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Abstract

by Maria Louise Strandet
for the degree of

Doctor rerum naturalium

Millimeter (mm) and submillimeter (submm) continuum observations brought
about a radical shift with the discovery that luminous, dusty galaxies were a
thousand times more abundant in the early Universe than they are at present day.
The first submm /mm detected high redshift dusty star-forming galaxies (DSFGs)
were discovered in 1998, and surveys of these suggested that the peak of dust
enshrouded star formation occurred at z ~ 2, simultaneous with the peak of black
hole accretion and cosmic star formation. While the history of star formation
has now been measured out to z~8 in rest-frame UV surveys, little progress
has been made until recently to quantify the amount of highly obscured star
formation at z > 3.5 in the mm/submm regime mainly because of the difficulties
in obtaining robust redshifts for DSFGs.

In this thesis I explore the redshifts of a sample of DSFGs selected from the
South Pole Telescope (SPT) Survey. The survey covers an impressive 2500 deg?
at the wavelengths of 1.4mm, 2.2mm and 3.0 mm. The large area of the survey
made it possible to assemble a large sample of rare and bright sources. The
sources are mostly gravitationally lensed and at high redshifts. Here, we ex-
plore the high redshift nature of the SPT-DSFGs through ALMA redshift scans
of 42 sources. We combine these observations with previously published and
new mm/submm line and photometric data of the SPT-DSFGs to study their
redshift distribution. This yields a sample of 62 sources with reliable redshifts
based on either two spectral lines or one spectral line combined with photometric
observations, and a median redshift is z=4.1£0.2. The redshift distribution of
the SPT-DSFGs is affected by strong gravitational lensing and when correcting
for the effect of gravitational lensing we find a median redshift of z=3.540.3.
Comparing to redshift distributions selected at shorter wavelengths from the
literature, we show that selection wavelength affects the shape of the redshift
distribution.

To complete the redshift distribution for the full sample of 91 SPT-DSFGs,
we take advantage of the well sampled photometry for the full sample. We
investigate different ways on finding photometric redshifts, settling on fitting
spectral energy distributions. We use the sources with spectroscopic redshifts to
construct a dust temperature distribution that is used as input for the spectral
energy distributions. By combining the redshift distribution presented above



with photometric redshifts of the remaining 29 sources without spectroscopic
redshifts, we find a median redshift of z=3.7+0.1. A study of the dust tem-
perature as a function of redshift (for the sources with spectroscopic redshifts)
shows that the dust temperature is increasing with redshift, consistent with what
is seen for lower redshift samples.

The highest redshift galaxy found in the entire SPT-DSFG sample, SPT0311-
58 at z=6.90040.002, is also the highest-redshift millimeter-selected DSFG
discovered to date. We constrain the properties of the ISM in SPT0311-58 with
a radiative transfer analysis of the dust continuum photometry and the CO and
[C1] line emission. This allows us to determine the gas content without ad hoc
assumptions about gas mass scaling factors. SPT0311-58 is extremely massive,
with an intrinsic gas mass of Mg, =3.3+£1.9x 10" M. Its large mass and intense
star formation is very rare for a source well into the Epoch of Reionization.
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CHAPTER 1

Introduction

1.1 Galaxy Formation and Evolution

When the Universe was created 13.8 billion years ago it looked significantly different
than it does today. In its original state it was made up of a hot and dense ionized plasma
soup. As it expanded it cooled down, and after ~ 380000 years (redshift of z ~ 1089) it
reached temperatures at which neutral Hydrogen could form. This neutralization made
it transparent, marking the end of what has been named the Dark Ages. Between 150
million and one billion years after the Big Bang (6 < z < 20) the first stars and galaxies
were formed, initiating the Epoch of Reionization (EoR) (Ryden, 2003). In this thesis
I investigate how star formation evolves over cosmic time by studying some of the most
intensely star forming galaxies in the Universe (Chapter4 and5). In particular, the
exploration of galaxies in the EoR is the theme of Chapter 6.

The first studies of the star formation history of the Universe were based on sources
identified at ultraviolet (UV) wavelengths (Madau et al., 1996). UV light is emitted
by the most massive and hot stars (O-stars) which only live short lives of ~ 0.5 billion
years (in contrast to low mass stars, like the Sun, that live for ~ 10 billion years),
and UV light therefore traces newly-formed or very young stellar populations (Stahler
& Palla, 2004). Using UV light to trace star formation unfortunately misses the star
formation happening enshrouded in dust clouds. Here, the ongoing star formation
heats the surrounding dust and gas clouds. This heat is emitted as thermal radiation
in the millimeter (mm), submillimeter (submm) and far infrared (FIR) regime and can
be used to trace dust enshrouded star formation both in our own and distant galaxies.

In the last two decades, mm and submm surveys have transformed our understand-
ing of galaxy formation and evolution by revealing that luminous, dusty galaxies were
a thousand times more abundant in the early Universe than they are at the present
day (e.g., see review by Casey et al., 2014).

1.2 Dusty Star-Forming Galaxies

Dusty Star Forming Galaxies (DSFGs) are galaxies found or selected at wavelengths
where the emission is dominated by dust, i.e. their thermal dust peak. To investigate
star formation across cosmic time, the effect of redshift must be considered. When
DSFGs are redshifted the observed frequency changes as vobs = Vemit/(1 + 2) and
the flux is dimmed by the redshift as Sops ¢ Semit(1 + 2)/D7. The change in ob-
serving frequency and flux with redshift, shifts the thermal dust peak parallel to the
Rayleigh-Jeans slope, resulting in a constant flux density over a large redshift interval
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Figure 1.1: Left: The Arp220 SED template as it would appear from an observers perspective
at different redshifts. The top SED is at the redshift of Arp220, z=0.1. The SEDs below have
been redshifted as indicated. Right: The flux density as a function of redshift for Arp220. Each
line illustrates how the flux density changes with redshift at a certain observed wavelength.
The color coding of the observed wavelength is given in the right panel and illustrated by
vertical lines in the left panel.

for certain wavelengths. This effect is called negative K-correction and it is illustrated
in Figure 1.1. In the left panel the template of the nearby (z~ 0.1) star forming galaxy
Arp220 (Silva et al., 1998) is plotted at different redshifts. The right side of the panel
shows how the flux density of Arp220 changes with redshift at selected wavelengths.
The wavelengths are chosen from typical surveys and instruments and are differentiated
by color, given in the right panel and illustrated as vertical lines in the left panel. At
optical and radio wavelengths (dark gray and gray) a fast drop of flux density with
redshift is seen. At ~ 250 pum (light blue) a flattening of the slope over a small redshift
range is seen. At 870 ym (yellow) there is hardly any change in flux density in the
redshift range 1 <z <10. This means that at 870 um it is as easy to identify a star
forming galaxy at z~10 as at z~1, assuming that these galaxies have the same in-
trinsic specific luminosity (luminosity at a given frequency). To study the distribution
of galaxies throughout the full history of the Universe, we need to select galaxies at
wavelengths where the flux density remains constant over as large a redshift range as
possible. This effectively means selecting at around or longer than 870 um.

The first mm/submm detected DSFGs were discovered in 1998, by Smail et al.
(1997), Hughes et al. (1998) and Barger et al. (1998) using the newly installed Submil-
limeter Common User Bolometer Array (SCUBA) at the James Clerk Maxwell Tele-
scope (JCMT). SCUBA, observing at 850 yum, was the first instrument to observe at
submm wavelengths. The sources were named submm galaxies (SMGs) as they were
discovered at submm wavelengths. Nowadays these sources are referred to as DSFGs as
detection wavelengths has extended beyond the submm range and into the mm range
and the term SMG was therefore no longer appropriate. It was clear that these sources
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are members of a new galaxy population, and efforts to determine their redshifts and
learn more about them were undertaken. The extra-galactic surveys were performed
with single-dish submm telescopes, like the JCMT, which have a poor spatial resolu-
tion of ~ 20 arcsec(”) (in contrast to an angular resolution of ~0.05” of Hubble). This
halted immediate counterpart identification at optical wavelengths. Furthermore, as
seen from Figure 1.1 DSFGs are weak at optical wavelengths making them difficult or
impossible to detect.

Counterpart identification was at this time essential because the only way to spec-
troscopically identify the redshift was through optical spectroscopy. The problem with
identifying counterparts meant that when Barger et al. (1999) attempted to gather
redshifts of the DSFGs identified in the first SCUBA map, only 25% of the bright
sources were assigned redshifts and counterparts of most of the weaker sources re-
mained unidentified.

Even with high spatial resolution data taken at radio (e.g., Ivison et al., 2002)
and/or mid-infrared (MIR) (e.g., Ashby et al., 2006; Pope et al., 2006) wavelengths, the
K-correction made the counterpart identification difficult or impossible (See Figure 1.1).
Thus, 50% of DSFGs typically lack robust counterparts at other wavelengths (e.g.,
Biggs et al., 2011), although the exact fraction depends on the depth of the radio/MIR
observations. This mismatch in sensitivity at different wavelengths has potentially left
the highest-redshift sources (z > 3) unidentified, which would bias the observed redshift
distribution of DSFGs towards lower redshifts.

Using high-resolution observations from the Very Large Array (VLA, a radio tele-
scope composed of 27 radio antennas located in New Mexico) Chapman et al. (2005)
identified counterparts of 60 % of 150 sources detected in the original SCUBA maps.
For 73 sources (75% of the targeted sample), spectroscopic redshifts were obtained
from deep optical spectroscopy. The median redshift of zpedian,Chapman = 2.2 found for
the sample, indicated that the peak of star formation for DSFGs were coeval with the
peak of black hole accretion and cosmic star formation (e.g., Hopkins & Beacom, 2006).
This suggested that a significant fraction of star formation activity in the universe at
z=2 — 3 is taking place in DSFGs brighter than Sg50,m ~ 1 mJy, and could be hidden
from the view of optical/UV observations owing to the large dust obscuration (e.g.,
Wardlow et al., 2011).

Theoretical models suggest that the contribution of DSFGs to the total star forma-
tion rate density at 2 =2—4 is of order 10% (for sources with Sg7o,m > 1 mlJy; Gonzalez
et al., 2011). While the history of star formation has now been measured out to z ~8
through rest-frame UV surveys (see review by Madau & Dickinson, 2014), progress
in measuring highly obscured star formation as a function of look-back time has been
much slower, mainly because of the difficulties in obtaining robust redshifts for DSFGs.

Mm interferometry provides a more reliable and complete method to obtain secure
multi-wavelength identifications of DSFGs discovered in single-dish surveys. Danner-
bauer et al. (2002) first published counterpart identifications based on high spatial
resolution data for three 1.2 mm-selected DSFGs observed with the IRAM Plateau de
Bure Interferometer (PdBI), and Younger et al. (2007) used the Submillimeter Array
(SMA) to identify counterparts of seven 1.1 mm-detected sources. In spite of the accu-
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rate and reliable positions, neither study successfully obtained redshifts for the DSFGs,
although one of the sources was eventually determined to be at a record-breaking (for
DSFGs) z=5.3, assigned using rest frame UV spectroscopy (Riechers et al., 2010; Ca-
pak et al., 2011). Smol¢ié et al. (2012) used PdBI to follow up a sample of 1.1 mm
selected DSFGs, leading to optical spectroscopic redshifts for roughly half the sample
and photometric redshift estimates for the remaining half. This study found a mean
redshift of z=3.1 suggesting that the previous spectroscopically determined redshift
distributions of DSFGs (e.g., Chapman et al., 2005) were biased towards lower val-
ues. Other follow-up efforts have led to different conclusions. For example, Simpson
et al. (2014) and more recently da Cunha et al. (2015) use the 17-band optical to MIR
photometry of the Extended Chandra Deep Field South (ECDFS) to study the pho-
tometric redshift distribution of DSFGs with counterpart identification based on high
resolution Atacama Large Mm/submm Array (ALMA) 870um observations (Hodge
et al., 2013). Simpson et al. (2014) derive a median redshift of z=2.5, albeit with
a significant tail of DSFGs at z>4. This result is consistent with the early findings
of Chapman et al. (2005) under the assumption that Chapman et al. (2005) did not
detect the high-redshift tail since that study only targeted radio-confirmed DSFGs.

In the past few years, new instruments with larger bandwidths have enabled a more
direct and unbiased way to derive redshifts of DSFGs via observations of molecular
emission lines at mm wavelengths. The molecular line emission, typically from CO, or
[C11], can be related unambiguously to the mm /submm dust continuum, eliminating the
need for high-resolution imaging, counterpart identification, and optical spectroscopy
(Weik et al., 2009; Harris et al., 2012; Lupu et al., 2012; Walter et al., 2012; Chapman
et al., 2015). The first redshift distribution based on molecular emission lines detected
via blind spectral scans in the 3mm window using ALMA was published by Weif
et al. (2013) for 26 strongly lensed sources selected from the 2500 degree? South Pole
Telescope (SPT) survey. Performing a redshift search for such a big sample in the early
stage of ALMA operations was only possible due to the strongly lensed nature of the
sources which makes them extraordinarily bright. The redshift distribution of the SPT
sample showed a higher mean (Z=23.5) than observed for any other sample of DSFGs
and has stimulated an on-going discussion on the redshift distribution of DSFGs in the
literature (e.g., Koprowski et al., 2014; Miettinen et al., 2015; Béthermin et al., 2015).
In this thesis we study a larger sample of the SPT selected sources and investigate the
redshift distribution further.

Progress has also been made towards a theoretical understanding of the differences
seen in observed redshift distributions. Recently Béthermin et al. (2015) modeled the
expected DSFG redshift distribution based on a phenomenological model of galaxy
evolution. They conclude the difference can be understood in terms of survey selection
wavelengths and, to a minor degree, the survey depth. In addition, they investigate
the effect of gravitational lensing on the redshift distribution. At wavelengths shorter
than 1.1 mm the lensed redshift distribution always tends to show a higher median
redshift than the unlensed distribution. At longer selection wavelengths, as investigated
here, the effect of gravitational lensing on the redshift distribution vanishes unless only
extremely luminous sources are selected (e.g., S1.4mm > 25 mJy).
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1.3 DSFGs in the Epoch of Reionization

Searches for the most distant galaxies have now reached as far back as the first billion
years in the history of the Universe, and are peeking into the Epoch of Reionization
(EoR). Some of the most important questions in observational cosmology concern the
time scale over which the reionization of the Universe took place, the identification of
the objects providing the ionizing photons and the enrichment of galaxies with metals.
It is expected that star-forming galaxies play a major role in the reionization, so to
understand the evolution of the Universe from its neutral phase to its present ionized
state we must study the galaxies in the EoR (see reviews by Stark, 2016; Bouwens,
2016). Galaxies in the EoR are currently being identified from rest-frame UV surveys
(e.g. Ouchi et al., 2010). Most of these systems, however, are low-mass star-forming
galaxies for which the enrichment of the cold interstellar medium (ISM) is difficult to
study even in long integrations with the ALMA (Bouwens et al., 2016, b).

Massive DSFGs are not expected to be found in the EoR as it is theoretically difficult
to produce their large dust masses within a few hundred Myr of the Big Bang (Ferrara,
2010; Mattsson, 2015). Recent wide-area Herschel and optical Quasi-stellar object
(QSO) surveys, however, have revealed dusty galaxies out to z~6-7 (e.g., Venemans
et al., 2012; Riechers et al., 2013; Strandet et al., 2017). These systems offer the unique
opportunity to study extreme cases of metal/dust enrichment of the ISM within the
EoR in the most massive over-densities at these redshifts.

1.4 Atmospheric Transmission

A major challenge when studying DSFGs is the poor transmission at the mm /submm
wavelengths caused by water in earth’s atmosphere. Water in the atmosphere decreases
the percentage of the signal that gets through, increases the noise by radiating ther-
mally, and inhomogeneities in the water vapor distribution degrade the sensitivity and
resolution of the images produced. Figure1.2 shows the atmospheric transmission be-
tween 10 and 1000 GHz (30 - 0.3 mm) for different water vapor contents at 5000 m. The
atmospheric transmission degrades with frequency and is broken up into small windows
by emission lines from water in the atmosphere. The different colors show how the pre-
cipital water vapor (pwv) content of the atmosphere affects the transmission. The effect
of the pwv on the transmission is largest at high frequencies and near atmospheric water
emission lines. Low transmission will lead to long observing times and poor calibration.
Observations performed at frequencies with poor transmission therefore need very good
weather conditions. Only a few places on earth are dry enough to reach pwv < 0.5 mm,
and even here sufficient weather conditions might only occur a small percentage of the
time. Chajnantor, at an altitude of 5000 m, in the Atacama desert is the host of the At-
acama Pathfinder EXperiment (APEX) and ALMA, and is famous for its exceptional
atmospheric conditions for mm and submm observations. From Figure 1.2 we see that
close to atmospheric water lines and above vops 2 500 GHz, a pwv of < 0.5 is needed to
obtain a reasonable transmission. Unfortunately pwv < 0.5 only occurs around 25% of
the time in just the five best months of the year (For more information on the weather
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Figure 1.2: Atmospheric transmission in the mm/submm wavelength regime as modeled for
Chajnantor at 5000 m height in the Atacama dessert. The different colors illustrate different at-
mospheric precipital water vapor (pwv) levels showing very good conditions in red (pwv =0.5),
good conditions in green (pwv=1.0) and mediocre condition in blue (pwv=2.0) and light blue
(pwv=3.0). The figure is made using the atmospheric calculator from the APEX webpage
(http://www.apex-telescope.org/sites/chajnantor /atmosphere/transpwv/).

conditions at Chajnantor see https://almascience.nrao.edu/about-alma/weather).
Figure 1.2 shows that frequencies below vqps < 230 GHz are advantageous for per-
forming surveys.

1.5 Gravitational lensing

Gravitational lensing amplifies the light from distant sources on the sky and can help
us detect these. Gravitational lensing is a consequence of Einstein’s theory of general
relativity, where mass can bend light, and occurs when two objects align along a line
of sight. The light from the background source is deflected by the foreground source
(lens) and is seen as multiple images, arcs or Einstein rings. When the lensing produces
multiple images or a ring of the background source it is defined as strong gravitational
lensing. In these cases the lens is typically a galaxy or a galaxy cluster.

The magnification occurs as the apparent solid angle of the source is increased while
the surface brightness of the source is preserved. The magnification is given by the ratio
of the observed and intrinsic size of a source. The more massive the foreground source,
the larger the apparent solid angle and thereby magnification. The magnification of the
source flux density makes it possible to find and observe sources, that would otherwise
have been to faint to observe.

When the source and lens are perfectly aligned the source will appear as a ring, also
known as an Einstein ring. Perfect Einstein rings are created only at perfect alignment
and when the foreground object is gravitationally symmetric along the line of sight
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Figure 1.3: A map of the full 2500 degree? SPT-survey. The red dots show the positions of
the SPT sources.

(like an elliptical galaxy). When the alignment is not perfect or the foreground object
is not gravitationally symmetric (like a galaxy cluster) arcs or multiple source images
are seen.

Unfortunately such alignments of two sources in our line of sight are rare and a
very large survey is needed to build a sample of gravitationally lensed sources.

For more details on gravitational lensing, see the review by Wambsganss (1998).

1.6 The South Pole Telescope sources

The SPT (Carlstrom et al., 2011) has systematically identified a population of high-
redshift, strongly gravitationally lensed systems by selecting extremely mm-bright ob-
jects from the largest mm-wavelength survey of the extragalactic sky (Vieira et al.,
2010; Mocanu et al., 2013).

The SPT survey covers an impressive 2500 degree? at 1.4mm, 2.2 mm and 3.0 mm,
see Figure1.3. The aim of the survey is to study the cosmic microwave background
(CMB) structure and the Sunyav-Zel’dovich signal from Galaxy clusters and was the
first of its kind in size. Due to its large extent it became possible to assemble a large
sample of rare and bright sources in the mm regime.

Point sources are identified from a detection at 1.4mm which typically means
S1.4mm > 15mJy. The dusty sources are selected based on their spectral index, cal-
culated as the ratio S14mm/S2.2mm- Figure 1.4 shows the distribution of the spectral
index for all point sources in the SPT survey, which splits into two populations: A syn-
chrotron dominated population (S1.4mm/S2.2mm S 1.5 ) and a dust dominated popula-
tion (S1.4mm/S2.2mm 2, 1.5). Sources with a spectral index above S1 4mm/S2.2mm > 1.66
are selected. To isolate the high-redshift DSFG population, sources with counterparts
in the IRAS Faint Source Catalog and the 843 MHz Sydney University Molonglo Sky
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Figure 1.4: Distribution of the sources detected in the SPT survey as a function of their
spectral index (S1.4mm/S2.2mm)- This plot was published by Vieira et al. (2010).

Survey were removed as these are most likely very low redshift sources. With these
vetoes ~ 150 sources remained. These sources were observed with LABOCA and when
possible SPIRE and the sample was narrowed down to 91 high redshift DSFGs. The
process of confirming the sources is described in more detail in Section 3.2. Given the
brightness and rarity of the sources they were good candidates for gravitationally lensed
high redshift objects.

High resolution ALMA imaging at 870 um (see Figure1.5) showed gravitational
lensing features (rings, arcs, and multiple source images) and demonstrated that the
SPT-DSFGs are indeed mostly gravitationally lensed (Hezaveh et al., 2013). The SPT
sample also contains a few unlensed sources and recently high resolution imaging re-
vealed that, for at least one of these sources, the submm emission arises from a dozen
unlensed galaxies in a compact protocluster at z=4.3 (Miller et al. submitted).

The high redshift nature of the sources was first investigated photometrically (see
Chapter2.1) for 11 SPT-DSFGs by Greve et al. (2012) where a median redshift of
Zphotometric,median = 9.0 was found. The redshifts were determined through spectral en-
ergy distribution (SED) fitting of photometric measurements at 2.0 and 1.4 mm from
SPT and at 870 and 350 pm from LABOCA/SABOCA at APEX. Weif et al. (2013)
published a spectroscopic survey of 26 SPT-DSFGs using ALMA. Based on the un-
ambiguous redshifts and the best possible redshift identification for the sources with a
single line, a median redshift of zspectroscopic,median = 3.5 was found.

The SPT-DSFG sample is the largest sample of gravitationally lensed high redshift
galaxies, available today. They do not represent the most common galaxies in the
Universe, but with star formation rates (SFRs) reaching a few thousand solar masses
per year they do represent the most intense star formation (Casey et al., 2014). The
SPT-DSFGs are therefore a good tool for studying the most intense stellar mass build
up in the cosmic history.
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Figure 1.5: High resolution ALMA 870 um imaging of six SPT-DSFGs. The maps are 10”
x 10”. The sources are from left to right in the top row SPT0113-46, SPT0346-52, and
SPT0418-47 and in the bottom row SPT2103-60, SPT2146-55, and SPT2147-50. These high
resolution images show that the SPT-DSFGs are mostly gravitationally lensed. These maps
were published by Hezaveh et al. (2013) and Vieira et al. (2013).

1.7 This thesis

This thesis focuses on determining redshifts of the SPT-DSFGs. Since the SPT-DSFGs
are selected at 1.4 mm, their flux density is constant over a very broad redshift range
(z=1-10, see Figure 1.1). As such it is of prime importance to determine their redshift
to put the sources into a cosmological context and to derive their intrinsic properties
such as their baryonic mass and the star formation rates for comparison to other galaxy
samples.

The methods to find both spectroscopic and photometric redshifts are described in
Chapter 2. Chapter 3 presents the observations on which the thesis is build. It is split
into two sections, one presenting the spectroscopic observations and one presenting
the photometric observations. Chapter4 presents spectroscopic redshift scans for a
total of 42 sources, extending the original sample of 26 DSFG studied by Weifs et al.
(2013) to 68 galaxies. Together with previously determined spectroscopic redshifts we
determine the redshift distribution of the SPT-DSFGs. In Chapter5 we discuss the
photometric properties of the full SPT-DSFG sample of 91 galaxies. We investigate
the redshift distribution of the full sample and study the dust in these sources by
deriving dust temperatures, infrared (IR) luminosities, star formation rates and dust
masses. Chapter 6 focuses on SPT0311-58 which is the highest redshift source in the
SPT-DSFG sample and the highest redshift DSFG currently known. Its spectroscopic
redshift was derived from the redshift scans at 3mm described in Chapter4 and we
investigate the ISM properties in this unique object by analyzing the dust continuum
as well as the CO, CI and CII line emission.






CHAPTER 2

Methods

2.1 Spectral Energy Distributions

Spectral Energy Distributions (SEDs) from submm/mm data are used to fit the photo-
metric data of a source to obtain parameters as redshift, dust temperature, dust mass,
IR and FIR luminosity, and SFR. A good photometric coverage from optical through
MIR to mm or even radio wavelengths gives the best constraints on the photometric red-
shift. Unfortunately this is where the gravitationally lensed nature of the SPT-DSFGs
becomes a disadvantage. The lensing galaxies are typically massive elliptical galaxies
containing only little gas, which means that they do not emit strong mm and FIR
emission, but are instead optically bright. Emission from the lensing galaxy at submm
and mm wavelengths is therefore not a worry, but at optical and MIR and NIR wave-
lengths the lensing galaxy is much brighter than the DSFG and thereby contaminates
the observations. Ma et al. (2015) decomposed high spatial resolution imaging data for
six SPT-DSFGs from Hubble Space Telescope and Spitzer. This required tremendous
efforts, and the uncertainties of the fluxes are large. High quality photometric data for
the SPT-DSFGs is therefore limited to submm/mm and IR wavelengths, covering the
dust peak.
The simplest way of fitting the thermal dust emission is with a Planck distribution
where the flux density, B, , is described as a function of frequency, v, by
3
BuTaws) = 2 ——— 2.)

e kFBTdust — ]_

where Tyust is the dust temperature, h is the Planck constant (6.62607004 X
1073*m?kgs™!), ¢ is the speed of light (299792458 ms~!), and kg is the Boltzmann
constant (1.38064852 x 10723 m?kgs 2 K~!). The Planck law is valid when the dust
opacity is 7, > 1, which does not hold for dusty galaxies, as the emission is not opti-
cally thick over the full frequency range of the SED. To correct for this, a dust opacity
(1,) that is dependent on frequency is adopted and the flux density is given by

Sy = By(Taust) (1 — e7™)Qs, (2.2)

where )5 is the source solid angle which is incorporated to take the source size into
account. The dust opacity is calculated as

Ty = Kdust(V)Mdust/(DzAQs)> (23)

where kquet is the dust absorption coefficient, Myyue is the dust mass and D4 is the
angular size distance that relates to the luminosity distance as Dy, = (1 + 2)2D 4. The
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dust absorption coefficient can be expressed as /2, where  is the spectral index of the
emissivity. As the source solid angle is typically unknown we cannot securely derive
the dust column density (Maust/(D%€%)), and we therefore use a simplified version
of Equation 2.3 where the normalization of the opacity is done by assuming a critical
frequency v, where the dust opacity becomes unity. That gives the following expression

for the optical depth
s\ 7P
=(—] . 2.4
n=(2) (2.4

Incorporating this into Equation 2.2 gives the expression

v

S, = OBy (Thust) (1 - e(%>ﬁ> . (2.5)

This equation is in the restframe of the source, but as we are investigating high redshift
sources, the redshift dependence also needs to be implemented. The observed frequency
depends on redshift as vops = Vrest(z + 1) 7! and the flux as Sgps = S, (2 + 1)73. The
source solid angle is also redshift dependent and can be expressed as {2 = (1+z)4A / D%,
where A is the area of the source. Another aspect that becomes increasingly important
with redshift is the effect of the CMB temperature which is dependent on redshift as
Toms(2) = (2 + 1)TE5%- Implementing all this into Equation 2.5 gives the expression

z+1)A Vrest
SVobs = % <BVrest (TdUSt) - BVrest (TCMB [Z])) <1 - e< ve ) > . (26)
L
As the observed frequency has to be transformed into a restframe frequency, the expo-
nential of the blackbody will carry the redshift as o< (z+ 1)T(illst. The redshift and dust
temperature are therefore degenerate and one cannot be determined without knowledge

or assumption of the other.

2.1.1 Dust masses

To calculate dust masses we use an optically thin approximation of Equation 2.2, where
1—e~™ — 7, which applies at the Rayleigh Jeans side of the peak, so the exponential
becomes very small. We include the CMB in the same manner as Equation2.6. The
expression of the observed flux becomes

SVobs = QSTVrcst (BVrcst (TdUSt) - BVrcst (TCMB)) . (27)

Inserting the expression for 7, defined in Equation 2.3 and isolating the dust mass gives
the expression

2
SV obs DL

Myt = —=2—=—
ust Rdust (Vrest)

-1
(BVrest (TdUSt) - BVrest (TCMB)) . (28)
This expression holds at wavelengths were the emission is optically thin, which is at
the Rayleigh Jeans side of the SED, and typically considered to be above 100 um at
the restframe of the source. This means that the SPT sources is represented by the
870 pm flux density.
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2.1.2 Infra red luminosity and Star Formation Rates

The IR or FIR luminosity is an indicator of the amount of obscured star formation
in the galaxy. The IR luminosity Lig is calculated as the integral between 8 and
1000 gum and the FIR luminosity Ly is calculated as the integral of the SED between
40 and 120 pm at the restframe of the studied galaxies (these definitions can vary in
the literature).

The IR luminosity scaling relations can be used to determine the SFR of the sources.
The SFR is calculated as through this relation presented by Kennicutt (1998):

SFR(Mgyr™') = 4.5 x 107" Lig(erg s71) = 1.71 x 107 Lig (Le). (2.9)

2.2 Finding redshifts

Redshifts can be determined either photometrically or spectroscopically. Spectroscopic
redshifts are more precise, but as they require deep integrations, they usually need
significantly longer observing times and/or better facilities. Photometric redshifts are
calculated from photometric measurements of the source. These measurements are
faster, but the uncertainty on the redshift is larger.

