA 870 µm observations of 47 gravitationally lensed dusty, starforming galaxies to model the effects of gravitational lensing. Using a visibility-based
modeling routine which accounts for several calibration uncertainties, we can recover
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the intrinsic properties of the background sources. At least 33 of the sources are
confirmed to undergo galaxy-scale strong lensing (µ870µm > 2), while the remaining
sources are lensed by galaxy clusters, or are weakly- or un-lensed (µ870µm < 2). The
background sources are magnified by a median factor of 5.5 for all sources, or 6.3
for the strongly lensed subset alone, with a tail that extends to µ870µm > 30.
The sources have a median intrinsic angular FWHM of 0.28”. In spite of a
potential size bias of lensed systems, in which compact background sources can
be magnified more highly than extended sources, we find no significant differences
between the size distributions of existing strongly lensed and unlensed samples of
DSFGs. Increasing the number of unlensed sources with spectroscopic redshifts
will indicate whether this corresponds to a difference in physical size scale, though
this effect is small over the plausible range of redshifts. If the similarity in size
distributions is not a chance effect owing to the limited number of sources with size
measurements, we argue that this may indicate that the intrinsic size distribution
of DSFGs is sufficiently narrow that the effect of the size bias is not detectable.
We use the sizes derived from the lens models together with the extensive
FIR/submillimeter photometric coverage to constrain λ0 , the wavelength where the
dust opacity is unity. The size information from the lens models allows us to overcome parameter degeneracies which limit our ability to constrain this wavelength
from the SED alone. We find a median transition wavelength of λ0 = 140 ± 40 µm,
somewhat longer than the generally assumed 100 µm. We provide a fitting formula
between λ0 and the dust temperature Tdust which can be used for sources without
size measurements. We show that assuming a single, fixed value for λ0 leads to variations of a factor of 2 in the inferred dust mass which can be propagated forward
to, e.g., the gas mass under overly simplified assumptions.
Finally, we make use of our extensive follow-up program targeting the 158 µm
FIR fine structure line of [CII]. We show that high-redshift galaxies (over half of them
from the SPT DSFG sample) follow the same relationship between [CII]/LFIR and
ΣFIR as the z ∼ 0 IR-luminous galaxies in the Herschel GOALS sample, extending
this correlation another two orders of magnitude higher in ΣFIR . This agrees with

108
the claim that the controlling parameter in the “[CII] deficit” is the compactness
of the IR-emitting region, regardless of the dust heating source. Future spatially
resolved observations of the [CII] line at high redshifts will indicate whether this
global correlation is also present on sub-galactic scales.
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Figure 3.7: The [CII]/FIR luminosity ratio as a function of ΣFIR for low-redshift starforming sources with a resolved mid-IR size from the GOALS survey (Dı́az-Santos
et al., 2013), a collection of high-redshift sources from the literature, and the SPT
DSFGs (Gullberg et al., 2015). The remarkably tight relation (dashed line) noted
by Dı́az-Santos et al. (2013) continues for at least another two orders of magnitude.
A typical uncertainty for the GOALS objects is shown as a black cross. The highredshift objects are drawn from Walter et al. (2009); Carniani et al. (2013); Riechers
et al. (2013); Wang et al. (2013); De Breuck et al. (2014); Neri et al. (2014); Riechers
et al. (2014); Yun et al. (2015); Dı́az-Santos et al. (2016); Oteo et al. (2016). Note
that we have re-fit the photometry of all objects in a consistent manner, as described
in Gullberg et al. (2015).
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CHAPTER 4
SUB-KILOPARSEC IMAGING OF COOL MOLECULAR GAS IN TWO
STRONGLY LENSED DUSTY, STAR-FORMING GALAXIES