2.2.1 Spectroscopic redshifts

The most precise and secure way to determine redshifts of galaxies is through spec-
troscopic observations. To avoid problems with counterpart identification it is ad-
vantageous to observe lines from the molecular gas, which originates from the same
component that is responsible for the thermal dust peak used for the source identifi-
cation. The brightest lines and best probes for redshift identification are CO lines and
fine structure lines (FSLs) like [C11| and [O111]. Figure 2.1 shows redshift coverage as a
function of observing frequency for the strongest emission lines arising from the ISM
of a galaxy which is actively forming stars.

Figure 2.2 shows the submm to FIR spectrum (450-1500 GHz) of Mrk231, a nearby
Ultra Luminous IR Galaxy (ULIRG), observed by SPIRE/Herschel. The spectrum
shows strong emission from CO transitions between CO(5-4) and CO(13-12) (the CO
ladder), both fine structure lines of atomic carbon, several water transitions as well as
the [N 11| fine structure line. All these lines have been shown to be strong also in high
redshift galaxies (e.g. Riechers et al., 2013) and may serve as probes for determining the
redshift of a source. Of particular importance for determining spectroscopic redshifts
is the CO ladder because its rest-frequencies are evenly distributed over the entire
submm to FIR regime with a spacing of 115 GHz xJyp, and scaling with redshift as
(14 2)~L. Surveying a sufficiently large frequency range of the spectrum will therefore
yield detections of two lines at most redshifts. Taking into account the transmission
shown in Figure 1.2, the transmission window around 3 mm (85 GHz to 115 GHz) is the
most optimal for carrying out a spectral survey for CO lines. By scanning this window
using ALMA we are sensitive to CO lines between the CO(1-0) and CO(7-6) transition,
which gives a redshift coverage of 0.0 <2< 0.4 and 1.0 < z < 8.6 with a narrow redshift
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Figure 2.1: Lines to identify redshifts as a function of frequencies. The colored areas
show the ALMA bands and the colors represent the average estimated water vapor
needed to observe in the band, and are as in Figure 1.2: pwv =3.0 is turquoise, pwv = 2.0
is blue, pwv =1 is green and pwv=_0.5 is red.
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Figure 2.2: Herschel/SPIRE spectrum of the nearby ULIRG Mrk 231 illustrating the
bright emission lines arising from the ISM of this star-forming galaxy. The spectrum
is published by van der Werf et al. (2010).
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Figure 2.3: Redshift as a function of the ALMA 3 mm spectral scan coverage, where the black
lines show the CO transitions and the gray lines show the [C1] transitions. The red areas show
redshift ranges where we have two CO lines, the orange areas show the redshift ranges where
the second line is the weaker [C1] line and the blue areas show the redshift ranges where we
will see a single line. At the bottom of the plot the placement of the five tunings are shown.

desert at 1.74 < z <2.00, see Figure2.3. Above z > 3.3 two or more lines are seen in
this frequency range, except for a small window at 4.8 < z < 5.0.

FSLs are typically the brightest lines, with lines like [C11| capable of carrying up
to 1% of the bolometric flux of a source. [C11] is emitted in photon dominated regions
tracing ongoing star formation. Unfortunately FSLs are not optimal for a spectral
search as they are further apart in the spectrum meaning that to get two lines in one
spectral scan a very large frequency range must be searched. Furthermore the high
frequency of [C11] (|1 = 1900.54 GHz) means that for sources at redshift 2 <4 these
lines need very good weather conditions (see Figure2.1). Instead these bright lines are
optimal for targeted follow-up observations to confirm redshifts, when only one spectral
line is detected in a source.

2.2.2 Photometric redshifts

As spectroscopic redshifts can be hard to achieve due to long observation times or the
need for large telescope facilities (like ALMA), an approximate redshift can be deter-
mined using photometry. Photometry used for fitting photometric redshifts typically
extends into the optical regime, but as high-redshift DSFGs are weak at optical wave-
lengths, and the lensing source usually is bright at optical wavelengths, it is difficult
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or impossible to extract a flux density for the SPT-DSFGs here. For the SPT-DSFGs
this means that only submm, mm and FIR photometry is fitted. The FIR photometry
is very difficult to observe from earth, and fitting photometric redshifts without optical
data only really took off after the launch of Herschel. The fitting of the photometry
can be done either with an SED or with galaxy templates.

2.2.2.1 Fitting SEDs

We fit the SEDs using Equation 2.6. Unfortunately this equation has a degeneracy
between the redshift and dust temperature, so to determine the redshift we need to
assume an appropriate dust temperature. By fitting SEDs to the subsample of the
SPT-DSFGs with spectroscopic redshifts a probability distribution of dust tempera-
tures can be created. This distribution is used to create a probability distribution of
the photometric redshift for each source. The details of this will be described in Sec-
tion 5.2.1. As this method relies on determining the frequency at which the dust peak
occurs, it is important to have photometry that shows the fall off on both sides, and is
well sampled around the peak.

2.2.2.2 Fitting library templates

Theoretical or emiprical galaxy templates can be used to fit photometric redshifts.
However, it is crucial to select templates that are appropriate for the studied sources.
Some templates are based purely on radiative transfer modeling (e.g. Siebenmorgen &
Kriigel, 2007; Siebenmorgen et al., 2014); some are based on empirical data calibrated
by either local studies of the ISM (e.g. Draine & Li, 2007), local galaxies (e.g. Chary &
Elbaz, 2001; Dale & Helou, 2002), while some choose to split the templates into different
types of galaxies separately (e.g. 'normal’ star forming galaxies and starburst galaxies)
(e.g. Lagache et al., 2003). The biggest challenge for the SPT-DSFGs is the missing
observational coverage at the optical, MIR, and NIR wavelengths, that is usually very
well described for the templates due to the high number of spectral tracers here (e.g.
Polycyclic Aromatic Hydrocarbon (PAH) features) which is valuable for obtaining a
good estimate of the photometric redshift. The simplest way of creating an appropriate
library of templates for the SPT-DSFG sample is to use the SPT-DSFGs for which a
spectroscopic redshift is known. The details of the library is described in Section 5.2.3.

2.2.3 Single line redshifts

As mentioned in Section 2.2.1 two spectroscopic lines are needed to make an unambigu-
ous redshift identification. In the event that only one CO line is detected in a redshift
scan we combine this information with that gained from a photometric redshift estima-
tion. A single line will yield concrete redshift options as the line has a limited number
of CO-line identifications given the frequency and the possible redshift range. In the
typical ALMA CO-redshift scans a single line will be either CO(2-1), CO(3-2), CO(4-
3) or CO(5-4) as higher-J CO lines typically will come with a second line. A detailed
description of the redshift scans can be found in Section3.1.2. With the probability
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distribution of the photometric redshift we can calculate a probability of each of the
redshift options presented by the single line. When possible we confirm the most likely
redshift option through spectroscopic observations of e.g. the bright [C1i] line. The
details of this procedure is described in Section 4.1.






CHAPTER 3

Observations

This chapter presents the observations that are the basis of this thesis. The first part of
the chapter describes the spectroscopic observations, with ALMA redshift scans of 42
SPT-DSFGs, and follow up observations used for redshift confirmations. These obser-
vations are the basis of Chapter4 and part of them are published in Strandet et al.
2016, The Astrophysical Journal, Volume 822, Issue 2, which presents ALMA
Cycle 1 scans of 15 sources. In this thesis we add spectral scans of an additional 27
sources from ALMA Cycle 3. The second part of the chapter describes the photomet-
ric observations, which cover all 91 SPT-DSFGs, and are analyzed in Chapter 5. Some
of the photometric measurements have been published in studies of smaller samples.
Table 3.2 lists which flux densities are published and where. Chapter 6 presents an
in-depth study of the ISM properties of the highest redshift SPT source SPT0311-58
at z=16.900(2). The redshift is based on a spectral scan presented in this chapter, but
additional observations on this source are presented in Chapter 6.

3.1 Spectroscopic Observations

Spectroscopic observations presented in this thesis include ALMA Cycle 1 observations
in the 3mm and 1 mm bands, ALMA Cycle 3 observations in the 3 mm band, as well
as observations from APEX using the First Light APEX Submillimeter Heterodyne
(FLASH) receiver, the Swedish-ESO PI receiver for APEX (SEPIA), and the Z-spec
camera, installed at APEX in 2012 as a guest instrument.

In ALMA Cycle 0, Weif et al. (2013) set out to determine redshifts for 26 SPT-
selected DSFGs using CO lines in the ALMA 3 mm band. Unambiguous redshifts (from
multiple CO lines) were determined for twelve sources, while 11 sources showed only
a single line. Using the same strategy we searched for CO in the 3mm band in 15
sources in Cycle 1 and in 27 additional sources in Cycle 3. The observation strategy is
presented in Section 3.1.2.

For sources with only one detected line in the 3mm redshift scans, we use well-
sampled photometry to determine a photometric redshift and thereby the most probable
line identification and redshift (see Section 2.2.3). We use this information to perform
targeted redshift confirmation observations, either in different ALMA bands or using
heterodyne receivers on APEX. For eight sources with single line detections in the
ALMA Cycle 0 redshift scans, we obtained ALMA Cycle 1 data in band 6 (1 mm)
to detect a second CO line or the 205 ym [N 11| line; we present these observations in
Section 3.1.1. For eight sources (including one source observed in ALMA band 6 and
some single-line detections in the Cycle 1 and 3 redshift scans), we followed up the
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most probable redshift options with APEX/FLASH targeting [C11] (Section 3.1.3) and
APEX/SEPIA targeting higher-J CO transitions (Section3.1.4). For an additional
source a redshift scan was performed in 2012 with APEX/Z-Spec (Section3.1.5). An

overview of these observations is found in Table 3.1.

Table 3.1: Summary of spectroscopic observations presented in this chapter, with

ALMA 3mm continuum positions

Short name

Source

ALMA 1mm band 6, redshift confirmation (Figure4.1)

SPT0125-50"
SPT0300-46
SPT0319-47
SPT0441-46*
SPT0459-58“
SPT0512-59
SPT0550-53
SPT2132-58*

SPT—S J012506-4723.7
SPT—S J030003-4621.3
SPT—S J031931-4724.6
SPT—S J044143-4605.3
SPT—S J045859-5805.1
SPT—S J051258-5935.6
SPT—S J055001-5356.5
SPT—S J213242-5802.9

RA Dec

01:25:07.08 -50:38:20.9
03:00:04.37 -46:21:24.3
03:19:31.88  -47:24:33.7
04:41:44.08 -46:05:25.5
04:58:59.80  -58:05:14.0
05:12:57.98 -59:35:41.9
05:50:00.56  -53:56:41.7
21:32:43.23  -58:02:46.2

ALMA Cycle 1 3mm band 3, (Figure4.2)

SPT0002-52
SPT2307-50
SPT2311-54
SPT2319-55
SPT2335-53
SPT2340-59°

SPT2349-50
SPT2349-56°

SPT2351-57
SPT2353-50
SPT2354-58
SPT2357-51

SPT—S J000223-5232.1
SPT—S J230726-5003.8
SPT—S J231125-5450.5
SPT—S J231922-5557.9
SPT—S J233513-5324.0
SPT—S J234009-5943.1

SPT—S J234942-5053.5
SPT—S J234944-5638.3

SPT—-S J235149-5722.2
SPT—S J235339-5010.1
SPT—S J235434-5815.1
SPT—S J235718-5153.6

00:02:23.24
23:07:24.71
23:11:23.94
23:19:21.67
23:35:13.15
23:40:09.36
23:40:08.95
23:49:42.16
23:49:42.68
23:49:42.79
23:49:42.84
23:51:50.79
23:53:39.22
23:54:34.27
23:57:16.84

-52:31:52.5
-50:03:35.6
-54:50:30.0
-55:57:57.8
-53:24:29.9
-59:43:32.8
-59:43:32.0
-50:53:30.7
-56:38:19.4
-56:38:23.9
-56:38:25.0
-57:22:18.3
-50:10:08.2
-58:15:08.4
-51:53:52.9

ALMA Cycle 3 3mm band 3, redshift search (Figure 4.3)

SPT0020-51
SPT0027-50
SPT0106-64
SPT0109-47
SPT0112-55
SPT0114-59
SPT0136-63
SPT0147-64
SPT0150-59
SPT0155-62
SPT0202-61
SPT0245-63
SPT0311-58
SPT0348-62
SPT0516-59

SPT—S J002023-5146.3
SPT—S J002706-5007.3
SPT—S J010623-6412.9
SPT—S J010950-4702.1
SPT—S J011207-5516.2
SPT—S J011409-5909.2
SPT—S J013652-6307.3
SPT—S J014707-6458.9
SPT—S J015012-5924.0
SPT—S J015548-6250.8
SPT—S J020257-6121.1
SPT—S J024542-6320.6
SPT—S J031132-5823.4
SPT—S J034840-6220.8
SPT—S J051639-5920.4

continued

00:20:23.58
00:27:06.54
01:06:23.86
01:09:49.66
01:12:09.03
01:14:08.32
01:36:50.28
01:47:07.07
01:50:09.26
01:55:47.75
02:02:58.75
02:45:44.08
03:11:33.14
03:48:42.10
05:16:37.98

-51:46:39.1
-50:07:19.1
-64:12:50.7
-47:02:12.0
-55:16:41.3
-59:09:27.2
-63:07:24.6
-64:58:53.0
-59:23:59.2
-62:50:54.2
-61:21:10.8
-63:20:38.7
-58:23:33.3
-62:20:51.3
-59:20:29.7
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Table 3.1: Summary of spectroscopic observations presented in this chapter, with
ALMA 3mm continuum positions

Short name Source RA Dec
SPT0544-40 SPT-S J054401-4036.3  05:44:01.12  -40:36:30.0
SPT0552-42 SPT—S J055227-4244.0  05:52:26.52  -42:44:20.3
SPT0553-50 SPT—-S J055320-5007.2  05:53:20.39  -50:07:15.3
SPT0555-62 SPT—-S J055517-6218.9  05:55:16.00 -62:18:50.7
SPT0604-64 SPT—S J060458-6447.3  06:04:57.57 -64:47:22.3
SPT0611-58 SPT-S J061155-5514.2  06:11:57.21  -55:14:07.7
SPT0625-58 SPT—-S J062524-5835.3  06:25:22.18 -58:35:19.7
SPT2008-60 SPT—S J200758-5848.3  20:07:58.78 -58:48:22.3
SPT2037-65 SPT-S J203729-6513.3  20:37:31.98 -65:13:17.3
SPT2048-55 SPT—S J204823-5520.5 20:48:22.87 -55:20:40.8
SPT2052-56° SPT—S J205239-5611.6  20:52:41.47 -56:11:57.1
20:52:41.28 -56:11:43.5
SPT2101-60 SPT-S J210112-6048.8  21:01:13.77 -60:48:54.1

APEX/FLASH, redshift confirmation (Figure A.1 and B.2)

SPT0106-64 see above
SPT0202-61 see above
SPT0319-47¢ see above
SPT0516-59 see above
SPT0551-50* SPT—S J055138-5058.0 05:51:39.42 -50:58:02.1
SPT2335-53 see above
SPT2349-56 see above
SPT2353-50 see above

APEX/SEPIA, redshift confirmation (Figure B.2)
SPT0002-52 see above
SPT2349-50 see above

APEX/Z-Spec, redshift search (Figure B.3)
SPT0551-487  SPT—S J055156-4825.1  05:51:54.65 -48:25:01.8

a These sources and their positions are from Weif§ et al. (2013).

b These sources split into multiple counterparts at 3 mm; we here give
the 870 um positions of all counterparts.

¢ These sources split into multiple counterparts at 3 mm; we here give
the 3 mm positions of all counterparts.

d Position from APEX/LABOCA; No ALMA data.

3.1.1 ALMA 1 mm follow up observations

In the ALMA 3 mm spectral scans presented in Weif et al. (2013), ten sources showed a
single CO line detection (plus one source, SPT0319-47, which showed a line feature not
significant enough for detection). In these cases photometric measurements were used
to validate possible line assignments and to find the most likely redshift option (this
approach is described in more detail in Section 4.1.3.3). Using this method the redshifts
of three sources were quickly secured by APEX/FLASH follow-up observations in [C11]
(Gullberg et al., 2015). For the eight remaining sources, we were awarded observing
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time with ALMA in the Cycle 1 early science compact array configuration, to search
for a second CO line (CO(6-5) - CO(12-11)) or a [N11] line in ALMA band 6 (211 GHz
- 275 GHz) (project ID 2012.1.00994.S). These eight sources are listed in Table 3.1.

The sources were grouped into five science blocks based on their sky position and
tuning frequencies of possible redshifted molecular emission lines (mainly CO). The
sidebands were placed such that these five science blocks would yield at least one line
for each source. One source (SPT0441-46) is observed in two tunings since it had two
likely redshift options.

The observations were carried out from 2013 December to 2014 December. The
flux density calibration was based on observations of the Solar System objects Uranus,
Neptune and Ganymede and the quasars J0334-401 and J0519-454. The bandpass
and phase calibration were determined using nearby quasars. The number of antennas
used during the observations ranged from 25 to 40, with baselines less than 500 m
resulting in a synthesized beam size of 1.5x0.8”. In band 6 the primary beam is
29" — 23”. The observing time for each science block ranged from 8 to 20 minutes
on-source, excluding overheads. Typical single-sideband (SSB) system temperatures
for the observations were Tiys = 80-100 K. The data were processed using the Common
Astronomy Software Application package (CASA McMullin et al., 2007; Petry & CASA
Development Team, 2012). We used natural weighting and constructed the spectra
with a channel width of 19.5 MHz (18—22kms~! for the highest and lowest observing

frequency). The typical noise per channel is 0.9-1.9mJy beam™!.

The spectra are
shown in Figure4.1. Continuum images were cleaned and generated from the full

bandwidth and have typical noise levels of 50 pJy beam™!.

3.1.2 ALMA 3 mm scans

In ALMA Cycle 1 and 3, we extended the Cycle 0 redshift search from Weifs et al.
(2013) to 42 additional SPT-DSFGs (project ID 2012.1.00844.S and 2015.1.00504.S).
As in the Cycle 0 observations, we searched for CO lines in the 3mm atmospheric
transmission window (ALMA band 3). As described in Section 2.2.1 the CO lines were
chosen as they are the brightest lines that are observable over a large redshift range at
wavelengths not demanding very low water vapor in the atmosphere.

The sub-samples in Cycle 1 and 3 were selected rather differently. The sources
observed in Cycle 1 are in the SPT Deep Field that has full coverage from both Her-
schel/SPIRE and Spitzer/TRAC. The sources form a complete, flux-density-limited
sample with raw (not corrected for the boosting due to sources below the detection
limit) S1 4mm > 16 mJy within a 10 x 10 square-deg field (12 sources). This selection
and limitation is a consequence of ALMA Cycle 1 target restrictions requiring that
all sources be within 10 deg of each other to share a phase calibrator. In addition
we included three fainter sources from the same field (raw Si4mm ~ 15mJy) to reach
the maximum number of 15 science targets allowed in this observing setup in Cycle
1. The sources observed in Cycle 3 are distributed over the entire sky covered by the
SPT survey and were selected to have S7 4mm > 20 mJy and were grouped as efficiently
as possible to maximize the number of sources observed with a minimum number of
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Figure 3.1: Flux density and color plots for all sources in the SPT-DSFG sample (black),
with the 28 sources from Weif et al. (2013) (blue) and the new DSFGs from Cycle 1 (red)
and Cycle 3 (orange). Together these samples constitute a representative subset of the overall
SPT-DSFG sample. Top: APEX/LABOCA 870 um flux density as a function of SPT 1.4mm
flux density. Bottom: The ratio of Herschel/SPIRE 350 um flux density to APEX/LABOCA
870 pm flux density as a function of APEX/LABOCA 870 yum flux density. This color indicates
the redness and thereby redshift of the sample.
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ALMA pointings.

Weif et al. (2013) studied a subset of the SPT-DSFG population selected using a
higher raw flux density cut of S7 4mm > 25mJy, and thereby picking out the brightest
sources of the SPT-DSFG population from a large area of the sky (1300 deg? in Cycle 0
compared to 100 deg? in Cycle 1). In Figure3.1 we show 1.4mm vs 870 um color-color
as well as 870 um /350 pm color ratio diagrams for the entire SPT sample as well as for
the sub-samples targeted in ALMA Cycle 0 (blue), 1 (red) and 3 (orange). Note that
the 1.4 mm SPT flux densities shown here are deboosted flux densities and not raw flux
densities from which the original selection was made. The top panel shows that the
Cycle 1 sample populates the fainter part of the SPT-DSFG sample at both 1.4mm
and 870 pm, which is expected based on the selection method. The Cycle 3 sample
populates both the lower and higher flux end of the top panel, covering both the area
of the Cycle 0 and Cycle 1 sample. The redshift of the sources can be inferred from the
870 pm to 350 pm flux density ratio shown in the bottom panel (where sources with a
higher 870 um /350 um flux density ratio typically are at higher redshifts). This plot
shows that the sample studied here is expected to have a similar redshift distribution
as the full SPT-DSFG sample. Together with the Wei et al. (2013) sample it is a
representative sample of the full SPT-DSFG population.

The observations were set up as spectral scans using five tunings to cover the
3 mm atmospheric transmission window (See Figure2.3). Each tuning consists of two
3.75 GHz wide sidebands covered by two 1.875 GHz spectral windows in the ALMA cor-
relator, which in total gives 7.5 GHz coverage. This setup spans 84.2—114.9 GHz, where
the range 96.1—103.0 GHz is covered twice. Over this frequency range the FWHM of
ALMA’s primary beam is 61”—45". The Cycle 1 ALMA 3mm spectral scans were
carried out in 2013 July and 2013 December in the Cycle 1 early science compact ar-
ray configuration, with the number of antennas ranging from 28 to 40. Each source
was observed for 120 seconds, in each tuning, which amounts to roughly 10 minutes per
source in total, with typical system temperatures of Ty =60-90 K (SSB). The Cycle 3
ALMA 3 mm spectral scans were carried out in the period 2015 December - 2016 March
in the compact array configuration, with the number of antennas ranging from 34 to
41. Each tuning for each source was observed for 61-91 seconds which adds up to 5.5 -
6.5 minutes on-source per source, with typical system temperatures for the observations
of Tsys =50 — 80 K. Flux calibration was performed on Uranus, Neptune, Ganymede,
J0519-4546, and J0538-4405 and passband and phase calibration were determined from
nearby quasars. The typical synthesized beams for the observations are 3.7" x 2.4” to
3.0” x 1.8" from the low to high-frequency ends of the band.

We used the CASA package to process the data. The cubes were created using
natural weighting to optimize the sensitivity and constructed with a channel width
of 19.5 MHz (50-65kms~!). The typical noise per channel is 1.5-2mJybeam~!. The
spectra are shown in Figure 4.2 for the Cycle 1 sources and in Figure 4.3 for the Cycle 3
sources. The continuum images were also created and cleaned using natural weighting
and were generated from the full bandwidth. For these we have typical noise levels of
50 puJy beam 1.
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3.1.3 APEX/FLASH [C1] follow-up

The main spectroscopic line used for redshift confirmation is [C11] due to its brightness
as described in Section2.2.1. For a subset of sources with only one line in the ALMA
3mm data (from either Cycle 0, 1, or 3), we have performed APEX/FLASH (Klein
et al., 2014) observations in the 345GHz and 460 GHz transmission window (see
Table 3.1 for a list of targets). The data were obtained using Max Planck Society
observing time in the period 2015 March to August and 2016 April to September. All
observations were done in good weather conditions with an average precipitable water
vapor of pwv<1.5mm, yielding typical system temperatures of Tyy,s=240K. The
observations were performed and the data processed in the same manner as described
in Gullberg et al. (2015). Further details on the sources targeted in these observations
can be found along with the [C11] spectra in Appendix A and B.

3.1.4 APEX/SEPIA CO follow-up

For two sources (SPT0002-52 and SPT2349-50) we see a single bright line in the
3mm ALMA spectrum both with the most probable identification being CO(3-2).
We have obtained APEX/SEPIA 158 — 211 GHz (Billade et al., 2012) observations
confirming the redshifts of these sources by observing the CO(5-4) and CO(7-6) line
for SPT0002-52 and SPT2349-50, respectively. The observations were carried out
in 2015 September - November during ESO time (E-096.A-0939A-2015) under good
weather conditions with an average precipitable water vapor pwv < 1.0mm yielding
typical system temperatures of Ty, =150K. The data were reduced in the same
manner as the APEX/FLASH [C11| observations described above. Details on the
sources along with the spectrum can be found in Appendix B.

3.1.5 APEX/Z-Spec spectrum

For one source in the sample presented here (SPT0551-48), we used APEX/Z-Spec
(Naylor et al., 2003; Bradford et al., 2009) to search for high-J CO lines in the
frequency range 190 — 310 GHz and thereby identify the redshift of the source. The
observations were obtained in November 2012 in good weather conditions. The reduc-
tion of the data was done in the same manner as described in Bothwell et al. (2013).
The resulting spectrum showed several lines identifying the redshift as z =2.5833(2)
and it can be found in Appendix B along with a description of the source.

3.1.6 Ancillary spectroscopic observations

In addition to the primary data presented here, we also make use of spectroscopic data
taken at radio and optical wavelengths.
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Simultaneously with the ALMA and APEX redshift confirmation observations,
we carried out follow-up observations with the Australia Telescope Compact Array
(ATCA) targeting low-J CO transitions. These data are presented in Spilker et al.
(2014), Aravena et al. (2013) and Aravena et al. (2016) and helped to secure some of
the redshifts before the delivery of the 1 mm ALMA data. Results from these observa-
tions are discussed in Section4.1.2 and included in Table4.1.

Optical spectroscopy was performed for SPT2357-51 on the night of 2013 October
16 with the X-shooter echelon spectrograph (Vernet et al., 2011) on the ESO VLT-
UT2 (Kueyen) as part of program E-092.A-0503(A), with near-continuous spectroscopy
from 0.3 pum to 2.48 um with a 172-wide and 11”-long slit. Seeing conditions were
~0.8", taken at low average airmass of 1.2. The resolving power attained for our IR~
channel observations was R=75000. The resolving power for the optical channel was
R=6700. We used the ESO pipeline (Modigliani et al., 2010) to reduce our data.
This pipeline applied spatial and spectral rectification to the spectra, and the data
were flat-fielded and cosmic rays were identified and masked. The two dither positions
were subtracted to remove the sky to first order, and the different echelle orders were
combined together into a continuous spectrum (taking into account the variation in
throughput with wavelength in different overlapping echelle orders) before spatially
registering and combining the data taken at the two dither positions, and removing
any residual sky background. The spectrum can be found in Appendix B in Figure B.7.

3.2 Photometric Observations

The SPT-DSFGs have a good photometric coverage, with flux densities measured at
2mm, 1.4mm (SPT), 870 um (APEX/LABOCA), and 500 ym, 350 pm, and 250 ym
(Herschel/SPIRE) for all sources. This means that even with the large redshift span of
the SPT-DSFGs (1.9 < 2 <6.9), the thermal dust peak is covered. For sources in our
ALMA 3 mm redshift scans we have added the 3 mm flux density and for sources where
the peak of the SED was not already well covered, we added Herschel/PACS 160 um
and 100 pm observations. In this Section we first describe the sample in more detail
and then the photometric observations from longest to shortest wavelength. All flux
densities are given in Table 3.2. The last part of this Section deals with the counterpart
identification across the photometric maps.

3.2.1 The sample

SPT has a very large beamsize, which means that a point source in the SPT maps
can easily be a blend of several sources, in extreme cases, even a compact object in the
galactic cirrus. To confirm the high redshift nature of the targets we followed all sources
up at 870 pm using APEX/LABOCA. The much smaller beam size of APEX/LABOCA
combined with its large wavelength allows us to discard sources that do not appear
to be high redshift galaxies. Furthermore, sources where the APEX/LABOCA or
Herschel/SPIRE position were clearly coincident with a nearby galaxy or galactic object
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were discarded. The final sample consists of 91 high redshift DSFGs. Table C.1 gives
the full name, short name and position of all the sources.

3.2.2 ALMA/Band 3 at 3mm

We performed scans for CO in ALMA band3 in Cycle 0, 1 and 3 covering the fre-
quency range 84.2 — 114.9 GHz using five tunings for a total of 68 sources (project
1D’s:2011.0.00957.S, 2012.1.00844.S and 2015.1.00504.S).

The continuum images were created using the CASA (McMullin et al., 2007; Petry &
CASA Development Team, 2012) CLEAN procedure with natural weighting and were
generated from the full bandwidth. The ALMA 3mm flux densities were extracted
as the peak flux density of the point sources on the cleaned continuum map and the
uncertainty was determined from the noise level near the source.

3.2.3 SPT at 2.0mm and 1.4 mm

The SPT 1.4mm and 2.0 mm flux densities were extracted and deboosted as described
by Mocanu et al. (2013). The deboosting is performed to adjust for the boost in
signal that the source receives from confusion noise, due to sources below the detection
threshold that are contributing to the source flux (Casey et al., 2014). This is relevant
for the SPT maps due to the large applied beam size (~1').

3.2.4 APEX/LABOCA at 870 um

We used APEX/LABOCA (Siringo et al., 2009) to obtain 870 ym fluxes for all sources.
The observations were done as raster-spirals using the planetary calibrators Uranus,
Mars and Neptune and almost all other listed APEX/LABOCA calibrators. Focus was
checked every few hours on a planet if possible or otherwise a bright calibrator. Pointing
corrections were done just before ’on source’ observations on a calibrator or a nearby
quasar. The atmospheric attenuation was mostly obtained from the APEX radiome-
ter and when this was not available skydips were used. The observations were per-
formed during the period September 2010 - October 2013 (project ID’s: M-085.F-0008-
2010, M-087.F-0015-2011, E-087.A-0968B-2011, M-089.F-0009-2012, E-089.A-0906A-
2012, M-091.F-0031-2013, E-091.A-0835B-2013, M-092.F-0021-2013), and were carried
out under mediocre or good weather conditions with typical pwv < 1.5 mm. For more
details on how the observations were conducted see Greve et al. (2012).