We present spatially-resolved imaging obtained with the Australia Telescope Compact Array (ATCA) of three CO lines in two high-redshift gravitationally lensed
dusty star-forming galaxies, discovered by the South Pole Telescope. Strong lensing
allows us to probe the structure and dynamics of the molecular gas in these two
objects, at z = 2.78 and z = 5.66, with effective source-plane resolution of less than
1 kpc. We model the lensed emission from multiple CO transitions and the dust
continuum in a consistent manner, finding that the cold molecular gas as traced
by low-J CO always has a larger half-light radius than the 870 µm dust continuum
emission. This size difference leads to up to 50% differences in the magnification
factor for the cold gas compared to dust. In the z=2.78 galaxy, these CO observations confirm that the background source is undergoing a major merger, while the
velocity field of the other source is more complex. We use the ATCA CO observations and comparable resolution Atacama Large Millimeter/submillimeter Array
dust continuum imaging of the same objects to constrain the CO-H2 conversion
factor with three different procedures, finding good agreement between the methods and values consistent with those found for rapidly star-forming systems. We
discuss these galaxies in the context of the star formation – gas mass surface density relation, noting that the change in emitting area with observed CO transition
must be accounted for when comparing high-redshift galaxies to their lower redshift
counterparts.
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4.1 Introduction
Carbon monoxide (12 C16 O; hereafter CO) has long been known as a tracer of molecular hydrogen gas in galaxies. Molecular gas is the fuel for new generations of stars
(for recent reviews, see Bolatto et al. 2013 and Carilli and Walter 2013), so accurately diagnosing its abundance, kinematics, and morphology can shed light on the
astrophysics of star formation. The most intense bouts of star formation in the
universe appear to occur in dusty, star-forming galaxies (DSFGs) at high redshift
(e.g., Casey et al., 2014). These galaxies are heavily enshrouded in dust, which
absorbs the ultraviolet radiation from massive young stars and reradiates at far-IR
and submillimeter wavelengths. These galaxies lie in contrast to the bulk of the
high-redshift galaxy population, which form stars more slowly in less dusty, generally isolated systems (e.g., Förster Schreiber et al., 2009; Daddi et al., 2010; Tacconi
et al., 2013). Such “normal” galaxies are selected by their stellar, rather than dust,
emission, which generally excludes the highly obscured DSFG population. Together
with rapid star formation, DSFGs contain comparably large reservoirs of molecular
gas (> 1010 M ; e.g., Greve et al., 2005; Ivison et al., 2011; Bothwell et al., 2013b)
that make up a significant fraction (∼20–80%) of the total baryonic mass (e.g.,
Carilli et al., 2010; Ivison et al., 2011; Carilli and Walter, 2013).
The most extreme DSFGs are likely to be galaxies undergoing major mergers
(e.g., Narayanan et al. 2010; Hayward et al. 2012; Fu et al. 2013; Ivison et al. 2013,
though see Carilli et al. 2010; Hodge et al. 2012, 2015 for a notable counterexample),
with star formation rates (SFRs) enhanced by gas being funneled to the center of
the system after being disrupted during the collision. The merger kinematically
manifests as a disordered velocity field or multiple components closely separated in
position and/or velocity (e.g., Engel et al., 2010; Fu et al., 2013). Such an extreme
level of star formation can likely only be sustained for a period of . 100 Myr (Greve
et al., 2005), and thus the brightest DSFGs are also relatively rare.
Extensive effort has gone towards studying gas and dust both in the local universe
and at high redshift in order to understand the physics and history of star formation.
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One of the most studied correlations is the power-law relationship between the gas
surface density, Σgas , and the SFR surface density, ΣSFR (Schmidt 1959; Kennicutt
1998; see Kennicutt and Evans 2012 for a recent review). On scales of a few hundred
parsecs, the two quantities appear linearly related (e.g., Schruba et al., 2011; Leroy
et al., 2013), though power-law exponents ranging from sub-linear to quadratic
have also been theoretically predicted and observationally confirmed depending on
methodology (e.g., Krumholz et al., 2009; Liu et al., 2011; Faucher-Giguère et al.,
2013; Shetty et al., 2013). This star formation (SF) relation (or Schmidt-Kennicutt
relation) is one ingredient in many theoretical prescriptions for star formation, so
understanding its mathematical form and range of applicability is important for
understanding the buildup of stellar mass.
The steps to derive a molecular gas mass from the luminosity of a low-J CO
transition are not straightforward, and a variety of techniques have been presented
in the literature (e.g., Bolatto et al., 2013). The conversion factor, αCO , varies with
the kinematic state of the gas (through the escape fraction of CO photons) and
the gas metallicity (through CO formation and destruction processes). A variety of
observations suggest that a value of αCO ∼ 3.6−4.5 M pc−2 (K km s−1 )−1 (including
a 36% mass contribution from the cosmological abundance of helium; hereafter we
suppress the units of αCO ) is applicable to the Milky Way and nearby quiescently
star-forming galaxies with approximately solar metallicity (e.g., Solomon et al., 1987;
Abdo et al., 2010; Sandstrom et al., 2013). In regions of vigorous star formation,
however, αCO decreases by a factor of several (e.g., Downes and Solomon, 1998;
Tacconi et al., 2008).
As a further complication, the high-ΣSFR galaxies that are much more common at
high redshift are rare in the local universe, which makes their exploration more difficult. Due to the faintness of the lowest transitions of CO, most high-redshift studies
of molecular gas have used either spatially unresolved observations, or brighter,
higher-J transitions with higher excitation conditions than the ground state, or in
some cases both. An additional conversion from the observed CO transition to
CO(1–0) is required, which depends on the temperature, density, and structure of
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the interstellar medium (ISM). Resolved observations of the lowest CO transitions
are needed to test the SF relation on sub-galactic scales.
Such high-resolution studies are aided by the use of gravitational lensing, in
which a background object is magnified by a foreground structure, usually a massive elliptical galaxy or galaxy cluster. For example, Rawle et al. (2014) use highresolution maps of dust continuum emission and [CII] and CO(1-0) emission to
spatially and spectrally decompose a source at z = 5.2 predominantly lensed by a
z = 0.63 galaxy, finding variations in the efficiency of star formation of a factor
of ∼6× within a 4 kpc region in the source plane. Thomson et al. (2015) probe
∼ 100 pc scales in the z = 2.3 galaxy SMM J2135-0102 (“the Eyelash”; Swinbank
et al. (2010)). These authors studied the Schmidt-Kennicutt relation in individual
star-forming clumps in this galaxy, and found evidence that the clumps are offset
towards higher star formation efficiency compared to the galaxy as a whole.
Bright lensed galaxies are rare, but recent large surveys conducted by the South
Pole Telsecope (SPT; Carlstrom et al. 2011; Vieira et al. 2010; Mocanu et al. 2013)
and Herschel (Negrello et al., 2010; Wardlow et al., 2013) have discovered large numbers of lensed DSFGs. Subsequent spectroscopy and high-resolution imaging have
confirmed that the large majority of these objects indeed lie at high redshifts and
are lensed (Weiß et al., 2013; Vieira et al., 2013; Hezaveh et al., 2013; Harris et al.,
2012; Bussmann et al., 2013). In particular, Weiß et al. (2013) used the Atacama
Large Millimeter/submillimeter Array (ALMA) to conduct a redshift survey of 26
DSFGs discovered by the SPT, finding a median redshift hzi = 3.5. Additionally,
Aravena et al. (2013) and Aravena et al. (2016) surveyed 18 of these galaxies in
low-J CO (either CO(1–0) or CO(2–1)).
In this paper, we present high-resolution observations of low-J CO emission in
two DSFGs from the SPT sample performed with the Australia Telescope Compact
Array (ATCA). Both objects have been observed at comparable (∼0.5”) resolution
by ALMA at 870 µm, with lens models determined from these data (Hezaveh et al.,
2013). SPT-S J053816-5030.8 (SPT0538-50), at z = 2.78, is representative of the
typical DSFG population in redshift, 870 µm flux density, and dust temperature.
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This object was studied in detail by Bothwell et al. (2013a), who showed evidence
for two velocity components in CO(7–6) separated by ∆v ∼ 350 km s−1 . Intriguingly, the lens model of this source (Hezaveh et al., 2013) also required two dust
components to reproduce the ALMA data, suggesting a possible physical connection
between the velocity structure and the continuum structure. SPT-S J034640-5204.9
(SPT0346-52), at z = 5.66, is among the highest-redshift DSFGs known. The
ALMA lens model indicates that it is also the most intrinsically luminous object in
the SPT sample, and its ΣSFR approaches or surpasses the Eddington limit for radiation pressure on dust grains (Thompson et al., 2005). While not representative of
the typical DSFG in the SPT sample, SPT0346-52 allows us to study the conditions
of the ISM at their most extreme.
The layout of this paper is as follows. In Section 4.2, we describe the ATCA
7 mm and 3 mm observations of CO lines in these two objects. In Section 4.3, we
describe our procedure for modeling the effects of gravitational lensing in both the
ATCA and ALMA data. The morphological and kinematic results of these lens
models are given in Section 4.4. In Section 4.5, we use the lens modeling results to
discuss the effects of preferential source magnification, determine the αCO factor in
each source, and place these sources in the context of the SF relation. We conclude
in Section 4.6. We adopt the WMAP9 ΛCDM cosmology, with (Ωm , ΩΛ , H0 ) =
(0.286, 0.713, 69.3 km s−1 Mpc−1 ) (Hinshaw et al., 2013). Throughout, we define
the total infrared luminosity, LIR , to be integrated over rest-frame 8–1000 µm, and
assume a Chabrier (2003) initial mass function.
4.2 Observations
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Figure 4.1: Spectrum and channel maps of CO(2–1) observed in SPT0346-52. Left:
Integrated spectrum derived from short, unresolved baselines, as presented in Aravena et al. (2016) The four 200 km s−1 channels we model are colored. The dashed
line shows the intrinsic spectrum using the magnification factors in Table 4.2, multiplied by 4× for clarity. Right panels: Channel maps of the high-resolution ATCA
CO(2–1) observations presented here, colored as in the left panel. The greyscale image of the lens galaxy is from co-added HST /WFC3 F140W + F160W images (Vieira
et al., 2013). Thin black contours show the ALMA 870 µm dust continuum images.
The ATCA images are shown in steps of 2σ starting at ±3σ (1σ = 10.6 mJy km s−1
beam−1 ). The ALMA images are shown in steps of 5σ (1σ = 0.80 mJy beam−1 ).
Both datasets reach a resolution of approximately 0.45”×0.65”.
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Figure 4.2: Spectra and channel maps of CO(1–0) and CO(3–2) observed by ATCA
in SPT0538-50. Left panels: Integrated spectra of each line derived from short
baselines in which the source is unresolved. We separate the two velocity components
seen in these and other spectral lines as in Bothwell et al. (2013a). Top center
and right panels: Channel maps of CO(1–0) of each of the colored velocity bins
in the top left panel. The greyscale image is a co-added HST /WFC3 F140W +
F160W image. Also shown as thin black contours are the ALMA 870 µm dust
continuum observations. ATCA contours are shown in steps of 2σ, starting at ±3σ
(1σ = 12.7 mJy km s−1 beam−1 ), with a resolution of approximately 0.7”×1.2”.
The red velocity component is not significantly detected at the depth and resolution
of these observations. ALMA contours are shown in steps of 10σ starting at +5σ
(1σ ∼ 0.46 mJy beam−1 ). Bottom center and right panels: Channel maps of CO(3–
2) in each of the colored channels in the lower left panel. Thick black contours show
the 3.3 mm continuum emission from the same data. All ATCA contours in these
panels are shown in steps of 2σ starting at ±3σ. For the CO(3–2) data, 1σ = 145
mJy km s−1 beam−1 ; for the 3.3 mm continuum data, 1σ ∼ 70 µJy beam−1 . The
ATCA data have a resolution of approximately 2.2”×3.3”. It is clear from this figure
that the red CO(3–2) component is morphologically similar to the dust emission at
the same wavelength, dominated by the bright, compact dust component found in
the ALMA lens models (see text).
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Table 4.1 summarizes the ATCA observations of CO lines in SPT0346-52 and
SPT0538-50. Further details of these observations are given below. We also make
use of ALMA 870 µm continuum observations of these objects, described further in
Hezaveh et al. (2013).
4.2.1 ATCA Observations: 7 mm Band
SPT0538-50 and SPT0346-52 were observed with the ATCA 7 mm receivers in
CO(1–0) and CO(2–1) at observed frequencies of 30.45 and 34.64 GHz, respectively,
as part of project IDs C2892 and C2983. The sources were observed using a 6-km
extended array configuration over the course of 12 nights in 2013 October-November
and a compact 1.5-km array configuration over 6 nights in 2014 January and May.
The two CO lines are redshifted to similar frequencies and can be observed without
retuning the two 1 GHz-wide basebands available using the Compact Array Broadband Backend (CABB), allowing bandpass and absolute flux calibration to be shared
between the two sources observed in a single track. The bright quasars PKS1921293 and PKS0537-441 were observed for bandpass calibration, while the quasars
PKS0322-403 and PKS0537-441 served as complex gain calibrators for SPT0346-52
and SPT0538-50, respectively. For most tracks, the quasar PKS1934-638 was observed for flux calibration; when this source was not available, the flux level of the
bandpass and gain calibrators from adjoining observing dates was used to set the
amplitude scale. Repeated observations of amplitude calibration sources indicate
that the absolute flux scale is accurate to within 10%.
The two SPT DSFGs were also observed by Aravena et al. (2013) and Aravena
et al. (2016). using the compact ATCA configurations H75 (SPT0538-50, project
C2655) and H214 (SPT0346-52, project C2744) in 2012 July and October, respectively. For our present purposes, the baselines provided by these compact array
configurations provide sensitivity to extended emission and an estimate of the total
flux. The integrated spectrum of each source derived from these data are shown in
Figs. 4.1 and 4.2. The spectrum of SPT0538-50 has two peaks, as noted by Aravena
et al. (2013), which we discuss further in Section 4.3.
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The three array configurations provide good uv coverage on baselines from
∼100 m – 6 km, and were combined and inverted using natural weighting. We ensure
proper normalization of the noise levels of each dataset by differencing successive
pairs of visibilities on the same baseline and polarization. Naturally-weighted channel maps of each galaxy are shown in Fig. 4.1 and the upper panels of Fig. 4.2.
We show channel maps of CO(2–1) in SPT0346-52 in 200 km s−1 -wide channels, and
separate the CO(1–0) line of SPT0538-50 into the red and blue velocity components
seen in the integrated spectrum (two channels, approximately 350 km s−1 wide).
Note that the red velocity component of SPT0538-50 is not significantly detected,
as the weak line flux is spread over several synthesized beams. The 1σ sensitivities
of these maps are 54 µJy beam−1 (170 mK) per 200 km s−1 channel in SPT0346-52
and 36 µJy beam−1 (53 mK) per 350 km s−1 channel in SPT0538-50.
4.2.2 ATCA Observations: 3 mm Band
For SPT0538-50, we also observed the CO(3–2) line, redshifted to 91.35 GHz, using
the hybrid H168 array configuration on 2013 August 20 in project C2816. The
other 1 GHz-wide baseband was tuned to 94 GHz. The quasar PKS0537-441 was
again used for bandpass and complex gain calibration, while Uranus was observed
for flux calibration. The absolute flux scale at 3 mm is expected to be accurate to
within ∼15%, again inferred from repeated observations of amplitude calibration
sources.
The data were continuum-subtracted and imaged using natural weighting to
maximize sensitivity to weak emission, giving a synthesized beam of ∼3.1× 2.2”.
This resolution is sufficient to marginally resolve the source, as seen in the bottom
panels of Fig. 4.2, where we have again imaged the line in each of the two CO velocity
peaks separately. These maps reach a sensitivity of 420 µJy beam−1 (8.6 mK) in each
350 km s−1 channel. Due to the larger synthesized beam size and higher line flux
of the CO(3–2) line compared to the CO(1–0) line, we are also able to detect the
weak, red velocity component in these data, at ∼ 6σ significance.
We also significantly detect the dust continuum emission at 3.3 mm using the
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line-free channels of both basebands, reaching a sensitivity of 90 µJy beam−1 . The
dust continuum emission closely resembles the emission from the red portion of the
CO(3–2) line, which we discuss further in Section 4.4.2.
4.3 Lens Modeling
To derive the intrinsic gas and dust properties of the two DSFGs presented here,
we must quantify the effects of gravitational lensing. Our lens modeling procedure
follows that described by Hezaveh et al. (2013). Briefly, the lens mass profile is represented by a Singular Isothermal Ellipsoid (SIE). For SPT0346-52, the model also
strongly favors the existence of an external shear component whose axis is aligned
with another galaxy ∼3” east of the primary lens. For both sources, the ALMA
870 µm data are of much higher significance than the ATCA observations presented
here, so we use the best-fit lens properties derived from the ALMA continuum data
to model the source-plane in the ATCA CO data.
The lensed CO source is represented by a parameterized model consisting of one
(SPT0346-52) or two (SPT0538-50; see below) symmetric Gaussian light profiles
in each modeled velocity channel. Each profile has up to four free parameters,
namely, the two-dimensional centroid of the source and its intrinsic flux and size.
While this source-plane model is undoubtedly overly simplistic, it allows the derived
properties of each velocity bin to be compared in a straightforward manner. Using
a parametric model additionally avoids over-fitting the data using a large number of
free parameters, as in most pixel-based reconstruction techniques, which are more
appropriate for very high resolution, very high S/N observations.
ATCA and ALMA both measure the Fourier components (visibilities) of the
sky at the two-dimensional spatial frequencies defined by pairs of antennas. Rather
than comparing to reconstructed images, where there are strong correlations between
pixels, we fit lensing models directly to the measured visibilities. As in Hezaveh et al.
(2013), we use a Bayesian Markov Chain Monte Carlo (MCMC) fitting procedure.
At each MCMC step, we generate a model lensed image from a given set of source
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parameters. We then invert this image to the Fourier domain and interpolate the
model visibilities to the measured uv coordinates of the ATCA data, using the χ2
metric to determine the quality of the fit.
Lens modeling of the 870 µm dust continuum emission of both sources was previously presented in Hezaveh et al. (2013) using ALMA data with approximately
1.5” resolution. In the present work, we additionally make use of higher resolution
data taken as part of the same ALMA program, but which were not yet available
at the time of publication of Hezaveh et al.. These new data were taken in an
extended array configuration available in ALMA Cycle 0, and reach ∼0.5” resolution. Further observational details of this ALMA program are given in Hezaveh
et al. (2013), while the updated 870 µm lens models are presented in full in Spilker
et al. (2016). For both sources, the updated lens models using the higher-resolution
data are qualitatively and quantitatively similar to those derived by Hezaveh et al.
Source properties relevant to this work are summarized in Table 4.2.
In SPT0346-52, the background source is well-fit by a single elliptical Sérsic light
profile with a circularized half-light radius of 610 ± 30 pc. The source’s intrinsic
870 µm flux density of 19.6 ± 0.5 mJy is magnified by a factor of µ = 5.5 ± 0.1.
In SPT0538-50, the updated lens model requires two source-plane components
to fit the data, as in Hezaveh et al. The source consists of a faint, diffuse dust
component of intrinsic flux density 1.5 ± 0.2 mJy, half-light radius 1.25 ± 0.14 kpc
magnified by µ = 23.1±2.2, and a brighter, more compact component of flux density
3.7 ± 0.4 mJy and half-light radius 470 ± 50 pc magnified by µ = 18.9 ± 2.2.
4.4 Results
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Table 4.2: CO and Dust Lens Modeling Results
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4.4.1 SPT0346-52
As shown in Fig. 4.1, we detect the CO(2–1) emission from SPT0346-52 at peak
significance of >5σ in four consecutive 200 km s−1 wide channels. A single symmetric Gaussian source-plane component for each frequency channel is sufficient to
model the observed emission with residuals consistent with noise in all cases. The
derived source-plane structure is shown in Fig. 4.3, where we have truncated the
models of each channel at the half-light radius for clarity. The line emission blueward of ∼ −100 km s−1 is significantly offset from the redder emission. We have
modeled alternative channelizations of the data, with velocity bins ranging from
100–400 km s−1 , and all channel widths point towards the same overall structure.
Derived source properties are given in Table 4.2.
The structure seen in Fig. 4.3 is difficult to interpret. At the depth of these
data, the velocity structure is not obviously consistent but not clearly inconsistent
with large-scale disc rotation or other bulk motion. As we have only modeled four
consecutive velocity channels, it is difficult to rule out either ordered or disordered
kinematics. Taking the best-fit centroid of each velocity component at face value, the
molecular gas in SPT0346-52 appears more consistent with a merging system than
with the massive rotating discs seen in normal star-forming galaxies at moderate
redshift by, e.g., Förster Schreiber et al. (2009) and Tacconi et al. (2013). If, on
the other hand, the centroid of the -200 km s−1 component is, in fact, between the
bluer and redder channels, a position-velocity curve resembling a rotating disc could
result. Similar position-velocity diagrams were found by Riechers et al. (2008) and
Deane et al. (2013) in the source-plane structure of lensed quasars at z = 4.1 and
z = 2.3, using data of similar significance to that presented here. These authors
interpreted their data as suggestive of rotation. Deeper observations are necessary
to draw stronger conclusions about the velocity structure of SPT0346-52, as this
would allow lens modeling of narrower velocity bins.
The half-light radius of the background source is larger in low-J CO emission
than in rest-frame 130 µm continuum emission, and the 130 µm emission appears
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closely associated with the blue half of the CO(2–1) emission. This tentatively
suggests that the star formation in SPT0346-52 is proceeding in a compact region
embedded within a larger reservoir of molecular gas. Alternatively, the CO(2–1)
emission may trace a larger region of the galaxy owing to its higher optical depth.
To test the degree to which a source with the same size and location as either of
the CO-emitting components at 0 and +200 km/s could contribute to the 130 µm
continuum emission, we re-fit the ALMA data with two source-plane components.
We fix the size and position of each source, leaving only the flux density of each
source as a free parameter. The size and position of one source is fixed to that
derived from the ALMA data, while the other is fixed to the size and position of
either of the two red CO channels. This is effectively a null test to determine how
much flux density at rest 130 µm could be emitted from the same region as the
0 or +200 km s−1 CO emission. This test indicates that a source co-located with
either of the two reddest modeled CO channels contributes < 3% (1σ upper limit)
of the total unlensed flux at 130 µm. This is also the fraction of LIR and, by proxy,
SFR, that could arise from these locations under the assumptions of a uniform
dust temperature across the source and no contribution from dust heating due to
AGN activity. This limit is nevertheless consistent with CO/LIR ratios seen in local
ULIRGs and z > 0.4 main-sequence galaxies (Ivison et al., 2011; Aravena et al.,
2016, e.g.,).
We note that our finding of a large CO spatial extent compared to dust continuum is unlikely to be explained by the effects of interferometric filtering. While
only a limited range of spatial frequencies are probed by both the ATCA and ALMA
data, the data probe a similar range of radii in the uv plane. Additionally, as we fit
directly to the visibilities, our model natively reproduces this filtering. The models
presented here recover 85–105% of the flux observed in the most compact array
configuration data. These data are included in the modeling, so it is unsurprising
that the total flux should be recovered well.
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4.4.2 SPT0538-50
The integrated spectrum of this source shows two velocity components in CO(1–
0) emission separated by ∼ 350 km/s (Fig. 4.2; Aravena et al. 2013; Bothwell et al.
2013a), and so we model the emission from each velocity component separately. Unfortunately, our high-resolution CO(1–0) maps are too shallow to detect the faint
red velocity component. However, this source was also observed in CO(3–2) emission, marginally resolving the source and significantly detecting both velocity components. These observations also detected the observed-frame 3.3 mm continuum
emission at & 5σ. Here, we discuss the results of the lensing inversion of these three
datasets in turn. As before, we fix the parameters of the lens to those derived from
the ALMA 870 µm data.
Dust Continuum Emission
As previously described and as found by Hezaveh et al. (2013), we require two sourceplane components to fit the 870 µm continuum emission observed by ALMA (restframe 230 µm). The source consists of a faint, diffuse dust component of intrinsic
flux density 1.4±0.4 mJy, half-light radius 1.2 ± 0.3 kpc magnified by µ = 24 ± 4.5,
and a brighter, more compact component of flux density 3.5 ± 0.7 mJy and half-light
radius 460 ± 90 pc magnified by µ = 20 ± 4.
We have now also detected dust continuum emission at observed-frame 3.3 mm
(rest-frame 870 µm) in the line-free channels of our ATCA 3 mm data. As the
continuum is much more weakly detected in the ATCA data than the ALMA data
(Fig. 4.2), and as dust gives rise to the observed emission at both wavelengths, we
fit the ATCA data with two source-plane components with positions and sizes fixed
to the best-fit values derived from the ALMA data. This leaves only the fluxes of
each component as free parameters.
Assuming the source-plane morphology of the dust emission is the same at both
rest-frame 230 and 870 µm, we derive intrinsic fluxes of 55 ± 15 µJy for the bright,
compact (A) component and 5 ± 9 µJy for the faint, diffuse (B) component. By
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calculating the flux ratio of the components at each MCMC step, we rule out the
possibility that the two components have the same 2.5:1 flux ratio seen at 870 µm
at the ∼ 2.2σ level, tentative evidence that the two components have different
metallicities, dust temperatures and/or opacities. Further multi-wavelength highresolution continuum observations could resolve this issue, though the atmosphere
limits such prospects at wavelengths shorter than observed-frame 350 µm (rest-frame
92 µm).
CO(3–2) Emission
In star-forming galaxies, the CO(3–2) transition is significantly more luminous than
lower-lying transitions; for thermalized level populations, the integrated line flux
scales as J 2 . This, combined with the larger beam size of our ATCA 3 mm observations, allowed us to detect the fainter red velocity component in CO(3–2) emission
while this component remained undetected in CO(1–0).
As clearly seen in the images of Fig. 4.2, the spatial distributions of the blue
and red CO(3–2) emission appear significantly different. The red velocity component appears similar to the rest-frame 870 µm continuum emission simultaneously
observed by ATCA. This emission is dominated by the bright, compact (A) dust
component, as described in the previous section. We begin exploring the lensing
inversion by fitting a single Gaussian profile to each velocity component, allowing
the position, size, and flux of each source to vary. The best-fit position of the blue
velocity component is within the 1σ uncertainties of the location of the diffuse B
dust component seen in the ALMA data, and inconsistent with the location of the
compact A component. While the positional uncertainties are large (∼0.13”), the
best-fit position of the red velocity component is consistent with the location of the
bright, compact dust component seen in the ALMA maps. This suggests that the
two velocity components are in fact associated with the two dust components.
Motivated by this association, we re-fit the CO(3–2) data of both the red and blue
velocity components with two source-plane components each, fixing the positions of
each component to the best-fit positions of the dust components in the continuum
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lens model, allowing the source size to remain a free parameter. This is a test to
determine whether the CO emission of each velocity component can be uniquely
associated with one of the two dust components. The results of this test strengthen
the hypothesis that each velocity component is associated with only one of the
two dust components – for each velocity component, the lens modeling prefers that
only one of the two source-plane components have positive flux and non-infinite
size. Again, we find that the brighter blue velocity component is associated with
the faint, diffuse (B) dust component, and the fainter red velocity component is
associated with the bright, compact (A) dust component.
Figure 4.4 shows the results of modeling the CO(3–2) emission, where we have
fixed the locations of the blue and red velocity components to the locations of the
faint and bright dust components, respectively. For each velocity channel, we allow
the flux and size of the modeled source-plane component to vary. The models imply
that the CO(3–2)-emitting molecular gas has approximately the same extent as the
dust emission in both components.
Having associated the two dust components seen in the lensing reconstruction
with the two separate velocity components seen in the integrated CO line spectra,
we strengthen the argument that SPT0538-50 is indeed a pair of merging galaxies,
as also posited by Bothwell et al. (2013a). Their arguments, based on the high SFR
surface density, high specific SFR, and suppressed fine structure lines of SPT0538-50,
are confirmed based on our high-resolution kinematic observations. The two merging
galaxies are separated by 1.3 kpc in projection and ∼ 375 km s−1 in velocity. This is
comparable to what is seen in the local ULIRG Arp220, a late-stage merger which
shows two nuclei separated by approximately 400 pc and ∼ 250 km s−1 (e.g., Scoville
et al., 1997; Sakamoto et al., 2009). In contrast, SPT0538-50 appears to be in a
more compact merger than the z = 5.24 Herschel -selected lensed galaxy HLS0918
studied by Rawle et al. (2014), which consists of four spectral components separated
by 4 kpc and ∼ 840 km s−1 . SPT0538-50 appears to conform with the idea that most
DSFGs reach their extreme SFRs through major merger activity (e.g., Engel et al.,
2010).
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CO(1–0) Emission
As seen in Fig. 4.2, our observations of CO(1–0) are insufficiently deep to detect the
faint, red velocity component in our high-resolution imaging data. We do, however,
clearly detect the brighter blue velocity component at comparable resolution to the
ALMA 870 µm data. The morphology of the CO(1–0) emission is clearly different from that of the dust continuum emission, which is dominated by the bright,
compact dust component described previously. While we cannot model the red line
component in CO(1–0), we proceed by discussing the blue line component, which
can be modeled.
Having established in the previous section that the blue line component is spatially associated with the faint, diffuse dust component, we model the blue CO(1–0)
emission with a circularly-symmetric Gaussian source-plane component with position fixed to that derived from the ALMA continuum data. The free parameters
are the source flux and size, as in our models of the CO(3–2) emission. The best-fit
model source, shown in Fig. 4.4 and described in Table 4.2, leaves residuals consistent with noise. Comparison of the CO(3–2) and CO(1–0) intrinsic line fluxes
implies a CO brightness temperature ratio of r31 ∼ 0.6, similar to the ratios determined for other high-redshift DSFGs and slightly lower than the average ratio
for the SPT DSFGs themselves (e.g., Danielson et al., 2011; Bothwell et al., 2013b;
Spilker et al., 2014). Similar to what was seen in CO(2–1) in SPT0346-52, we find
that the CO(1–0) emission in SPT0538-50 is significantly extended compared to the
dust emission. Again, this may indicate that the star formation in this system is
proceeding in a compact region embedded in a larger reservoir of molecular gas. We
return to this discussion in the next section.
4.5 Discussion
4.5.1 Source Sizes and Differential Magnification
As can be seen in Figures 4.3 and 4.4, we find that the molecular gas reservoirs traced
by low-J CO transitions have larger half-light radii than the emission from the dust
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continuum. If we attribute all of the dust emission to star formation (as opposed
to, for example, dust heated by AGN activity), this implies that the intense star
formation in these galaxies is limited to relatively small regions embedded in much
larger reservoirs of molecular gas. The kinematics of both galaxies are plausibly
consistent with the disruption of secular rotation, causing vast amounts of molecular
gas to fall towards dense, compact star-forming regions.
In SPT0538-50, we find that the CO(1–0) is similarly extended compared to
CO(3-2), by more than a factor of 2× in the blue velocity component. Size differences
of this level were reported by Riechers et al. (2011a), comparing the dust and CO(1–
0) sizes of the lensed DSFG SMM J09431+4700. Larger physical extents for low-J
CO emission were also inferred by those authors and Ivison et al. 2011 by comparing
the CO line widths between low- and mid-J CO transitions. In contrast with the
CO(1–0) emission, we find the CO(3–2) emission in SPT0538-50 to have roughly
equal half-light radius as the star formation traced by the dust continuum. This
can be taken as evidence that the CO(3–2) emission is more directly associated with
ongoing star formation in this galaxy, in agreement with studies both locally (e.g.,
Wilson et al., 2009) and at high-redshift (Bothwell et al., 2010; Tacconi et al., 2013)
which find an approximately linear relationship between the CO(3–2) luminosity
and SFR. Indeed, high gas excitation conditions (Tkin ∼ 50 K, nH2 ∼ 1000 cm−3 )
are needed to achieve brightness temperature ratios near unity. A similarity in size
between CO(3–2) and stellar light was also seen by Tacconi et al. (2013), who used
rest-frame B-band HST images to determine the extent of the star formation in a
large sample of z ∼ 1 − 2 normal star-forming galaxies.
While measurements are few, in Fig. 4.5 we plot the half-light radii of star
formation (traced by the rest-frame UV, dust continuum emission, or both) and
molecular gas reservoirs for local and high-redshift sources. We restrict this comparison to those galaxies with measured sizes in CO transitions with Jup < 3, since
the effective source size changes significantly as a function of observed transition.
Physically large molecular gas reservoirs are common, with an average star formation area filling factor of ∼ 55%, similar to the difference in size between gas and

130
SF in local galaxies seen by Bigiel and Blitz (2012) and Zahid et al. (2014). This
difference in size can be a potential source of bias when calculating surface-density
quantities using sizes derived at different wavelengths – for example, using the source
sizes determined from a SF tracer to calculate Σgas would lead to an over-estimation
of the average surface density by a factor of 80%.
This difference in source size and structure at different emitting wavelengths leads
to differential magnification. Although gravitational lensing is achromatic, galaxies
appear morphologically different at different wavelengths, leading to wavelengthdependent variations in the lensing magnification (e.g., Blain et al., 1999; Serjeant,
2012; Hezaveh et al., 2012). In both sources studied here, the large total extent
of the CO emission relative to the dust continuum emission and the proximity of
the sources to the lensing caustics lead to differences in magnification between dust
and molecular gas of up to ∼ 50%. In SPT0346-52, our data indicate that the gas
emitting at positive systemic velocities is magnified by approximately a factor of 2×
more than either the rest-frame 130 µm continuum or the gas at bluer systemic velocities. Such a magnification gradient may in fact be a common feature of observing
lensed galaxies in spectral lines in which galaxies are expected to have large physical
extents. Riechers et al. (2008) and Deane et al. (2013) both find similar levels of
differential magnification as a function of velocity in observations of low-J CO emission in the lensed quasars PSS J2322+1944 and IRAS F10214+4724, respectively.
These results indicate that differential magnification can cause significant distortion
of the global SEDs of lensed galaxies, reaffirming the need to account for its effects
when comparing lensed and unlensed sources.
4.5.2 The CO-H2 Conversion Factor
With the wealth of high-resolution data on these two sources, we are presented
with the opportunity to constrain the conversion factor between CO luminosity and
molecular gas mass, αCO , through multiple means. This allows us to measure the
extent to which different methods of determining αCO are consistent within a single
system. Below, we briefly describe each technique as applied to SPT0346-52 and
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SPT0538-50. In each case, we assume the mass in the form of atomic hydrogen
gas is negligible, as seems appropriate for dense, highly star-forming systems. We
also assume the CO(2–1) line observed in SPT0346-52 is thermalized and optically
thick, with L0CO(1−0) = L0CO(2−1) . Given the vigorous star formation proceeding in
this warm, dense system and that TCMB (z = 5.7) = 18 K > Eup,CO(2−1) /kB , this
assumption is justified. This ratio is also justified both observationally (see, e.g.,
Fig. 45 of Casey et al. 2014) and theoretically (Narayanan and Krumholz, 2014).
The results of this section are summarized in Fig. 4.6.
Gas-to-Dust Ratio
Gas and dust are widely observed to be well-mixed in galaxies, with dust comprising
approximately 1% of the mass in the ISM (e.g., Sandstrom et al., 2013; Draine et al.,
2014). Thus, if the mass in dust (Md ) and the gas-to-dust ratio (δGDR ) can be
estimated, αCO can be determined simply as Md δGDR /L0CO .
Extensive Spitzer and Herschel observations of the dust continuum emission in
galaxies have rapidly advanced our understanding of δGDR and the nature of the
dust emission. The metallicity of the ISM affects δGDR , so that low-metallicity
systems have more gas per unit dust mass. Meanwhile, most far-infrared dust SEDs
can be accurately modeled using only a small number of free parameters. One
common method is to fit the dust SED with a single-temperature modified blackbody
function. However, such single-temperature models generally underestimate the
dust mass in galaxies by a factor of ∼ 2× (Dunne and Eales, 2001; Dale et al., 2012).
Dust at a single temperature cannot simultaneously fit both the long- and shortwavelength sides of the SED, which has contributions from dust heated to a range
of equilibrium temperatures. This effect has been explored by Dunne et al. (2000)
and Dale et al. (2012), and indicates that a more sophisticated, multi-component
approach is needed. Such approaches have been developed by, e.g., Draine and
Li (2007) and da Cunha et al. (2008). The theoretical models of Draine and Li
(2007) assume the dust is exposed to a power-law distribution of starlight intensities,
while the MAGPHYS code of da Cunha et al. (2008) decomposes the dust emission
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into different physically-motivated temperature regimes. The Draine and Li (2007)
models have been used to constrain αCO in samples of normal and intensely starforming z ∼ 0.5 − 4 Herschel -selected star-forming galaxies observed by Magdis
et al. (2012) and Magnelli et al. (2012).
Calculation of the dust mass requires knowledge of the dust mass absorption
coefficient, defined here as κ870 µm , the value of the coefficient at rest-wavelength
870 µm, in units of m2 kg−1 . The dust mass scales as κ−1
870 µm . Most estimates of
κ870 µm for dust in nearby, Milky Way-like galaxies are close to either 0.045 (Li and
Draine, 2001; Draine and Li, 2007; Scoville et al., 2014) or 0.075 (Ossenkopf and
Henning, 1994; Dunne et al., 2000; James et al., 2002). The choice of dust opacity,
then, leads to a difference in dust mass of ∼70%. In this work, we adopt the dust
models implemented in MAGPHYS (da Cunha et al., 2008), which uses the dust
opacity coefficient of Dunne et al. (2000), κ870 µm = 0.077. This value for the mass
absorption coefficient is commonly used for other high-redshift rapidly star-forming
systems.
Finally, to calculate the total gas mass from the dust mass, we require knowledge
of the gas-to-dust ratio, δGDR , which is known to vary with metallicity. As we have
essentially no constraints on the metallicities of these systems, we adopt the average
δGDR determined by Sandstrom et al. (2013) in a large sample of local star-forming
galaxies with approximately solar metallicities, δGDR = 72 with ∼0.2 dex scatter.
We note that the derived αCO conversion factors are linearly proportional to the
assumed δGDR , and δGDR itself likely varies approximately linearly with metallicity
(Leroy et al., 2011).
We determine the dust masses of SPT0346-52 and SPT0538-50 by fitting to the
photometry given in Weiß et al. (2013) and Bothwell et al. (2013a), respectively.
In both cases, we assume that differential magnification of the dust emission is
insignificant, and for SPT0538-50, we assume the flux at each wavelength is divided
between the two components in the same ratio as at rest-frame 230 µm. This yields
dust masses of 2.1±0.3×109 M for SPT0346-52 and 9.0±1.3 and 3.7±0.6×108 M
for the compact and diffuse components of SPT0538-50, where the uncertainties are
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statistical only. For SPT0346-52, this dust mass and the source size derived from
the ALMA lens model imply that the dust reaches unit optical depth by rest-frame
∼300 µm, longer than the canonical wavelength of ∼100 µm. Lower optical depths
are possible by raising the dust temperature or effective source size. The prevalence
of this effect in samples of lensed DSFGs is explored in more detail by Spilker et al.
(2016).
Using our adopted δGDR and dividing by the sum of the intrinsic CO luminosities
of each channel yields a measurement of αCO = 2.2 ± 0.6 for SPT0346-52. For
SPT0538-50, we calculate αCO for the blue velocity component only, yielding αCO =
1.7 ± 0.4. Note that the uncertainties in these calculations account only for the
statistical errors in the dust SED fitting and lens modeling procedure, and neglect
systematic uncertainties in κ870 µm and δGDR , which are of order 100%.
Dynamical Constraints
The CO-H2 conversion factor can also be constrained using estimates of the total
dynamical mass of galaxies and a process of elimination – the molecular gas mass
is the remainder after all other contributions to the dynamical mass have been subtracted (e.g., stars, dark matter, HI gas, dust, etc.). Assuming that stars, molecular
gas, and dark matter make up the vast majority of the total mass, then, we have
Mdyn = M∗ + αCO L0CO + MDM ,

(4.1)

where each of these quantities is measured within the same effective radius defined
by the extent of the CO emission.
Measuring each of these quantities is fraught with assumptions and systematic
uncertainties. The stellar mass of SPT0538-50 has been estimated by Bothwell et al.
(2013a) as 3.3 ± 1.5 × 1010 M , while Ma et al. (2015) only place an upper limit
on the stellar mass of SPT0346-52, based on SED fitting to optical through farinfrared photometry. These estimates assume the stellar light is magnified by the
same factor as the dust emission, which may be inaccurate by up to a factor of
∼50% (see Section 4.5.1 above and Calanog et al. 2014). The dark matter content
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within the region traced by CO is highly uncertain, but we adopt a contribution of
25% for consistency with the literature (Daddi et al., 2010), based on observations
of z ∼ 1.5 − 2 disk galaxies.
A crude estimate of the dynamical mass can be derived from
Mdyn = γR∆V 2 /G,

(4.2)

with ∆V the FWHM line width, R the source effective radius, and the gravitational
constant G. Here the pre-factor γ accounts for the detailed geometry of the source,
and is of order unity. As the geometry of the two objects studied here is only
somewhat constrained, we adopt γ = 1 for simplicity. Literature values of γ range
from γ ∼ 0.3 (e.g., Neri et al., 2003; Tacconi et al., 2008; Daddi et al., 2010) to
γ = 1.2 (e.g., Bothwell et al., 2013b). In the following, we quote only statistical
uncertainties on the derived values of αCO , ignoring the much larger systematic
uncertainties on the stellar mass, dark matter fraction, and true source geometry.
For SPT0538-50, using the spatial separation of the two components of 1.35±0.16
kpc and a line width of 490 km s−1 (from the full line profile), the above equation
yields Mdyn ∼ 7.5 ± 0.9 × 1010 M . Combined with the stellar mass estimate given
above and a 25% dark matter fraction, this yields αCO = 1.4±0.8. If the stellar mass
is entirely concentrated in the blue velocity component, the implied gas fraction of
the blue component is fgas = Mgas /(Mgas + Mstar ) ∼ 40%. As the red component
must also contain some gas, 40% is a lower limit to the gas fraction of the entire
system.
We estimate the dynamical mass of SPT0346-52 using the separation in space and
velocity of the emission at -400 km s−1 and +200 km s−1 . This yields R = 1.8±0.2 kpc
and Mdyn = 1.5±0.2×1011 M . The stellar mass upper limit calculated by Ma et al.
(2015) is a factor of several higher than the dynamical mass we have estimated. To
constrain αCO , we instead assume a range of gas fractions of fgas = 0.3 − 0.8. This
range has been observed by Tacconi et al. (2013) at lower redshifts (z ∼ 1 − 2), and
appears to evolve slowly with redshift at z > 2 (Bothwell et al., 2013b; Aravena
et al., 2016, e.g.,). This range in gas fraction leads to a range of αCO = 0.5 − 1.3;
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we adopt αCO = 0.9 ± 0.5, where the uncertainty reflects only the range of fgas and
the statistical uncertainty on Mdyn .
Given the large systematic uncertainties inherent in each step of these calculations, we estimate that the uncertainty in these derived conversion factors is at least
a factor of 2×. Improving these estimates would require extensive high resolution
multi-wavelength observations in order to better constrain the dynamical and stellar
masses. Refined estimates of the dark matter contribution would be even more challenging, and the best option may simply be to use the dark matter content derived
from hydrodynamical simulations of galaxies.
CO Luminosity Surface Density
A third estimator of the CO-H2 conversion factor was developed by Narayanan et al.
(2012), based on hydrodynamical simulations coupled with dust and line radiative
transfer. Those authors developed a suite of simulated galaxies in isolated and
merging systems and provided a fitting formula to αCO that depends solely on the
CO line intensity and metallicity:
0.65
αCO = 10.7 × Σ−0.32
,
CO /(Z/Z )