We created a map for each source using the Bolometer Array analysis software
(BoA) varying the spatial resolution (20.4 - 26.3”) by using a smoothing kernel (7 to
18") to investigate the signal-to-noise ratio (SNR) as a function of the spatial resolu-
tion. For each source the best map was selected based on the SNR and resolution. The
data reduction was basically done as in Greve et al. (2012) though we here attempt to
improve it slightly, by carefully generating a catalogue of calibrators and then interpo-
lating the calibration for each observing session and when possible use more than one
calibrator per observing block.
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The fluxes are extracted by fitting a Gaussian point spread function (PSF) and
assuming the peak flux as the source flux density. The noise was estimated from the
RMS in the area around the source.

3.2.5 Herschel/SPIRE at 500 ym, 350 ym, and 250 ym

With Herschel/SPIRE we obtained 500 pm, 350 pm, and 250 gm photometry simultane-
ously for all sources in our sample. The observations were performed in the period 2012
March — 2013 March (project ID’s: OT1 _jvieira_4, OT2 jvieira_5, DDT _tgreve 2
and DDT mstrande 1). The Herschel/SPIRE data consist of triple repetition maps,
with coverage complete to a radius of 5arcmins (/) from the nominal SPT position.
The maps were produced via the standard reduction pipeline HIPE v9.0, and co-added,
weighted by noise. The flux densities were extracted by fitting a Gaussian shaped PSF
to the source and adopting the peak as the flux density. The flux densities have been
corrected for pixelation, by dividing the fluxes by 0.951,0.931, and 0.902 for 250 pm,
350 pum, and 500 pm, respectively, as described in the Herschel/SPIRE Observers Man-
ual. The noise was estimated by taking the RMS in the central few arcmins of the map
and the uncertainty from pixelation was added in quadrature.

3.2.6 Herschel/PACS at 160 ym and 100 pm

For a subsample of 66 sources we obtained Herschel/PACS maps at 100 and
160 um (project ID’s:  OT1 jvieira 4, OT1 dmarrone 1, OT2 jvieira 5 and
DDT_ mstrande 1). Both wavelengths were observed simultaneously. Each scan com-
prises ten separate 3’ strips, each offset orthogonally by 4”. The scans were co-added,
weighted by coverage. The aperture sizes were fixed to 7" for the 100 yum map and 10”
for the 160 um map as this is the radius where the highest percentage of the source
emission is inside the aperture with the least confusion noise. The apertures were
determined from Figure 17 of the Herschel/PACS Photometer - Point-Source Flux
Calibration document released from Herschel.!. From here we also obtained the aper-
ture correction based on Table 15. The uncertainty was obtained by random aperture
photometry in the few central arcmins.

3.2.7 Identifying the DSFG across wavelengths

As described above, the DSFGs are identified in the SPT survey, but given the large
beam size of the SPT it can be a challenge to identify the correct counterpart in the
shorter wavelength maps. Thumbnails of the maps are shown in Appendix D, and
a few selected ones in Figure3.2. For the cross-identification the APEX/LABOCA
870 um maps are invaluable. The wavelength is long enough (or close enough to that
of the SPT) that emission in the APEX/LABOCA and SPT maps can be assumed
to originate from the same source. However, the resolution of the APEX/LABOCA
maps (~18.7") is significantly better than that of the SPT maps (~1.0-1.7 7). In

"http:/ /herschel.esac.esa.int /twiki/pub/Public/
PacsCalibrationWeb /pacs _bolo_fluxcal report v1.pdf
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Figure 3.2: Thumbnails of the maps available for the sources SPT0125-47, SPT0441-46,
SPT0552-42, and SPT0541-57. The color scale is adjusted each panel, based on the peak flux
at the given wavelength. SPT contours are given in red and APEX/LABOCA contours are
given in blue.

Table C.1 the source position is given along with the origin of the position, which is
APEX/LABOCA maps or when available, ALMA 3mm maps. In the Herschel maps
we often see several counterparts. These can stem from the SPT discovered source or
nearby galaxies. By using the improved position and contours from APEX/LABOCA it
becomes possible to distinguish the counterparts and select the appropriate counterpart
of the the SPT-DSFG. In most cases identifying the correct counterpart of the DSFG
is straightforward with all the available photometry. This is the case for the sources
in the three upper panels of Figure 3.2. The top row is an example of a bright source
(SPT0125-47) where the flux densities are rising towards 250 um, and Herschel/PACS
maps were therefore obtained. With detections at both wavelengths the peak is now
well described. The second row of panels shows a source (SPT0441-46) where we
obtained Herschel/PACS maps, but did not detect the source. Whether the sources
are detected in the Herschel/PACS maps is highly dependent on their redshift. For
sources at low redshifts, e.g. SPT0125-47, the peak of the thermal dust emission is
close to ~ 100 pm (see Sect 5.2.2). At higher redshift the thermal dust peak occurs at
longer wavelengths and at the Herschel/PACS wavelengths the source becomes hard
to detect. The third row of panels show a source (SPT0552-42) that peaks around
~500 um and where Herschel/PACS observations have not been undertaken as the
peak is already well sampled. For sources where the peak was found to be at long
wavelengths, detections at the Herschel/PACS wavelengths were not expected and
observations with this instrument were not undertaken. The fourth row of panels shows
a source (SPT0541-57) where the are several counterparts within the SPT beam in the
Herschel maps, and where the brightest of these are not associated with the SPT-
DSFG. However with the APEX/LABOCA contours we can select the counterpart
associated with the SPT-DSFG. In a few cases though, it is not so straight forward,
which is especially true when the counterparts are blended. In Appendix E the source
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extraction of the cluster lens SPT2332-53 is described. For this source we see several
lens images and these are blended with other sources. A few sources appear slightly
extended at 870 um or 500 pm, but the fluxes have been extracted in the same way as
the other sources, using the peak flux, for consistency. These sources may be candidates
for protoclusters, where the flux is spread over several counterparts and therefore does
not appear as a point source.



Table 3.2: Photometry of all SPT-DSFGs
Source S3.0mm S2.0mm Si.4mm Ss70um Ss500um S350um S250um Si60um Si00um
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

SPT0002-52¢° 0.44 £ 0.05 29+ 1.3 12.5 £ 54 50.3 &+ 3.8 202 £ 10 283.5 £ 8.9 332 + 10 234 + 21 939 £ 54
SPT0020-51F  1.29 + 0.03 75+ 1.4 24.8 + 6.5 70.5 + 4.3 144.1 £ 86 1209 £ 7.4 1.5+ 7.5 <26 <8.1
SPT0027-50  1.39 + 0.03 9.7+ 14 481+ 7.0 138.4 + 8.2 316.1 £ 8.1 325.7 £ 7.2 2329 £+ 6.8 85 4+ 13 15.8 £ 2.3
SPT0054-41 95+ 1.2 29.7 £ 4.9 98.4 + 6.5 174 £ 10 125.9 £ 8.9 79.0 &£ 9.3

SPT0103-45° 1.46 + 0.23 88+ 14 39.1+£ 7.0 124.5 £ 6.1 231.6 £ 7.6 213.3 +6.8 133 £ 10 <47 <13.2
SPT0106-64 220 £0.03 126 £14 572+ 7.4 1453 £ 7.6 237.3 £ 8.7 255 £ 10 151.9 &+ 8.0 64 + 13 <12.3
SPT0109-47f  1.10 + 0.03 82+1.6 21.9 + 4.7 109.2 + 8.2 2139 £84 2194 +9.1 1664 +88 57.3+9.5 <8.4
SPT0112-55 0.18 + 0.03 5.2+ 1.1 24.4 £+ 6.2 36.1 + 4.1 37.0 £ 7.3 38.0 + 6.3 <18.9

SPT0113-46° 1.28 + 0.20 95+ 1.6 30.8 + 6.9 79.4 £+ 8.2 89.1 + 6.4 56.2 + 5.8 24.9 + 5.6 <22 <6.6
SPT0114-59 0.17 + 0.03 5.8 + 1.4 20.7 £ 4.5 21.2 £ 24 61.8 £ 7.9 70.5 £+ 6.2 38.7 &+ 6.0

SPT0125-47° 1.88 + 0.29 92+ 1.3 43.7 £ 7.1 143.5 £ 9.3 506 £+ 10 655 £+ 11 777 £ 13 422 + 48 116.3 £ 6.0
SPT0125-50° 1.51 + 0.24 85+ 1.3 38.2 + 6.8 109.0 + 8.8 1624 £ 7.1 181.1 £6.5 155.7 £ 8.0 65 + 13 13.1 £ 2.8
SPT0128-51°  0.41 + 0.09 43 £ 1.5 19.3 £ 5.5 t19.0 + 1.8 f51.1 + 7.2 41.6 + 6.0 38.2 + 8.0 <23 <7.5
SPT0136-63 1.13 £ 0.03 76 +1.4 26.7 + 6.0 68.7 + 4.1 122.1 £ 6.3 81.1 +£ 6.8 42.1 £ 5.2

SPT0147-64 1.90 £0.04 10.1 +1.4 37.9 +£ 6.2 183.3 + 4.6 122.4 £ 6.7 98.8 + 6.8 494 + 6.2

SPT0150-59 1.03 £ 0.03 7.7+ 1.5 29.1 + 6.4 62.7 + 2.8 170.1 £ 87 2082+ 73 1739+ 7.9

SPT0155-62 418 £ 0.04 25.5+1.6 77.1 £ 8.9 174.2 £ 6.9 1999 £ 7.3 134.6 £ 6.6 58.1 + 4.3 <25 <11.4
SPT0202-61F 2.75 +0.04 142 + 1.4 41.2 £ 5.5 1094 + 74 145.7 £ 6.9 1496 £ 7.6 1283 £ 7.7 44 + 11 10.1 £ 2.7
SPT0226-45 66.3 = 5.1 172 £ 14 183.5 £ 8.6 184 + 10

SPT0243-49* 3.16 + 0.48 115+ 1.5 374 + 6.7 t84.5 + 5.0 57.5 £ 6.9 43.5 + 6.7 24.9 + 5.6 <31 <10.2
SPT0245-637 1.39 + 0.04 6.0+ 1.4 16.5 £ 4.1 61.2 &+ 4.9 59.3 £ 6.7 51.5 £ 6.1 49.7 £ 6.2 493 £ 7.8 31.2 + 2.6
SPT0300-46° 1.01 + 0.16 6.3+t 14 22.8 + 4.6 '56.8 £ 5.2 11532 + 7.2 129.5 + 6.1 84.6 + 7.8 <37 <9.6
SPT0311-587 1.30 4+ 0.04 75+ 1.3 19.0 £ 4.2 36.9 £ 7.4 51.8 & 8.2 38.2 £ 6.0 28.8 + 8.0

SPT0314-44 9.1+1.3 32.8 +4.8 1104.1 +6.1 390 + 11 443 + 10 337 £ 10 117 £ 14 <12.0
SPT0319-47° 1.20 + 0.20 6.5 £ 1.3 27.9 + 6.0 67.1 + 6.3 103.4 £ 6.6 101.9 £ 6.1 69.4 + 6.8 33.0 & 8.0 <7.2
SPT0345-47° 1.48 + 0.24 6.0 £ 1.2 30.0 +£ 5.9 189.2 + 6.0 2149 £ 7.7 2750+ 7.4 233.2 £6.2 84 + 12 125 £ 24
SPT0346-52° 11.6 £ 1.3 46.0 + 6.8 1130.8 £ 7.6 12037 +£83 181.0+ 6.5 122.1+6.9 32.6 + 8.6 <6.3

2.82 £0.43
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Table 3.2: Photometry of all SPT-DSFGs
SOUI‘CQ S3.Omm S2.0mm Sl.4mm SB’TOum SSOO;/.m SS-SO;Lm S250um SIGO;/.m SlOOp.m
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]

SPT0348-62f 0.83+0.04 41+14 171458 f515+42 '550+68 451+64 291 +6.1 <26 <5.7
SPT0402-45 11.6 £ 1.3 533+ 7.2 199 + 12 554 + 12 757 + 13 796 + 15

SPT0403-587 44411 190+ 4.0 39.5 + 5.1 86.8 +80 81.7+7.7 556+ 7.2 <32 <10.2
SPT0404-597 50+ 1.2 169 + 4.1 24.8 + 5.4 53.0 £ 6.6 452 +£56 385+ 6.2 <28 <7.5
SPT0418-47" 0.79+0.13 75+12 359464 108 £ 10 1746 £ 7.3 1664 +6.2 1135+ 6.4 45.3 + 8.2 <6.9
SPT0425-40 '60.3 £ 5.7 T116.6 £ 7.7 12514+ 6.2 705+ 6.4

SPT0433-59 41410 180+42 T682+87 2284499 337.1+84 371.6+93

SPT0436-40 746 £ 6.1 1180 +88 1121+71 71.0+7.2

SPT0441-46° 1.26 £0.20 7.3+13 30.6+ 6.3 798 £89 1064 +65 979+ 6.3 595+ 6.8 <26 <7.2
SPT0452-50° 0.67 +£0.11 4.9+ 08 174+ 4.9 42.8 + 3.8 93.9+74 81.1+59 544+54 <29 <6.6
SPT0457-49° 4.0+ 22 14.8 +10.2 25.5 + 2.5 705+ 6.4 623 +6.1 40.0 + 4.0 <25 <6.9
SPT0459-58" 0.96 + 0.16 4.6 +1.0 204442 1526+55 799+ 66 654+56 441459 <28 <6.9
SPT0459-59° 1.19+0.19 62+13 231+42 T614+52 1745+78 67.0+6.6 54.3+79 <27 <11.1
SPT0509-53 33+12 129+44 720.3+29 62 + 12 82 + 11 47 £ 11 <39 <75
SPT0512-59° 0.98 + 0.16 5.5+ 1.2 2274 4.0 75.0 £ 56 257.3+81 369.0+73 3052+71 138+ 17 33.1 + 38
SPT0516-59  0.39 + 0.03 2.6 +1.0 128+ 5.0 332+ 29 88.8 +7.0 113.2+59 89.4+5.8 51 +10 19.7 + 2.7
SPT0520-53 41+14 141+ 3.9 56.0 + 4.8 96.6 £ 6.8 90.0£59 557+ 6.0 <21 <7.5
SPT0528-53 1.6 £ 1.2 8.1+ 6.6 274 + 2.6 410+ 6.3 389+64 274+79

SPT0529-54 1.51 +0.23 92+13 354 +48 T1183+6.7 T174.24+98 1408 +£9.9 87.8 + 7.0 <67 <27.3
SPT0532-50° 3.04 +£ 0.47 133 +14 408452 1175+7.6 290.1 £7.6 298.0+ 7.5 2156+ 6.9 69 + 12 <8.1
SPT0538-50¢ 85+ 14 297+46 1252+50 360.4+9.1 4258+ 85 3435+79 141 +15 31.3+1.8
SPT0541-57 244+12 11.3+55 20.8 + 3.9 462 +45 319458 229+5.1 <37 <15.3
SPT0544-40 153 +0.04 4.9+13 193 +5.0 86.9+ 7.1 1320+84 121.4+56 68.0+ 5.6 <39 <10.2
SPT0550-53  0.61 +0.12 3.7+1.0 179+ 4.0 53.0 £ 5.7 97 + 10 89+ 10 68.7+9.8 28.1+38.9 7.9+ 23
SPT0551-48 105+ 1.6 359+ 6.8 1387+ 44 420 + 11 600 + 19 632+ 11 408 £ 50 132.0+9.3
SPT0551-50¢° 1.04 +£0.17 50+09 27.0+42 '740+6.3 7196.9+75 189.9+ 7.3 1488 + 7.1 63+ 13 13.3+25
SPT0552-42 50+ 1.6 214+ 4.7 48.3 £ 3.9 742+ 75 482 +58 372463

1.20 £ 0.03

continued
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Table 3.2: Photometry of all SPT-DSFGs

SOUI‘CQ S3.Omm S2.0mm Sl.4mm SB’TOum SSOO;/.m SS-SO;Lm S250um SIGO;/.m SlOOp.m
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
SPT0553-50 1.13 £ 0.03 3.0+13 12.8 £5.3 43.3 £ 4.3 66.6 + 8.6 46.7 £ 5.9 272 £ 6.6 <38 <7.8
SPT0555-62 1.00 £+ 0.03 55+ 1.1 22.6 £5.0 55.8 + 3.4 86.8 £ 6.9 81.1 &£ 5.3 78.9 £ 5.7 56 + 16 22.6 £4.2
SPT0604-64 1.33 £0.03 114 +14 456 £ 7.1 150.3 £ 7.6 440 + 11 620 £+ 12 509 &+ 12 206 + 24 51.2 £ 4.4
SPT0611-55 0.47 = 0.03 0.6 £1.9 165.2 £ 7.3 7249 + 10 3155 + 9.5 260 + 10
SPT0625-58 1.70 £ 0.03 9.7 £ 1.5 36.3 + 6.5 125.2 £ 6.1 320.7 £ 88 393987 323874 149 £ 17 25.7 + 4.6
SPT0652-55 152+ 1.6 444 + 7.3 1721 £ 74 32564 £79 296676 186277 <36 <12.0
SPT2008-58 0.26 + 0.04 3.1£09 13.7 £ 3.9 21.6 £ 2.3 55 £ 10 59.6 £ 8.0 67.5 £ 9.8
SPT2031-517 44+ 1.1 20.8 £ 4.3 64.5 £+ 3.1 225.1 £ 72 2463 £ 7.1 2270+£ 7.8 91 £+ 12 219+ 44
SPT2037-65 9.45 £ 0.05 19.6 £ 1.2 415 £ 4.1 131.3 £ 5.6 237 £ 11 198.5 £ 9.3 129 + 10
SPT2048-557  1.97 + 0.04 6.8 £ 1.3 18.4 + 3.9 54.1 £ 4.1 80.3 £ 8.7 91.3 £ 6.2 47.9 £ 8.7 <24 <6.9
SPT2052-567  0.25 + 0.04 16.0 £ 3.4 122.0 £ 2.0 549 £ 7.5 41.9 £ 6.0 241+ 6.3 <18 <7.8
SPT2101-60 0.92 + 0.04 6.0 £ 1.2 20.7 £ 4.6 61.9 £ 6.0 185.8 £ 7.0 234.5+83 1702 £ 7.8
SPT2103-60° 0.99 + 0.16 88 £ 1.1 29.0 £ 4.7 77.5 £ 6.2 111.0 £ 6.7 83.8 £ 5.4 479 £ 5.4 <22 <6.6
SPT2129-57 6.3 £1.2 25.2 £ 4.6 87.4 £ 6.0 1483 £ 7.9 184.2 £8.6 154.8 £6.1 91 £ 15 34.3 £ 3.1
SPT2132-58"  1.42 + 0.23 6.1 £0.9 28.7 £ 4.5 57.9 £ 4.9 80.0 £ 7.4 749 £ 7.1 57 £ 11 <36 <9.0
SPT2134-50° 1.13 + 0.18 6.0 £ 1.3 22.8 + 4.6 7101.2 +6.8 268.8 9.2 3315 £ 9.0 349.7 £ 8.8 196 + 21 49.3 £ 3.0
SPT2146-55° 1.18 + 0.19 52+ 1.3 17.8 £ 4.0 54.5 £ 3.7 83.3 £ 8.8 69 + 11 64 £ 11 <28 <7.5
SPT2147-50°  0.76 + 0.12 5.8 £ 1.3 20.3 £ 4.6 61.3 £ 4.5 1214 £ 78 1151 +£ 7.0 717 £ 7.3 <28 8.6 £2.3
SPT2152-40 7.1+1.6 221 £ 4.8 196.5 + 7.4 113.0 £6.9 1125 £ 5.5 84.5 £ 7.1 37 £ 10 <11.7
SPT2203-41 6.9 £ 1.3 30.4 £ 4.9 63.2 £ 5.8 78.6 £ 6.7 48.4 £ 5.2 377+ 44
SPT2219-42 43 £ 14 18.4 £ 4.7 t17.7 £ 2.6 154.7 £ 7.4 44.8 £ 7.2 345 £ 7.8
SPT2232-61 6.0 £ 1.2 224 £ 4.7 60.2 £ 4.5 210.3 £ 7.5 2149 £ 8.2 168.0 + 8.7
SPT2307-50° 0.26 + 0.05 1.2+ 14 5.8 £ 6.7 22.1 £ 28 37 £ 10 42 £ 11 50 £ 12
SPT2311-45 4.0+ 1.0 17.8 £ 4.6 59.7 £ 4.0 154.5 £ 7.7 1976 £ 8.0 163.8 £ 6.1 89 £+ 12 11.8 £ 3.6
SPT2311-54°  0.55 + 0.05 54+ 1.2 19.9 £ 4.5 44.1 + 3.2 95.1 £ 6.6 105.7 £ 7.3 85 £+ 10 <32 11.6 £ 2.5
SPT2316-50 19+13 92+£73 30.5 £ 3.5 65 £ 10 59 £ 11 38 £ 10
SPT2319-55¢ 54+ 1.2 175 + 4.4 38.1 £29 49.0 £ 6.6 44.0 £ 6.0 328 £ 6.4 <25 <7.5

0.82 £ 0.05

continued
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Table 3.2: Photometry of all SPT-DSFGs

Source S3.0mm S2.0mm S1.4mm Ss70um S500um S350um S250um S160um S100pm
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
SPT2332-53¢ 3.3 £ 0.7 19.6 £ 4.8 168.0 + 6.0 304.0 &= 5.0 564 £+ 16 585 + 37 233 + 37 57.0 £ 7.0
SPT2335-53° 0.30 & 0.04 4.9 £ 1.3 13.8 &+ 3.7 35.6 + 4.9 78.6 £ 9.9 64.6 £ 8.4 42.7 £ 9.0
SPT2340-59¢ 0.49 4+ 0.05 3.6 £1.0 15.3 &£ 3.7 34.2 + 4.1 71.1 £ 8.7 66.1 + 6.9 41.6 £ 8.5 <29 <8.1
SPT2349-50¢ 0.51 &+ 0.05 52+ 1.1 24.6 + 5.0 42.6 £ 3.3 1278 £ 7.6 1358+ 7.1 129.2 £ 8.6 <76 <38
SPT2349-52 2.5+ 1.7 12.1 £ 84 37.3 £ 4.7 72.6 £ 9.7 62.0 £ 8.4 45.2 £+ 8.6
SPT2349-56* 0.40 &+ 0.05 4.7+ 1.2 21.1 + 4.2 56.5 + 8.0 85.4 + 6.4 72.4 £ 5.9 36.8 + 6.4 <32 <12.0
SPT2351-57¢ 0.83 + 0.05 56 £ 1.3 15.7 £ 6.3 134.6 + 3.1 73.8 £ 5.7 56.0 £ 6.4 44.3 £ 5.3 <43 <9.6
SPT2353-50¢ 0.89 £ 0.05 54+ 1.4 21.1 £ 4.3 40.6 + 3.8 56.2 £ 7.1 51.8 £ 6.0 299 £ 7.4 <41 <11.7
SPT2354-58° 0.61 £ 0.08 2.7+ 1.2 13.5 £ 6.2 '66.0 £ 5.1 12777 £7.9 469.0 + 9.0 613 £+ 10 531 £+ 58 238 £ 10
SPT2357-51* 0.42 &+ 0.04 4.1 £ 0.9 204 + 4.4 53.4 + 5.4 1229 £ 7.5 1121 +£6.2 70.9 £ 5.1 <33 <7.5

When fitting to the SEDs we have added in quadrature an absolute calibration uncertainty of 7% for Herschel/PACS and 10% for all other
wavelengths. For SPT2332-53, the flux is derived in Appendix E based on a decomposition of the source.

t These fluxes are potentially underestimated as the sources appear extended.

a APEX/LABOCA fluxes were published by Greve et al. (2012)

b Fluxes were published by WeiR et al. (2013)

¢ Fluxes were published by Bothwell et al. (2013)

d Fluxes were published by Ma et al. (2015)

e Fluxes were published by Strandet et al. (2016)

fAPEX/LABOCA fluxes were published by Spilker et al. (2016)

g Fluxes were published by Strandet et al. (2017)
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CHAPTER 4

The spectroscopic redshift
distribution of Dusty Star Forming
(Galaxies from the SPT survey

In this chapter we investigate the spectroscopic redshift distribution of the SPT-
DSFGs. The chapter is based on the publication: Strandet et al. 2016, The
Astrophysical Journal, Volume 822, Issue 2. This publication presents the
analysis of spectral scans of 15 sources from ALMA Cycle 1. In this thesis we add
spectral scans of an additional 27 sources from ALMA Cycle 3 to the analysis. We
combine these observations with previously published and new mm/submm line and
photometric data of the SPT-selected DSFGs to study their redshift distribution.

The analysis in this chapter is based on the observations presented in Section 3.1 con-
taining spectral surveys of in total 42 galaxies and redshift confirmation observations
using a variety of facilities. In Section4.1, we show the spectra derived from these
observations and present redshifts determined from those spectra. In Section4.2, we
present the redshift distribution of DSFGs selected from the SPT survey and discuss
how the sample is affected by gravitational lensing and selection wavelength.

We adopt a flat ACDM cosmology, with Qx =0.696 and Hy=68.1km s~ Mpc~!
(Planck Collaboration et al., 2014).

4.1 Results

4.1.1 Targeted ALMA 1 mm observations

In the 1mm continuum images all sources but one are spatially unresolved, which is
expected given the ~1” resolution of the maps. The continuum emission is detected
with high SNR (25-100) in all cases. For the spatially resolved source (SPT0512-59,
see Figure A.3), the brightest component is detected with a SNR of 9, and we extract
the source spectrum from this component. All 1 mm spectra are shown in Figure4.1
(smoothed to lower velocity resolution for better visualization of the lines).

We detect spectral line features in all sources, including emission lines from various
CO transitions, |[N11] and several HoO transitions and absorption lines from HaO™
and NHj3. More details on the lines/transitions can be found in the description of the
individual sources in Appendix A.
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Figure 4.1: ALMA 1mm spectra for sources with redshifts based on a single submm emission
line from Weif et al. (2013) (see Section4.1.1). For each source we show the LSB and USB
spectra in the left and right panel, respectively. Each sideband has a total bandwidth of
3.9 GHz.

The most important result from our ALMA 1mm observations, with respect to
the source redshifts, is that they confirm the most probable redshifts as given in Weifs
et al. (2013) for all except one source (see Table4.1). The one exception had two
almost equally likely redshift options and the source turned out to be at the slightly
less likely redshift. As such, our 1 mm follow-up observations demonstrate that reliable
redshifts for DSFGs can be obtained when only a single line is detected in the 3mm
redshift scan, provided that the dust continuum spectral energy distribution (SED) of
the source is well sampled.

One of the sources included in our 1mm follow-up program (SPT0319-47) was
presented as having no lines detected in its ALMA 3mm scan in Weifs et al. (2013).
The 3mm spectrum, however, did show a very broad (FWHM ~ 1700 kms~!), faint
line feature at 104.4 GHz. In our 1 mm follow-up observations we now detect a highly
significant line at 250.76 GHz in this source. This detection identifies the 3 mm and
1 mm lines as CO(5-4) and CO(12-11) placing SPT0319-47 at z =4.516(4). This source
was also detected in [C11] with APEX/FLASH cementing the redshift (see Appendix A).

4.1.2 A misidentified redshift: The discovery and solution

SPT0551-50 was identified in Weifs et al. (2013) as a secure redshift at z=2.1232(2)
based on a single CO line detection (identified as CO(3-2)) in conjunction with a
detection of the Civ line from the Very Large Telescope (VLT). We afterwards failed
to detect [Cu] with APEX (Gullberg et al., 2015) and CO(1-0) with ATCA at this
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Figure 4.2: The 3mm Cycle 1 ALMA spectra (spanning 84.2 — 114.9 GHz) of the 12 sources
detected in continuum. Dashed gray lines indicate the frequencies of lines that are expected
but not detected in the spectrum. SPT2340-59 has multiple counterparts and the spectrum is
extracted from counterpart B (see Appendix B). SPT2349-56 likewise has multiple components
and the spectrum shown here is a stack of the spectra extracted from components B and C.

redshift. In particular the non-detection of the ATCA line is very significant with
L/CO(S—Q)/L/CO(l—O) > 6 compared to L/CO(3—2)/L230(1—0) ~ 1.2 for sources with secure
redshifts (Spilker et al., 2014), where L’ is the line luminosity (in Kkms™! pc?, see
Solomon et al. 1997), and rules out the earlier redshift determination by Weift et al.
(2013). Based on this we re-visited the other redshift options. The favored option
based on the dust continuum SED is z=23.163(3) with the line in the ALMA 3mm
spectrum being CO(4-3). This redshift was confirmed by new [C11| observations with
APEX/FLASH. The line observed with the VLT and interpreted as Civ most likely
originates from an unrelated lensing arc. For a more detailed description on the source
and a presentation of the above mentioned data see Appendix A.

4.1.3 New ALMA Cycle 1 and 3 3 mm scans
4.1.3.1 Continuum results and morphology

In Cycle 1 we detect the 3mm continuum in 12 out of 15 sources at SNRs of 5-18.
For two sources the non-detection in ALMA was expected after a careful analysis of
all photometric data (only available to us after ALMA’s Cycle 1 deadline) showed that
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Figure 4.3: The 3mm Cycle 3 ALMA spectra (spanning 84.2 — 114.9 GHz) of all 27 sources.
SPT2052-56 has two counterparts and the spectrum is extracted from counterpart A (see
Appendix B).
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both sources are likely due to extended galactic foreground.! These two sources have
low SNRs in the SPT maps and are ignored in the following. For the third source, the
3mm ALMA non-detection is consistent with the overall photometry of the source. In
Cycle 3 we detect all 27 sources in continuum with SNRs of 6-190.

Table 3.1 lists the ALMA 3mm continuum position of the detected sources. Their
3mm continuum flux densities are given in Section 3.2.

In total 36 sources appear as point sources, and three sources (SPT2052-56,
SPT2340-59 and SPT2349-56) split into multiple components (see Figure B.4). Given
the compactness of the lensed images this is expected at the coarse resolution of the
maps (~3"). To spatially resolve the lensed source distribution typically a much higher
spatial resolution of ~0.5” is required as demonstrated by our high resolution 870 um
imaging (Spilker et al., 2016).

Multiple components at the resolution of the 3 mm maps can be explained in two
ways: We either see multiple individual sources or multiple gravitationally lensed im-
ages of the lensed source. For SPT2052-56 and SPT2340-59 we see two components
(listed in Table3.1, and named A and B respectively, see Appendix B for the contin-
uum image). We extract spectra at both positions, but only see a line in component
A, which we then use in the further analysis. For SPT2349-56 we see two components,
one point source and one more extended component. For this source we take advantage
of also having high resolution ALMA 870 pm imaging, which shows three counterparts
(Spilker et al., 2016). In this image the extended 3 mm component breaks up into two
point sources and we use the three 870 yum positions to define the three components A,
B, and C listed in Table 3.1 and shown in Appendix B. We see a hint of a line at the
same frequency in all components (with small shifts between the line frequency), with
component B and C showing stronger lines. Deeper 870 um data with ~0.5” spatial
resolution show, that these 3 components of SPT2349-56 are only the brightest galaxies
of a protocluster with 14 detected members (Miller et al. 2017, submitted). Given the
discovery of the nature of SPT2349-56 the two other sources showing several compo-
nents (SPT2052-56 and SPT2340-59) are now considered candidates for protoclusters.

4.1.3.2 Spectroscopy results

The ALMA spectra of the 12 sources from Cycle 1 are presented in Figure4.2. The
spectrum for SPT2344-51 is not shown, since without the ALMA 3mm continuum
detection, we do not know the source position with sufficient accuracy to be able to
extract the spectrum. We verified, however, that the data cube for this source does
not contain any strong lines. The spectra from the 27 sources from Cycle 3 are shown
in Figure4.3. In total we see 59 lines (16 lines in the 12 Cycle 1 spectra and 43 lines in
the 27 Cycle 3 spectra), which we identify as ?CO and [C1] emission lines. We have
marked the CO and [C1] lines that we do not detect in gray, where the horizontal line
represents the expected flux density based on the SPT-DSFG line luminosities from
Spilker et al. (2014).

We submitted a source change request for these two sources to ALMA but the request was rejected.



Table 4.1: Redshifts and line identifications

Source case z Taust Apeak* lines from 3 mm scans f new lines & comments
(K] [pm]

SPT2354-58 I 1.867(1) 42.841.9 77+6 no 3mm line Zphot = 1.2+ 0.2, OHT from ALMA

SPT0452-50 11T 2.0104(2) 22.0+£0.9 151£7 CO(3-2)° CO(1-0)? from ATCA

SPT0512-59 III 2.2331(2) 32.7+1.4 102+4 CO(3-2)° CO(6-5) from ALMA; [CI|* from SPIRE
FTS

SPT0002-52 II 2.3513(4) 42.3+£2.1 72+6 CO(3-2) CO(54) from APEX

SPT0604-64 I 2.48071(6) 36.9+1.2 96+3 CO(3-2) Zphot = 2.4+ 0.3

SPT0125-47 111 2.51480(7) 38.6+1.6 70+4 CO(3-2)* & CO(1-0)*

SPT0551-48 II 2.5833(2) 38.6+1.9 78%T7 CO(7-6), CO(8-7) & [C1](2-1) lines from Z-Spec; CO(1-0)¢ from ATCA; no
ALMA data.

SPT2332-53 III 2.7256(2) 47.442.8 7844 CO(7-6)?, Lya® & Crv1549A° lines from Z-Spec; CO(1-0)¢ from ATCA; no
ALMA data

SPT0625-58 I 2.7270(2) 34.6£1.2 101+ CO(3-2) Zphot = 2.9 £ 0.5

SPT2134-50 III 2.7799(2) 39.0+£1.6 70x8 CO(3-2)%, CO(7-6)* & CO(8-1)*

SPT0538-50 111 2.7855(1) 36.5+1.4 967 CO(7-6)%, CO(8-7)* & Sitv 1400A° lines from Z-Spec; CO(1-0)¢ and CO(3-2)f
from ATCA; no ALMA data

SPT0150-59 I 2.7881(3) 34.841.2 93+7 CO(3-2) Zphot = 3.1 0.6

SPT2349-50 11 2.877(1) 37.9+1.6 106+16 CO(3-2) CO(7-6) from SEPIA

SPT2357-51 11 3.0703(6) 37.2+1.2 107+£5 CO(3-2) & CO(4-3) Lyman-a and Oll;,5,4 from VLT /X-shooter

SPT0103-45 111 3.0917(3) 32.3+1.2  109+7 CO(3-2)* & CO(4-3)*

SPT2307-50 11 3.108(1) 35.843.3 61+16 CO(4-3) Zphot = 3.4 £ 0.7

SPT0550-53 III 3.1280(7) 33.2+41.9 110+10 CO(4-3)¢ CO(8-7) from ALMA; [C11]? from APEX

SPT2101-60 I 3.1559(3) 40.7+£1.4 8545 CO(4-3) Zphot = 3.0 £ 0.5

SPT0551-50 11T 3.164(1) 374414 104+£5 CO(4-3)° [C1I] and CO(8-7) from APEX

SPT0529-54 III  3.3689(1)  31.841.2 11949  CO(4-3)%, [CI](1-0)* & '3CO(4-3)*

SPT0532-50 III  3.3988(1)  37.6+1.4 9346 CO(4-3)%, [CI](1-0)* & 3CO(4-3)"

SPT0516-59 I 3.4045(7) 45.8+1.9 T79+5 CO(4-3) [C1I] from APEX

SPT0027-50 I 3.4436(1) 41.8+1.4 93+6 CO(4-3), [C1)|(1-0)

SPT0300-46 111 3.5954(7) 38.6+1.6 99+3 CO(4-3)* & [C1](1-0) CO(10-9) from ALMA; [C1I]? from APEX

SPT0109-47 1 3.6137(5) 43.2+1.4 8848 CO(4-3), [C1|(1-0)

continued
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Table 4.1: Redshifts and line identifications

Source case z Taust Apeak* lines from 3 mm scans f new lines & comments
(K] [pm]

SPT0555-62 1 3.6516(9) 35.141.4 100+19 CO(4-3
SPT2147-50 III  3.7602(3) 40.2+1.6 9146  CO(4-3)* & [CI](1-0)"
SPT2340-59 11 3.864(1) 40.241.9 9147  CO(4-3

Zphot = 4.0 £ 0.6

)
)
) Zphot = 3.8+ 0.6
SPT0125-50 III  3.959(3) 43.742.3 6849 CO(4-3)* & [C1)(1-0)* CO(10-9) and H,0° abs line from ALMA
SPT2037-65 I  4.000(5) 35.141.4  95+4 CO(4-3), [C1](1-0)
SPT2048-55 I  4.089(1) 32.041.6 7146 CO(4-3), [C1](1-0)
SPT0020-51 1  4.1228(8)  38.3+1.4 9043 CO(4-3), CO(5-4)
SPT0418-47  III  4.2248(7)  45.3+2.3 8448 CO(4-3)* & CO(5-4)"
SPT0113-46  III  4.2328(5)  31.3+1.4 11949  CO(4-3)%, [C1](1-0)* & CO(5-4)"

)

)

)

)

)

)

)

)

SPT0544-40 1 4.2692(9)  38.6£1.4 92+13  CO(4-3), CO(5-4)
SPT2311-54  II  4.2795(4)  47.742.8 72+7  CO(4-3), [CI](1-0) & CO(5-4)
SPT0345-47 III  4.2958(2)  50.242.8 63+4  CO(4-3)* & CO(5-4)"
SPT0136-63 1  4.299(1) 374414 9442  CO(4-3), CO(5-4), [CI](1-0)
SPT2349-56 11  4.304(2) 46.742.8 9149  CO(4-3

SPT0155-62 1  4.349(1) 30.440.9 113+8  CO(4-3), CO(5-4), [CT](1-0)
SPT2103-60 Il  4.4357(6)  37.4+1.6 96+7  CO(4-3)* & CO(5-4)
SPT0552-42 1  4.4367(9) 33.9+1.4 9444  CO(4-3), CO(5-4)

SPT2052-56 1  4.259(2) 46.0£28 88+3  CO(4-3), [C1](1-0), CO(5-4)

[C11] from APEX/FLASH

SPT0441-46  TII  4.4771(6)  38.1+1.9 91+15  [CI](1-0)%, CO(5-4)* & [C1I]* CO(11-10) & NHj3 from ALMA
SPT0319-47 III  4.510(4) 39.942.1 7748  CO(5-4) CO(12-11) from ALMA; [C1I] from APEX
SPT2146-55 III  4.5672(2)  37.4+2.1 91+11  [CI](1-0)* & CO(5-4)

SPT2335-53 11 4.757(2) 57.044.2 8044  CO(5-4) [C11] from APEX

SPT2132-58 III  4.7677(2)  37.9+1.9 79+11  CO(5-4)* & [C1I|® CO(12-11) and [N1I] from ALMA
SPT0459-59  III  4.7993(5)  38.1+1.9 102+16 [CI](1-0)* & CO(5-4)

SPT0147-64 1  4.8036(3) 38.3+1.4 8446  CO(5-4) Zphot = 4.6 £ 0.7

SPT0459-58  III  4.856(4) 41.6£1.9 84+7  CO(5-4) CO(11-10) from ALMA
SPT0106-64 1  4.910(4) 474419 6445  CO(5-4) [CT1] from APEX

SPT0202-61 1  5.018(1) 39.3+1.6  60+15  CO(5-4) [C11] from APEX

SPT2319-55 II  5.2929(5) 421421 81+14  CO(5-4) & CO(6-5)

SPT0553-50 1 5.323(1) 42.541.9 8346  CO(5-4), CO(6-5)
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Table 4.1: Redshifts and line identifications

Source case z Taust Apeak* lines from 3 mm scans f new lines & comments
(K] [pm]
SPT2353-50 11 5.576(3) 46.3+2.3 63+9 CO(5-4) [C1I] from APEX

SPT0245-63 1  5.626(1) 41.442.1 103+4  CO(5-4), CO(6-5)

SPT0346-52 III  5.6559(4)  50.5£2.3 7146  CO(5-4)%, CO(6-5)%, Ho0* & H,O™®

SPT0348-62 1  5.656(4) 46.5+£2.3 98+8  CO(5-4), CO(6-5)

SPT0243-49 III  5.699(1) 32.741.6 1133 CO(5-4)* & CO(6-5)"

SPT2351-57 11 5.811(2) 53.542.8 7042  CO(5-4) & CO(6- 5)
)

SPT0311-58 I  6.900(1) 45.64£3.5 6547 CO(6-5)", cO(7-6)", [C1|(2-1)" [CI]" from APEX and ALMA; CO(3-2)"
from ATCA
SPT0128-51 v no lines® Zphot = 3.6 0.9
SPT0457-49 IV no lines® Zphot = 3.4+ 0.6
SPT2344-51 v no lines Zphot = 3.0 £0.7
SPT0112-55 v no lines Zphot = 3.6 £0.7
SPT0114-59 v no lines Zphot = 3.0 £ 0.5
SPT0611-58 v no lines Zphot = 2.3 £ 0.4
SPT2008-60 IV no lines Zphot = 3.0 £ 0.6

The parenthesis at the end of the redshift gives the uncertainty on the last digit presented. The unbolded redshifts show the single line redshifts. The
numbers in the column named ’case’ refers to the following cases: I New Cycle 3 redshifts IT New Cycle 1 redshifts. III Sources presented in Weifs
et al. (2013). Comments in the right column indicates observations added since then; IV Sources showing no lines.

1 This column shows the lines from the 3mm line scan from this work and lines presented in Weif et al. (2013)

* The rest frame SED peak wavelength, found from fitting a spline. See more details in Section 5.2.2.

a Published by Weif et al. (2013)

b Published by Weif et al. (2013) as CO(3-2)

¢ Published by Spilker et al. (2014)

d Published by Gullberg et al. (2015)

e Published by Aravena et al. (2013)

f Published by Spilker et al. (2015)

g Published by Aravena et al. (2016)

h Published by Strandet et al. (2017)
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The lines are distributed over the sources in the following manner:

e 18 sources (four in Cycle 1 and 14 in Cycle 3) show two or more lines, yielding an
unambiguous redshift from the 3 mm data alone (see Table4.1 top).

e 16 sources (seven in Cycle 1 and nine in Cycle 3) show a single line in the 3 mm spec-
tra. For six sources (SPT0106-64, SPT0202-61, SPT0516-59, SPT2335-53, SPT2349-
56 and SPT2353-50) we have detected |Cu| with APEX/FLASH, and for two sources
(SPT0002-52 and SPT2349-50) we have detected CO using APEX/SEPIA. These ad-
ditional lines secure the redshifts of eight sources. For the remaining eight sources we
use the dust SEDs to obtain the line identification and the redshift (see Section4.1.3.3).
e Five sources (one in Cycle 1 and four in Cycle 3) show no lines. For one source in
Cycle 1 (SPT2354-58) we find an absorption line in our 870 gm high resolution ALMA
imaging cube determining the redshift, and placing the source in the redshift desert
(see Section4.1.3.4).

4.1.3.3 Sources with one detected line

For the eight sources where only a single line is detected in the 3 mm spectrum, the first
step in determining their redshift is to establish the possible line identifications. In all
spectra with multiple lines, the brightest line always turns out to be a transition of CO
and we therefore assume that the single line detections are from CO as well. For an
overview of which lines are detectable in our 3 mm spectral scans from sources at a given
redshift, see Figure2.3 and Spilker et al. (2014). The most likely line identifications
are either CO(2-1) or CO(3-2), as these lines appear in the observed band without
any other lines present for a large redshift interval (1.0 < z < 3.0 with a narrow redshift
desert at 1.7 < z < 2.0). At most redshifts CO(4-3) and CO(5-4) come with a [C1] line,
and will only appear as single lines in very small redshift intervals or when the fainter
[C1] line remains undetected. We rule out J=6-5 and higher transitions as they will
always come with another CO line in the observed band.

In the analysis of the dust SEDs, the redshift and the dust temperature are degen-
erate when the dust spectrum is fit by a single component modified grey body. From
a fit to all sources with unambiguous redshifts (53 targets) we know the distribution
of dust temperatures of the SPT-DSFGs (see Figure4.4). For sources with a single
line we calculate the implied dust temperature for each of the 4 redshift options (see
Section 2.2.3). The likelihood of each redshift option is obtained by comparing the
resulting four dust temperatures to their occurrence in the SPT-DSFG sample. The
process is described in more detail in Section 5.2.1.

We use this technique to test the redshift options for all eight sources with a single
line identification (see sources with redshifts given in blue in Figure4.5). We calculate
the probability of each redshift option by reading off the probability of each option from
the photometric redshift probability distribution and normalizing the total probability
to unity.

In Figure4.5 we show the redshift options of all sources with a single line in their
ALMA 3mm spectrum from both Weif et al. (2013) and this work. We use the cur-
rent dust temperature distribution (green distribution in Figure4.4) to calculate the
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probabilities for the line identifications for all the sources in the Figure. We show
the spectroscopic redshift of each source in green and where the prediction does not
correspond to the spectroscopic redshift we have highlighted the redshift in red. For
the sources which do not have a spectroscopic redshift the most probable redshift is
highlighted in blue. In a sample of 18 sources with a single line in their ALMA spec-
trum we correctly predict the redshift for 13 sources (70% success rate). This seems
to be a reliable but not perfect method so to be certain of the redshifts presented we
continue our observing campaigns to obtain an additional line. All sources from Weif
et al. (2013) which previously only had a single line observed now have a second line
observed and thereby have secure redshifts. The redshifts for the sources with single
line detections are listed unbolded in Table4.1.

In two of the cases where we find one line in the ALMA spectrum we would expect to
detect a second CO line given their most probable or confirmed redshift. For SPT2353-
50 the ALMA 3 mm line is found to be CO(5-4) based on the detection of [C11] but we
do not detect the CO(6-5) line that is expected to also be in the spectral scan. It may be
associated with a SNR ~ 1.5 feature in the spectrum at the position of the line. Using
the stacked spectrum of the SPT-DSFGs (Spilker et al., 2014) we calculate the line
luminosity ratio L/CO(675)/L230(574) ~ 0.7 for the SPT-DSFGs presented in Weif$ et al.
(2013). The SNR ~ 1.5 feature gives a line luminosity ratio of Lé}o(ﬁ*s)/L/CO(E)*Zl) ~0.3.
For SPT2349-56, the ALMA 3mm line is found to be CO(4-3) based on the detection
of [C11] but we do not detect the CO(5-4) line, though it can be associated with a
SNR ~ 1.5 feature in the spectrum at the predicted frequency of the CO(5-4) line.
From Spilker et al. (2014) the line luminosity ratio is L,CO(574)/L/CO(473) ~1.1. The
SNR ~ 1.5 feature gives a line luminosity ratio of L/CO(574)/L2;‘O(473) ~0.7. In both cases
the second line have lower than expected line luminosity ratios but are not inconsistent
with typical line ratios found in high redshift sources (e.g. see review by Carilli &
Walter, 2013).

4.1.3.4 Sources without ALMA line detections

In total there are six sources in Cycle 1 and 3 not showing any lines in their 3 mm
spectra. We here go over each of the sources to assess why no lines are detected. A
summary of the sources for which we do not detect any lines is presented at the bottom
of Table4.1.

As mentioned above, we searched for emission lines in the ALMA data cube of
SPT2344-51 (which remained undetected in the 3mm continuum data), but did not
find evidence for any strong lines despite its photometric redshift of zpnet =3.5£0.7.
Given the faintness of this source in the continuum, the most likely interpretation is
that the source is simply too faint to detect its CO lines at the sensitivity limit of our
observations.

This most likely also holds for SPT0114-59, SPT2008-58 and the two remaining
sources without line detections from Weifs et al. (2013) (SPT0128-51 & SPT0457-49).
Their 1.4 mm and 870 pm continuum flux densities are comparable to those of SPT2344-
51, which place them at the faint end of the SPT sources targeted with ALMA though
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Figure 4.4: The probability distribution of the dust temperature based on all 53 sources in
the SPT-DSFG sample with unambiguous redshifts (green). Overlaid is the dust temperature
distribution for all sources with unambiguous redshifts observed in ALMA Cycle 0 (Weif et al.,
2013) in brown, ALMA Cycle 1 in blue, and ALMA Cy 3 in orange. The triangles in the top
of the plot show the median of the distributions.

we do detect these sources in continuum. For SPT0457-49 we searched the redshift
desert with ATCA looking for CO(1-0) without success (see Appendix A).

SPTO0112-55 is not as weak at 1.4mm and 870 um as the sources described above,
but it is in the fainter end of the SPT-DSFG population. The spectrum shows some
potential line features, but they are not significantly detected, and cannot be com-
bined into a single redshift identification. The photometric redshift of this source is
Zphot = 3.5 2 0.7 which indicates that the redshift of this source doesn’t fall in the red-
shift desert, but that it, as the above described sources, and has too weak lines for
detection.

The reason that these sources are not detected, even though their photometric
redshifts indicate that they are in the right redshift range, might be that they break
up into multiple sources at 3mm. In that case the continuum and lines are distributed
across multiple positions which may cause them to remain undetected. This was almost
the case for SPT2349-56, which is detected but is split into multiple components in the
3mm ALMA spectrum showing weak lines despite being bright at both 1.4mm and
870 pm.

SPT0611-58 is bright at 1.4 mm and 870 um and it cannot be assumed, as for the
above sources, that it is too faint for detection. With a low photometric redshift of
Zphot = 2.3 1 0.4, it is possible however that the redshift of this source falls within the
redshift desert or even below z < 1.

Without more or deeper observations we cannot determine the redshifts of these
seven sources and we drop them in the analysis of the redshift distribution.

SPT2354-58 does not show indications for CO lines in the ALMA Cycle 1 3mm
spectrum and the continuum flux densities (see Section3.2) are such that we should
have detected CO lines based on the line to continuum ratio of the SPT sources where
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Figure 4.5: Histograms showing the probability of the redshift options for each source with a
single line detection in the ALMA 3 mm spectrum based on the dust temperature distribution
shown in Figure4.4. To the far left we show a similar analysis for the line identifications for
the absorption line in the 870 ym data for SPT2354-58. The sources are sorted by redshift
(spectroscopic if available and otherwise most probable). The bars represent the possible line
identification and their probability. Sources where the most probable redshift is identical to
the spectroscopic redshift are highlighted in green; sources where the most probable redshift
is not the spectroscopic redshift are highlighted in red. Sources for which we do not yet have
a confirmed spectroscopic redshift with at least two lines are highlighted in blue.

we detect lines (like SPT0611-58). For this source we find an absorption line in our
870 pm high resolution imaging data cube. This absorption line has two line identifica-
tions that fall outside the redshift range probed by the 3 mm redshift scan: OH™ (155 —
011) at z=1.867(1) (in the redshift desert) and HoO(119 — 101) at 2 =0.6431(3) (below
our searched redshift range). There could possibly be more molecules which may show
up in absorption, but we limit the discussion to the most likely ones. OHT (122 — 011),
unlike HoO(119 — 101), has been detected in the local ultra luminous galaxy Arp220
(Rangwala et al., 2011). Furthermore, for the second option we should have seen CO(5—
4) in the same cube but we did not. The first redshift option is also much more likely
based on the photometry (see Figure4.5) and it is thus the most likely redshift and we
have added this source to our list of sources with single-line redshifts (see Table 4.1).
The ALMA 870 pm spectra are shown along with a more detailed description of the
source in Appendix B.
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Table 4.2: Measured redshift distribution for SPT sources

z Ne dn/dz lens-cor® dn/dz
1.5-2.0 1 0.02 + 0.02 0.05 £ 0.05
2.0-2.5 4 0.06 £ 0.03 0.13 £ 0.06
2.5-3.0 8 0.13 £ 0.05 0.18 £ 0.06
3.0-3.5 10 0.16 = 0.05 0.18 £ 0.06
3.5—-4.0 6 0.10 = 0.04 0.09 £ 0.04
4.0—-4.5 15 0.24 £ 0.06 0.20 £ 0.05
4.5-5.0 8 0.13 = 0.05 0.09 £ 0.03
5.0—-5.5 3 0.05 = 0.03 0.03 £ 0.02
5.5 —-6.0 6 0.10 + 0.04 0.06 £ 0.02
6.0 —6.5 0 0.0 £ 0.0 0.0 £ 0.0
6.5—7.0 1 0.02 + 0.02 0.01 £ 0.01

4.2 Discussion

4.2.1 The redshift distribution

Our sample is composed of 62 sources with reliable redshifts (three from APEX /Z-Spec
and 59 from ALMA 3 mm scans), meaning that they show at least one spectral line along
with well-sampled photometry. This translates into a success rate for our ALMA 3 mm
scan technique of > 85 % (59 out of 69 targeted). Two or more lines have been identified
in 53 of the 62 sources (~85%). For 35 sources the redshifts were identified directly from
the ALMA 3 mm spectrum, for 3 sources the redshifts were found using Z-Spec/APEX,
and for the remaining 15 sources the redshift was secured with observations of a second
molecular line from ALMA, APEX, ATCA or Herschel/SPIRE. The highest redshift
source in the sample is SPT0311-58 at z =6.900(2), which is the highest redshift DSFG
discovered so far. Chapter 6 (Strandet et al., 2017) describes this source in more detail
and investigate the ISM conditions in the source. The redshift survey of the SPT-
DSFGs is by far the largest and most complete redshift survey of DSFGs so far.

The redshift distribution of this sample is shown in orange in Figure 4.6 and listed
in Table4.2. The median redshift is zpedian =4.1 £ 0.2 (indicated by an orange trian-
gle above the distribution), compared to z=3.9+ 0.4 when only including the Cycle
1 redshifts (Strandet et al., 2016). The errors on the median were determined using a
bootstrap method, where we randomly sampled 62 sources from the redshift distribu-
tion 1000 times and took the standard deviation of the median values.

The distribution peaks between z = 2.5 and z = 5.0 with a large fraction (75%) of the
sample at z > 3. We see no sources at z < 1.5 as the probability of a source undergoing
strong gravitational lensing drops significantly below a redshift of z ~ 2.

In the top panel of Figure4.6 we overlay the distribution from Weif et al. (2013)
(dashed red line). As the sample in Weif et al. (2013) was selected from 1300 square-
degrees with Sy 4mm > 20mJy, it is representative of the brightest sources from the
SPT-DSFG sample (the difference between the SPT sub-samples observed in the ALMA



48 Chapter 4. Spectroscopic redshift distribution of the SPT-DSFGs

T T T T T T T T T T T T T3]

030 v Thiswork

E re ': Weiss+13 ]

— 0251 L - -
-O I -
m I -
N - ]
T 020 -
S C T ]
2 015F | | -filH- ik .
A=) E ; b 1
'EJ‘ u Y 1 ]
= 010F ' ; 3
° L 1 Ll ]
r 1 1| ]

0.05 ! PTG -

o ' RN ]

- 1, -

000E o W oy Y ]

LR EEELE B e B LA B R e e m

030 :_ vv Lensing-corrected—:

= 025F 3
@ E ]
N C ]
© 020 -
é C ]
2 o1sF 3
N C ]
-o r -
< 010 -
© s ]
0.05 F =
0.00 & . b=
T T T__r T ™ T ©* T T T ' T3

0.4 ;_ V V v Sgg%ic:]])+14 _;

E l"'i Miettinen+15 3

£ E ! (1.1mm) ]
8 o3f 3
© E ]
£ E E
o E E
£ 02F =
N E ]
ke) E E
5 .k 5
01E 3

0.0 k ey ]

Figure 4.6: Redshift distributions for various samples described in Section4.2. The filled
triangles in the top of the plots show the median redshifts of the samples with the corresponding
colors. Top: The orange histogram shows the redshift distribution of the sources in our sample
including the sources from Weif et al. (2013). It is compared to the original redshift distribution
from Weif et al. (2013) (red dashed line). Middle: The lensing-corrected redshift distribution
of our sample (blue) compared to the original redshift distribution (orange, identical to the
orange distribution in the top panel). The gray hatched region indicates the region we do not
include in our analysis due to the low probability of finding lensed sources (see Figure4.7).
Also shown are model predictions from Béthermin et al. (2015) of a sample of lensed sources
selected in the same way as the SPT-DSFGs (red) and a sample of unlensed sources selected in
the same way as the SPT-DSFGs (green). Bottom: The lensing-corrected redshift distribution
compared to redshift distributions from Simpson et al. (2014, pink) and Miettinen et al. (2015,
gray), where sources below z < 1.5 have been removed for a fair comparison.
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3 mm scans has been discussed in Section 3.1.2 and is shown in Figure 3.1). Models from
Béthermin et al. (2015) predict that the difference between these two samples based
on the change in flux cut are negligible. The only redshift bins in which we see a
significant difference between this sample and that of Weifs et al. (2013), are those in
the range 1.5 <z <2.5. In Weif et al. (2013), all three sources without line detections
were placed in the 1.5 < z<2.5 bin assuming they fell into the CO redshift desert
(1.74 < 2<2.00). As discussed in Section4.1.3.4, we do not follow this approach, but
ignore sources without any detected lines. Removing these sources from the distribution
of Weif et al. (2013) (except for SPT0319-47 which now enters with an unambiguous
redshift of z=4.510(4)) and correcting the one misidentified redshift (SPT0551-50, see
Section 4.1.2) changes the median from z = 3.6 to z = 3.8, which is consistent with what
we find in this work. A Kolmogorov-Smirnov (K-S) test shows that the probability that
these two distributions originate from a common sample is p=0.41 (and when only the
Cycle 1 redshifts are added p=0.81 Strandet et al., 2016).

4.2.2 Selection effects

This section describes the influence of our selection methods on the redshift distribu-
tion. The two main effects come from our high flux cut that selects almost exclusively
gravitationally lensed sources and our long selection wavelength.

As discussed in Blain et al. (2002), da Cunha et al. (2013), and Staguhn et al. (2014)
the CMB could make cold DSFGs at high redshifts difficult to detect. As SPT-DSFGs
have a median dust temperature of Tyt =39+ 6K, and are thus quite warm, this
effect only becomes relevant at very high redshifts (z > 10). For the sources presented
in this work, the effect of the CMB is negligible.

In the two following sections we describe the two main selection effects, gravitational
lensing and wavelength selection, which complicate a direct comparison between the
redshift distributions of DSFGs in the literature.

4.2.2.1 Lensing effects and lensing-correction

Based on models of the high-redshift DSFG population (e.g. Baugh et al., 2005; Lacey
et al., 2010; Béthermin et al., 2012; Hayward et al., 2013), we would expect very few
sources intrinsically bright enough to exceed our adopted flux density threshold at
1.4mm (>16mlJy), and we thus expect the SPT-DSFG sample to consist almost solely
of gravitationally lensed sources (Blain, 1996; Negrello et al., 2007). This expectation
was confirmed by ALMA 870 pm high resolution observations showing that our sources
resolve into arcs, multiple images, and Einstein rings, characteristic of lensed objects
(Vieira et al., 2013; Hezaveh et al., 2013; Spilker et al., 2014). We have found a few
examples where the source splits into multiple, ultra luminous galaxies (e.g., SPT2349-
56; see Appendix B) but these are rare in our sample.