(4.3)

where ΣCO is the CO luminosity surface density in units of K km/s. As in the dustto-gas ratio method, we again assume solar metallicity for both DSFGs considered
here; lowering the metallicity to half solar would increase these estimates by approximately 50%. For SPT0346-52, we average the values of αCO determined for
each modeled channel to find a value of αCO = 0.78 ± 0.11. As we could not model
the red velocity component in SPT0538-50, for this galaxy we calculate αCO for the
blue velocity component only, yielding αCO = 1.4 ± 0.2.
Summary of CO–H2 Conversion Factor Measurements
We have constrained the CO–H2 conversion factor in the two objects presented
here using three independent methods. The three methods show reasonably good
agreement with each other, with average values of αCO = 1.3 for SPT0346-52 and
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αCO = 1.5 for SPT0538-50. The uncertainty in these estimates is dominated by
systematic, rather than statistical, errors of ∼100% for each method. Given the large
systematic uncertainties inherent to each method, the general agreement between
the three techniques is encouraging. Resolved CO and dust continuum observations
of a larger sample of objects could reveal systematic differences between the various
methods.
For both objects, the derived conversion factors are similar to those determined
for other rapidly star-forming objects, exhibiting low values of αCO similar to most
DSFGs and unlike more quiescently star-forming objects. In Figure 4.6, we place
our measurements in the context of other studies that have also constrained the
conversion factor in a wide variety of galaxies at z > 1. No clear bimodality between
“Milky Way-like” and “ULIRG-like” values is seen, as would be expected from a
heterogeneous collection of galaxies with varying ISM properties. Indeed, the sample
used to determine the canonical “ULIRG-like” value of αCO by Downes and Solomon
(1998) also showed a fair amount of variation. This lack of bimodality (as noted by
Narayanan et al. 2012 and discussed in the next section) can influence the form of
the Schmidt-Kennicutt star formation relation.
4.5.3 The Star Formation Relation at z > 2.5
We now turn our attention to the Schmidt-Kennicutt ΣSFR –Σgas relation. Figure 4.7
presents samples of low- and high-redshift galaxies for comparison to the targets of
this work. Our lens modeling and FIR SED provide measurements of the total
star formation rate, molecular gas mass (inferred from low-J CO measurements and
the αCO measurements of the previous section), and sizes of the star-forming and
molecular gas regions. The ΣSFR and Σgas values for these two objects show them
to lie at the upper edge of the distribution of galaxies in this plane.
To interpret the offset between the properties of the SPT galaxies and the larger
sample consisting of both normal and more highly star-forming galaxies, we must
consider the measurements that are required to construct such a plot. The highredshift comparison galaxies in Fig. 4.7 are divided into two samples depending on

137
whether their molecular gas sizes are determined from low-J CO (orange diamonds)
or from other measurements, including star formation tracers and higher-J CO
(purple squares). The galaxies with low-J CO size measurements, which provide
determinations of Σgas that are most similar to those made at low redshift, are more
consistent with the SPT sources than the other high-redshift subsample. The typical
procedure to convert from higher-J CO measurements to Σgas involves correcting
the CO luminosity for subthermal excitation to arrive at the CO(1–0) equivalent,
using αCO to infer the molecular gas mass, and division by one of the available size
measurements to get the surface density. However, in Section 4.5.1 we found that
other measurements of galaxy size systematically underestimated the low-J CO size
by a factor of ∼1.3, which corresponds to a 1.7× underestimate in the area and
overestimate in Σgas . This error is shown as a horizontal arrow in Fig. 4.7, and
is very similar to the offset seen between the two high-redshift galaxy samples.
Clearly, care is needed when placing galaxies observed in heterogeneous ways on the
SF relation. Further comprehensive studies of low-J CO emission by the VLA or
ATCA offer the potential to resolve this issue by directly comparing the effective
radii of high-redshift galaxies at various CO transitions.
4.6 Conclusions
We have presented spatially and spectrally resolved images of two gravitationally
lensed dusty star-forming galaxies at redshifts z = 2.78 and z = 5.66. SPT0346-52
is among the most intrinsically luminous DSFGs, while the luminosity of SPT053850 is more typical of the DSFG population. Using a visibility-based lens modeling
procedure, we have shown that SPT0346-52 has complex dynamics, and confirmed
the merger hypothesis in SPT0538-50. By comparing with lens models derived
from ALMA observations of the dust continuum in each galaxy, we find that the
difference in magnification between the molecular gas and dust varies between 0
and 50%, mostly due to the larger physical extent of the gas compared to the
area of active star formation. In SPT0538-50, we have shown that the physical
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extent of the CO emission decreases with increasing transition, with the CO(3–2)
emission being roughly the same size as the dust continuum. We have constrained
the CO–H2 conversion factor via three independent methods, finding values near
those expected for highly star-forming systems. The three methods agree reasonably
well when applied to these two objects; further in-depth studies may be able to
discern systematic differences between the various methods. Finally, we have placed
these two objects on the Schmidt-Kennicutt star formation relation, finding that
they lie along the upper envelope of vigorously star-forming systems. Part of this
offset may be explained by the different effective source sizes of the CO emission
as a function of observed transition, an effect that should be taken into account
as larger samples of spatially-resolved high-redshift molecular gas measurements
become available.
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Figure 4.3: Source-plane reconstruction of SPT0346-52. Each CO(2–1) velocity
channel modeled is represented by a colored disk, truncated at the half-light radius.
Colored “×” symbols and ellipses show the centroid and 1σ positional uncertainty
on the centroid for each channel. The FWHM and location of the 870 µm dust
emission is shown as a thick dashed line, while the lensing caustic is shown as a thin
black line.
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Figure 4.4: .
Source-plane reconstruction of SPT0538-50. As before, each component is
truncated at its FWHM. In both panels, the bright/compact and faint/extended
rest-frame 230 µm dust components are represented by small and large dashed
circles. The best-fit extent of the blue CO(1–0) velocity component is shown in the
top panel, while the bottom shows the extent of both the blue and red CO(3–2)
velocity components. Note that we are unable to model the red CO(1–0) velocity
component, and that the centroids of each CO component were fixed to the
best-fit positions derived from the ALMA continuum data.
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Figure 4.5: Relative sizes of star formation and molecular gas in galaxies. CO source
sizes are confined to those objects for which low-J resolved measurements have been
made. Star formation sizes are derived either from rest-frame UV measurements,
dust continuum emission, or both. The solid line indicates reff (SF) = reff (CO). The
high-redshift sample is drawn from Younger et al. (2008); Daddi et al. (2010); Ivison
et al. (2011); Fu et al. (2012); Hodge et al. (2012); Walter et al. (2012); Fu et al.
(2013); Ivison et al. (2013). The local galaxies are drawn from Regan et al. (2001)
and Leroy et al. (2008), where we have scaled the CO sizes in Regan et al. to match
the distances in Leroy et al..

142

CO (M

/ (K km/s pc2 ))

Mdyn
GDR
CO

DSFG
BzK
QSO

SPT0346-52
SPT0538-50

10.0
Milky Way value

1.0
ULIRG value

1011

1012

LIR (L )

1013

Figure 4.6: Summary of constraints on the CO-H2 conversion factor at z > 1 from
the literature. Objects are color-coded by the method used to constrain αCO and
shape-coded by type of object. SPT0346-52 and SPT0538-50 both appear to follow
the general trend of decreasing αCO with increasing LIR . Where applicable, LIR
has been corrected for lensing magnification. If not given in the original references,
measurement uncertainties for the literature objects are shown as 50%. Objects
with constraints from multiple methods are shown multiple times at the same LIR .
Literature objects are compiled from Daddi et al. (2010); Ivison et al. (2011); Magdis
et al. (2011); Swinbank et al. (2011); Fu et al. (2012); Hodge et al. (2012); Magdis
et al. (2012); Magnelli et al. (2012); Walter et al. (2012); Deane et al. (2013); Fu
et al. (2013); Hodge et al. (2013); Ivison et al. (2013); Messias et al. (2014).
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Figure 4.7: The Schmidt-Kennicutt star formation relation. For all galaxies, we
use CO-H2 conversion factors using the Narayanan et al. (2012) formula. The highredshift galaxies are separated into those that have been resolved in a low-J CO
transition and those for which a higher line was observed (with a size determined
from other means, generally the rest-frame optical/UV size). The black arrow shows
the effect of the average correction to Σgas that results from the difference in size
between the low-J CO emission and the rest-frame UV or dust emission, as seen in
Fig. 4.5. The local galaxy sample is from Kennicutt (1998), while the high-redshift
sample is compiled from Younger et al. (2008); Genzel et al. (2010); Daddi et al.
(2010); Ivison et al. (2011); Magdis et al. (2011); Fu et al. (2012); Hodge et al.
(2012); Walter et al. (2012); Fu et al. (2013); Ivison et al. (2013); Tacconi et al.
(2013); Hodge et al. (2015).
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CHAPTER 5
DISCOVERY OF A FAST MOLECULAR OUTFLOW FROM A z = 5.3 DUSTY,
STAR-FORMING GALAXY

One of the most important outstanding questions in galaxy evolution is the nature and role of feedback processes in regulating the growth of stellar mass and
supermassive black holes. Massive winds driven by radiation pressure, supernovae
and/or active galactic nuclei are often a key ingredient in models of galaxy evolution,
and appear to be ubiquitous in star-forming galaxies both locally and at moderate
redshift. Here, we report the detection of a massive molecular outflow using Atacama Large Millimeter/submillimeter Array (ALMA) observations of SPT2319-55,
a gravitationally lensed dusty, star-forming galaxy at z = 5.3. The outflow is seen
in blueshifted absorption of the ground-state 119µm doublet transition of hydroxyl
(OH), and reaches velocities up to ∼800 km s−1 relative to systemic. The observations also spatially resolve the outflow, and we reconstruct the source-plane continuum and line absorption using a visibility-based modeling procedure. We find that
the outflow has a covering fraction of ∼80% but that the strength of the absorption
is not uniform across the source.
5.1 Introduction
One of the most important realizations of the last fifteen years is the vital role that
feedback processes must play in the evolution of galaxies, particularly at the massive
end (Mstar > 1011 M ). Star formation in massive galaxies appears to be efficiently
and rapidly shut off (“quenched”) as they transition to the red sequence, but forming
a realistic population of quiescent galaxies remains a significant challenge to current
theoretical models of galaxy formation (e.g., Vogelsberger et al., 2014; Trayford et al.,
2015; Davé et al., 2017). Cosmological simulations invoke various mechanisms to
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halt and suppress star formation, in the form of energy deposition (i.e., heating)
and wind launching linked to AGN, Type II supernovae, and/or radiation pressure
from massive stars. The strength and scalings of these processes play critical roles
in the evolution of galaxies by regulating the growth of stellar mass, connecting
the properties of central supermassive black holes to the properties of their host
galaxies, and enriching the circum-galactic medium with metals out to large radii
(e.g., Murray et al., 2005; Hopkins et al., 2008; Kormendy and Ho, 2013; Ceverino
et al., 2015).
Outflows of gas from galaxies appear to be ubiquitous, as the energy released as
gas flows inward to form stars or accrete onto the central supermassive black hole
expels some fraction of the accreting or already-present gas in a high velocity wind.
These winds are known to be multi-phase in nature, spanning many orders of magnitude in temperature and density (e.g., Thompson et al., 2016), and as such various
portions of the winds are observable from X-ray to radio wavelengths. Powerful
outflows have been observed in both ionized and neutral gas (e.g., Shapley et al.,
2003; Rupke et al., 2005; Weiner et al., 2009; Förster Schreiber et al., 2014; Genzel
et al., 2014; Rubin et al., 2014). Critically, however, the discovery of ubiquitous
massive, energetic molecular outflows in local starburst and AGN host galaxies has
provided evidence that winds can quench star formation by acting directly on the
fuel from which stars form (Feruglio et al. e.g., 2010; Fischer et al. e.g., 2010; Cicone
et al. e.g., 2014; Walter et al. e.g., 2017). The origin of this material is not clear,
as hydrodynamic simulations generally find that the cold, molecular material is destroyed by the faster-moving hot wind long before it reaches the observed velocities
(e.g., Klein et al., 1994; Scannapieco, 2013; Schneider and Robertson, 2017).
One particularly useful tracer of molecular winds in recent years has been the
ground-state doublet transition of hydroxyl (OH), at rest-frame 119 µm in the farinfrared (FIR). These lines were extensively studied in local ultra/luminous infrared
galaxies (U/LIRGs) and quasar host galaxies using the Herschel /PACS instrument.
Seen blueshifted and in absorption against the dust continuum, the high detection
fractions (∼70% of objects with clear outflow signatures) indicated that the outflows
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were closer to spherical than highly collimated structures, with an implied opening
angle of ∼145◦ (Veilleux et al. 2013, hereafter V13). Molecular winds with velocities
> 1000 km s−1 were occasionally observed, and the fastest winds seem to be linked to
more powerful AGN activity (Sturm et al., 2011; Spoon et al., 2013). While none of
these observations spatially resolved the target objects (making the wind structure
and geometry difficult to infer), detailed radiative transfer modeling indicates high
mass outflow rates, several times larger than the star formation rate (SFR; Sturm
et al. 2011; González-Alfonso et al. 2014), showing that such outflows do indeed
carry sufficient mass to remove the fuel for star formation.
At high redshifts, massive, quiescent galaxies with suppressed SFRs and old
(∼0.8 Gyr) stellar populations are already in place by z ∼ 4, implying that these
galaxies formed their stars rapidly (hundreds of M /yr) before z = 5 (Straatman
et al., 2014). Such high inferred SFRs far exceed those of typical UV-bright galaxies
at z & 4, suggesting that most of the star formation in the progenitors of z ∼ 4
quiescent galaxies was obscured by dust (though see Stark et al. 2009). Evidence
along these lines has led many authors to suggest a connection between early quiescent galaxies and high-redshift dusty, star-forming galaxies (DSFGs; Blain et al.
e.g., 2004; Tacconi et al. e.g., 2008; Straatman et al. e.g., 2014; Glazebrook et al.
e.g., 2017).
DSFGs have typical star-formation rates of hundreds to thousands of M /yr,
nearly all of which is obscured by dust and observed as re-radiated far-infrared
(FIR) emission. DSFGs also typically have more efficient star formation per unit
gas mass than most normal galaxies, suggesting a short-lived burst of star formation
(e.g., Ivison et al., 2011, 2013; Spilker et al., 2015). With a redshift distribution
that includes a significant number of objects at z > 4 (e.g., Weiß et al., 2013;
Strandet et al., 2016; Asboth et al., 2016; Ivison et al., 2016), extending to z > 6
(Riechers et al. 2013, Marrone et al. 2017), DSFGs represent a plausible progenitor
population of the earliest quiescent galaxies. If this connection is correct, DSFGs at
high redshifts may prove to be useful laboratories for studying feedback processes
at extreme SFRs and dust obscuration.
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In this paper we present ALMA observations of SPT-S J231921-5557.9
(SPT2319-55), a z = 5.293 DSFG discovered in the South Pole Telescope (SPT)
survey (Carlstrom et al., 2011; Vieira et al., 2010, 2013). Earlier ALMA observations confirmed that this source is gravitationally lensed, with an intrinsic source
diameter of ∼ 1.3 kpc (Spilker et al., 2016). To detect a molecular outflow in this
source, we observed the ground state 119 µm doublet transition of hydroxyl (OH),
which has been shown to be a good tracer of gas flows in local galaxies (e.g., Sturm
et al. 2011; González-Alfonso et al. 2012; V13). The 119 µm line is nearly always
seen in absorption, which provides an unambiguous outflow signature (or inflow, in
the case of redshifted absorption). This feature is likely to be especially important in
the study of high-redshift DSFGs, which may be formed by repeated infall of gas-rich
satellites (e.g., Narayanan et al., 2015). This infall may produce spectral signatures
similar to the broad line wings typically ascribed to outflows in studies which target
emission lines, which cannot distinguish between inflowing and outflowing material.
We unambiguously detect a massive molecular outflow from SPT2319-55, with
absorption seen at velocities blueshifted by up to ∼ 800 km s−1 relative to the systemic velocity, and additional systemic absorption internal to the galaxy. Our observations additionally spatially resolve the source, offering us the opportunity to
study the geometry and line-of-sight structure of the wind at resolution even higher
than the Herschel observations of galaxies in the local universe. The outline of this
paper is as follows. In Section 5.2, we describe our target selection, ALMA observations, and data analysis techniques. In Section 5.3 we discuss the wind geometry we
derive, and compare the molecular wind we have detected to other winds, both in
the OH line from Herschel and to other observations of winds more generally. We
conclude in Section 5.4. Finally, we note that we defer determinations of the mass
outflow rate to future work; this analysis is ongoing at the time of this dissertation.
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5.2 Target Selection and Observations
5.2.1 Target Selection
SPT2319-55 was observed as part of ongoing ALMA programs 2015.1.00942.S and
2016.1.00089.S (PI: J. Spilker). These programs aim to detect and spatially resolve
massive molecular outflows using the ground-state OH 2 Π3/2 J = 5/2 − 3/2 Λ
doublet in a subsample of DSFGs drawn from the South Pole Telescope survey. The
two components of the doublet, at rest-frame 2509.9 and 2514.3 GHz, are separated
by ∼520 km s−1 . Each exhibits additional hyperfine structure, but the individual
hyperfine transitions are separated by <5 km s−1 and are not resolved by our data
or sufficiently well-separated to cause spectral confusion in our subsequent analysis.
We use the rest frequencies determined with spectroscopic data from the NASA Jet
Propulsion Laboratory line catalog (Pickett et al., 1998).
The primary selection criterion for our observations of the OH doublet was that
the source redshift place the OH lines at frequencies of relatively good atmospheric
transmission. A sample was selected from the 39 SPT-discovered DSFGs with spectroscopic redshifts determined using ALMA observations of CO and [C I], and are
given in Weiß et al. (2013); Strandet et al. (2016). Observations of local galaxies
with Herschel /PACS showed that outflow velocities up to 1000 km s−1 are possible
(e.g., V13), and so we restricted the sample to objects at z > 4 to ensure that the
fractional bandwidth of ALMA would be sufficient to cover both doublet transitions
as well as the blueshifted outflow. Finally, we restricted the sample to objects with
good lens models from ALMA 870 µm observations (Spilker et al., 2016), and chose
objects to span a wide range in SFR and SFR surface density ΣSFR , resulting in
a final sample of 7 objects. Observations of the full sample are still in progress;
here we focus on SPT2319-55 for which we have already received data. Some basic
properties of this source are given in Table 5.1.
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Table 5.1. Basic Properties of SPT2319-55
Parameter
IAU Name