Gravitational lensing is what enables us to study these high redshift sources in detail
but also hampers a direct comparison of our results to unlensed samples. Figure4.7,
based on the model presented in Hezaveh & Holder (2011), shows the probability
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Figure 4.7: The assumed probability of gravitational lensing as a function of redshift for a
source magnification of y=10 (Hezaveh & Holder, 2011). Because of the drastically falling
probability of lensing below z < 1.5 (gray hatched region) we do not conclude anything about
the redshift distributions in this range.

of a source undergoing strong gravitational lensing between a given source redshift
and the observer. The probability of sources at z < 1.5 undergoing strong lensing is
heavily suppressed relative to sources at higher redshifts (z > 4), where the probability
of lensing is flat. The lensing probability at z~ 2 is suppressed by a factor of three
compared to at high redshifts, while at z ~ 3 this is reduced to a factor of less than two.
All of these findings assume that DSFGs do not undergo a systematic size evolution
with increasing redshift. The size evolution matters as more compact emission regions
are preferentially identified from gravitational lensing, and more compact sources will
give a higher chance of strong lensing. For the size evolution to be the explanation of
the higher redshifts seen in our sample compared to other samples there would need to
be a decrease in source size with redshift. Whether DSFGs undergo a systematic size
evolution is still under debate. A few studies suggest a decrease in size with redshift
(Fathi et al., 2012; Greve et al., 2012, based on QSO host galaxies at high redshift,
and thereby not necessarily representative for DSFGs). Other studies do not support
an evolution in size with redshift (Tacconi et al., 2008; Engel et al., 2010; Rujopakarn
et al., 2011; Ikarashi et al., 2015; Smol¢&i¢ et al., 2015; Simpson et al., 2015), although
there are not enough measurements at high redshift (z>4) to exclude the possibility
of size evolution entirely. For a thorough discussion of the influence of size evolution
of DSFGs with redshift on the redshift distribution see Weifs et al. (2013).

To compare our sample to other samples from the literature, we correct our redshift
distribution for the effect of gravitational lensing. We do this by dividing the redshift
distribution by the probability for strong gravitational lensing as a function of redshift
using the average magnification of our sample of p~ 10 (see Figure 4.7). This yields the
blue redshift distribution shown in the middle panel of Figure 4.6, and the median of our
distribution decreases from zpedian =4.14+0.2 t0 Zmedian = 3.5 0.3 after the lensing-
correction (Zmedian = 3.1+ 0.3 for the lensing corrected sample when only adding the
Cycle 1 redshifts Strandet et al., 2016). To be able to calculate the error on the median
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of the lensing-corrected sample we randomly sample 62 sources 1000 times from the
lensing-corrected redshift distribution. For each sample we find the standard deviation
of the median and we use the mean of these as the error. A K-S comparison of the
observed and lensing-corrected distributions gives a value of p=0.04 (p=0.23 when
only adding Cycle 1 redshifts Strandet et al., 2016). In other words, gravitational
lensing appears to have some impact on our measurement of the redshift distribution
of DFSGs.

We use a single magnification to produce our lensing-corrected redshift distribu-
tion, which is a simplified approximation. The observed range of magnifications from
the SPT DSFGs is 1 < pu <33 with < pu>=9 (see Hezaveh et al., 2013; Spilker et al.,
2016). The relative shape of the lensing probability kernel (Figure4.7) for different
magnifications is identical, but offset vertically for higher or lower magnifications. It
is not obvious, a priori, that using a single magnification factor to lensing-correct our
redshift distribution is a valid assumption. To test this assumption, we compare our
lensed and lensing-corrected redshift distributions to a lensed and unlensed model pop-
ulation from Béthermin et al. (2015) in Figure 4.6 (middle panel). As discussed above,
we have ignored sources in the model with z <1.5. The lensed model population is
created using the same selection criterion as the SPT-DSFGs i.e. Si4mm > 16mJy
(dark red) with an analytic model which includes gravitational lensing as in Hezaveh
& Holder (2011). The model agrees well with our observed redshift distribution (Sum
of squared residuals, weighted by the inverse square of the errors x> =8.9 over 9 bins,
median redshift =3.6/4.1 for model/observed distributions). The good agreement also
holds if we use a slightly higher flux cut of Sj gpm >25mJy as in Weif et al. (2013).
The unlensed model population is selected from the same model by “demagnifying” the
SPT DSFG flux cut by a factor of p=10, i.e. S14mm >1.6mJy (green). With such a
low flux cut, the number counts of unlensed sources completely dominates the lensed
source counts. The model prediction for this sample has a median of z=3.1, in agree-
ment with our lensing-corrected redshift distribution, with x? =9.7 over 9 bins. The
good agreement between the redshift distributions indicates that our simple method of
lensing-correcting using a single magnification is a satisfactory approximation.

4.2.2.2 The influence of the selection wavelength

The other major influence on our redshift distribution is the selection wavelength. As
discussed in Blain et al. (2002), Zavala et al. (2014), and Casey et al. (2014), the source
selection function of mm and submm surveys varies with redshift, which affects the
observed redshift distribution. In general, for surveys down to mJy depths, a selecting
sources at longer wavelengths will lead to a higher observed redshift distribution.

In the bottom panel of Figure4.6, we compare our lensing-corrected redshift dis-
tribution to redshift distributions from the literature selected at different wavelengths.
To make the distributions comparable to ours, we have removed sources with redshifts
below z < 1.5, because the probability of strong gravitational lensing as a function of
source redshift strongly disfavors the presence of these sources in our SPT-DSFG sam-
ple (see Figure4.7). We focus on the redshift distributions published since Weif et al.
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(2013). As these distributions were selected from a small area (< 1deg?) on the sky us-
ing a lower flux cut and are therefore made up of mostly unlensed sources, we compare
them to our lensing-corrected redshift distribution.

Using a selection wavelength of 1.1 mm, Miettinen et al. (2015) presented redshifts
for 15 galaxies from the COSMOS field, discovered with JCMT /AzTEC and followed
up with high-resolution PdBI imaging. They add these new 15 sources to the 1.1 mm
selected sources from Smolci¢ et al. (2012), also found using JCMT/AzTEC, and up-
dated the redshifts where better data was available. The final sample consists of 30
sources selected at 1.1 mm with a mix of photometric and spectroscopic redshifts (see
Figure 4.6, gray). (Note that the distribution looks slightly different from the one shown
by Miettinen et al. (2015) as they use probability functions for their redshifts and we
use the redshifts given in their Table 4.) The median of this distribution is z=3.0,
similar to ours, with a K-S comparison probability of p=0.19 which means that these
two distribution could be from the same common distribution.

Simpson et al. (2014) created a sample of 97 870 um-selected sources, using high
resolution ALMA data to identify the counterparts. They present a photometric red-
shift distribution containing 77 sources (where a fraction has spectroscopic redshifts)
from the ALESS catalogue (Hodge et al., 2013; Karim et al., 2013), which is a sam-
ple of ALMA 870 pm-confirmed sources from the ECDF-S. The redshift distribution is
shown in the bottom panel of Figure4.6 (pink). The photometric redshifts are based
on a combination of radio, submm and NIR-optical data, and only sources with four
or more data points are considered. Their median photometric redshift of z=2.3 is
consistent with what was found by Chapman et al. (2005), though the redshift distri-
bution of Simpson et al. (2014) shows an excess of high-redshift sources over the earlier
work, which relied on radio-wavelength counterpart identification. Their distribution
differs significantly from ours with a K-S comparison probability p=0.01. In the paper
they present another 19 sources with less than four photometry points. The redshifts
for these are not given, but we tried to add 19 sources randomly in the redshift range
2.5 <2< 6.0 which also gives a K-S comparison probability of p=0.01. Both these
values are below p < 0.05, indicating they are not drawn from the same distribution.

In addition to studying the effect of gravitational lensing on the redshift distribution
of DSFGs, Béthermin et al. (2015) studied how their model predicts the shape and
median of redshift distributions for samples selected at different wavelengths. They
found that the difference in redshift distributions seen in Figure4.6 can be reasonably
explained by the wavelength selection. Both the distribution of Simpson et al. (2014)
and Miettinen et al. (2015) follow these predictions, although the distributions selected
around 850 um put some strain on the models, as they are peaking at slightly lower
redshifts than predicted. While there may remain some questions as to the redshift
completeness and reliability of photometric redshifts in the two comparison samples,
we interpret the selection wavelength as the main driver for the difference in redshift
distributions seen in the bottom panel of Figure4.6.
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4.3 Summary and Conclusion

We have used ALMA in Cycle 1 and Cycle 3 to determine spectroscopic redshifts for
strongly lensed DSFGs selected from the SPT survey. With this data, we confirmed
the redshifts of six sources with single-line redshifts from Cycle 0 presented in Weif
et al. (2013) and performed a redshift search for 42 additional SPT-DSFGs.

Observing in Band 6 for 8-20 minutes per source, we have measured mid- to high-J
CO lines to confirm previously reported single-line redshifts from Weif et al. (2013). In
addition to detecting lines originating from transitions in CO, we also detected [N 11],
Hy0, H,O" and NH3. The most probable redshifts (based on one line plus well sampled
photometry) for all but one source were confirmed to be correct, demonstrating a robust
method to estimate redshifts from a single line and a well measured dust temperature.
This method will be useful for future blind surveys with ALMA.

In Cycle 1 we sought redshift identification for 15 new sources selected from a 100
deg? field of the SPT survey with Sy 4mm > 16mJy, by searching for emission lines in
ALMA Band 3. In Cycle 3 we used the same technique towards 27 additional sources
from the full 2500 deg? SPT survey. We covered the frequency range 84.2-114.9 GHz
which in Cycle 1 was done in five tunings of 2 minutes each, adding up to 10 minutes of
integration per source and in Cycle 3 was done in 61-91 seconds per tuning which adds
up to a total of 5.5-6.5 minutes per source. 12 sources in Cycle 1 and all 27 sources
in Cycle 3 are detected in continuum and their spectra are extracted. In 18 sources,
we find two or more lines and unambiguously determine their redshift. In 16 sources
we find one single line and calculate the most probable redshift for each of them using
their dust temperature. For six of these sources we detect [C11] with APEX/FLASH
and for two sources we detect CO with APEX/SEPIA, securing their redshift. In one
source we do not see any lines in the 3mm ALMA spectrum, but we determine the
redshift from an absorption line detected in our ALMA Cycle 0 870 pm high resolution
imaging cube.

In total, we determine reliable redshifts for 34 sources targeted in our ALMA 3 mm
scans, present a redshift found using APEX/Z-Spec, and confirm six single-line redshifts
from Weif et al. (2013) with our targeted 1mm scans. Adding this to the already
established redshifts of SPT-DSFGs gives a final sample of 62 sources with spectroscopic
redshifts. The median of the sample is z =4.1 £ 0.2 with a slightly lower mean of Z =4.0.

Assuming no size evolution with redshift, we lensing-correct the redshift distribution
by taking into account the probability of gravitational lensing occurring as a function
of redshift. After correction for lensing, we recover the redshift distribution of DSFGs
above z > 1.5 and we find a median of z=3.5+ 0.3 for DSFGs selected at 1.4 mm. The
redshift distribution and the lensing-corrected redshift distribution are consistent with
the prediction made by the models of Béthermin et al. (2015).

By comparing to redshift distributions from the literature, we show that the se-
lection wavelength is an important variable to the shape of the redshift distribution.
The long selection wavelength (1.4mm) of the SPT DSFGs provides a promising way
of studying the z >3 tail of DSFGs, including their most distant (z >5) counterparts.

This sample of SPT-DSFGs is the most complete spectroscopic sample of DSFGs
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in the literature. Besides studying the redshift distribution of DSFGs, spectroscopic
redshifts are an important first step for future detailed studies of the ISM at high
redshifts (e.g., Aravena et al., 2013; Bothwell et al., 2013; Gullberg et al., 2015; Spilker
et al., 2015). In the future, we will work towards our goal of obtaining redshifts for
the complete sample of 100 SPT-DSFGs, which will enable detailed studies of the ISM
over cosmic time.
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CHAPTER 5

Investigating the full sample of
SPT selected Dusty Star-Forming
(Galaxies discovered through
photometric observations

This chapter presents the first analysis of the full sample of 91 SPT-DSFGs. Using
photometric observations we determine redshifts, and construct a redshift distribution
for the full SPT-DSFG sample. The observations also enable a study of the dust in
these sources through their dust temperature, dust mass, infra red luminosity and star
formation rate.

First, a short presentation of the results of the observations is given in Sec-
tion 5.1. In Section 5.2 several methods are employed to obtain photometric redshifts.
Using sources with spectroscopic redshift we test these methods to select the method
that yields the best results. The redshift distribution of the full sample is presented
in Section 5.3 and it is compared to photometric redshift distributions from recent
literature. An analysis of the dust properties is presented in Section 5.4.

We adopt a flat ACDM cosmology, with 24 =0.696 and Hy=68.1km s~! Mpc—!
(Planck Collaboration et al., 2014).

5.1 Results from photometry

Here, we present a brief summary of the observations (Section 3.2) that form the basis
for this chapter. Flux densities are listed in Table 3.2 and the thumbnail images can
be found in Appendix D.

The 91 sources were selected in the raw SPT maps at 1.4mm and 2.0mm. The
deboosted fluxes at 2.0 mm range between 0.6-25mJy with a median flux of ~ 6.0 mJy
and SNRs of 0.3-16 and at 1.4 mm they range between 6-77 mJy with a median flux
of ~22mJy and SNRs of 0.9-10. This means that the fluxes are not all significantly
detected when deboosted, but LABOCA observations have confirmed that these sources
are real.

With APEX/LABOCA we observed the sources until they were detected, which
means the observing time and noise varies from source to source. The fluxes range
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between 18 and 199 mJy with a median of ~62mJy and SNRs ranging from 4.6 to 32.

All sources were observed with Herschel/SPIRE with similar integration times. At
500 pm the fluxes are in the range 37- 554 mJy with a median flux of 118 mJy and SNRs
in the range 3.6-61. At 350 yum the fluxes are in the range 32- 757 mJy with a median
flux of 112mJy and SNRs in the range 3.8-59. At 250 um 90 out of 91 sources (98 %)
are detected with fluxes in the range 23-796 mJy, a median flux of 71 mJy, and SNRs
of 3.5-58 for the detected sources.

With Herschel/PACS 66 sources (72 %) were observed. These sources were selected
as their Herschel/SPIRE observations indicated that they were bright enough to be
detected by Herschel/PACS. 30 of these sources are detected (45 % of the observed
sources and 32 % of the full sample) at 160 pm with fluxes in the range 28-531mJy
with a median of 86 mJy and SNRs of 3.2-11. At 100 um 24 sources are detected
(36 % of the observed sources and 26 % of the full sample) with fluxes in the range
7.9-238 mJy, a median flux of 26 mJy, and SNRs of 3.3-22.

5.2 Finding redshifts

In Chapter 4 we present 53 unambiguous redshifts and a further 9 sources with redshifts
based on one spectral line + photometry. The SPT-DSFG sample, however, is larger
than this with a total of 91 sources. To create a redshift distribution including all SPT-
DSFGs, we find the photometric redshift of all sources. As described in Section 2.2 this
can be done in several different ways. The focus here is on the three methods that
yielded the best results: 1) Fitting an SED, 2) Using the wavelength of the thermal
dust peak, and 3) Fitting a library of templates.

We first explain how each of these methods work in Sections5.2.1, 5.2.2, and 5.2.3
and then test and compare them in Section 5.2.4.

5.2.1 Fitting SEDs

The SEDs are fitted using Equation 2.5, with a spectral slope of =2, and the op-
tically thin/thick transition wavelength set to 100 um, similar to Greve et al. (2012).
We attempted fitting 3 instead of fixing it, but it didn’t make a big difference in the
photometric redshifts. We ignore data shortwards of restframe 50 ym in order to only
fit the cold component of the thermal dust emission, since a single temperature SED is
usually not reproducing the entire spectral energy distribution. The free parameters for
the fit are dust temperature, redshift and the area of the source. Due to the degeneracy
between dust temperature and redshift we have to assume a dust temperature to find
the redshift. We investigate the dust temperature of our sample by fitting SEDs to all
sources with an unabiguous redshift and create a probability distribution for Tgus for
each source. We co-add these to create a probability distribution of the dust temper-
ature for the full sample of sources with unambiguous redshifts. Figure4.4 shows the
probability distribution of the dust temperature (green), and the triangle marks the
median temperature of Ty,st = 39 £ 10 K. The outlier in this distribution is SPT0452-50
which has an extremely low dust temperature of 22 K. The photometry for this source
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Figure 5.1: Peak wavelength vs redshift for sources with spectroscopic redshifts. The
circles show the individual sources and the triangles show the medians of the bins
shown by the horizontal bars. Left panel: The purple circles show the observed peak
wavelength, and the blue triangles show the median. Right panel: The yellow circles
show the restframe peak wavelength, and the orange triangles show the medians.

is well fitted (see the SED in AppendixF) and the redshift is well established from
CO(1-0) and CO(3-2) line detections, so the source simply appears to be significantly
colder than the rest of the SPT-DSFG sample. We use this dust temperature distribu-
tion to derive the photometric redshifts for all sources in the sample that do not have
spectroscopic redshifts (29 sources).

For each of these sources, we create a photometric redshift probability distribution
by randomly sampling 10% dust temperatures from the SPT-DSFG T distribution
and fitting SEDs, leaving the redshift as a free parameter. The peak of this distribution
is then used as the photometric redshift with its errors reflected by the 1o confidence
interval around the peak. This produces asymmetric errors, and we choose the largest
of the two values in order to be conservative.

5.2.2 Using A,cak

An SED identifies the redshift by fitting the position of the thermal dust peak and
assuming a dust temperature. A simpler approach would be to directly use the mea-
sured wavelength of the dust peak to identify the source redshift. By using the sources
with spectroscopic redshifts we can determine an empirical relation between the peak
wavelength and the redshift.

The peak of the thermal dust emission is determined by fitting a continuous spline
to the photometry and the error on the peak wavelength is determined by varying the
fluxes within their errors and refitting the spline 10? times and using the standard devi-
ation. The observed peak wavelengths are listed in Table 5.2. Using the spectroscopic
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redshifts, we calculate the restframe peak wavelengths, which are listed in Table4.1.
The median restframe peak wavelength is Avest, median = 91 £ 18 um, where the error is
the standard deviation. The median is well constrained, which shows that it can be
used as a redshift indicator.

Figure 5.1 (left panel) shows the relation between peak wavelength and spectro-
scopic redshift. Fitting the observed peak wavelength and redshift with a linear relation
we find the expression

2= (6.4+1.1) x 1073 Apeak + 1.2 + 0.5. (5.1)

With this expression we transform the observed peak wavelength for all sources into a
photometric redshift. The errors on the photometric redshift are calculated by adding
(in quadrature) the error on the relation between redshift and Apcak, due to the spread
of the sources and the error from varying Apeak within the errors, and the error from
recalculating the photometric redshift 10® times using the standard deviation of the
distribution as the error. The derived redshifts are listed in Table 5.2. Figure5.1 also
shows the restframe peak wavelength as a function of redshift. It is clear that there is
an evolution of the restframe peak wavelength with redshift, which means we might be
underestimating the redshifts of high redshift sources or overestimating redshift of low
redshift sources when using this method.

5.2.3 Fitting a library of SPT-DSFG templates

Another way to estimate photometric redshifts is by fitting templates or libraries of
templates to the photometric data. For this method to work well the library needs to
reflect the nature of the sources investigated. We find that the best and simplest way
to do this is by creating our own library from the large number of SPT-DSFGs with a
spectroscopic redshift based on two or more lines (we also tested finding photometric
redshifts using a single template from a star forming galaxy like Arp220, but the results
were not nearly as good as when using the SPT-DSFG library). The advantage of this
is that it is model independent and estimating a dust temperature is not necessary.
When creating the library of templates it is important to fit the photometry well.
We tested fitting a spline, a continuous spline, and a two component SED (see de-
scription in Section 5.4.3), and found similar results for all methods but the continuous
fitting with a physical motivation (the two component SED) gave the best results when
comparing to the spectroscopic redshifts. We limit the frequency range of the templates
by the lowest and highest frequency data point. The library of templates is shown in
Figure 5.2, where all sources are placed at redshift zero and the peak fluxes are shifted
for a better view of the individual templates. To determine the redshift of a source,
the full library of templates is fitted to the photometry of the source. Each template
is shifted over a fine grid of the wavelength range, fitting the amplitude at every posi-
tion to determine the quality of the fit by calculating the reduced chi square. This is
transformed into a probability distribution for each template, and the results from all
templates are combined into a redshift probability distribution for each source. The
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Figure 5.2: The library of templates created from the 53 sources in the SPT-DSFG
sample with a spectroscopic redshift. The templates are shown in their rest-frame and
the peak flux is shifted to better show the different templates. The colors vary from
the lowest redshift source in dark blue to the highest redshift source in dark red.

peak of this distribution is used as the photometric redshift and the errors are taken
as the one sigma confidence limit.

5.2.4 Testing and comparing the methods

To test the prediction power of the three methods we use the sample of SPT-DSFGs
with unambiguous redshifts and compare the photometric redshifts to the spectroscopic
redshifts. Figure 5.3 shows the comparison, with the SED based photometric redshifts
as red squares, the A\peax based photometric redshifts as purple triangles, and the tem-
plate based photometric redshifts as green circles. The left panel shows zphot VS Zspec
and the right panel zphot/Zspec VS Zspec. For the methods using the peak wavelength
and the library we have removed the source under investigation. This was also tested
for the SED fitting method, but this only made a small difference in the error, and not
in the calculated value, so the full dust temperature distribution was used.

For the SED fitting method we find a reduced chi square of the one-to-one line of
x?=0.76 and the mean of the ratio zphot Tdust/Zspec = 0.98 £0.21 (illustrated by the
red dotted line).

For the method using the peak wavelength we find a reduced chi square of the
one-to-one line of x2=1.16 and the mean of the ratio Zphot, Apeak / Zspec = 1.05 £ 0.24
(illustrated by the purple dotted line). We found the peak of the thermal dust emission
by fitting a continuous spline. We also attempted using a single component SED to
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Figure 5.3: A comparison of photometric and spectroscopic redshifts to test the
three methods of obtaining photometric redshifts. The black dashed line shows
Zphot/ Zspec = 1. Top: squares show photometric redshifts obtained from fitting an SED,
purple triangles show the photometric redshift from Apeak, and green circles show pho-
tometric redshifts obtained from fitting a library of SPT-DSFG templates. Bottom:
The photometric vs spectroscopic redshifts for all sources in the SPT-DSFG sample
with spectroscopic redshifts. Right: The ratio of zphot/Zspec VS Zspec. The dotted lines
show the median redshift of the sample shown in the same color.
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find the peak redshift, which gives results closer to that of the SED fitting method,
though not superior to this.

For the method using the library we find a chi square of x? = 0.66, though the mean
of the redshift ratio is slightly lower zphot library/Zspec = 0.95 2 0.18 (illustrated by the
green dotted line).

The three methods give very similar photometric redshifts which is encouraging and
perhaps also not so surprising. All methods give an uncertainty of only ~ 20% over
the full sample. The x? and spread of the template method is smallest, but the mean
of the redshift ratio for the SED fitting method is closer to one than for the two other
methods. Given the slightly closer to one mean of the zphot Apeak/ Zspec Tatio of the SED
method, we use the photometric redshifts derived using this method.

5.3 The redshift distribution

The best redshift distribution of the SPT-DSFGs is created using the spectroscopic
redshifts from Chapter 4 (53 unambiguous redshifts and 9 redshifts based on one spec-
troscopic line and photometry) and photometric redshifts for the remaining 29 sources.
The distribution is shown in orange in the top panel of Figure5.4. We find a median
redshift of zpest,median = 3.7 £ 0.1 for this sample. The median of the combined sample
is in full agreement with the zpedian = 3.9 & 0.4 presented in Strandet et al. (2016).

In the Chapter4 we compared the SPT-DSFG sample to, mainly, spectroscopic
redshift distributions from the literature. Since including photometric redshifts have
not significantly changed the shape of the redshift distribution of the SPT-DSFGs, we
here compare to the latest photometric redshift distributions in the literature.

Suet al. (2017) presented the redshift distribution of the ACT sources which, like the
SPT-DSFGs, consists mainly of lensed galaxies. This makes a one-to-one comparison
between the samples possible without having to correct for the effects of gravitational
lensing. The ACT sources are selected at 1.4mm with a spectral slope, similar to
that of the SPT-DSFGs, with S2mm/S1.4mm > 2 in a field of 120 deg?, where the ACT
survey and a deep Herschel/SPIRE scan overlap. They find nine sources, of which
two have a spectroscopic redshift. For the remaining seven sources the photometric
redshift is found based on flux densities from ACT at 2.0, 1.4 and 1.1 mm and from
Herschel/SPIRE at 500, 350 and 250 um. The available data is similar to that of
the SPT-DSFGs, though the fitting is done with a modified black body model with a
power-law temperature distribution. The redshift distribution is plotted in green in the
top panel of Figure5.4. It agrees well with the SPT-DSFG distribution, but given the
low number of ACT sources the uncertainty is quite high. The median redshift of the
ACT sample is Zmedian,su = 3.9 = 0.2 which is consistent with that of the SPT-DSFGs.

To compare to samples that are not gravitationally lensed, we correct the SPT-
DSFG sample for gravitational lensing as done in Section4.2.2.1. The lensing corrected
distribution is shown in blue in the bottom panel of Figure5.4. The median redshift
of this is Zlens-cor,median = 3.0 == 0.1 consistent with the lensing corrected redshift distri-
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Figure 5.4: The redshift distribution of the SPT-DSFGs. The triangles in the top
of the plots show the median of the sample with the corresponding color. Top: The
orange histogram show the full sample of 91 SPT-DSFGs, with spectroscopic redshift
for 53 sources, redshifts based on one spectroscopic line and photometry for 9 sources
and photometric redshifts of the remaining 29 sources. The spectroscopic distribution
from Chapter 4 is shown in purple. The redshift distribution of the ACT sample from
Su et al. (2017) is shown in green. Bottom: The blue histogram shows the lensing
corrected version of the orange distribution above. The redshift distribution of the
Herschel sample from Ivison et al. (2016) is shown in red.
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Table 5.1: Measured redshift distribution for SPT-DSFGs

z Zbest dn/dz  lens-cor’® dn/dz
1.0-1.5 0.01 £0.01 0
1.5-2.0 0 0

2.0-25 0.07£0.03 0.13 = 0.05
2.5-3.0 0.15£0.04 0.21 £ 0.06
3.0-35 0.19 £ 0.05 0.20 £ 0.05
3.5-4.0 0.18 £0.04 0.16 = 0.04
4.0-45 0.20 £ 0.05 0.16 = 0.04
4.5-5.0 0.10 £ 0.03 0.07 = 0.02
5.0-5.5 0.03£0.02 0.02 £ 0.01
55-6.0 0.07£0.03 0.04 + 0.02
6.0 - 6.5 0 0

6.5-7.0 0.01£0.01 0.01 + 0.01

bution from Strandet et al. (2016) (Ziens-cor,median =3.1£0.3). It is worth noting that
this distribution is very similar to what we saw in Chapter 4 for the lensing corrected
redshift distribution of the spectroscopically confirmed sources.

In the large Herschel-ATLAS imaging survey at 250, 350, and 500um a large number
of potential DSFGs was discovered. These sources are expected to be largely unlensed
(based on their faint 350- and 500-um fluxes). Ivison et al. (2016) published a photo-
metric redshift distribution of a sub-sample of these sources. The sources were selected
from different fields covering in total ~ 600 deg?, following a few criteria. The first
criterium is a 3o detection at 500 pm, then the two color criteria S500’um / 5250um >1.5
and Ss00pm / S3s0pm > 0.85 are applied to select z >4 sources. To select a reliable
sample for 870 ym follow up with LABOCA and SCUBA-2 five members of the team
went over the photometry of the sources. In total 109 sources were followed up with
LABOCA or SCUBA and included in the photometric redshift distribution. The red-
shift distribution is shown in red in the bottom panel of Figure 5.4. The median redshift
of the sample is Zmedian, Ivison = 3.7 2 0.1. The criteria for the Herschel sources were put
in place to ensure a high redshift sample, and the redshift distribution is therefore
biased towards high redshifts. The distribution for the Herschel sources is at higher
redshifts than the lensing corrected SPT-DSFG distribution, with a higher median.
It is fairly similar to the SPT-DSFG distribution without lensing correction, with an
identical median. It is clear that the selection used by Ivison et al. (2016) is efficient in
selecting high redshift sources. Using the same selection criteria as Ivison et al. (2016)
for the SPT-DSFGs, 44 sources remain (~ 50 % of the sample) and the median of these
sources 1S ZSpT_DSFCs as Ivison = 4.2 £ 0.3.