Value
SPT-S J231921-5557.9

Right Ascension

23h 19m 21.67s

Declination

-55d 57m 57.8s

zlens

0.91

zsource
LIR (8–1000 µm)
LFIR (42–122 µm)

5.2928
(11.0 ± 3.0) ×1012 (µ/5.7)−1 L
(4.4 ± 0.7)×1012 (µ/5.7)−1 L

reff

0.6 ± 0.1 kpc

Note. — Luminosities are determined by fitting the FIRsubmillimeter photometry given in Strandet et al. (2016)
with a standard modified blackbody function. Luminosities
and source size are corrected for gravitational lensing (see
Section 5.3.2).

5.2.2 ALMA Observations and Data Analysis
ALMA observed SPT2319-55 on 2016 November 18 using the Band 8 receivers
(Satou et al., 2008) tuned to a local oscillator frequency of 405.781 GHz. Forty antennas were available at the time of observation. Weather conditions were excellent,
with precipitable water vapor of 0.5 mm and typical system temperatures of 250 K.
The observations lasted 75 min in total, with 30 min spent on-source. Quasar J22582758 served as the bandpass calibrator, while quasar J2357-5311 was used both to
calibrate the absolute flux scale and the time-varying antenna gains. Finally, the
quasar J2336-5236 was observed three times over the course of the observations to
test the quality of the calibration and the absolute astrometric accuracy.
The ALMA correlator was configured to observe the OH doublet in the lower
sideband, delivering two 1.875 GHz basebands with 3.9 MHz channels. These two
basebands were placed to provide continuous frequency coverage, with a small 16
channel overlap region to insure against decreased sensitivity at the edges of each
baseband. In total, these basebands yielded 3.63 GHz of continuous frequency cov-
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erage, corresponding to ∼2700 km s−1 of velocity coverage. The upper sideband
was configured with two 2 GHz basebands and 15.625 MHz channels for continuum
observations.
The data were reduced using the standard ALMA Cycle 4 pipeline, and the
calibration appears reasonable. From the observations of the test source J2336-5236,
we estimate the astrometric accuracy of the observations to be ∼0.0700 . To estimate
the noise in the visibility data, we difference visibilities of successive integrations
from the same baseline, polarization, and baseband (see Hezaveh et al. 2013; Spilker
et al. 2016). As is typical for such high-frequency observations, the sensitivity of the
data is not uniform over the observed bandwidth due to the frequency-dependent
atmospheric transmission. Our data in particular are affected by telluric ozone lines
at 400.077 and 401.218 GHz, which increase the noise by ∼20 and 30%, respectively,
within a few tens of MHz of these frequencies. Finally, in order to decrease the
number of visibilities for our lens modeling procedure, we average the data in time
in intervals of up to 3 min, unless doing so would cause individual visibilities in the
average to have uv coordinates separated by > 10 m. This uv-plane maximum bin
size would cause a source 300 from the phase center to suffer a decrease in amplitude
by <1% (Cotton, 2009), and thus introduces no serious de-correlation or loss of
signal.
5.2.3 Imaging and Spectral Analysis
The continuum data reach a sensitivity of 90 µJy/beam and a beam size of 0.2500
×0.400 for a naturally-weighted image, which maximizes sensitivity at the expense of
spatial resolution. A continuum image of SPT2319-55 is shown in Figure 5.1, right.
The source is detected at a peak significance of ∼140. To search for OH absorption
or emission, we imaged the lower sideband data, averaging together 25 channels to
create an image cube with a spectral resolution of ∼75 km s−1 . This cube reaches a
typical sensitivity of 45–55 mJy km s−1 , and typically detects the source at a peak
significance of ∼30 in each channel. To extract a spectrum of the source from this
cube, we perform aperture photometry over the region within which the continuum is
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detected at > 3σ. We have verified that this procedure accurately recovers the total
source flux using additional images created by applying a taper in the uv plane. The
spectrum of the source is shown in Figure 5.1, left. For reference and as an indication
of the systemic linewidth of this galaxy, we show the spectrum of the CO(5–4) line
also observed with ALMA (Strandet et al., 2016). The OH spectrum of this source
is complex, but clearly shows both systemic and significantly blueshifted absorption;
we find no evidence of OH emission at blueshifted, systemic, or marginally redshifted
(given the instantaneous bandwidth of ALMA) velocities.
We fit the spectrum shown in Figure 5.1 with the sum of two velocity components,
each consisting of two equal-amplitude Gaussian profiles separated by 520 km s−1 ,
the separation of the two components of the OH 119 µm Λ doublet. Because the
systemic redshift of this source is known to < 50 km s−1 from other observations
(Gullberg et al., 2015; Strandet et al., 2016), we fix the velocity offset of one pair
of Gaussian profiles to the systemic velocity of the galaxy as seen in CO(5–4). This
component represents systemic absorption within the galaxy, with a linewidth that
closely matches that determined from other observations, FWHM = 330±80 km s−1 .
We allow a velocity offset for the second pair of Gaussian profiles; this component
represents the blueshifted molecular outflow. We find that this second component
is blueshifted relative to the systemic by 420 ± 50 km s−1 , and significantly detect
absorption blueshifted by up to ∼ 800 km s−1 . The data are well fit by the sum of
these two velocity components. We summarize the properties of this fit in Table 5.2.
5.2.4 Lens Modeling Methodology
Our observations spatially resolve and significantly detect the continuum emission
from SPT2319-55, even in relatively narrow velocity channels (Figure 5.1). This
offers us the unprecedented opportunity to investigate the geometry and structure
of a molecular wind at high redshift. To do so, we must model the effects of gravitational lensing. We use a pixellated source reconstruction code, described in detail in
Hezaveh et al. (2016). Briefly, the code fits the measured visibilities directly in order
to avoid correlated uncertainties inherent to inverted interferometric images. The
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Table 5.2. Spectrum Fitting Results
Parameter
Continuum level

Value
52.1 ± 0.5 mJy

Systemic Component
Absorption amplitude

−7.8 ± 1.2 mJy
330 ± 80 km s−1

FWHM
Equivalent Width

52 ± 15 km s−1

Outflow Component
Absorption amplitude
Center velocity
FWHM
Maximum velocity
Equivalent Width

−7.0 ± 1.2 mJy
−420 ± 50 km s−1
450 ± 60 km s−1
−800 ± 110 km s−1
64 ± 14 km s−1

Note. — Outflow component velocity is relative to the higher-frequency line of the OH doublet, as in Figure 5.1. Parameters in italics are
derived, not fitted. Equivalent widths are reported for a single line of the OH doublet transition (i.e., they should be multiplied by a factor
of two for the total absorption strength).
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Figure 5.1: Left: The integrated OH spectrum of SPT2319-55, with the velocity scale
relative to the higher-frequency component of the OH doublet. The rest velocities of
the two doublet components are shown with vertical dashed lines, and we show the
CO(5–4) spectrum of this source as an indication of the systemic linewidth of this
galaxy (with arbitrary vertical normalization). We fit this spectrum as described in
the text; the dotted line shows the systemic absorption component, the dashed line
the blueshifted “wind” component, and the solid line the total absorption profile.
We mark the velocity ranges for which we create lens models with horizontal lines
above the continuum. Right: The ALMA continuum data (blue contours) overlaid
on a VLT/ISAAC K-band image of the lens galaxy. Contours are drawn at 10, 30,
...% of the peak value, and reach a peak significance of ∼140.
source plane is represented by a grid of pixels which are mapped to the image (observed) plane by a lensing operator. In this work, we assume a singular isothermal
ellipsoid mass profile (e.g., Kormann et al., 1994) with an external tidal shear (e.g.,
Keeton et al., 2000). This mass profile has been shown to be a good approximation
of typical galaxy-scale lensing halos (Treu and Koopmans, 2004; Koopmans et al.,
2006, 2009). The source plane is regularized (effectively smoothed) by a gradient
prior on the source, which minimizes the pixel-to-pixel variations in the source plane
(Warren and Dye, 2003; Suyu et al., 2006; Hezaveh et al., 2016). The strength of
the regularization is determined by maximizing the marginalized likelihood of the
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source-plane reconstruction given a set of fixed lens parameters.
We determine the best-fit lens parameters through a Markov Chain Monte Carlo
(MCMC) sampling algorithm, fitting to the continuum (upper sideband) data. Once
the lens parameters are known, we use the best-fit parameters to reconstruct the
OH line averaged in velocity as we describe in Section 5.3.2. In principle a joint
fit of both the continuum and line data would provide the best possible lens model
parameters and source plane reconstructions; unfortunately the sheer number of
visibilities and image and source plane pixel values make such a fit computationally
infeasible. We show the continuum model of this source in Figure 5.2. Appendix D
gives additional details about the lens model parameters and source regularization,
including the best-fit values and parameter degeneracies.