Table 5.2: Parameters obtained from photometry fitting

Source Zspec Apeak zf,ﬁ],)t zéhot gsfjry T qust M izos,:m M Z(LOS%" m Lrir Lir SFR
x10° x10° x10" x10"3

K] [Mo] [Mo] [Lo] [Lo] [Moyr ']
SPT0002-52  2.3513(4) 242419 1.5+0.6 28+0.6 1.7+0.6 423+16 6.7 £04 53+04 48792 7.9 705 1400071900
SPT0020-51  4.1228(8)  463+17 3.940.6 42406 3.740.9 383+14 86 +0.6 102+04 44732 76729  130007;29°
SPT0027-50  3.4436(1) 411427 3.1+£05 39405 31407 41.8409 151407 11.8403 827153 116772 20000732099
SPT0054-41 497+15 43408 44408 42410 41.8+09 11.3+54 547103 8271%2 1400015999
SPT0103-45  3.0917(2)  446+29 3.7+0.6 4.1+0.6 3.6+07 323+09 258+1.3 206+1.9 35+93 49729  gpop +399°
SPT0106-64  4.910(4)  381+27 3.8+0.8 3.7+£0.8 3.6+0.8 47.4+19 95 +0.6 100+£04 127732 237725  41000+39%9
SPT0109-47  3.6137(5)  405+37 3.2+0.6 3.8+0.6 34409 432+14 108406 84+03 63193 997+  17000+3000
SPT0112-55 3504234 35+0.7 35407 38+09 432414 46 +£1.9 1.7+05 07192 11132 1900 +290
SPT0113-46  4.2328(5)  623+45 5.0+0.8 52408 49409 31.3+14 168+17 142+15 23731 68737  12000*.599
SPT0114-59 393+24 29+0.6 38+06 31406 31.3+14 29 +11 19405 0977 1375} 2100 250
SPT0125-47 2.51480(6) 245+13 1.7+0.7 28+0.7 21+0.6 386+16 21.9+1.3 245+23 120705 188717 3200073000
SPT0125-50  3.959(3) 341445 3.44+0.7 34+07 38+1.1 437421 99 £08 102+1.0 69735 10571 18000+2599
SPT0128-51 454422 37408 41408 33408 43.7+21 23410 3.6+1.2 1570% 7972 1300073900,
SPT0136-63  4.299(1)  497+11 4.3+0.6 4.4+0.6 3.9+09 374414 88 06 89+04 3591 10571 1800072999,
SPT0147-64 490431 46407 44407 44409 374+14 97 407 13.2+1.5 51703 128717 2200073900
SPT0150-59 353426 3.1+0.6 35+0.6 2.7+0.7 374414 108+0.7 128+14 3.0+ 404155 6800 +27000
SPT0155-62  4.349(1) 604442 514+1.7 51417 49+1.3 304409 406+24 481+1.8 6.073L 80753 140001559
SPT0202-61  5.018(1)  361+92 4.6+1.1 35+1.1 44410 393+16 11.64+09 16.7£0.8 86*93 155717 27000+3999
SPT0226-45 400479 29406 38+06 28407 393+16 92 £35 5.0 103 302137, 5200015000,
SPT0243-49  5.699(1)  758+22 6.5+1.1 6.1+1.1 62414 32.7+16 163+1.8 248+28 37+92 787+24  13000+2000
SPT0245-63  5.626(1)  682+28 5.1+1.0 56+1.0 47+09 414+16 54 £04 6.7+03 40702 155717 2700073900
SPT0300-46  3.5954(7)  454+13 3.6+0.6 4.1+0.6 35407 386+14 7.3 £05 92409 337%54 43+100 7390 +17000
SPT0311-58  6.900(1) 510454 54+1.1 45+1.1 50+1.0 456433 23 404 41404 44733 115753 2000075509
SPT0314-44 380+23 2.7+0.5 3.7+£05 26408 456+33 149453 6.3 705 11.1tL3 1900073500
SPT0319-47  4.510(4)  422+44 3.8+0.8 39+08 38409 40.0+19 7.1 £06 80+08 45%92 79+L1  14000+2000
SPT0345-47  4.2958(2)  334+23 2.8+0.6 34+0.6 27408 502+28 57 £0.5 7.3+£08 11.4%32 177715 30000+3990
SPT0346-52  5.6559(4) 474442 4.040.8 43408 41408 505+1.9 6.7 £04 9.6+09 131792 196737  34000*359
SPT0348-62  5.656(1)  651+51 4.740.7 54407 41409 465+21 3.3 403 32402 34732 70723 1200075559
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Table 5.2: Parameters obtained from photometry fitting

Source Zspec Apeak Zohe Zphot gsfjry Taust METOHm o pg3000km Lrir Lir SFR
x10° x10° x10"? x10"?

K] [Mo] [Mo] [Lo] [Lo] [Moyr ']
SPT0402-45 273+£27 2.7+£04 3.0£04 24£07 465+21 28.9+10.5 129757 16.8T75 2900075500
SPT0403-58 436426 3.7+0.7 4.040.7 38408 46.5+21 4.9 £22 23107 30135 5000 1300°
SPT0404-59 456+22 3.8+0.9 42+09 39+1.2 465+21 3.0 +£14 1.6 705 787158 1300017000,
SPT0418-47  4.2248(7)  440+44 3.3+0.6 4.0+0.6 3.7+1.1 453+19 87 +£0.7 47+£05 687105 8972 1500073000
SPT0425-40 390£27 3.5+0.6 3.7£06 3.7£08 453%+19 7.7 £3.1 27107 36795 6200 F350
SPT0433-59 250422 24404 28404 20+05 453+1.9 10.5+3.4 43155 5.6 15%% 10000 F3900°
SPT0436-40 436+34 3.7+1.3 40413 37+£11 453+19 9.2 £4.0 3.0 103 39153 7000 1300°
SPT0441-46  4.4771(5)  500+83 4.2+0.7 44407 42409 381+1.6 9.6 £09 92+09 43102 68L03 120001505
SPT0452-50  2.0104(2)  454+20 3.8+0.7 4.1+0.7 3.6+£08 22.0+09 238+20 238£25 057107 08753 1000 F50°
SPT0457-49 444+18 34406 4.1+06 33+09 220+09 33 +14 15101 21198 3500 £i00
SPT0459-58  4.856(4) 492441 4.24+0.7 44+07 4.1+08 41.6+19 48 £04 55+06 3.6703 6.0773 1000075500
SPT0459-59  4.7993(5)  590+93 45+0.9 50+£0.9 44409 381+19 7.2 +£07 80£09 37103 151757 2600073000,
SPT0509-53 358425 3.1£06 3.5+£06 29+08 381+1.9 27 1.1 13101 1753 3000 *550
SPT0512-59  2.2331(2) 331411 24406 34+0.6 23+08 327+£09 167+09 17.7+1.8 35107 5170% 8700 T4500°
SPT0516-59  3.4045(7)  348+22 2.8+0.6 3.5+0.6 2.6+0.6 458+1.6 3.0 £02 29+02 29707 5277% 8900 T1900
SPT0520-53 450+45 3.7+£0.6 4.1+06 3.8+0.8 458+16 6.8 £2.9 25707 33155 6000 T500°
SPT0528-53 458487 4.1+£09 42+09 39408 458+16 3.2 +15 14193 18yl 3000 F300°
SPT0529-54  3.3689(1)  520£40 4.14£0.9 4.6+£09 3.9+08 31.8+09 249+14 202+£1.9 31797 43792 7300 *35)
SPT0532-50  3.3988(1)  413+26 3.440.6 3.940.6 34+09 37.6+14 163+1.0 306+3.0 7337 96737 1600075509
SPT0538-50  2.7855(1)  362+26 2.940.6 35406 26+08 365+1.2 205409 6.9 703 10.0 T35 1700013000
SPT0541-57 478413 3.9+08 43408 39409 365+12 2.5 £1.2 121907 32113 6000 F3000
SPT0544-40  4.269(0)  485+70 4.0+0.7 43407 38+08 386+14 103+0.7 115+05 46702 63722 1100075009
SPT0550-53  3.1280(7)  454+39 3.5+£0.7 4.1£07 3.6+09 332+14 102+£09 8&1+£1.0 19707 30705 5200 ‘509
SPT0551-48  2.5833(2) 278+£25 2.2+0.6 3.0£0.6 23+£0.6 38.6+16 209+1.1 111792 184735 3100075000
SPT0551-50  3.164(1)  433+22 32406 4.040.6 3.0+07 374+14 108+07 114+1.1 45733 59735 100007159
SPT0552-42  4.437(0) 510421 4.8+0.7 45407 44+11 339+1.2 81 +06 109+04 25731 62759 110007250
SPT0553-50  5.323(1)  523+35 4.8+0.8 4.6+0.8 44£09 425+19 3.6 +£03 56+03 33103 52700 9000 T30
SPT0555-62 465+86 4.0£0.7 42407 38407 425+19 87 £0.7 95+1.1 28701  5970%  10000T1559
SPT0604-64 332+£11 24406 34+£06 23+£09 425+19 255+£1.5 191+13 74737 108%12 18000732500

continued

UOIINQLISIP PIYSPOI 9L, “€°G

g9



Table 5.2: Parameters obtained from photometry fitting

Source Zspec Apeak zf,ﬁ],)t z;\,hot gsfjry T qust M izos,:m M Z(LOS%" m Lrir Lir SFR
x10° x10° x10" x10"3

K] [Mo] [Mo] [Lo] [Lo] [Moyr ']
SPT0611-55 350+22 23+03 35+03 22406 425+19 102434 65+£15 2.6 0T 3.6 LT 6100 72500
SPT0625-58 347424 29405 35+05 27407 425+19 223+1.4 228+22 637193 89799 15000+2099
SPT0652-55 452428 3.8+0.6 41406 3.8+08 425+19 21.0+8.7 8.7 0% 12.6%%5 2200075000
SPT2008-58 250+71 3.1+0.6 28+0.6 30+08 425+19 29 +1.1 28+08 13795 1.6 .51 2800 F2500
SPT2031-51 4014£50 26405 38405 25407 425419 96 +3.3 35102 51153 8800 F950,
SPT2037-65  4.000(5)  476+22 4.4+12 43+12 39413 351+14 204414 90.1+3.6 687+93 937+7> 160007129
SPT2048-55  4.089(1) 361428 4.6+0.8 3.5+08 4.6+1.2 320+16 108+10 21.6+1.2 29732 38755 6500 +999
SPT2052-56  4.259(2)  463+15 3.6+0.6 42+0.6 3.6+09 46.0+28 1.7 +02 1.4+02 16732 21731 4000 £399°
SPT2101-60 354418 3.04£0.6 3.5+06 27406 460+28 7.8 407 944+11 44735 55732 9000 F§5%0
SPT2103-60  4.4357(5)  523+£36 4.3+0.7 4.6+£07 414£1.0 374+14 98 £08 7.6+08 387133 111755 1900077050,
SPT2129-57 333+£19 3.0+£0.7 34+£07 33+£08 374+14 12.0+4.6 37703 64737 1100071050
SPT2132-58 4.7677(2)  456+60 4.7+0.9 42409 45+09 379419 6.9 £06 98+1.0 39792 907+l 150007199
SPT2134-50  2.7799(2)  265+29 1.8+0.6 29+0.6 24406 39.0+1.6 144409 132+1.3 6.9%53 106711 18000%25%9
SPT2146-55  4.5672(2) 507+£66 4.4+0.9 45+£09 42409 374+19 68 £06 87+1.0 377102 17.1F5, 2900075505,
SPT2147-50  3.7602(2) 434430 3.6+£0.7 4.0£0.7 3.6+0.7 402+14 7.0 £04 62406 34753 53707 9000 T00°
SPT2152-40 639+111 3.74+0.8 53408 42410 402+14 11.84+52 35702 57759 10000 F3509
SPT2203-41 557+43 5.0+0.8 48+08 52+1.0 402+14 6.9 +38 33701 9473 1600075550
SPT2219-42 452416 34407 41407 34408 402414 23 +1.0 1.2 1.6 25 3000 T309°
SPT2232-61 420422 31406 39406 28+0.6 402+14 82 +3.1 1o *%8 20175 3000 Teo0’
SPT2307-50 250+63 3.4+08 28+08 30408 402+14 28 +12 25+08 1.17%92 1.47+31 2500 +16000
SPT2311-45 341423 27406 34+06 26407 402+14 87 +£3.1 31101 437102 7400 1550
SPT2311-54  4.2795(4)  381+34 3.3+0.6 3.7+0.6 32408 47.7+23 3.1 +02 3.0+02 437152 79705  14000%25%9
SPT2316-50 446440 3.6+0.7 41407 35409 47.7+23 38 £1.7 15103 20120 3000 F500°
SPT2319-55 5.2929(5) 512+86 4.7+0.9 45+0.9 42409 421+21 33 £03 41+03 29 0L 39737 7000 T30
SPT2332-53  2.7256(2)  292+14 2.0+0.5 3.1+05 21406 47.4+26 16.7+1.0 9.7 105 13.873% 2400015000
SPT2335-53  4.757(2)  463+24 3.4+0.6 42+06 37+1.0 57.0£35 1.6 +£02 11+01 33+%92 41+83  70pp +11000
SPT2340-59 440431 3.8406 40406 3.64+07 57.0+35 42 +1.8 42413 217131 3.0715% 5000 T80,
SPT2349-50  2.877(1) 411461 29406 39406 29+07 37.9+1.6 63 +04 6.0+04 23755 294106 5000 1510
SPT2349-52 467435 38408 42408 38408 37.9+1.6 4.5 +21 2.0 %54 32750 5000 000
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Table 5.2: Parameters obtained from photometry fitting

SED

library

Source Zspec Apeak Zohot Zphot phot Taust METOHm o pg3000km Lrir Lir SFR
x10° x10° x10*3 x10*3

K] [Mo] [Mo] [Lo] [Lo] [Moyr']
SPT2349-56  4.304(2)  483+47 36406 43406 3.7+08 46.7+23 42 +05 22+02 28707 34738 6000 T500°
SPT2351-57  5.811(2)  474+13 41408 4.3+08 40409 535+26 1.5 +01 25+01 46+92 68719 120002099
SPT2353-50  5.576(3)  452+58 4.7+0.9 4.1+0.9 42408 46.3+23 26 +02 3.6+02 35%92 59+l 10000+200
SPT2354-58 221416 1.240.6 26+0.6 1.3+05 463423 104+0.6 103+09 58712 95+l 16000+259
SPT2357-51  3.0703(5) 442422 3.240.7 41407 3.74+1.0 372+12 80 +£06 48403 18732 24732 4100 FLi000

All parameters are given as observed. The intrinsic Mqust, Lrir, Lir, and SFR is found by dividing by the average sample magnification p=>5.5.
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5.4 Dust properties

Through SED fitting we can obtain more than the photometric redshift. In Sec-
tion4.1.3.3 we have already briefly discussed the dust temperature, when creating a
dust temperature distribution to use find photometric redshifts. We will discuss the
dust temperature in more detail in Section 5.4.1. We furthermore present dust masses,
infra red luminosities, and star formation rates of the sample.

5.4.1 The dust temperature

To find dust temperatures of the SPT-DSFGs we employ the same method as for finding
photometric redshifts (see Section4.1.3.3), but instead of fixing the dust temperature
and varying the redshift, the redshift is fixed to the spectroscopic redshift and the dust
temperature is varied. This creates a probability distribution for the dust tempera-
ture of each source. In Figure4.4 the combined dust temperature distribution for the
53 sources with unambiguous spectroscopic redshifts is shown. The calculated dust
temperatures are listed in Table 5.2.

Figure 5.5 shows the dust temperature as a function of redshift for the 53 sources
with spectroscopic redshift (orange circles). The scatter in the dust temperature is
large, so to investigate whether the dust temperature evolves with redshift the sources
are sorted into redshift bins of one and the medians of these bins are shown with red
triangles, where the horizontal error bars show the bin size and the vertical error bars
show the spread. The medians are increasing with redshift, and a linear fit to the
sources yields a slope of 2.7+ 0.8 K, which means that the slope is detected with an
SNR ~ 3, confirming the existence of a trend.

To see how the SPT-DSFGs compare to the large, but lower redshift samples in
the literature, we plot dust temperatures derived from SED fitting of star forming
galaxies from Béthermin et al. (2015) and trends of the evolution seen by Magnelli
et al. (2014). The sample of Béthermin et al. (2015) consists of star forming galaxies
in the COSMOS field with redshifts up to z=4. The sample is mass-selected from
the UltraVISTA sample (Ilbert et al., 2013), with criteria in place to select only star
forming galaxies. The sources are split into two groups, star forming galaxies on the
main sequence and starburst galaxies. Each group is split into 11 redshift bins for
which a median flux densities are calculated. Dust temperatures are not derived for
the Béthermin et al. (2015) samples, but by fitting the median photometry in the same
way as for the SPT-DSFGs we find a dust temperature for each of the redshift bins.
The median SEDs are broader than that of the typical SPT-DSFG, which is most
likely due to the stacking of the SEDs, as shifts in the peaks of the SEDs within each
redshift bin will translate into a broad peak. For the SPT-DSFG sample we see a large
spread in dust temperatures, also within the redshift bins defined by Béthermin et al.
(2015) (see Figure5.2 and 5.5). With the broad SEDs it is hard to identify the peak
of the cold dust, which could lead to an over estimation of the dust temperature. The
samples are plotted in Figure 5.5 in blue for the main sequence galaxies and turquoise
for the starburst galaxies. Both groups show an evolution of dust temperature with
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Figure 5.5: Dust temperatures as a function of redshift. The orange circles show the
individual sources and the red triangles show the mean dust temperature of the bin
shown by the horizontal error bar. The blue squares show main sequence star forming
galaxies (Béthermin et al., 2015) and the turquoise squares show starburst galaxies
(Béthermin et al., 2015). The pink dashed line is a power-law fit to the SPT-DSFGs
and the purple dashed line shows a power-law fit to the combined sample of main
sequence galaxies from Béthermin et al. (2015) and the SPT-DSFGs. The solid black
line shows the relation between dust temperature and redshift found by Magnelli et al.
(2014) for main sequence galaxies, and the dotted black line is the extension of this.
The gray line is the same relation for starburst galaxies.
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redshift. The starburst galaxies appear warmer than both the main sequence sample
and the SPT-DSFGs. However, the SPT-DFSGs seem to be an extension of the trend
of main sequence galaxies. We note that the slope of the main sequence galaxies from
Béthermin et al. (2015) is steeper (6.9+1.2K, or 3.9+ 1.1K ignoring sources above
z < 3).

Magnelli et al. (2014) studied the relation between dust temperature and redshift
for star-forming galaxies up to z <2 from deep PACS and SPIRE observations. They
derived this relation between the dust temperature and redshift, that also depends on
the specific star formation rate (sSFR =SFR/M.,)

Taust = 26.5(1 + 2)°1® + 6.5 x Alog(sSFR)usK. (5.2)

Alog(sSFR)Ms represents the distance from the main sequence. This relation is plot-
ted in Figure5.5 for main sequence galaxies (black) and for starburst galaxies (gray,
10 x sSFR). The solid lines represent the redshift range for which this relation was
fitted, and the dotted line is the extension. The pink line shows a power-law fit to
the SPT-DSFGs, which has a power of 0.38+0.03. As the redshifts of SPT-DSFGs
are all higher than seen for the Magnelli et al. (2014) sample, we combine it with the
main-sequence sample from Béthermin et al. (2015), giving us a sample with a large
redshift range of 0.1 <2< 6.9. A power-law fit to this sample gives the expression

Taust = (26.7 £ 13.6)(1 4 2)0-26+0-33K (5.3)

and is shown by a purple line in Figure 5.5. There is a large error on this parameter, but
it is close to that found for the Magnelli et al. (2014) sample. Fitting the SPT-DSFGs
to a power-law using the constants found by Magnelli et al. (2014) we find that the
sample lies 3.2 K above the main sequence.

With the large SPT-DSFG sample with spectroscopic redshifts, it is possible to
extend the relation between dust temperature and redshift to higher redshifts than
previously seen. The trend observed for the SPT-DSFGs is similar to that of lower
redshift sources, and they seem to follow the power-law suggested by Magnelli et al.
(2014) well.

Whether the relation between redshift and dust temperature could be a result of
the selection effect for the SPT-DSFGs is not fully clear and an in-depth study would
require detailed numerical simulations based on galaxy evolution models. Sources with
higher redshift will be selected at shorter intrinsic wavelengths, which means closer to
the peak of the thermal dust emission. As the position of the peak shifts as a function
of dust temperature, there could be a selection bias, but it is difficult to predict exactly
which effect this would have.

5.4.2 Dust masses

We use Equation 2.8 to determine dust masses of the full SPT-DSFG sample, based on
the 870 um fluxes, using £[m?kg '] = 0.045(vrest /250 GHz)? | where 8 =2 as Greve et al.
(2012). We tested varying 3, but only when using 5 =2 we find similar values when
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comparing the dust mass calculated based on the 870 um flux density with that based
on the 3.0 mm flux density. The median dust mass of the sample is Mqust median = (4.1£
3.4) x 10° M, and when correcting for the average magnification of the sample (u=5.5
Spilker et al., 2016) we find Maust median/ /= (6.4 & 5.4) x 10%M¢. This is consistent
with what is found for the 99 ALESS DSFGs investigated by da Cunha et al. (2015),
with a median dust mass of Myus = (5.6 & 1.0) x 108 M.

Using a gas-to-dust-mass ratio of 150 (Weifs et al., 2008) we find a demagnified
gas mass for the SPT-DSFGs of Mgas median/pt = (9.5 £ 8.0) x 10'°M. This is slightly
higher than what is observed for the DSFGs presented by Bothwell et al. (2013), where
a mean gas mass of Mgas = (5.3 4 1.0) x 10190, was found, based on CO observations.

This comparison shows, that the 1.4 mm selected, bright SPT-DSFGs probe simi-
larly gas rich systems as 850 um selected samples, albeit at higher redshift.

5.4.3 Far Infra Red luminosity and Infra Red luminosity

To estimate the amount of dust obscured star formation in the SPT-DSFGs we calculate
their FIR and IR luminosities. The FIR luminosity Lgrg is defined as the integral of
the thermal dust peak between 40 and 120 ym and the IR luminosity Ly is integrated
between 8 and 1000 pm. The data we currently have for the SPT-DSFGs does not
cover the full wavelength range of the Lig and for sources with z < 5.2 and no PACS
data the full Lpg range is not covered. This means we need to extrapolate the SED
fit for a few sources to determine Lyir and for all sources to determine the Lig. When
we want to characterize the full SED a single modified black body does not describe
the data sufficiently. There are several ways to fit all the data points, and we describe
four here. Figure5.6 shows the different fits for four different sources to demonstrate
the strengths and weaknesses of the different methods. The methods are:

Spline: Connecting the photometric data by a continuous spline is the simplest way
of describing the data without assuming anything about the source. The disadvantage
of this method is that it is impossible to extrapolate as there is no physics in the spline
to base it on. As stated above this will give problems when calculating the Lyg for
a few sources and the Lig for all sources. Figure5.6 shows the spline fits as the green
dot-dashed lines. SPT0113-46 (upper right panel) is an example of a source where the
data does not cover the frequency range for the Lpig.

Single component SED fit: Fitting a single component SED is one of the simplest
way to fit the data. From Figure5.6 it is clear that this method does not fit the
data well enough, especially at short wavelengths, to give an infrared luminosity. This
method is sometimes used for an easy comparison between many samples like done by
e.g. Gullberg et al. (2015).

Two component SED fit: To fit SEDs with two dust components we use Equation 2.5
but add an extra Planck function (B, (Tgust2)). In principle we could fit more than
two components but given the limited data we have, this will not improve the fit
significantly. The two component SEDs are shown in Figure5.6 as the solid blue line
with each component shown as a dotted blue line. This method generally fits the data
well and offers a reasonable extrapolation towards shorter wavelengths.
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Figure 5.6: SEDs for the four sources: SPT0002-52, SPT0113-46, SPT0125-47, and
SPT0532-50 shown at the observed frequency. The vertical lines show the integration
limits for the FIR (dotted, 120 — 40 ym rest) and IR luminosity regime (dashed, 1200 —
8 pm rest) The purple solid lines show the single modified black body, the orange dashed
line is the Arp220 template, the blue solid line shows the two component modified black
bodies with the blue dotted lines showing the two individual components, and the green
dash-dotted line shows the spline.
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Fitting a template: Unfortunately we cannot use the library of templates we created
from the SPT-DSFGs as these are cut off at the last data point and they will therefore
have the same issue as the spline when it comes to integrating Lpig and Lig. Instead,
we use the template of the prototypical low redshift (z=0.1) ULIRG Arp220 (Silva
et al., 1998). This template is shown with an orange dashed line in Figure 5.6. To fit
the template we shift it to the spectroscopic redshift of the source and fit the amplitude
to the data. The advantage of using a well described template as the one of Arp220 is
that it gives a good idea of how the extrapolation at the high frequency side could look
like. The disadvantage is that the SPT-DSFGs have many different SED shapes and
the SED of Arp220 does not always follow the data very well (e.g. SPT0002-52 and
SPT0113-46). The difference in the fit of the high frequency regimes of SPT0113-46
and SPT0125-47 are good examples of why we should be careful with the extrapolation.

We find that the two component SED fitting is the best method to ensure both
a good fit to the data and a reasonable extrapolation, and we use this method to
determine the Ly and Lig. Both infrared luminosities are given in Table 5.2 for all
sources. As seen from Figure 5.6 we might be underestimating the Lig at the highest
frequencies compared to what we see in Arp220. This difference is up to ~ 10% of the
infrared luminosity which we add in quadrature to the error.

Figure 5.7 shows the far infrared luminosity plotted as a function of redshift for all
sources (orange circles). The red triangles indicate the median of redshift bins given
by the horizontal bar, showing that there is no change in redshift.

The median Lyig of the sample is Lpir mea = (3.5 £2.9) x 1013L,. When corrected
for the average magnification of the sample, the median Lpir is LR med/t = (6.4 £
5.3) x 10121,

The median Lig of the sample is Lig med = (6.3 & 5.4) x 103 L, which demagnified
becomes Lig med/t= (1.2 £ 1.0) x 10" L. This places the samples on the border
between being Ultra luminous galaxies (ULIRGs, 10'2 < Lig/Ls < 10'3) and Hyper
luminous galaxies (HyLIRGs, 10'3 < Lig /Le < 10) (Casey et al., 2014).

Based on the infrared luminosity we can estimate an SFR based on Equation 2.9.
The calculated apparent SFRs for the SPT-DSFG sample are given in Table 5.2. The
median SFR of the full sample is SF Redian = 10800 + 9300, which demagnified is
SF Rinedian/ 1 = 2000 £ 1700.

5.5 Conclusion

Photometric observations are used to, for the first time, study the full SPT-DSFG
sample of 91 sources. All the sources has well-sampled photometric coverage with
observed flux densities at 2.2 and 1.4mm (SPT), 870 um (APEX/LABOCA), and 500
350, and 250 um (Herschel/SPIRE). For a subsample of 66 sources, where the thermal
dust peak was not completely covered, Herschel/PACS observations at 100 and 160 gum
were conducted. We test different methods of obtaining photometric redshift, and use
SPT-DSFGs with spectroscopic redshifts to compare the methods. We find that the
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Figure 5.7: FIR luminosity as a function of redshift. The orange circles show the SPT-
DSFGs, where the darker filling indicates the sources with spectroscopic redshifts and
the lighter filling illustrates the sources with photometric redshift. The red triangles
show the medians of the redshift bins illustrated by the horizontal bars.

best method is fitting a single component SED, using a dust temperature distribution
based on SPT-DSFGs with spectroscopic redshifts. We create a redshift distribution
for the full sample by combining the redshifts of the 62 sources with spectroscopic
redshifts (unambiguous and one line redshifts) with the photometric redshifts of the
remaining 29. By replacing the redshifts of the 53 sources with spectroscopic redshifts,
with these, we create the best possible redshift distribution of the sample, which shows
a very consistent median of zpno =3.740.1. The spectroscopic redshift distribution
has a much flatter peak than the photometric redshift distribution though.

For the first time the SPT-DSFG sample could be directly compared to a grav-
itationally lensed sample, like that of the ACT sources from Su et al. (2017). The
distributions of the two samples are very similar, with a similar medians, though the
number of sources in the SPT-DSFG distribution is 10 times as large as that of the
ACT sources.

A comparison is also made to the photometric redshift distribution of a selection
of high redshift likely unlensed Herschel DSFGs presented by Ivison et al. (2016). The
selection is specifically created to select high redshift sources, and can therefore not
be interpreted as unbiased. The two samples are very similar, with similar medians.
When the SPT-DSFG sample is lensing corrected (as it should be for this comparison)
we find a median of zjens—cor = 3.0 0.1, and this distribution peaks at lower redshifts
than that of Ivison et al. (2016).

The SPT-DSFG redshift distribution, after correcting for biases from gravitational
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lensing, allows us to study the high redshift tail of DSFGs in a statistically robust
manner.

The median dust temperature of the SPT-DSFGs with spectroscopic redshifts is
Taust =39+ 6 K, and we find that the dust temperature increases with redshift following
a trend seen for lower redshift sources. We show that this evolution can be described
by the expression Tyus = (26.7 4 13.6) (1 + 2)(0-26+0:33)

We use the 870 pm flux density to determine an intrinsic (correcting for lensing
using the average magnification of the sample of 4 =25.5) median dust mass of the full
sample of Myust = (6.4+5.4) x 108M@. Using a gas-to-dust-mass-ratio of 150 we convert
this into an intrinsic gas mass of Mgas = (9.5 £ 8.0) x 10190,

By fitting a two component SED to the flux densities we find an intrinsic FIR
luminosity of Lrig = (6.4 & 5.3) x 10'2L¢, and we find that there is no evolution with
redshift. This translates into an intrinsic SFR. of 2000 & 1700 Mg yr—1.

This is one of the largest and most uniform photometric databases of DSFGs known
to date.
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CHAPTER 6

ISM properties of a Massive Dusty
Star-Forming Galaxy discovered at
z~ 7

In this chapter we report the discovery and constrain the physical conditions of the in-
terstellar medium of the highest-redshift millimeter-selected dusty star-forming galaxy
(DSFG) to date, SPT0311-58, at z2=6.900 + 0.002. The content of this chapter is pub-
lished in Strandet et al. (2017) Strandet et al. 2017, The Astrophysical Journal
Letters, Volume 842, Issue 15. We constrain the properties of the ISM in SPT0311-
58 with a radiative transfer analysis of the dust continuum photometry and the CO
and [C1] line emission. This model was created and run for SPT0311-58 by Dr. Axel
Weifs . We also observe [C11] for this source and use this to put the source into the
context of other star forming galaxies.