Figure 5.2: Modeling the continuum emission of SPT2319-55. From left to right, the
panels show the “dirty” image of the data, the model dirty image, and the residuals.
In the left two panels, contours are drawn at ±5σ, increasing in steps of 25σ, where
1σ = 90 µJy beam−1 . In the right panel, contours are drawn in steps of ±2σ. Note
that the structure in the dirty image is due to sidelobes of the synthesized beam,
and should be reproduced by the model image in the center panel.
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5.3 Results
5.3.1 Outflow Kinematics
Before turning our attention to the source-plane reconstruction, we first consider the
properties we can glean from the integrated spectrum. We clearly detect strongly
blueshifted absorption in the spectrum of SPT2319-55, unambiguous evidence of
outflowing material. No corresponding redshifted emission is seen as in the classic
P Cygni profile, or emission at any other velocity. This is not uncommon; ∼50% of
the objects with blueshifted absorption studied by V13 also had emission, and these
sources had above-average AGN fractional contributions to Lbol . A similar result
was obtained by Stone et al. (2016), who observed a sample of strong AGN from
the Swift Burst Alert Telescope and found that sources with OH 119 µm emission
typically had AGN fractions above 50%.Given the difficulty in collisionally populating the upper OH energy levels (Eup = 120 K, neff ∼ 108 cm−3 ), OH 119 µm
emission likely originates in the densest nuclear regions of galaxies. We also note
that rest-frame 119 µm is near the peak of the dust SED, and the dust optical depth
is likely greater than unity through the galaxy, so a lack of P Cygni-like redshifted
emission is unsurprising. The profile of SPT2319-55 also shifts smoothly from systemic to blueshifted absorption, in contrast to some local ULIRGs which show only
“detached” absorption. This may indicate that the wind material is being smoothly
accelerated from the central source, and argue against a more short-lived episodic
event causing a shell of expanding material.
A fit to the systemic and blueshifted absorption (Table 5.2) indicates a median
outflow velocity of vmed = −420 ± 50 km s−1 . For consistency with the literature,
we also estimate vmax , the maximum velocity of the blueshifted line wing, although
the determination of this velocity depends somewhat on the signal-to-noise (S/N)
of the data, and methods for determining vmax vary in the literature. In this work,
we adopt the velocity above which 98% of the absorption occurs, following directly
from our use of Gaussian profiles to fit the spectrum. For SPT2319-55, we find
vmax = −800 ± 110 km s−1 . These velocities place SPT2319-55 towards the tail of
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sources with fast molecular winds studied by V13. While we do not know the total
mass of SPT2319-55, the maximum velocity is probably comparable to the galaxy
escape velocity (∼ 500 − 800 km s−1 ).
Figure 5.3 shows these properties of the wind as a function of other basic galaxy
properties. Although debate exists in the literature (e.g., Heckman et al., 2000;
Rupke et al., 2005; Weiner et al., 2009; Rubin et al., 2014), we see no real correlation
between SFR and vmed , and only a weak correlation with vmax . As noted by Spoon
et al. (2013) and V13, a stronger correlation exists between both quantities and the
total AGN luminosity and its fractional contribution to the bolometric luminosity.
If SPT2319-55 were to follow these relations, &30% of the IR luminosity in this
source would be due to the AGN. We have little evidence for significant AGN power
in any of the SPT DSFGs, even in objects with much more extreme properties than
SPT2319-55 (Ma et al., 2016).
A more physically motivated correlation might be expected between the outflow
velocities and ΣSFR , if the wind material is accelerated by supernovae or radiation
pressure on dust grains, although there is also debate on this point (e.g., Chen et al.,
2010; Kornei et al., 2012; Rubin et al., 2014; Heckman et al., 2015). For ΣSFR , our
comparison with the local U/LIRG and AGN host samples is hampered by a lack of
systematic size measurements. Sizes measured in the optical or near-infrared may
be hampered by the dust obscuration within these objects, and the resulting sizes
may not be closely related to the IR emitting region which dominates the total
SFR. Interferometric dust continuum size measurements would be the best option,
but are so far limited to a small sample of objects (Iono et al., 2009). We use
the sizes determined from Hα integral field spectroscopy from Arribas et al. (2014).
While not ideal, this choice at least ensures that the sizes we use are calculated in
the same way. Six objects in the Spoon et al. (2013) and V13 samples have such
measurements, and are plotted in the right column of Figure 5.3.
We also show in Figure 5.3, where applicable, the measurements from Heckman
et al. (2015); Heckman and Borthakur (2016). These authors compiled observations
of blueshifted absorption lines in the ultraviolet, tracing the ionized phase of the
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outflows. The sample consisted of low- and intermediate-redshift objects with a
range of properties. Heckman and Borthakur (2016) claim statistically significant
correlations between vmax and SFR and ΣSFR , which we show in Figure 5.3. Although
the scatter is large in both correlations, if indeed they are real, it is interesting and
perhaps surprising to see that the molecular outflows traced by OH absorption show
no obvious differences from the UV sample, which traces much hotter and lower
density gas.
The general view of cool gas in winds is that it has been entrained and accelerated by the ram pressure of the hot wind (e.g., Veilleux et al., 2005), where it is
ablated away and eventually incorporated into the hot material (with magnetic fields
possibly playing a stabilizing role; McCourt et al. 2015). In this case, we may expect
that the molecular outflow velocities are generally lower than those in other phases
– the molecular material is destroyed (i.e., no longer in molecular form) before it
is accelerated to the hot wind velocity. Indeed, the fact that molecular outflows
are observed at hundreds to > 1000 km s−1 is one of the major weaknesses in our
understanding of galactic winds; simulations generally find that the cool material is
shredded long before it reaches such high velocities (e.g., Klein et al., 1994; Scannapieco, 2013; Schneider and Robertson, 2017). Observations which ubiquitously find
molecular outflows at hundreds of km s−1 may instead point to a more recent idea,
that cool (atomic) material can condense directly out of the hot phase as the wind
expands and cools (McCourt et al., 2016). Recently, Thompson et al. (2016) speculate that it may be possible to form molecules in winds from ULIRG-like systems;
the wind material undergoes a thermal instability to cool to T ∼ 104 K, upon which
the density may be high enough for the gas to self-shield and re-form molecules
(nH2 & 102.5 cm−3 ). This scenario could explain the observed fast molecular winds,
as the molecules would form directly from the hot wind with no need for acceleration
from lower velocities.
Clearly further observations are needed to understand the origin and evolution
of galactic winds; observations of multiple wind phases in the same objects would
be particularly useful. Such a campaign requires large observational investments,
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however, and has so far been undertaken only for well-known classic sources such as
M82 (e.g., Leroy et al., 2015). Rupke and Veilleux (2013) studied the neutral and
ionized phases of six nearby ULIRGs using integral field spectroscopy, and find that
the outflow velocities are correlated within individual systems, but do not show
systematic trends across the sample – in some cases the ionized outflow is faster
than the neutral, and other times vice versa. Unfortunately the spatial resolution
of Herschel was too poor to include the molecular component in a similar analysis,
and molecular emission-line tracers suffer from the inability to distinguish between
inflow and outflow. Given the rest-wavelength of the OH lines, it may prove that
high-redshift lensed galaxies such as SPT2319-55 will provide the first opportunities
for comprehensive investigations of these three wind phases.
5.3.2 Outflow Geometry
We now turn our attention to the lensing reconstruction of SPT2319-55. To our
knowledge, this is the first time that a molecular outflow from a high-redshift DSFG
has been spatially resolved. The source-plane reconstruction of the continuum emission is shown in Figure 5.4, left. We find that the continuum is dominated by a
single bright region, with flux density S400GHz =9.3 mJy, magnified by a factor of
5.7. We show in Appendix D that this smooth structure is not due to the source
regularization discussed in Section 5.2.4. The source is dominated by a single large
star-forming region ∼1.2 kpc in diameter (FWHM). Whether this structure would
also be recovered by data with ∼10× higher resolution, as ALMA is capable of
delivering, is difficult to predict (see discussion in Spilker et al. 2016). We note,
however, that this scenario is no different than that of unlensed sources, which also
cannot resolve structure below the resolution limit. Even when the resolution is
high, discerning the presence or absence of genuine “clumps” of emission is difficult
– as Hodge et al. (2016) note, even images which appear to have clumpy structure
can in fact be consistent with smooth emission due to low contrast between clumps
and extended emission.
Figure 5.5, meanwhile, summarizes the source-plane reconstruction of the OH
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Figure 5.3: Basic properties of observed molecular outflows. The top row shows
correlations with the median velocity vmed ; the bottom shows the same with the
maximum velocity vmax . From left to right, the absorption equivalent width, galaxy
SFR, and ΣSFR . In each panel, data from Spoon et al. (2013) and V13 are shown
with navy diamonds. SPT2319-55 is shown with a red circle; in the left two panels,
the small and large points correspond to the equivalent width of the wind alone and
the total absorption, respectively. In the lower center and right panels we also show
the data and relations of Heckman et al. (2015); Heckman and Borthakur (2016)
with ‘x’ symbols and dashed lines. These authors studied ionized outflows from a
diverse collection of local galaxies; while not directly comparable to the molecular
outflows we consider here, the similarity between these two very different phases of
the wind is perhaps surprising.
line. We are interested in both the systemic absorption and the wind absorption,
and in particular in whether there is a difference in their spatial distributions. To
reconstruct the OH absorption in SPT2319-55, we model three channels which cover
purely systemic absorption, purely wind absorption, and line-free continuum emission (i.e., we select a subset of the continuum data with a bandwidth similar to
that of the absorption components). We conservatively define the systemic and
wind absorption components to include velocities +300 < v < +700 km s−1 and
−700 < v < −200 km s−1 relative to the higher-frequency OH transition, respectively. As Figure 5.1 shows, these velocity ranges are overwhelmingly dominated
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Figure 5.4: Source-plane reconstruction of the 400 GHz continuum emission. The
lensing caustics are shown in navy. The source half-light radius is 0.6 ± 0.1 kpc.
by their respective component. While not ideal – we have no way to separate
strongly blueshifted systemic absorption from mildly blueshifted wind absorption –
this method does at least separate pure wind from pure systemic absorption.
Because the S/N of any given subset of channels will be much lower than the
S/N of the continuum emission as a whole due to the much different bandwidths
involved, the best-fit strength of the source regularization is slightly higher for the
OH reconstruction than the continuum as a whole. This leads to slightly larger
source sizes (see Appendix D for a demonstration). We are interested in the absorption lines, which by definition are inextricably linked to the continuum. For
the purposes of Figure 5.5, we additionally modeled a continuum channel by selecting 500 km s−1 of line-free bandwidth and model this alongside the absorption
components. In this way we ensure that each map was reconstructed with the same
parameters and from the same amount of data. Using this continuum image, we
create “continuum-subtracted” reconstructions of the molecular wind and systemic
absorption.
Figure 5.5 shows the integrated absorption and equivalent width for the wind
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and systemic components separately. The systemic absorption is peaked towards
the center of the object. The lack of absorption in the outskirts of the galaxy is not
entirely due to the fact that the continuum emission is also centrally peaked. While
the presence of absorption requires a continuum to absorb against, Figure 5.5 shows
only those pixels where the continuum S/N> 10. Thus, we can rule out strong
absorption in the outskirts at a similar level as the center of the galaxy, although
our sensitivity to weak absorption does fall as the continuum becomes fainter. The
degree to which the absorption peaks in the center would be relatively straightforward to test with higher resolution observations, or even simply a longer integration
with the current resolution. The current data spatially resolve the continuum easily
– the lensed images are decidedly not point-like, as in the case of lensed QSOs. Nevertheless, it is our ability to reconstruct the continuum which is the limiting factor
in our ability to determine the distribution of absorbing material.
Perhaps unsurprisingly, the geometry of the molecular outflow appears rather
complex. The wind does not appear to be particularly concentrated towards the
center of the galaxy. Instead, the absorption is clustered into 2–3 main knots,
separated from each other by a few hundred pc. These locations in the source plane
correspond to a change in the positions of the lensed images by ∼ 0.1500 , or about
half a synthesized beam; the distinction between the knots is easily discernable
given the high S/N of our data. Because absorption is easier to detect against
a strong continuum, we would expect a geometry similar to that of the systemic
absorption if the continuum were indeed the limiting factor in the reconstruction.
The fact that the absorption is in fact stronger slightly away from the region where
it would be most easily detected gives us confidence that the structure we see is
indeed real. The overall covering fraction of the wind is high – 80% of pixels with
continuum S/N> 10 have detectable wind absorption (although these pixels are
not independent). Intriguingly, this covering fraction is quite similar to the overall
wind detection rate of 70% found by V13 (of those sources detected in OH at all,
or 60% including sources with no OH absorption or emission). Although their
observations did not spatially resolve the targets, V13 point out that the detection
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rate corresponds directly to an average covering fraction. If the covering fraction
along the line of sight we measure is typical of the rest of the source, this implies a
total wind opening angle of ∼ 3π steradians. On the other hand, we can set a rough
lower limit on the total covering fraction if we assume that we have observed the
entirety of the molecular outflow and that the molecular material is destroyed by the
time it reaches a few galaxy radii away, similar to the local starbursts NGC253 and
M82 (Leroy et al., 2015; Walter et al., 2017). If the maximum radius of the outflowing
material is 2 galaxy radii, for example, the minimum opening angle implied by our
observations is ∼ 0.8π steradians.
The equivalent width maps are somewhat more difficult to interpret than the
maps of the integrated absorption. Because these maps require absorption to be
physically meaningful, we mask pixels for each component which do not contain
significant absorption. Neither the equivalent width of the wind absorption or the
systemic absorption is peaked towards the center of the galaxy. Instead, both apparently show increased equivalent widths within rather clumpy regions near the edges
of our continuum map. In the systemic case, this may indicate that the molecular
gas in SPT2319-55 is more extended than the continuum emission region, and the
increased absorbing column near the edges causes the higher equivalent widths. We
note that this scenario is very common among galaxies at all redshifts (Spilker et al.,
2015). The wind presents a similar case, although in this case the implication is that
the wind opening angle is large, with the increased absorbing column near the edges
a reflection of the detailed wind geometry. Each case is analogous to limb darkening
– in a simplified spherical geometry, if the absorbing material is somewhat more
extended than the continuum emitting region, there is a larger absorbing column at
the edges which can yield higher equivalent widths. Both scenarios assume that the
OH 119 µm absorption is optically thin in those regions, although both can accommodate optically thick absorption if the increased absorbing column near the edges
leads to a higher covering fraction of the continuum, and that the typical size scale
of an absorbing cloud is much smaller than our effective source-plane resolution.
Fischer et al. (2010) argue that the 119 µm transitions are optically thick based
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on their detection of higher-lying OH lines with lower opacity in the nearby AGN
Mrk231. If this were the case, however, it would be difficult to reconcile the typical
absorption depths (∼10-25%) with the much higher average OH detection fraction
(∼90%, and 70% with outflows) observed by V13. In either case, the geometry of
the molecular wind in SPT2319-55 is clearly complex.

Figure 5.5: Source-plane reconstruction of the OH absorption in SPT2319-55; see
text for details. The left-hand panels show the systemic absorption alone, and the
right-hand panels the outflowing wind alone. The top row shows the integrated line
absorption, and the bottom row shows the equivalent width. Because the bottom
row relies on significant detections of absorption, we mask pixels with an integrated
absorption flux > −1.2 mJy km s−1 pixel−1 .
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5.4 Discussion and Conclusions
Virtually since their discovery, high-redshift DSFGs have been thought to be a leading progenitor candidate of early quiescent galaxies – their extreme star formation
rates make them capable of growing to Mstar ∼ 1011 M , beyond the knee in the stellar mass function, in only a few hundred Myr (e.g., Hainline et al., 2011). Their star
formation rate surface densities also exceed those of nearby galaxies, usually by more
than an order of magnitude (e.g., Spilker et al., 2016). These characteristics make
DSFGs excellent laboratories for the study of galaxy quenching, the process(es) by
which self-regulating feedback halts and suppresses star formation. As one prime
candidate quenching mechanism, the study of galactic winds in these sources offers
the dual opportunity to determine their role in the evolution of DSFGs as well as
extend our understanding of the winds themselves to include galaxies unlike those
present in the nearby universe.
As previously mentioned, outflows from galaxies appear to be ubiquitous in
the universe. Several authors have speculated about the presence of outflows from
DSFGs from the presence of non-Gaussian line profiles with excess high-velocity
emission (e.g., Carilli and Walter, 2013) or from blueshifted absorption in neutral
or ionized gas tracers (e.g., Banerji et al., 2011; Casey et al., 2017). Unfortunately,
because DSFGs may be triggered by rapid accretion of cosmological gas streams
and/or smaller gas-rich galaxies (Narayanan et al., 2015), emission line tracers of
outflows may not be reliable as they are at lower redshifts or in less extreme systems.
This work has presented the first unambiguous evidence for a molecular outflow from
a high-redshift DSFG. We find blueshifted absorption against the dust continuum
in the 119 µm doublet transition of OH, which reaches velocities up to vmax =
800 km s−1 , likely comparable to the escape velocity of the galaxy.
How much of the molecular material will indeed escape the galaxy depends on the
geometry of the outflow. We find that the wind absorption is concentrated in a few
clumps separated by several hundred pc, but detect at least moderate absorption
over ∼ 80% of the continuum emitting region. Unfortunately we are unable to
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reliably reconstruct the velocity field of the wind (by, for example, performing our
source-plane reconstruction on several velocity channels within the wind itself). It
is unclear where within the source plane the most blueshifted material is located,
or whether material at lower projected velocities will escape the galaxy when the
velocity transverse to the line of sight is included.
The work in this Chapter is still ongoing. Central to the remaining interpretation
of our data is the use of the continuum and wind absorption maps to infer a mass
outflow rate. The chief uncertainty in that determination will be the distance of
the absorbing material to the continuum emitting region, as this influences both the
radiation field incident on the wind material and the minimum solid angle subtended
by the wind. Determination of outflow rates is the main advantage that emission
line tracers (for example, CO line wings) have over the absorption lines we have
targeted. We have argued that the OH transitions we detect may not be optically
thick; in any case, assuming they are optically thin will provide a lower limit to
the mass outflow rate. Even a crude estimate of the outflow rate will open up a
number of new avenues of exploration, including the scaling relations of the wind
mass loading factors, and comparisons of the momentum injection rate with the
momentum provided by radiation pressure and the galaxy gas surface density.
This Chapter studies the molecular wind from only a single object. The final
sample, for which ALMA observations are guaranteed in the future, will allow a
comparison of the wind properties spanning an order of magnitude in SFR. The
mass outflow rates from this sample will ultimately prove useful in placing highredshift DSFGs in the context of galaxy evolution, as they may indicate not just
the current conditions in each object, but what their future is likely to hold.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

In this Chapter I summarize the conclusions of the studies presented in this dissertation along with some prospects for future investigations.
6.1 Faint Molecular Species
Chapter 2 describes my work to detect very faint molecular lines in the interstellar
medium of high-redshift DSFGs. This work showed the first detections of these lines
in an average spectrum of sources, complementing previous work which targeted
these species in individual extreme objects. Moreover, because these faint lines were
not the primary target of the original observations, I was able to place constraints on
the brightness of every line which fell within the full rest-frame frequency coverage.
I detected transitions of the molecules HCN, HNC, HCO+ , and