6.1 Introduction

Here we present the DSFG SPT—S J031132—5823.4 (hereafter SPT0311-58) discovered
in the SPT-SZ survey (Carlstrom et al., 2011; Vieira et al., 2013). SPT0311-58 is the
highest redshift millimeter-selected DSFG known to-date, located well into the EoR
at a redshift of z=6.900+0.002. With this source, we take a step of almost 100 Myr
closer to the Big Bang than the previously most distant DSFG at z=6.34 found by
Riechers et al. (2013), bringing us ~ 760 Myr away from Big Bang. Throughout this
chapter, we assume a ACDM cosmology with Hyp=70 kms~! Mpc™!, Qr =0.7 and
Qv =0.3.

6.2 Observational Results

6.2.1 Determining the redshift

The redshift scan for SPT0311-58 was performed in ALMA band 3 by combining five
tunings covering 84.2 — 114.9 GHz (project ID: 2015.1.00504.S; see Weifs et al., 2013;
Strandet et al., 2016, for further details on the observing setup). The observations
were carried out on 2015 December 28 and 2016 January 2 in the Cycle 3 compact
array configuration. The number of antennas varied from 34 to 41, with baselines up
to 300 m yielding a synthesized beam size of 272 —370. Typical system temperatures for
the observations were Tyys =50 — 80 K (SSB). Flux calibration was done with Uranus,
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Figure 6.1: The lower part of the figure shows the ALMA 3mm spectrum of SPT0311-58
spanning 84.2 — 114.9 GHz. The spectrum has been binned to best show the lines. Transitions
labeled in black are detected and gray labels indicate where other transitions should be. The
red line indicate the zeroth order baseline. The sub-panels above the spectrum show, from
left to right, the continuum-subtracted spectra of: ATCA CO(3-2), ALMA CO(6-5), ALMA
CO(7-6) and CI(2-1), and APEX [C11] with ALMA [C11] overlaid as a solid black histogram.
Gaussian fits to the spectra are shown in red.

bandpass calibration with J0334—4008, and phase calibration with J0303—6211 and
J0309—6058. The on-source time varied between 60 seconds and 91 seconds per tuning,
accounting for a total of 6 minutes and 10 seconds. The data were processed using the
CASA package (McMullin et al., 2007).

We created a cleaned 3mm continuum image by combining all 5 tunings. This
yields a high SNR of ~35. We also generated a spectral cube using natural weighting
with a channel width of 19.5 MHz (50 — 65kms~! for the highest and lowest observing
frequency, respectively), which gives a typical noise per channel of 0.9 ~1.7 mJy beam~!.

The ALMA 3mm spectrum of SPT0311-58 was extracted at the centroid of the
3mm continuum emission (a: 03211337142 §: —58°2333737 (J2000)) and is shown
in Figure6.1. We detect emission in the CO J= 6 — 5 and 7 — 6 lines and the [C1]
3P, —3 Py line (in the following 2 — —1) and their noise-weighted line frequencies yield
a redshift of 2 =6.900+0.002. We also see hints of HyO (211 — 202) and CH*(1-0), but
these are not formally detected in this short integration.

The line and continuum properties are given in Table6.1. For the fit to the CO(7-6)
and [C1](2-1) lines we fix the line width to the mean value derived from the unblended
lines. Their uncertainties include the variations of the line intensities for a fit where
the line width is a free parameter.
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Table 6.1: Observed properties of SPT0311-58

Line properties Continuum
properties
Transition [ Ssdv ave L' x10" L x10° A S,
Uy km/s]  [km/s] [Kkm/s/pe?]  [Lol | [im]  [mJy]
CO(3-2) 0.96 + 0.15 790 + 150 1.52 £ 0.24 2.01 +£0.32 | 3000 1.30 &+ 0.05
CO(6-5) 2.10 £ 0.33 720 + 140 0.83 £ 0.13 8.8+t 14 2000 75+ 1.3
CO(7-6) 2.78 £+ 0.80 750° 0.81 + 0.11 13.6 £ 1.8 | 1400 19.0 £ 4.2
[C1](2-1) 1.29 £ 0.80 750° 0.37 £ 0.10 6.4+ 138 870 32.0 £ 5.0
[C1I]aPEx 22.1 £ 5.1 890 £ 260 1.16 £ 0.27 254 + 59 500 52.0 £ 8.0
[CII]aLMa 25.88 £ 0.65 1.36 £ 0.03 298.1 £ 7.5 | 350 38.0 £ 6.0
250 29.0 £ 8.0

a FWHM
b fixed from CO(3-2) and CO(6-5).

6.2.2 Observations of CO(3-2) and [C1j]

We used the 7mm receivers of the Australia Telescope Compact Array (ATCA) to
observe the CO(3-2) line (project ID: CX352). Observations were carried out with
the hybrid H214 array, which yields a beam size of 5-6” at the observing frequency
of 43.77 GHz. The line is detected with a SNR of 5.0 at a frequency and line width
consistent with the ALMA derived redshift and line profiles.

In addition, we used the Atacama Pathfinder Experiment (APEX) to observe [C11]
at 240.57 GHz. The observations were carried out in 2016 April-May in good weather
conditions with a precipitable water vapor content < 1.5mm (project IDs E-296.A-
5041B-2016 and M-097.F-0019-2016). The observations were performed and the data
processed as described by Gullberg et al. (2015). The [C11] line is detected with a SNR.
of 4.3. From ALMA high spatial resolution observations of the [C11] line (Marrone et al.
in submitted; project ID: 2016.1.01293.S), we extract a [C11] spectrum and flux, which
are in good agreement with the APEX data. We adopt the ALMA [C11 flux hereafter.

The line parameters derived from Gaussian fits to the data are given for both
transitions in Table6.1; the spectra are shown in Figure6.1.

6.2.3 FIR dust continuum

Table 6.1 (right) summarizes the dust continuum observations of SPT0311-58. With
seven broadband continuum detections between 3 mm to 250 um, the far-infrared spec-
tral energy distribution (SED) of SPT0311-58 is thoroughly covered.

The SPT 1.4 and 2.0 mm flux densities were extracted and deboosted as described
by Mocanu et al. (2013). We obtained a 870 um map with APEX/LABOCA (project
ID: M-091.F-0031-2013). The data were obtained, reduced, and the flux extracted
following Greve et al. (2012). Using Herschel/SPIRE, we obtained maps at 250 um,
350 pm and 500 um (project ID: DDT mstrande 1). The data were obtained and
reduced as described by Strandet et al. (2016).
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Figure 6.2: Results of simultaneous fitting of the CO SLED (left), SED (middle) and [C1]
(right) line flux. The CO line intensities are plotted as filled circles, the continuum fluxes as
open circles and the [CI]flux as an asterisk. The blue dashed line and squares show the cold
component, the red dotted line and triangles show the warm component, the black solid line
and circles (in right panel) show the combination of the two components. In gray is shown
similar data for HFLS3 (dots and dotted line) and Arp220 (crosses and solid line), normalized
to the CO(6-5) flux of SPT0311-58 for the CO-SLED and to the peak of the continuum
SED of SPT0311-58 for the SED. The line fluxes and continuum properties fitted are listed
in Table6.2. Left: Two component CO-SLED. Middle: Two component SED fitting based.
Right: The contribution of each of the two components to the [C1](2-1) line and predictions
for the [C1](1-0) line.

From our photometry, we derive an apparent far-infrared (FIR) luminosity (inte-
grated between 40-120 um rest) of Lyg = 4.1+ 0.7 x 10'3 Ly, (see Figure6.2).

6.3 Characterizing the ISM in SPT0311-58

6.3.1 Source properties from high resolution imaging

ALMA high spatial resolution imaging (angular resolution of 0.3 x 0.5”) of the [C11]
line in SPT0311-58 shows that the system consists of two galaxies in close proximity
(Marrone et al. in submitted). Only the western source is significantly gravitationally
magnified and this source dominates the apparent continuum luminosity (>90% of the
restframe 160 ym continuum flux density is emitted by the western source). In the
following, we assume that the contribution from the eastern source is negligible and
model the system as a single object, using the system magnification of g =1.9 (Marrone
et al. in submitted).

6.3.2 Radiative Transfer Models

We use the FIR photometry and the line luminosities from Table6.1 to simultane-
ously model the dust continuum, CO spectral line energy distribution (SLED), and
the [C1](2-1) line following the radiative transfer calculation presented in Weif et al.
(2007). In this model, the background radiation field is set to the cosmic microwave
background (CMB) for the dust and to the CMB plus the dust radiation field for the
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Table 6.2: ISM parameters of SPT0311-58 from the radiative transfer calculation

Parameter unit overall cold component warm component
ro® pc (4000 4 1700) =2 (3700 & 1300) /2 (1500 % 1200) p~*/?
Tiust K 36 £+ 7 115 + 54
Tiin K 58 + 23 180 + 51

log(n(Hz)) em™? 3.7+04 5.1+ 1.9
dVturh kms™? 130 + 17 100 + 4
Kovir ? 1.9+ 1.9 31425

GDMR 110 + 154

8 1.91 + 0.05¢

[C1]/[Hs] (6.0 + 1.4)x107° (1.7 + 2.3)x107°
Must Mg (5.7 £ 0.8)x10° p~* (5.24£0.7)x10° = * (4.8 +£0.7)x10% p~*
Mas Mg (6.3 £3.7)x10" =t (5.7+£3.8)x10" p=!  (5.3£3.8)x10"0 p?
aco M?/lK ) 4.8 +29 5.5 + 4.0 3.1+25

kms™" pc

Lrir L (41407 x10® ™t (1.2+£1.1) x 1083 ™" (2940.7) x 102 !
SFR*® Mg yr™! (4100 4 700) p~*
tdep Myr 150 + 90

lines. The line and dust continuum emission are further linked via the gas column den-
sity in each component that introduces the turbulence line width as a free parameter in
the calculation (see Eq. 7 in Weif$ et al., 2007). The gas column density calculated from
the line emission together with the gas to dust mass ratio (GDMR) then determines
the optical depth of the dust.

The calculations treat the dust and the kinetic temperature as independent param-
eters, but with the prior that the kinetic gas temperature has to be equal to or higher
than the dust temperature. Physically, this allows for additional sources of mechanical
energy (e.g. shocks) in the ISM in addition to photo-electric heating.

The chemical parameters in our model are the CO and [C1| abundances rela-
tive to Hy and the GDMR. We use a fixed CO abundance of 8 x 107° relative to
Hy (Frerking et al., 1982), but keep the [C1] abundance and the GDMR as free pa-
rameters. For the frequency dependence of the dust absorption coefficient we adopt
ka(v)=0.04 (v/250 GHz)? [m? kg~!| (Kruegel & Siebenmorgen, 1994), which is in good
agreement with kg7oum =0.077 m? kg~ ! used in other work (see Spilker et al., 2015, and

references therein), for our best-fitting .

Model solutions are calculated employing a Monte-Carlo Bees (Pham & Castellani,
2009) algorithm which randomly samples the parameter space and gives finer sampling
for good solutions (as evaluated from a y? analysis for each model). In total, we
sample ~ 107 models. Parameter values and uncertainties were calculated using the
probability-weighted mean of all solutions and the standard deviations.
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6.3.3 Model results

Figure 6.2 shows the CO SLED, the continuum SED, and [C1] flux density. From the
figure, it is apparent that the dust continuum SED cannot be modeled with a single
temperature modified black body, so we instead fit two components. Since we have no
information on the high-J CO transition, we use the shape of the CO SLED of Arp220
(Rosenberg et al., 2015) and HFLS3 (Riechers et al., 2013) as priors. With this choice,
we compare the moderately excited CO SLED of Arp220 (see Rosenberg et al. (2015)
for a comparison of Arp220 to other local ULIRGSs) to the more extreme case of HFLS3
where the CO SLED stays high up to the Ju, =9 level (see Figure 6.2). The use of the
priors mainly affects the parameters of the warm gas and therefore only has a small
effect on our derived gas mass (see below). Table 6.2 lists the parameters obtained from
the radiative transfer calculations for the Arp220 prior, not corrected for magnification.

For both priors, the warm dust component dominates the peak of the CO SLED
and the short wavelength part of the dust spectrum and therefore the FIR luminosity.
Its size is small compared to the cold gas with an area ratio of ~6 (ro=1.7+1.4kpc
where 7¢ is the equivalent radius defined as ro = Dp /Qs/m (Weik et al., 2007)) for
HFLS3 and slightly smaller for Arp220) which implies that the region of intense FIR
continuum emission is significantly smaller than the overall gas distribution. Due to a
lack of observations of CO transitions beyond (7-6), its properties are mainly driven
by the assumed shape of the CO SLED for the high-J transitions. But the models for
both priors indicated consistently that the warm gas has a substantial density (of order
10° cm™3), a dust temperature of ~100K and a kinetic temperature in excess (but
consistent within the errors) of the dust temperature (7, =180+ 50K when using
Arp220 priors).

The cold dust component is required to fit the CO(3-2) and [C1] line emission, and
the long wavelength part of the dust SED. Due to its large extent and relatively high
density (ro=3.7+1.3kpc, log(n(H2) =3.7+£0.4)), it carries ~90% of the gas mass.
The abundance of neutral carbon in this gas phase is [C1]/[H2] =6.0 £1.4x1075 in
agreement with other estimates at high redshift and in nearby galaxies (e.g. Weif et al.,
2005, and references therein). For both priors, the cold gas dominates the CO(1-0)
line luminosity. As for the warm gas, we find that the kinetic temperature is above the
dust temperature (Tgust =36 £ 7K, T, = 58 £ 23 K), which may suggest that the ISM
in SPT0311-58 experiences additional mechanical energy input e.g., via feedback from
stellar winds or AGN driven outflows. This is also supported by the large turbulent
line width of order 100 kms~! and super-virial velocity gradients (Kvir > 1, see note b
in Table 6.2) we find for both components and priors.

We use the kinematic parameters (dviyt and kyir) together with the source size
and the Hs density for each component (see Eq. 8 in Weifs et al., 2007) to derive a
total apparent gas mass of Mgas = (6.3 +3.7) x 101'Mg, (including a 36% correction to
account for the cosmic He abundance). For the HFLS3 prior, the gas mass is ~30%
higher.
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6.4 Discussion

6.4.1 Gas mass conversion factor

With the independent gas mass estimate from the radiative transfer models in-hand we
can also derive the gas-to-dust mass ratio (GDMR) and the CO-to-Ha conversion factor
(aco) for SPT0311-58. Since the CO(1-0) transition has not been observed, we use the
flux density from the radiative transfer model which predicts I¢o1—g) =0.10£0.03 Jy
km/s. In our models, we assume that each gas component has the same GDMR and we
find GDMR =110 4+ 15. Due to the different physical conditions in each gas component,
there is a specific aco value for each component. For the cold dust component, we
find aco=5.5+4.0 Mo (Kkms~!pc?)~! and for the warm dust component aco =
3.1+ 2.5 Mo (Kkms! pc?)~!. Combining both gas components we find for SPT0311-
58 aco = 4.8 £2.9 My (Kkms—! pc?)~L.

When calculating gas masses for ULIRGs, a factor of «ago =
0.8 Mo(Kkms™tpc?)~! is typically assumed (Downes & Solomon, 1998), signifi-
cantly below our estimate. The difference can easily be explained by the much higher
densities we find in both components compared to the models from Downes & Solomon
(1998) in which most of the CO(1-0) luminosity arise from a diffuse inter-cloud
medium. Since the bulk of the gas mass of this source is in the dense component, it is
vital to include the higher-J CO transitions in the calculation of aco.

A similar two-component analysis was done for the broad absorption line quasar
APMO08279-+5255 at z=3.9 (Weil et al., 2007), where the dense component was
found to dominate the CO(1-0) line by 70%. They find a high conversion factor of
aco~6 Mo(Kkms™!pc?)~!, similar to what we find in the dense gas component.
A similar reasoning for higher CO conversion factors owing to the presence of dense
gas was put forward by Papadopoulos et al. (2012) based on the CO SLED in local
(U)LIRGs.

6.4.2 [C1j]

From our [C11 detection, we derive a Lcry/Lrir ratio of (7.3+£0.1)x107%. Figure 6.3
shows that this puts SPT0311-58 into the lower region of the Ljcyy/Lrir ratio observed
in a larger sample of SPT-DSFGs (Gullberg et al., 2015). Similarly, low Ljc/Lrir
ratios are found for the z =6.3 star-forming galaxy HFLS3 (Riechers et al., 2013) and
for the z="7.1 QSO host galaxy J112040641(Venemans et al., 2012).

The Licm/Lco(i-oy ratio in SPT0311-58 is similar to what is observed in the
SPT sample (4300 + 1300 compared to 5200 4 1800 Gullberg et al., 2015), and HFLS3
(~3000, Riechers et al., 2013). This is consistent with the picture in which the [C11]
emission stems from the surface of dense clouds exposed to the strong UV field from
the intense starburst in SPT0311-58 (Stacey et al., 2010; Gullberg et al., 2015; Spilker
et al., 2016).

The larger [C11] deficit together with the decreasing Licrj/Looq o) ratio of
SPT0311-58 and other high redshift sources compared to local galaxies may be under-
stood as a consequence of an increasing gas surface density (Narayanan & Krumholz,
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Figure 6.3: Liciy/Lrir vs Licir/Leo(i-o) with PDR models and samples adapted from Gull-
berg et al. (2015). The red star shows how SPT0311-58 falls within the larger SPT DSFG
sample. The typical error bar for the low redshift sample is presented by the black cross.

2017): the higher molecular gas surface density pushes the Hy + Hs mass budget to-
wards higher Hy fractions. Since [C11] mainly arises from the PDR zone associated
with Hy and the outer Hy layer, this effect reduces the size of the [C11] emitting region
and therefore the [C11] line intensity. At the same time, the ratio of Liciy/Leo(i-o) Will
decrease due to an increase in the fraction of carbon locked in CO compared to [C11].

6.4.3 Concluding remarks

Both our radiative transfer model and fine structure line results indicate that SPT0311-
58 resembles typical DSFGs, just at z~ 7. This is also supported by its extreme SFR
surface density of Ygpr ~ 600 Mgyr~tkpe=2 (derived using the size of the warm gas
component that dominates the FIR luminosity) which approaches the modeled values
for radiation pressure limited starbursts (103 Mg yr~tkpce=2 Thompson et al., 2005) and
is comparable to what is found in other starburst like Arp220, HFLS3 and other SPT-
DSFGs (Scoville, 2003; Riechers et al., 2013; Spilker et al., 2016). Future observations
of this source will explore its spatial structure, physical conditions, formation history,
and chemical evolution in great detail as it is one of very few massive galaxies known
at z~7.
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CHAPTER 7

Summary and Future outlook

The SPT-DSFGs are selected from the large 2500 degree? SPT survey at 1.4 mm and
2.2mm, and consist of mostly strongly lensed galaxies at high redshifts.

To investigate the high redshift nature of the sources, we create a spectroscopic
redshift distribution of the SPT-DSFGs by combining spectral scans of 42 SPT-DSFGs
with already published redshifts from Weif et al. (2013), along with redshift confirma-
tion observations for sources with ambiguous redshift. This sample of SPT-DSFGs is
the most complete spectroscopic sample of DSFGs in the literature.

The redshift scans are set up to observe a large frequency range in ALMA Band
3 (84.2-114.9 GHz) searching for CO and [C1] lines. In ALMA proposal cycles 1 and
3 a total of 42 sources were targeted. 39 of these sources are detected in continuum,
and spectra were extracted. We find: 18 sources showing two or more lines, yielding
unambiguous redshifts based on the ALMA spectra alone; 16 sources showing a single
line, six of which have been detected in [C11| using APEX/FLASH and two of which
has been detected in CO with APEX/SEPIA; and in one source no lines are found,
but we determine the redshift from an absorption line detected in our ALMA Cycle 0
870 pm high resolution imaging cube.

For eight sources from Weif et al. (2013) with ambiguous redshift, ALMA Band
6 observations were performed, to detect mid- to high-J CO lines. The observations
confirmed the most probable redshift option for all but one source, demonstrating that
finding redshifts from a single line and a well measured dust temperature provides a
reliable measurement of the redshift. This may prove useful for similar studies in the
future.

Combining these redshifts gives a total sample of 62 sources with a median of
Zmedian = 4.1+ 0.2. In order to compare to unlensed samples, we lensing-correct this
distribution. This is done by taking the probability of gravitational lensing as a func-
tion of redshift into account, yielding a median redshift of z=3.5£0.3, which is still
significantly larger than the z~2.5 commonly adopted for DSFGs based on 870 ym
work. Both redshifts distributions are consistent with model predictions from Béther-
min et al. (2015).

We compare these redshift distributions to the literature, and show that selection
wavelength has a major influence on the shape of the redshift distribution. The
long selection wavelength (1.4mm) of the SPT DSFGs provides a promising way of
studying the z >3 tail of DSFGs, out to the highest redshifts where these systems
have formed.

Using photometric observations we present the first analysis of the redshift dis-
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tribution based on the full SPT-DSFG sample. An exquisite photometric coverage
has been acquired for all SPT-DSFGs, with flux densities measured at 2 and 1.4 mm
(SPT), 870 um (APEX/LABOCA), and 500, 350, and 250 um (Herschel/SPIRE). Fur-
thermore, 100 and 160 pm (Herschel/PACS) were added for a subsample of 66 sources.
This is one of the largest and most uniform photometric databases of DSFGs known
to date.

We test different methods of finding photometric redshifts based on mm to IR
observations, and find that using a single component SED assuming a dust temperature
determined from the SPT-DSFG sample, best reconstructs the spectroscopic redshifts
of the sources.

We create a redshift distribution of the entire SPT-DSFG sample by using spec-
troscopic redshifts of the 62 sources with one or more spectral lines detected and pho-
tometric redshifts for the remaining 29 sources. The median redshift of this sample is
Zphot = 3.7 0.1.

From the SPT-DSFGs with spectroscopic redshifts, we find a median dust tem-
perature of Tyust =39+ 6 K. The dust temperature appears to rise with redshift in a
manner consistent with previous observations in lower redshift samples, and we show
that the evolution can be described by the equation Ty, = (26.7 £13.6)(1 + z)0-26+0-33,

From the 870 um flux density we find an intrinsic dust mass of Mgust = (6.4+5.4) X
108 M, for the full sample (corrected for lensing using the average magnification of
the sample of p=5.5), consistent with what is found for DSFGs in the literature. We
translate this into a median intrinsic gas mass of Mgas = (9.5 £ 8.0) x 10100,

The median intrinsic FIR luminosity of the sample is Lyig = (6.4 +5.3) x 102Lg,
and does not evolve with redshift. From this an intrinsic star formation rate for the
SPT-DSFGs is estimated to SFR =2000 £ 1700 Mg yr~1, showing that the DSFGs are
among the most extremely star forming galaxies known throughoutEcosmic time.

Among the sources with spectroscopic redshifts, we found SPT0311-58 at
2=106.900(2), which makes it the highest-redshift millimeter-selected dusty
star-forming galaxy to date. The spectroscopic redshift was determined through
an ALMA 3mm frequency scan that detected CO(6—5), CO(7—6), and [C1](2—1),
and subsequently was confirmed by detections of CO(3—2) with ATCA and [C]
with APEX. We constrain the properties of the ISM in SPT0311—58 with a ra-
diative transfer analysis of the dust continuum photometry and the CO and [C1]
line emission. SPT0311-58 is extremely massive, with an intrinsic gas mass of
Mgos=3.3£1.9 x 10" My. Both our radiative transfer model and observed fine
structure line ratios indicated that the ISM properties of SPT0311-58 at z ~ 7 already
resembles those of typical DSFGs observed at lower redshift. Its large mass and
intense star formation is very rare for a source well into the epoch of reionization.

The large sample of spectroscopic redshifts is an important step for future detailed
studies of the ISM at high redshifts as carried out in the studies by Aravena et al.
(2013); Bothwell et al. (2013); Gullberg et al. (2015); Spilker et al. (2015) and the case
study of SPT0311-58 (Chapter 6).
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In the near future we will continue to work towards our goal of obtaining redshifts
for the complete sample of 91 SPT-DSFGs using ALMA. Furthermore, we have sys-
tematically observed |C1| for SPT-DSFGs z >3 (i.e. ~75% of our sample), where
[C1] falls within an observable band at APEX. [C11] observations, combined with low-
and mid-J CO lines (typically obtained using ATCA) provides a great fundament to
study the ISM through PDR models and estimate the cooling budget and the ionising
radiation field. We have now more than doubled the large sample presented in Gullberg
et al. (2015), making it the largest survey of [C11| emission at z < 3 available today.

On a slightly longer timescale we can combine the APEX observed [C11| lines with
ALMA observed [N 1] lines which, through the [N11]/[C 11|ratio, will teach us about the
metallicity and ionizing radiation field of the SPT-DSFGs along with the UV-radiation
field. Similar observations exist for local galaxies, enabling a direct comparison to
these. The high spectral resolution from ALMA will give us detailed line profiles from
which we can learn about the internal kinematics of the sources.

Future observations of our high-redshift source SPT0311-58 will explore its spatial
structure, physical conditions, formation history, and chemical evolution in great detail
as it is one of very few massive galaxies known at z~7. Through already existing
ALMA [Cu and [O 11| and future [O1] and [N 11| observations we hope to resolve the
structure of the source and better diagnose its physical conditions. This will help us
learn how such massive galaxies have formed in the EoR and how the intergalactic
medium is enriched by the metals formed in these galaxies. There are further nine
sources in the SPT-DSFG sample above z > 5 for which similar observations would be
very interesting.

We have long had the theory that a small subsample of the SPT-DSFGs is not
lensed, but instead unlensed Hyper luminous IR galaxies. High resolution ALMA ob-
servations show that SPT2349-56 splits up into several components, forming a proto-
cluster at z=4.3, making it the most over-dense active structure known in the distant
Universe. Further ALMA observations of this extraordinary source will uncover the
full protocluster environment, characterize the protocluster galaxies, and probe stellar
masses. We furthermore started a campaign to follow up sources showing clear signs
of being unlensed. Initial results of a few of these DSFGs show that they also split up
into multiple sources. We now plan to expand this survey to cover all sources showing
any signs of being unlensed.

One of our greatest challenges in the study of the SPT-DSFGs is estimating the
stellar content of the sources. Stellar masses are poorly constrained for the SPT-DSFGs
due to the dominating emission from the foreground lens object. With the resolution of
Spitzer/TRAC it is exceedingly difficult to decompose the lens and background source
(Ma et al., 2015). With the upcoming launch of the James Webb Space Telescope
(JWST) this will change as the resolution is significantly better than at current facili-
ties. In this work we have mainly discussed massive DSFGs and only touched upon the
more common, less obscured galaxies like Lyman Break Galaxies (LBGs). Both galaxy
types are important to the cosmic history of star formation, but they do not have much
data in common, which means only few comparisons of the two groups have been made.
JWST will be able to obtain a common set of spectral diagnostics for galaxies that span
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the full range of dust extinction. With the sensitivity of JWST at mid-IR wavelengths
we will be able to unveil dust-enshrouded star formation, and with the IFU we will be
able to study large-scale galaxy kinematics and physical conditions. The gravitationally
lensed SPT-DSFGs will play a key role in these studies as they will make it possible for
JWST to probe scales of ~ 100 pc in the distant universe, which will remain impossible
for unlensed galaxies at similar redshift. This resolution is comparable to current IR
observations of galaxies in the local Universe, making direct comparisons feasible.

There are many captivating, unanswered questions about early star formation and
its role in the evolution of the Universe. It is our hope that with the SPT-DSFG sample,
we can contribute to broadening our understanding of this fundamental subject.
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APPENDIX A
Supplementary redshift information
on sources from Weils et al. 2013

We show here the supplementary observations that resolve redshift ambiguities in the
ALMA observations from Weif et al. (2013) and go through the lines found in the
ALMA 1mm observations.

SPT0125-50: The most likely redshift option from Weif et al. (2013) was
confirmed by an HoO absorption line from our ALMA 870 um high resolution imaging
cube for this source, presented by Spilker et al. (2014), along with a CO(10-9) detection
at 232.35 GHz and HyO emission lines from the ALMA 1mm data. These detections
identify the original ALMA lines as CO(4-3) and [C1] at redshift z=23.959(3). We
only clearly see one HoO line, as one line blends with the CO line and one is at the
edge of the spectrum.

SPT0300-46: In Weifs et al. (2013), one line was detected and one tentative
line feature was seen. The most likely line identification was found to be CO(4-3)
and [C1] with a redshift of z=23.5954(7). This was confirmed by observations of [C11]
with APEX, presented in Gullberg et al. (2015), along with the CO(10-9) line at
250.71 GHz and the HoO™ (115 — 1¢9, J3—1/2—1/2) absorption line at 247.97 GHz in the
ALMA 1mm spectrum.

SPT0319-47: Weif et al. (2013) present this source as having no lines though
the ALMA 3mm spectrum shows a wide (FWHM ~1700kms™!) tentative line at
104.39 GHz, with the most probable identification being CO(5-4) at z=4.516(4). The
redshift was confirmed by the CO(12-11) line at 250.77 GHz in the 1mm ALMA
spectrum. In this source we have also detected [Cu| with APEX/FLASH, see
Figure A.1.