13

CO, and used

these detections to constrain the typical properties of the interstellar medium. This
study laid the groundwork for future investigations to detect faint molecular lines in
individual objects. Indeed, such investigations are already ongoing. As samples of
detections continue to grow, the diagnostic power of each species will become more
clear as variations in line brightness with other galaxy properties are made possible.
6.2 Gravitational Lens Modeling
In Chapter 3 I presented gravitational lens models of the dust continuum emission
observed by ALMA for several dozen DSFGs from the SPT sample. The technique
I employed uses the interferometric visibilities directly to obtain better results than
possible from analysis of the inverted images.
This work showed that the average SPT source is magnified by a factor of ∼6,
with intrinsic diameters of ∼0.300 . I used this information to investigate other topics,
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including the infamous “deficit” of the 158 µm [CII] line. I showed that the deficit
vanishes and sources at both low- and high-redshift lie on the same relation if the
FIR luminosity is normalized by the emitting area.
Future prospects in this area will be driven by higher-resolution observations.
This will allow detailed investigations of the distribution of star formation within
each galaxy, to determine whether the star formation is widespread or concentrated
in a few massive clumps. With accompanying observations of the [CII] line, it will
be possible to determine if the correlation we found also holds on small scales within
each object, or is just a byproduct of averaging a wide range of conditions observed
at low resolution.
6.3 Distribution of Gas and Dust
Chapter 4 applied the lens modeling technique I developed to study the relative
distribution of star formation and the molecular gas from which stars form. Using
ATCA observations of the low-lying transitions of 12 CO to trace the gas, I used three
independent methods to determine the mass of molecular material in two lensed
objects. Despite significant systematic uncertainties, the three methods generally
agreed.
I found that the gas is more physically extended than the star formation traced
by dust emission. This turns out to be a common feature of both low- and highredshift galaxies. When higher-excitation lines of CO are observed without high
spatial resolution, however, this size difference leads the gas surface density to be
overestimated by ∼70%. This, in turn, affects the slope of the star formation relation
between gas and star formation surface densities.
Because the low-excitation transitions of CO are relatively faint, large samples of
spatially resolved observations are unlikely to come in the near future. One advance
will be the installation of 7 mm receivers on ALMA, slated for 2019, which will
offer much improved sensitivity over the ATCA observations I used. Observations
of other tracers of molecular gas, such as neutral carbon, may prove to be a more
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viable path forward.
6.4 Discovery of a Molecular Outflow
Finally, Chapter 5 presented work which is still ongoing. Using ALMA, I discovered
a molecular outflow from a high-redshift DSFG, with gas being blown out of the
galaxy at speeds up to 800 km s−1 . This shows that the star formation in DSFGs can
be (at least temporarily) quenched by removing the raw material from which stars
form. The source, like others from the SPT survey, is gravitationally lensed, allowing
me to reconstruct the wind on unprecedented spatial scales. This reconstruction
shows that the wind has a covering fraction of ∼80%, similar to that inferred based
on the detection rate of outflows in local U/LIRGs (V13).
The work in this Chapter is not yet complete; in particular, determining the
mass outflow rate will prove critical. This source was also just one of a sample,
and observations targeting the other sources are ongoing. More broadly, the study
of winds in the future will be critical to our understanding of galaxy evolution,
given their wide-reaching effects. To extend my current work, additional tracers of
molecular outflows will need to be investigated and verified. Only then will we be
able to assemble a comprehensive view of the evolution of wind properties across
galaxy properties and cosmic time.
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APPENDIX A
RADIATIVE TRANSFER MODELING OF AN INHOMOGENEOUS
COLLECTION OF OBJECTS

One concern when performing radiative transfer modeling on an ensemble of sources
is that variations in the ISM conditions between sources will render any inference
about conditions from the averaged SLED meaningless. An analagous problem
applies to galaxy-integrated measurements, at least when fitting with a single gas
component, as individual galaxies are also comprised of molecular clouds with a
range of temperatures, densities, etc. In the case of the SPT DSFGs, the present
sample may contain objects with a range of CO excitation, from relatively quiescent
gas conditions like those present in the Milky Way to the extreme excitation seen in
some high-redshift quasars. We stress that the radiative transfer embodied by the
RADEX modeling is intended to determine only approximate conditions that would
match the limited observations given a simplified geometrical model of the source.
Such simplifications apply in nearly all extragalactic and many galactic applications
of the large velocity gradient radiative transfer approximation (of which RADEX is
one open-source incarnation), which has now been widely used since Scoville &
Solomon (1974). In this Appendix, we show that the RADEX modeling performed on
a collection of sources recovers gas conditions that are representative of the input
sources, subject to the degeneracy inherent in large velocity gradient models. Here,
we consider only

12

CO for simplicity, but the conclusions are easily extended to the

other molecular tracers.
We begin by attempting to recover the conditions of a single gas component
by generating line ratios for a given set of parameters, with no additional scaling,
weighting, or averaging. This test shows the degeneracy that is inherent to the modeling itself – certain combinations of temperature and column and number densities
produce line ratios which are virtually indistinguishable. In particular, we recover
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the well-known degeneracy between gas kinetic temperature and number density
of molecular hydrogen (Figure A.1). Without additional information – either in
the form of priors on the parameters or additional

12

CO lines – this degeneracy is

virtually impossible to break.
We next demonstrate a more realistic scenario, in which the averaging performed
in this work is applied to galaxies with a wide range of gas conditions. In this test,
we generate SLEDs based on gas conditions reported in the literature that were
determined with similar modeling of

12

CO lines. We include a variety of objects

from the literature, which can generally be placed in one of three categories: Milky
Way-like – relatively quiescent galaxies with

12

CO SLEDs that peak at J < 5;

DSFGs and ULIRGs – galaxies with active star formation and SLEDs peaking at
5 ≤ J < 7; and QSOs – galaxies in which heating in the nuclear regions drives the
SLEDs to peak at J > 7. For each of 22 SPT DSFGs, we randomly assign the
galaxy to be represented by a single gas component model drawn from literature
objects. We add normally-distributed noise to each line in accordance with the
typical S/N of our observed

12

CO lines (median S/N ∼8). Finally, we calculate the

average SLED, using only those lines from each object that were observed in our
sample (such that, for example, the CO(1-0) line is an average of five input objects).
The results of this test are shown in Figure A.2. While avoiding the term “average”
due to its natural mathematical connotation, conditions representative of the inputs
are recovered despite the variety of conditions used to generate the input spectra.
Conditions are recovered similarly well when the averaging is performed on each of
the three categories of sources individually. The results of this test indicate that the
uncertainty in determining gas conditions is largely dominated by the systematic
uncertainty and degeneracies introduced by the radiative transfer modeling itself,
rather than from the scatter of the conditions which produce the variety of observed
12

CO SLEDs.
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Figure A.1: Parameter degeneracies in the recovery of a single set of input conditions. The input conditions are marked in each two-dimensional marginalization
as an ‘X.’ As before, contours are 1, 2 and 3σ. The upper right panel shows the
modeled SLED for the input conditions (solid black line with error bars), and the
best-fit model SLED (black dashed line). Unsurprisingly, the best-fit model SLED
is essentially identical to the model SLED. The conditions corresponding to this
best-fit SLED are shown with a white ‘+’ symbol in the marginalized parameter
distributions.
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Figure A.2: Parameter degeneracies when fitting the average spectrum derived from
objects with a wide range of conditions, using a stacking procedure similar to that
used for the SPT DSFGs themselves. Objects with QSO-like SLEDs are colored red,
DSFG-like SLEDs are blue, and Milky Way-like SLEDs are shown in green. The
upper right panel includes the SLEDs of all the objects used to create the average
SLED (colored lines), in addition to the average spectrum (solid black line with
error bars) and best-fit model SLED (black dashed line). Again, the conditions
corresponding to the best-fit SLED are shown with a white ‘+’ symbol.
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APPENDIX B
NOTES ON THE LENS MODELS OF INDIVIDUAL SOURCES

SPT0020-51 – This source is lensed by a small group of galaxies, and the source
emission can be adequately described by two Sérsic profiles. Oddly, the brightest,
northernmost galaxy seems to have virtually no effect on the lensing geometry. We
have verified the astrometry of the images shown in Fig. 3.2. It may be that the
northern lensing galaxy is at a different redshift from the other two, such that its
influence on the overall deflection is small. The complex lensing environment is
likely responsible for the ∼ 6σ peak residual structure seen, given the limitations of
our relatively simple model.
SPT0027-50 – This source presents a complex lensing environment. We find
that modeling three of the lensing galaxies and an external shear produces a model
which describes the data reasonably well.
SPT0103-45 – The lens galaxy in this system appears to have a tidal feature or
spiral arm outside of the lensed emission seen by ALMA. Two Sérsic components are
required to model the emission. Interestingly, the CO(3–2) line observed by Weiß
et al. 2013 also shows an asymmetric double-peaked profile.
SPT0109-47 – This source is reasonably well-fit by a model accounting for three
lensing galaxies. Even still, the flux ratios of the four images are not entirely reproduced by the model. This likely indicates that the complexities of the lensing
environment are not fully accounted for by the model.
SPT0113-46 – This source is also lensed by a group of galaxies. We model the
three closest galaxies, which is sufficient to reproduce the observed emission. The
best-fit model with the positions of all three galaxies as free parameters shows some
tension with the locations of the galaxies in our HST imaging. This may be due
to the gravitational potential in which the galaxies reside or the effects of other
group members we have not modeled. Fixing the relative positions of the galaxies
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to their separations in the HST imaging results in significantly higher residuals but
changes the inferred source size and magnification by . 10%. Since the effect on
these quantities of greatest interest is small, we show the best-fit model with the
positions of all three galaxies as free parameters.
SPT0125-47 – This source is detected with a peak significance of nearly 150, and
required three source-plane components to model the data. Even this model leaves
∼ 6σ residuals, which may indicate that an SIE is an imperfect representation of the
lens mass profile. The structure of the residuals indicates that additional angular
structure in the lens in the form of multipoles may be necessary to accurately capture
the complexity of the lens mass profile.
SPT0125-50 – We model this source using two Sérsic components. The faint
counterimage to the southwest of the lens is only moderately well-reproduced by
this model, which may indicate further structure in the source and/or lens planes.
SPT0128-51 – This source appears to consist of two components, at best mildly
lensed by a galaxy ∼ 7.5” to the north. We estimate the magnification experienced
by these two components by assuming the lens galaxy has an Einstein radius of 0.75”,
approximately the median of all the lens galaxies in our sample. Under this assumption, the eastern and western components have magnifications of µ870µm =1.16 and
1.20, respectively.
SPT0202-61 – This source is well-represented by two source-plane components.
We also detect a second source ∼ 7” south of the main lens. This second component
has S870µm = 4.1 ± 0.4 mJy. As we do not know the redshift(s) of the background
sources, it is unclear whether they are physically related or simply a chance projection.
SPT0243-49 – This is the highest-redshift source we consider here, at z = 5.70.
The lens appears highly elongated, with a possible tidal tail extending east.
SPT0245-63 – This source appears to be a rare case in which the emission we
detect is associated with a large foreground galaxy. We consider a lensing origin
of the 870 µm emission unlikely, as the implied lens mass is implausibly small (<
1010 M for zL = 0.3) given the brightness of the putative lens (K-band magnitude
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16.3). Additional optical/NIR and millimeter spectroscopy is needed to determine
the nature of this source conclusively.
SPT0300-46 – This source is well-fit by two source-plane components, and the
CO(4–3) line clearly shows two velocity components (Gullberg et al., 2015). While
the source is not clearly resolved into multiple images, imaging the visibilities with
baselines >100 kλ clearly shows the arc-like structure reproduced in the best-fit
model. The field also includes a 9 mJy source ∼800 west of the lensed source.
SPT0319-47 – This source is also moderately resolved at 0.5” resolution, and is
adequately fit by a single Sérsic component. Imaging the visibilities with baselines
>100 kλ confirms that the source splits into two lensed images as predicted by the
best-fit model.
SPT0345-47 – This source is unambiguously lensed, as we have measured distinct
lens and source redshifts. Imaging only baselines >100 kλ confirms that the arc and
counterimage structure seen in the best-fit model is correct.
SPT0346-52 – This source was one of four resolved at ∼1.5” resolution and
studied by Hezaveh et al. (2013). Combining those data with the higher-resolution
observations presented here largely confirms the previous model. The data also favor
the existence of an external shear component at an angle roughly in line with the
galaxy ∼3” east of the main lens.
SPT0348-62 – This object appears to be a collection of several weakly lensed
sources. We assume an Einstein radius of 1” for the galaxy approximately 6” east
of the bulk of the emission. Much of the 870 µm emission is not well-represented
by simple Gaussian components, although four elliptical Gaussian components provide an adequate fit. The four components are magnified by factors of 1.16–1.26,
assuming the Einstein radius above.
SPT0403-58 – This source appears to be marginally lensed by the nearby galaxy,
with a flux-weighted total magnification of µ870µm = 1.7.
SPT0404-59 – This object is the most weakly detected source in this sample, and
the images we do detect straddle the ALMA primary beam half-power radius. A single source-plane component represents the data well, although deeper observations
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will be necessary to place better constraints on the lens and source geometry.
SPT0418-47 – This source was also considered by Hezaveh et al. (2013). Our
model, which incorporates higher-resolution data available after publication of Hezaveh et al., finds a higher magnification, µ870µm = 32, as the higher-resolution data
show a nearly-perfect Einstein ring. This source is the most highly magnified galaxyscale lens in the current sample.
SPT0441-46 – This source is well-modeled by a single Sérsic background component.
SPT0452-50 – With distinct lens and source redshifts, this source appears to be
only mildly lensed by the faint galaxy ∼3” to the south of the ALMA emission. It
is the highest-redshift lens with a confirmed redshift in the current sample.
SPT0459-58 – This source is marginally resolved into multiple images by ALMA.
Imaging those visibilities with baselines >75 kλ confirms that the multiple images
seen in the best-fit model are real.
SPT0459-59 – In addition to a strongly lensed component, this source also contains a fainter source weakly lensed, by a factor of µ870µm = 1.5.
SPT0529-54 – This source was also studied by Hezaveh et al. (2013), and is the
only source for which the model which incorporates the higher-resolution data now
available to us significantly differs from the previous model. The model presented
here allows ellipticity in the background source, which entirely accounts for the
model differences. That is, fitting an elliptical component to the data available at
the time of publication of Hezaveh et al. (2013) recovers the model shown here,
while fitting a circularly symmetric Gaussian source to the data from both array
configurations recovers the model shown in Hezaveh et al. (2013). The higherresolution data now available clearly resolve the source into four images, which was
not apparent in the lower-resolution data. The full data strongly prefer the elliptical
source-plane model over a circularly symmetric model.
SPT0532-50 – This source shows a clear hole in the center of a ring of emission,
and is magnified by a factor of 10.
SPT0538-50 – This source has been the subject of detailed studies by Bothwell
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et al. (2013a) and Spilker et al. (2015), and was included in the sample of Hezaveh
et al. (2013). Our model confirms the need for two source-plane components, which
Spilker et al. associate with the two velocity components seen in observations of
CO(1–0) and CO(3–2).
SPT2031-51 – A single Sérsic component is sufficient to accurately reproduce
the ALMA data. The source is magnified by a factor of µ870µm = 3.9.
SPT2048-55 – The lens in this system appears to have a tidal feature extending
to the west of the galaxy; nevertheless, a single SIE lens and background Sérsic
component fit the data quite well.
SPT2052-56 – This source is not pointlike at 0.5” resolution, but appears completely unlensed. A symmetric Gaussian with S870µm =10.9 mJy reproduces the data
well.
SPT2103-60 – This source presents an unusual lensing geometry, caused by the
combined effects of the three foreground galaxies. We place loose priors on the
locations of the three lensing galaxies but do not require that they have the same
relative locations as seen in the VLT/ISAAC image. Remarkably, a single sourceplane component adequately reproduces the data.
SPT2132-58 – The background source in this system is moderately resolved by
ALMA. Imaging only the visibilities with baselines >75 kλ confirms the arc-like
structure with faint counterimage predicted by the best-fit model. This source was
studied in detail by Béthermin et al. (2016).
SPT2134-50 – A single source-plane component with half-light radius of just
∼270 pc is magnified by a factor of 21 in this source.
SPT2146-55 – This source, at z = 4.5, is well-described by a single SIE lens and
background Sérsic component.
SPT2146-56 – This source appears pointlike in the ALMA data, and lies on top
of a galaxy identified at z = 0.67. The unresolved SED of this source (Strandet et al.,
in prep.) is also atypical, showing what appears to be two dust peaks. Whatever
the true nature of this source, it does not appear to be a galaxy-scale lensed DSFG.
SPT2147-50 – A simple SIE lens and single Sérsic background component are
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sufficient to reproduce the ALMA data.
SPT2300-51 – No sources were detected at > 5σ significance within the ALMA
primary beam half-power radius, and this object was determined to be a spurious detection in the LABOCA follow-up of SPT sources. This source is shown in Fig. B.1.
Two potential sources exist at approximately the 38% and 25% primary beam response levels, with nominal significance of 4 and 6σ, respectively; we consider both
likely to be false.
SPT2311-54 – This source is only marginally resolved by ALMA, but we have
measured distinct lens and source redshifts which confirm the lensed nature of this
source. Imaging only those visibilities with baselines >150 kλ reveals structure consistent with the best-fit model.
SPT2319-55 – This source at zS = 5.3, is well-fit by two source-plane components.
SPT2340-59 – The nature of this source is unclear. While the 870 µm data appear to show a standard doubly imaged background source, the two images were
also spatially resolved in an ALMA 3 mm project to determine its redshift. These
data show a weak line, identified as CO(4–3), in the eastern component only (Strandet et al., 2016). This suggests the two images seen at 870 µm may in fact be
two unlensed or weakly lensed sources at different redshifts. In Fig. 3.2, we show
the model assuming the two sources seen by ALMA are lensed images of the same
source, in which case the source is magnified by a factor of µ870µm = 4.0 and has
S870µm =9.1 mJy. If, on the other hand, the two images are distinct sources, we derive their intrinsic properties by fixing the position of the foreground lens galaxy to
the location in the VLT/FORS2 image. This yields µ870µm = 1.3, S870µm =15.2 mJy
and µ870µm = 1.7, S870µm =8.7 mJy for the western and eastern components, respectively.
SPT2349-50 – This source is doubly imaged by the foreground lens. Imaging
the visibilities on baselines >125 kλ clearly resolves the two lensed images separated
by ∼0.5”.
SPT2349-56 – We detect six sources at ≥ 5σ significance in this source, none of
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which appear to be significantly lensed. ALMA 3 mm data (Strandet et al., 2016)
resolve the bright northern component from the three more southern components. A
line identified as CO(4–3) in these data, along with [CII] confirmation using APEX,
places this source at zS = 4.30. It is unclear whether all six components detected
at 870 µm are at the same redshift or whether they represent a chance alignment of
sources at different redshifts. Only three of the six components are spatially resolved
at the ∼0.5” resolution of these data.
SPT2354-58 – This source likely has the lowest confirmed redshift of any object
in the SPT sample, at zS = 1.87 (Strandet et al., 2016). Imaging the visibilities
with baselines >125 kλ confirms the arc and counterimage predicted by the best-fit
model, separated by ∼0.5”.
SPT2357-51 – This source, at zS = 3.07, does not obviously separate into multiple images in the ALMA data. If the source were unlensed, however, its implied
flux density would be S870µm ∼ 40 mJy, the brightest of any DSFG. Given this and
the proximity of foreground galaxies along the line of sight, we consider the lensing hypothesis more probable. The current data are well-fit by a single Gaussian
component magnified by a factor of ∼2.9.
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Figure B.1: ALMA 870 µm image of SPT2300-51 (blue contours) overlaid on a
VLT/ISAAC K-band image (greyscale), centered on the ALMA phase center. Contours are drawn at 50, 70, and 90% of the image peak value, and the ALMA primary
beam half-power radius is indicated with a dotted line. The synthesized beam is
indicated in the lower left corner. The two highest peaks in the image are located
at approximately 38% and 25% of the peak primary beam response, and both are
likely false.
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APPENDIX C
CLUSTER-LENSED SOURCES

In this Appendix we show the ALMA images of the four sources which appear to
be lensed by large groups or clusters of galaxies. The ALMA data show only single
images of the background sources, making lens models impossible to constrain from
the limited data available.
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Figure C.1: ALMA 870 µm emission (blue contours) overlaid on the HST/WFC3
images (greyscale) for the four cluster-lensed galaxies in the current sample. Contours are drawn at 10, 30, ... percent of the peak value, and the ALMA primary
beam half-power radius is indicated with a dotted line. The synthesized beam is
indicated in the lower left corner. Greyscale images are logarithmically scaled to
emphasize the relevant objects detected.
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APPENDIX D
ADDITIONAL DETAILS OF THE LENS MODEL OF SPT2319-55

In this Appendix we provide additional details about the lens model of SPT231955 using the pixellated source reconstruction technique. Details about the modeling
technique can be found in Hezaveh et al. (2016). The lens is represented as a singular
isothermal ellipsoid with strength parameterized by the mass interior to r < 10 kpc.
Both the lens ellipticity and external shear components are decomposed along the
x- and y-axis. Finally, the lens position is relative to the ALMA phase center, with
the positive x-direction to the west and positive y-direction to the south.
The parameter degeneracies are shown in Figure D.1. Several strong degeneracies are apparent. The lens mass and ellipticity are degenerate due to the particular
implementation of the lensing deflections used by Hezaveh et al. (2016), which in√
cludes a factor of 1 − e in the conversion between lens mass and deflection strength.
The degeneracy between lens ellipticity and external shear is a well-known aspect
of this family of lens models. Finally, we note that there is a slight bimodality in
the x-coordinate position of the lens xL , with corresponding adjustments to the lens
mass and ellipticity. We have verified that the source-plane reconstructions at both
maxima in the likelihood are very similar, and the differences have no appreciable
impact on our further analysis. The fitted parameters are given in Table D.1.
This source was also modeled by Spilker et al. (2016) using ALMA Cycle 0 data
of lower spatial resolution and peak signal-to-noise than the data now available.
That model indicated that the bulk of the dust emission was located northeast
of the lens position instead of southwest as the current models show. The reason
for the discrepancy is the well-known symmetry between the source and lens positions in doubly-imaged sources. For a doubly-imaged source, the lens and source
positions can be transposed without significantly affecting the observed emission.
The degeneracy can in principle be broken by constraining the location of the lens
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Table D.1. SPT2319-55 Lens Model Parameters

Parameter

Description

log (Mr<10kpc )

Lens mass within 10 kpc (M )

11.17+0.02
−0.025

ex

x ellipticity

−0.17+0.08
−0.08

ey

y ellipticity

0.01+0.06
−0.06

xL

Lens position x (00 )

−0.12+0.01
−0.01

yL

Lens position y (00 )

−0.17+0.01
−0.01

γ1

External shear

0.11+0.03
−0.03

γ2

External shear

−0.02+0.04
−0.03

Note. — Parameter uncertainties correspond to the 16th
and 84th percentiles of the marginalized distributions (i.e., the
1σ range).
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through other means (i.e., optical or near-infrared imaging), but in this case the
lens position shifts by ∼ 0.2500 along the direction of the lens major axis; in any
case, such a small shift is comparable to the absolute astrometric registration between our best-available near-infrared imaging and ALMA. The degeneracy can also
be broken using the fact that the background source is not point-like and so does
not produce a simple double image configuration. This requires the source to be
sufficiently spatially resolved to detect the subtle difference between the degenerate
solutions, as in the present higher-resolution data but (apparently) not the Cycle 0
data. We have re-fit the previous data, forcing the source to be located southwest
of the lens position as the current data indicate. While a quantitative comparison
is difficult due to the differences in modeling technique, the lensing geometry is
at least qualitatively similar to the model presented here, and the source-averaged
magnification agrees to < 10%.
We also explore the extent to which the source-plane reconstruction depends
on the regularization parameter λ (Suyu et al., 2006; Hezaveh et al., 2016), which
effectively acts to smooth the source plane emission. In this work, we use gradienttype regularization. As mentioned in Section 5.2.4, we fit for the value of λ by
maximizing the likelihood given a set of lens parameters. The reconstructions used in
this work, therefore, formally correspond to the “optimum” maps we can construct
using the current data. As Suyu et al. (2006) discuss at length, while stronger
regularization can produce source-plane maps which “look” better by eye and have
very high inferred signal-to-noise, these maps are not statistically justified; they are
very precise, but inaccurate.
Nevertheless, it is worthwhile to explore the differences in source-plane structure
induced by different levels of regularization. In Figure D.2, we show reconstructions
with a wide variety of regularization relative to the best-fit value λ0 . For reference,
changing the lens parameters typically changes the best-fit value of λ by . 20%, so
the strengths of regularization shown in Figure D.2 are exaggerated compared to
the true uncertainty in λ. Each panel is shown with the same scaling, set by the
minimum and maximum pixel values of the most heavily smoothed image to accen-
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tuate the differences in the less-smoothed images. We see very similar structures
across all values of the source regularization, and the total flux of the source changes
by < 10%. From left to right, however, we do see that some of the “noise” in the
images is suppressed, while the source becomes slightly more extended and diffuse
by ∼20%. The degree of qualitative similarity and small quantitative differences
even with large variations of λ give us confidence that the source-plane structure we
see is the structure the data encode.
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Figure D.1: Parameter degeneracy plot for the SPT2319-55 lens model. Onedimensional marginalized parameter distributions are shown as histograms down
the diagonal of the plot.
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Figure D.2: Testing the effects of the strength of source regularization. Each image
is displayed on the same scale, set by the minimum and maximum pixel values of
the middle panel, to accentuate the differences with the other panels. In the middle
(fiducial) panel, we also plot the lensing caustics.
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M. Pepe, M. Pesce-Rollins, F. Piron, T. A. Porter, S. Rainò, R. Rando, M. Razzano, A. Reimer, O. Reimer, T. Reposeur, A. Y. Rodriguez, F. Ryde, H. F.-W.
Sadrozinski, D. Sanchez, A. Sander, P. M. Saz Parkinson, C. Sgrò, E. J. Siskind,
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Nguyen, S. J. Oliver, A. Omont, M. J. Page, G. Petitpas, N. Rangwala, I. G.

220
Roseboom, D. Scott, A. J. Smith, J. G. Staguhn, A. Streblyanska, A. P. Thomson, I. Valtchanov, M. Viero, L. Wang, M. Zemcov, and J. Zmuidzinas (2013). A
dust-obscured massive maximum-starburst galaxy at a redshift of 6.34. Nature,
496, pp. 329–333. doi:10.1038/nature12050.
Riechers, D. A., C. L. Carilli, P. L. Capak, N. Z. Scoville, V. Smolcic, E. Schinnerer,
M. Yun, P. Cox, F. Bertoldi, A. Karim, and L. Yan (2014). ALMA Imaging of
Gas and Dust in a Galaxy Protocluster at Redshift 5.3. ArXiv e-prints.
Riechers, D. A., A. Cooray, A. Omont, R. Neri, A. I. Harris, A. J. Baker, P. Cox,
D. T. Frayer, J. M. Carpenter, R. Auld, H. Aussel, A. Beelen, R. Blundell, J. Bock,
D. Brisbin, D. Burgarella, P. Chanial, S. C. Chapman, D. L. Clements, A. Conley,
C. D. Dowell, S. Eales, D. Farrah, A. Franceschini, R. Gavazzi, J. Glenn, M. Griffin, M. Gurwell, R. J. Ivison, S. Kim, M. Krips, A. M. J. Mortier, S. J. Oliver,
M. J. Page, A. Papageorgiou, C. P. Pearson, I. Pérez-Fournon, M. Pohlen, J. I.
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Y. D. Hezaveh, G. P. Holder, W. L. Holzapfel, R. Keisler, G. Lagache, J. Ma,
M. Malkan, D. P. Marrone, L. M. Mocanu, L. Montier, E. J. Murphy, N. P. H.
Nesvadba, A. Omont, E. Pointecouteau, J. L. Puget, C. L. Reichardt, K. M.
Rotermund, D. Scott, P. Serra, J. S. Spilker, B. Stalder, A. A. Stark, K. Story,
K. Vanderlinde, J. D. Vieira, and A. Weiß (2016). Probing star formation in
the dense environments of z ∼ 1 lensing haloes aligned with dusty star-forming
galaxies detected with the South Pole Telescope. MNRAS, 455, pp. 1629–1646.
doi:10.1093/mnras/stv2302.
Wilkinson, A., O. Almaini, C.-C. Chen, I. Smail, V. Arumugam, A. Blain, E. L.
Chapin, S. C. Chapman, C. J. Conselice, W. I. Cowley, J. S. Dunlop, D. Farrah, J. Geach, W. G. Hartley, R. J. Ivison, D. T. Maltby, M. J. Michalowski,
A. Mortlock, D. Scott, C. Simpson, J. M. Simpson, P. van der Werf, and V. Wild
(2017). The SCUBA-2 Cosmology Legacy Survey: the clustering of submillimetre galaxies in the UKIDSS UDS field. MNRAS, 464, pp. 1380–1392. doi:
10.1093/mnras/stw2405.
Williams, C. C., M. Giavalisco, C. Porciani, M. S. Yun, A. Pope, K. S. Scott, J. E.
Austermann, I. Aretxaga, B. Hatsukade, K.-S. Lee, G. W. Wilson, R. Cybulski,
D. H. Hughes, R. Kawabe, K. Kohno, T. Perera, and F. P. Schloerb (2011). On
the Clustering of Submillimeter Galaxies. ApJ, 733, 92. doi:10.1088/0004-637X/
733/2/92.

232
Wilner, D. J., J.-H. Zhao, and P. T. P. Ho (1995). The Molecular Medium of
H1413+117: BIMA CO(3-2) and HCO +(4-3) Observations. ApJ, 453, p. L91.
doi:10.1086/309756.
Wilson, C. D., B. E. Warren, F. P. Israel, S. Serjeant, G. Bendo, E. Brinks,
D. Clements, S. Courteau, J. Irwin, J. H. Knapen, J. Leech, H. E. Matthews,
S. Mühle, A. M. J. Mortier, G. Petitpas, E. Sinukoff, K. Spekkens, B. K. Tan,
R. P. J. Tilanus, A. Usero, P. van der Werf, T. Wiegert, and M. Zhu (2009). The
James Clerk Maxwell Telescope Nearby Galaxies Legacy Survey. I. Star-Forming
Molecular Gas in Virgo Cluster Spiral Galaxies. ApJ, 693, pp. 1736–1748. doi:
10.1088/0004-637X/693/2/1736.
Wilson, R. W., K. B. Jefferts, and A. A. Penzias (1970). Carbon Monoxide in the
Orion Nebula. ApJ, 161, p. L43. doi:10.1086/180567.
Wilson, T. L. and R. Rood (1994). Abundances in the Interstellar Medium. ARA&A,
32, pp. 191–226. doi:10.1146/annurev.aa.32.090194.001203.
Wu, J., N. J. Evans, II, Y. Gao, P. M. Solomon, Y. L. Shirley, and P. A. Vanden
Bout (2005). Connecting Dense Gas Tracers of Star Formation in our Galaxy to
High-z Star Formation. ApJ, 635, pp. L173–L176. doi:10.1086/499623.
Wuyts, S., T. J. Cox, C. C. Hayward, M. Franx, L. Hernquist, P. F. Hopkins,
P. Jonsson, and P. G. van Dokkum (2010). On Sizes, Kinematics, M/L Gradients,
and Light Profiles of Massive Compact Galaxies at z ˜ 2. ApJ, 722, pp. 1666–1684.
doi:10.1088/0004-637X/722/2/1666.
Younger, J. D., G. G. Fazio, D. J. Wilner, M. L. N. Ashby, R. Blundell, M. A.
Gurwell, J.-S. Huang, D. Iono, A. B. Peck, G. R. Petitpas, K. S. Scott, G. W.
Wilson, and M. S. Yun (2008). The Physical Scale of the Far-Infrared Emission in
the Most Luminous Submillimeter Galaxies. ApJ, 688, pp. 59–66. doi:10.1086/
591931.
Yun, M. S., I. Aretxaga, M. A. Gurwell, D. H. Hughes, A. Montaña, G. Narayanan,
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