SPT0441-46: The redshift of this source was confirmed with APEX/FLASH
|C11] observations before the publication of Weifs et al. (2013), but it was not confirmed
by the submission of the targeted 1 mm redshift confirmation proposal. This source
had two likely redshift options and it was therefore observed in two tunings. In
the 1mm data we see a double peaked CO(11-10) line at 231.19 GHz, a double
peaked HoO(299 — 211) line at 224.33 GHz, and NHs, in the form of NH3(2¢ — 1p) at
2=4.4771(6).
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Figure A.1: APEX/FLASH observations of [C1I|. The observations are described in Sec-
tion ??. Left: SPT0319-47, for which [CII| cements the redshift. Right: SPT0551-50, where
the redshift was wrongly determined using optical spectroscopy but for which this [C11] line
now robustly determines the redshift.
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Figure A.2: An ATCA spectrum of SPT0457-49 looking for CO(1-0) at 1.77 < 2z < 2.0 in the
redshift desert of the 3mm ALMA spectral scans.

SPT0457-49: Weif et al. (2013) did not find any lines in this source and
assumed it was in the redshift desert. With ATCA we have scanned the redshift range
1.77 < 2 <2.05 searching for CO(1-0) without success (see Figure A.2). We are no
closer to determining the spectroscopic redshift of this source, though it is clear that
its redshift cannot be assumed to lie in the redshift desert as suggested by Weifs et al.
(2013) and with zppet =3.4£0.6 it probably does not. It is a possibility that this
source splits up into multiple sources at the resolution of the ALMA 3 mm map, and
that the map is not deep enough to detect these components.

SPT0459-58: Weik et al. (2013) present a single line with two almost equally
likely redshift options for this source. The highest redshift option at z=4.856(4) with
the line identification CO(5-4) was confirmed by the CO(11-10) line at 216.36 GHz in
the 1 mm ALMA spectrum.

SPT0512-59: One line with two possible identifications is presented by Weifs
et al. (2013). The most likely of these, CO(3-2) at z=2.2331(2), was confirmed by
the detection of [Cu| with SPIRE FTS, presented by Gullberg et al. (2015). This
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Figure A.3: The ALMA 1 mm continuum imaging of SPT0512-59. The red contours show 5,7
and 90 and indicate where the brightest component is found.
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Figure A.4: The lines helping in the redshift identification of SPT0551-50. Left: APEX/SHeFT
observation of the CO(8-7) line (See Gullberg etal. in prep.). Right: ATCA CO(1-0) non
detection. The blue line shows the line from the ALMA 3 mm spectrum scaled to the expected
CO(1-0) flux density.

source was also observed with ALMA at 1 mm where we detected the CO(6-5) line at
213.89 GHz and at this high resolution the source is resolved, see Figure A.3. It shows
the typical structure of strong lensing with and arc towards the north-west and an
unresolved counter image towards the south-east. The red contours mark 5,7 and 90¢.
We extracted the spectrum where we found the highest SNR.

SPT0550-53: A single line with two possible identifications was presented for
this source in Weifs et al. (2013), where the most likely line identification, CO(4-3)
at z=3.1280(7) was confirmed by a [C11| detection from APEX (see Gullberg et al.,
2015), along with a double peaked CO(8-7) line at 223.31 GHz and a double peaked
Hy0(202 — 111) line at 239.36 GHz in the 1 mm ALMA spectrum.

SPT0551-50: This source was presented by Weifs et al. (2013) as a having a
secure redshift of z=2.1232(2). This was based on a combination of a line in the
ALMA 3mm spectrum identified as CO(3-2) and a VLT Civ line. The source has
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since been followed up on with several facilities: Gullberg et al. (2015) present a [C11]
non-detection observed with Herschel/SPIRE FTS and CO(1-0) observations with
ATCA also showed a non-detection (see the right panel of Figure A.4). APEX/SHeFi
observations of the CO(6-5) yielded a detection though (see left panel of Figure A.4),
these data will be presented by Gullberg et al. in prep. We investigated the possibility
of the VLT line belonging to a foreground system and left it out of the redshift pre-
dictions following here. This opens up the option for the ALMA 3mm CO line to be
identified as CO(4-3) and the APEX/SHeFi CO line to be CO(8-7) at z=3.1638(3).
The shift in frequency would be so small between the previous CO(6-5) identification
and the new CO(8-7) identification that we would not be able to detect the difference
with the spectral resolution of APEX/SHeFI. The photometry strongly favors the
redshift z=3.1638(3) for which we find the dust temperature Tqyust =37 = 1 K whereas
the lower redshift option yields a dust temperature of Tyus =27 =1 K. The photomet-
ric redshift for this source is zpnot =3.1£0.6. This redshift option was confirmed by
the detection of [C11| with APEX/FLASH, see Figure A.1.

SPT2132-58: The redshift for this source was already confirmed by the time of
publication of Weif et al. (2013) through [C11| observations with APEX but it had
already been included in the ALMA 1mm follow up project, where we then detected
CO(12-11) at 239.59 GHz and [N 11] at 253.32 GHz.



APPENDIX B
Supplementary information for new
sources observed at 3 mm

In this Appendix we go over each of the new sources observed at 3mm and discuss
their redshifts. We also show the [C11] spectra obtained with APEX/FLASH and
present an APEX/Z-Spec spectrum that was used to find the redshift of SPT0551-48
for which we do not have ALMA observations.

SPT0002-52: We detect a single line at 103.19 GHz, which turned out to be
CO(3-2) at z=2.3510(2) (Tyust =42+ 2K). This was confirmed with APEX/SEPIA
where we detected the CO(5-4) line at 171.97 GHz, see Figure B.2.

SPT0020-51: We detect CO(4-3) at 89.98 GHz, [C1](1-0), at 96.09 GHz and
CO(5-4) at 112.50 GHz which puts this source at z=4.1228(8).

SPT0027-50: We detect CO(4-3) at 103.75 GHz and [C1|(1-0) at 110.76 GHz
which puts this source at z=3.4436(1).

SPT0106-64: We detect CO(5-4) at 97.51 GHz which together with the
APEX/FLASH [C11] detection at 97.51 GHz puts this source at z=4.910(4).

SPT0109-47: We detect CO(4-3) at 99.92GHz and [C1|(1-0) at 106.67 GHz
which puts this source at z=3.6137(5).

SPT0136-63: We detect CO(4-3) at 87.01 GHz, [C1](1-0) at 92.87 GHz and
CO(5-4) at 108.76 GHz which puts this source at z=4.299(1).

SPT0147-64: We detect a single line at 99.29 GHz. Which gives the possible
line identifications CO(2-1) at z=1.3218(1), CO(3-2) at z=2.4825(2), CO(4-3)
at z=3.6432(3), and CO(54) at z=4.8036(3). The most probable of these is
2=4.8036(3) with a dust temperature of Tyust =38.3+1.4K.

SPT0150-59: We detect a single line at 91.28 GHz. Which gives the possible
line identifications CO(2-1) at z=1.5255(2), CO(3-2) at z=2.7881(3), CO(4-3)
at z=4.0506(3), and CO(5-4) at z=5.3129(4). The most probable of these is
2=2.7881(3) with a dust temperature of Tqust =34.8 +1.2 K.
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Figure B.1: Line overlays of sources showing one or more line in the Cycle 1 ALMA 3 mm
spectra. In the top left corner of each plot the line shown with a gray histogram is given. Other
CO lines are overlaid in pink, [C1] lines are overlaid in blue and lines obtained with APEX are
overlaid in red and the instrument is given with the line name. All ALMA lines are shown
at their true flux density, but the lines observed with APEX/SEPIA and APEX/FLASH have
been scaled so they could be shown in the same plot. Note that both the velocity axis and the
flux density axis varies over the sources as they have been adjusted to better show the lines.
For SPT2307-50, the CO(3-2) line is at the edge of the spectrum, which is why it stops mid-
line. Four sources (SPT2307-50, SPT2340-59, SPT2349-50, SPT2349-56) still have ambiguous
redshifts and are here shown at their most probable redshift. For details on the sources, see
the source description in this Appendix.
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Figure B.2: Line overlays of sources showing one or more line in the Cycle 3 ALMA 3 mm
spectra. In the top left corner of each plot the line shown with a gray histogram is given. Other
CO lines are overlaid in pink, [C1] lines are overlaid in blue and lines obtained with APEX are
overlaid in red and the instrument is given with the line name. All ALMA lines are shown
at their true flux density, but the lines observed with APEX/SEPIA and APEX/FLASH have
been scaled so they could be shown in the same plot. Note that both the velocity axis and the
flux density axis varies over the sources as they have been adjusted to better show the lines. For
SPT0202-61, the CO(6-5) line is at the edge of the spectrum, which is why it stops mid-line.
Six sources (SPT0147-64, SPT0150-59, SPT0555-62, SPT0604-64, SPT0625-58, SPT2101-60)
still have ambiguous redshifts and are here shown at their most probable redshift. For details
on the sources, see the source description in this Appendix.
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SPT0155-62: We detect CO(4-3) at 86.19 GHz, [C1](1-0) at 92.00 GHz and
CO(5—4) at 107.72 GHz which puts this source at z=4.349(1).

SPT0202-61: We detect CO(5-4) at 95.76 GHz which together with the
APEX/FLASH detection of [C11] puts this source at z=5.018(1).

SPT0245-63: We detect CO(5-4) at 86.97 GHz and CO(6-5) at 104.35 GHz
which puts the source at z =15.626.

SPT0311-58: We detect CO(6-5) at 87.51 GHz, CO(7-6) at 102.06 GHz and
[C1](2-1) at 102.53 GHz which puts this source at z=6.900(1).

SPT0348-62: We detect CO(5-4) at 86.60 GHz and CO(6-5) at 103.89 GHz
which puts this source at z=15.656(4).

SPT0516-59: We detect CO(4-3) at 87.50 GHz and together with the
APEX/FLASH [C1| detection at 431.50 GHz puts this source at z =3.4045(7).

SPT0544-40: We detect CO(4-3) at 87.50 GHz and CO(5-4) at 105.99 GHz
which puts the source at z =4.2692(9).

SPT0551-48: This source was not in the ALMA redshift search. Instead a
redshift search was performed with APEX/Z-Spec, see Figure B.3 for the spectrum
and Section 3.1.5 for a description of the data. In the spectrum we find at least four
lines, CO(7-6), CO(8-7), |C1)(2-1) and H2O. Furthermore the CO(1-0) line was
detected for this source using ATCA and improving the precision on the redshift,
finding z =2.5833(2) (Aravena et al. (2016).).

SPT0552-42: We detect CO(4-3) at 84.80 GHz and CO(5-4) at 105.99 GHz
which puts the source at z=4.4367(9).

SPT0553-50: We detect CO(5-4) at 91.12GHz and CO(6-5) at 109.38 GHz
which puts the source at z=5.323(1).

SPT0555-62: We detect a single line at 99.10 GHz and two line indications
at 84.65 GHz and 105.82GHz. This fits with two redshift identifications: CO(4-3)
and [C1](1-0) at 2=3.6516(9) and CO(5-4) and [C1](1-0) at z=4.815(1). The most
probable of these is z=23.6516(9) with a dust temperature of Tgus =35.1 £ 1.4 K.

SPT0604-64: We detect a single line at 99.35 GHz. Which gives the possible
line identifications CO(2-1) at z=1.32054(4), CO(3-2) at z=2.48071(6), CO(4-3)
at z=3.64074(8), and CO(5-4) at z=4.80060(9). The most probable of these is
2=2.48071(6) with a dust temperature of Tqust =36.9+ 1.2 K.
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Figure B.3: APEX/Z-Spec spectrum of SPT 0551-48. Four lines, CO(7-6), CO(8-7), [C1](2-
1) and H2O(20; — 111), secure the redshift to z=2.579.

SPT0625-58: We detect a single line at 92.78 GHz. Which gives the possible
line identifications CO(2-1) at z=1.4848(1), CO(3-2) at z=2.7270(2), CO(4-3)
at 2=3.9692(3), and CO(5—4) at z=>5.2111(4). The most probable of these is
z=2.7270(2) with a dust temperature of Tyust =34.6 £1.2 K.

SPT2037-65: We detect CO(4-3) at 92.22GHz and [C1](1-0) at 98.44 GHz
which puts the source at z=4.000(5).

SPT2048-55: We detect CO(4-3) at 90.57 GHz, [C1|(1-0) at 96.70 GHz and
CO(5-4) at 113.24 GHz which puts the source at z=4.089(1).

SPT2052-56: This source splits into two components, that we have named A
and B, see FigureB.4. Cycle 4 ALMA band 3 high resolution imaging shows that
this sources splits into at least 7 sources forming a protocluster. We extract spectra
from both components. Only component A shows lines and the redshift identification
is here srtaight forward with: CO(4-3) at 87.66 GHz, [C1](1-0) at 93.60 GHz and
CO(5-4) at 109.58 GHz which puts this source at z=4.259(2).

SPT2101-60: We detect a single line at 110.93 GHz. Which gives the possible
line identifications CO(2-1) at z=1.0781(1), CO(3-2) at z=2.1171(2), CO(4-3)
at 2=3.1559(3), and CO(5—4) at z2=4.1947(3). The most probable of these is
z=3.1559(3) with a dust temperature of Tqust =40.7 £ 1.4 K.

SPT2307-50: In this source we find a weak line at 112.30 GHz. We exclude the
line identification CO(5-4) at z=4.132(4), as we would see CO(4-3) in the observing
window. If the line is CO(4-3) at z=3.105(2), the CO(3-2) line would fall just below
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the frequency range of the observing window. When the spectrum is smoothed as in
Figure B.2 we do not see anything, but when investigating the edge of the spectrum
unsmoothened, we find indication for the rise of a line. As less than half of the
second line is observed and it is at edge channels of the spectrum, this cannot be
considered a secured detection. Figure B.2 shows the possible side of the CO(3-2)
line overlaid on the CO(4-3) line. Since this is not a clear detection we still consider
the line identification CO(3-2) at z=2.079(1) which would have Tyus =25+3K.
CO(2-1) at z=1.052(1) is ruled out since the dust temperature (Tyus=16=+1K)
would be too low. The most probable line identification based on the photometric
redshift zpnot =3.440.7 is CO(4-3) which would then have a dust temperature of
Tust =36 =4 K.

SPT2335-53: We detect a line at 100.12GHz and a tentative feature at
85.51 GHz, which turns out to be CO(5-4) and [C1] at 2=4.755(1). This was
confirmed by a [C11| detection from APEX/FLASH, see Figure B.2. At this redshift
we find a dust temperature of Ty,s =57 +4 K.
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Figure B.4: 3mm continuum imaging of the three sources that split up in to multiple com-
ponents scaled by the rms (which is rms=0.04mJy for SPT2052-56 and rms=0.05mJy for
SPT2340-59 and SPT2349-56). The red contours are high resolution 870 um ALMA high res-
olution imaging, 5,10,20,300. Left: SPT2052-56 splits up into two components with the peak
flux density of Spearx =0.25mJy. As we do not have 870 um imaging of this source there are no
contours overlaid. Middle: SPT2340-59 which splits up in to two counterparts, with the peak
flux density of Spear = 0.30 mJy. Right: SPT2349-56 splits into three at 870 yum, with the peak
flux density of Speak =0.22mJy.

SPT2340-59: This source splits up into two counterparts in the ALMA 3mm
continuum image. In our 870 pm high resolution ALMA imaging, we see the same
two counterparts (see Figure B.4). Counterpart B is brightest, but in the spectrum
of this we do not see any lines. In counterpart A, however, we see a potential
line at 94.79 GHz. If this line is real the possible line identifications are CO(3-2)
at z=2.6480(8), CO(4-3) at 2=3.864(1) or CO(5-4) at z2=5.079(1). CO(2-1) at
2=1.4321(5) is excluded as that would mean a dust temperature of Ty, =17+ 1K,
which has not been observed in any of our sources. The photometric redshift of the
source is Zphot = 3.8 £ 0.6 favoring the CO(4-3) line identification. For this redshift
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though, the [C1| line falls within the spectral window. With the low SNR of the CO
line, it is reasonable to assume that the [C1] line is hiding within the noise.

SPT2349-50: In this source we see a single bright line at 89.21 GHz with the
most probable line identification being CO(3-2) at z=2.8764(3). This was confirmed
by APEX/SEPIA observations of the CO(7-6) line at 207.99 GHz.
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Figure B.5: The three panels shows the CO(4-3) extracted at position A, B and C, with the
[C11] overlaid in red for SPT2349-56.

SPT2349-56: At 3mm, this source splits into two counterparts, but in the
870 um high resolution ALMA imaging (Vieira et al., 2013) we see three counterparts
(see Figure B.4). We use the high resolution imaging to define the positions for the
three counterparts and extract spectra there. We see indications of a line at ~ 87.0GHz
all positions (with the center slightly shifted at each position), with position A showing
the weakest line. New Cycle 4 high-resolution ALMA imaging shows that this source
splits into in total 14 components (Miller etal. submitted to Nature). When the
spectra of these three positions are stacked we see a hint of a line at 108.62GHz.
These two lines are consistent with the line identifications CO(4-3) and CO(54) at
z=14.304(2) which is confirmed by APEX/FLASH [C11] observations. The [C11| only
traces part of the line seen in the stack (see Figure B.2), so in Figure B.5 we show the
spectra of each of the components with [C11] overlaid. It is clear from this that the
[C1] traces component C.

SPT2353-50: We detect a single wide spectral feature at 87.63 GHz. We rule out
the line identification CO(2-1) at z=1.630(2) and CO(3-2) at z=2.945(2) because
the dust temperatures would be Tyut =16+ 1K and Tyut =25+ 2K respectively.
The photometric redshift zpnot =4.5+£0.8 favors the line identification CO(4-3) at
z=4.261(3). The last possible line identification is CO(5-4) at z=15.576(4) which is
not negligible with a dust temperature of Tyust =46 =2 K. At this redshift, CO(6-5)
falls within the spectral window, and we see a SNR ~ 1.5 feature at the frequency
where the line should fall. This redshift option was confirmed by the detection of
[C11], see Figure B.2.
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Figure B.6: These two spectra are extracted from the high resolution 870 um data cube
available for SPT2354-58. Left: Absorption line with OH™T as the most likely line identification.
Right: Where CO(5—4) would have been if the redshift is 2 =0.6431(3).

SPT2354-58: This is the only source where we do not find any lines in the 3 mm
ALMA redshift search. For this source we have high resolution 870 pm imaging and in
this data cube we found an absorption line at 338.95 GHz (sce left panel of Figure B.6).
We identify the line as either OHT (12 — 011) at 2=1.867(1) or HaO(119 — 1o1)
at z=0.6431(3). For other absorptions line identifications we should have seen an
emission line in the 3mm ALMA data. The first option is favored by the photometry
with Tqust =43 £ 2 K compared to Tgus =27 &= 1 K for the second option. Furthermore
we should have seen CO(5-4) at 350.77 GHz if the second option was correct and this
is not the case (see right panel of Figure B.6). The most probable redshift is therefore
identified as z =1.867(1).
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Figure B.7: UV/Optical/near-IR spectra (VLT /X-shooter) of the z =3.07 identified SPT2357-
51. EThe redshift was identified with large equivalent width Lyman-a emission in the UV,
exhibiting a strong, broad emission line (FWHM = 1230km/s) but no detectable continuum.
The broad Ly« line is suggestive of an AGN, although no CIV549 nor OIll5gp7 are detected.

SPT2357-51: For this source optical spectroscopy with the X-shooter/VLT was
performed before the ALMA observations, detecting a line. The observations are de-
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scribed in Section 3.1.6 and the spectrum is shown in Figure B.7.






APPENDIX C

Source list of the full SPT-DSFG

sample

In this Appendix we give names and positions for all sources studied in this work. For
sources that split up, all positions are given.

Table C.1: Names and positions of all sources

Short name Long name Ra dec Origin of position
SPT0002-52  SPT-S J000223-5232.1 00:02:23.24 -52:31:52.5 ALMA
SPT0020-51  SPT-S J002023-5146.3  00:20:23.34 -51:46:36.5 ALMA
SPT0027-50  SPT-S J002706-5007.3  00:27:06.58 -50:07:19.5 ALMA
SPT0054-41  SPT-S J005440-4152.0  00:54:40.03  -41:51:55.9 LABOCA
SPT0103-45  SPT-S J010312-4538.8 01:03:11.50 -45:38:53.9 ALMA
SPT0106-64  SPT-S J010623-6412.9 01:06:23.86 -64:12:49.9 ALMA
SPT0109-47  SPT-S J010950-4702.1  01:09:49.66 -47:02:11.6 ALMA
SPT0112-55  SPT-S J011207-5516.2  01:12:09.92 -55:16:36.5 ALMA
SPT0113-46  SPT-S J011308-4617.7 01:13:09.01 -46:17:56.3 ALMA
SPT0114-59  SPT-S J011409-5909.2 01:14:07.80 -59:09:26.0 ALMA
SPT0125-47  SPT-S J012507-4723.8  01:25:07.08 -47:23:56.0 ALMA
SPT0125-50  SPT-S J012549-5038.3  01:25:48.45 -50:38:20.9 ALMA
SPT0128-51  SPT-S J012809-5129.8 01:28:10.19 -51:29:42.4 ALMA
SPT0136-63  SPT-S J013652-6307.3 01:36:50.28 -63:07:26.6 ALMA
SPT0147-64  SPT-S J014707-6458.9  01:47:07.14 -64:58:51.8 ALMA
SPT0150-59  SPT-S J015012-5924.0  01:50:09.47  -59:23:57.0 ALMA
SPT0155-62  SPT-S J015548-6250.8 01:55:48.10 -62:50:49.8 ALMA
SPT0202-61  SPT-S J020257-6121.1  02:02:58.81 -61:21:10.8 ALMA
SPT0226-45  SPT-S J022649-4515.9  02:26:49.52 -45:15:38.6 LABOCA
SPT0243-49  SPT-S J024308-4915.6  02:43:08.81  -49:15:35.0 ALMA
SPT0245-63  SPT-S J024542-6320.6 02:45:44.14 -63:20:38.7 ALMA
SPT0300-46  SPT-S J030004-4621.4  03:00:04.37 -46:21:24.3 ALMA
SPT0311-58  SPT-S J031132-5823.4  03:11:33.14 -58:23:33.4 ALMA
SPT0314-44  SPT-S J031428-4452.5 03:14:28.63  -44:52:21.6 LABOCA
SPT0319-47  SPT-S J031931-4724.7  03:19:31.88  -47:24:33.7 ALMA
SPT0345-47  SPT-S J034511-4725.8  03:45:10.77  -47:25:39.5 ALMA
SPT0346-52  SPT-S J034640-5205.1 03:46:41.13  -52:05:02.1 ALMA
SPT0348-62  SPT-S J034840-6220.8 03:48:42.16 -62:20:51.3 ALMA
SPT0402-45  SPT-S J040202-4553.4  04:02:02.04 -45:53:21.6 LABOCA
SPT0403-58  SPT-S J040330-5849.9  04:03:32.69 -58:50:08.8 LABOCA
SPT0404-59  SPT-S J040445-5948.9  04:04:46.30 -59:49:02.7 LABOCA
SPT0418-47  SPT-S J041840-4752.0  04:18:39.67 -47:51:52.7 ALMA
SPT0425-40  SPT-S J042518-4036.7 04:25:17.45  -40:36:58.5 LABOCA
SPT0433-59  SPT-S J043340-5909.8  04:33:41.27  -59:09:35.7 LABOCA
SPT0436-40  SPT-S J043641-4047.4  04:36:41.56  -40:47:10.6 LABOCA

continued



116 Appendix C. Source list of the full SPT-DSFG sample

Table C.1: Names and positions of all sources

Short name Long name Ra dec Origin of position
SPT0441-46  SPT-S J044144-4605.5 04:41:44.08 -46:05:25.5 ALMA
SPT0452-50  SPT-S J045246-5018.3  04:52:45.83  -50:18:42.2 ALMA
SPT0457-49  SPT-S J045718-4931.8  04:57:17.52  -49:31:51.3 ALMA
SPT0459-58  SPT-S J045859-5805.1  04:58:59.80  -58:05:14.0 ALMA
SPT0459-59  SPT-S J045913-5942.4  04:59:12.34  -59:42:20.2 ALMA
SPT0509-53  SPT-S J050907-5339.2  05:09:07.28 -53:39:26.1 LABOCA
SPT0512-59  SPT-S J051259-5935.6  05:12:57.98  -59:35:41.9 ALMA
SPT0516-59  SPT-S J051639-5920.4  05:16:38.09 -59:20:32.1 ALMA
SPT0520-53  SPT-S J052039-5329.8  05:20:40.16  -53:29:48.9 LABOCA
SPT0528-53  SPT-S J052850-5300.3  05:28:49.88  -53:00:24.6 LABOCA
SPT0529-54  SPT-S J052903-5436.6  05:29:03.09  -54:36:40.0 ALMA
SPT0532-50  SPT-S J053250-5047.1  05:32:51.04 -50:47:07.5 ALMA
SPT0538-50  SPT-S J053816-5030.8 05:38:16.94  -50:30:50.7 LABOCA
SPT0541-57  SPT-S J054120-5738.3  05:41:24.10 -57:38:17.5 LABOCA
SPT0544-40  SPT-S J054401-4036.3  05:44:00.79  -40:36:31.2 ALMA
SPT0550-53  SPT-S J055002-5356.6  05:50:00.56  -53:56:41.7 ALMA
SPT0551-48  SPT-S J055156-4825.1  05:51:54.65 -48:25:01.8 LABOCA
SPT0551-50  SPT-S J055138-5058.0  05:51:39.42  -50:58:02.1 ALMA
SPT0552-42  SPT-S J055227-4244.0  05:52:26.70 -42:44:12.7 ALMA
SPT0553-50  SPT-S J055320-5007.2  05:53:20.35 -50:07:11.7 ALMA
SPT0555-62  SPT-S J055517-6218.9  05:55:16.80 -62:18:50.3 ALMA
SPT0604-64  SPT-S J060458-6447.3  06:04:57.57 -64:47:21.9 ALMA
SPT0611-55  SPT-S J061155-5514.2  06:11:57.44  -55:13:56.5 ALMA
SPT0625-58  SPT-S J062524-5835.3  06:25:22.33  -58:35:20.1 ALMA
SPT0652-55  SPT-S J065207-5516.0  06:52:07.12  -55:15:59.4 LABOCA
SPT2008-58  SPT-S J200758-5848.3  20:07:59.83  -58:48:20.2 ALMA
SPT2031-51  SPT-S J203058-5112.5  20:30:58.87 -51:12:25.4 LABOCA
SPT2037-65  SPT-S J203729-6513.3 20:37:31.98  -65:13:16.5 ALMA
SPT2048-55  SPT-S J204823-5520.5 20:48:22.87 -55:20:41.2 ALMA
SPT2052-56  SPT-S J205239-5611.6  20:52:41.47 -56:11:57.1 ALMA
20:52:41.28  -56:11:43.5 ALMA
SPT2101-60  SPT-S J210112-6048.8  21:01:13.77 -60:48:56.1 ALMA
SPT2103-60  SPT-S J210328-6032.6 21:03:30.90 -60:32:40.3 ALMA
SPT2129-57  SPT-S J212911-5702.0 21:29:12.35 -57:01:57.3 LABOCA
SPT2132-58  SPT-S J213242-5802.9 21:32:43.23  -58:02:46.2 ALMA
SPT2134-50  SPT-S J213404-5013.2  21:34:03.34 -50:13:25.1 ALMA
SPT2146-55  SPT-S J214654-5507.8  21:46:54.02 -55:07:54.3 ALMA
SPT2147-50  SPT-S J214720-5035.9  21:47:19.05 -50:35:54.0 ALMA
SPT2152-40  SPT-S J215212-4036.6  21:52:13.01  -40:36:35.5 LABOCA
SPT2203-41  SPT-S J220317-4133.6  22:03:17.01 -41:33:28.5 LABOCA
SPT2219-42  SPT-S J221958-4206.9  22:19:59.11  -42:07:06.6 LABOCA
SPT2232-61  SPT-S J223252-6114.8  22:32:51.31 -61:14:45.8 LABOCA
SPT2307-50  SPT-S J230726-5003.8 23:07:24.71 -50:03:35.6 ALMA
SPT2311-45  SPT-S J231151-4546.7  23:11:50.82  -45:46:45.3 LABOCA
SPT2311-54  SPT-S J231125-5450.5 23:11:23.94  -54:50:30.0 ALMA
SPT2316-50  SPT-S J231657-5036.7  23:16:59.70  -50:36:33.8 LABOCA
SPT2319-55  SPT-S J231922-5557.9  23:19:21.67 -55:57:57.8 ALMA
SPT2332-53  SPT-S J233227-5358.5  23:32:26.92 -53:58:41.3 LABOCA
SPT2335-53  SPT-S J233513-5324.0  23:35:13.15  -53:24:29.9 ALMA

continued



117

Table C.1: Names and positions of all sources

Short name Long name Ra dec Origin of position
SPT2340-59  SPT-S J234009-5943.1  23:40:09.36  -59:43:32.8 ALMA
23:40:08.95 -59:43:32.0 ALMA
SPT2349-50  SPT-S J234942-5053.5  23:49:42.16  -50:53:30.7 ALMA
SPT2349-52  SPT-S J234928-5246.8  23:49:29.70  -52:46:50.7 LABOCA
SPT2349-56  SPT-S J234944-5638.3  23:49:42.68 -56:38:19.4 ALMA
23:49:42.79  -56:38:23.9 ALMA
23:49:42.84  -56:38:25.0 ALMA
SPT2351-57  SPT-S J235149-5722.2  23:51:50.79 -57:22:18.3 ALMA
SPT2353-50  SPT-S J235339-5010.1  23:53:39.22  -50:10:08.2 ALMA
SPT2354-58  SPT-S J235434-5815.1  23:54:34.27 -58:15:08.4 ALMA

SPT2357-51  SPT-S J235718-5153.6  23:57:16.84 -51:53:52.9 ALMA







APPENDIX D

Photometry MAPS

For each source we have up to eight photometry maps (plus the 3mm fluxes where we
have ALMA spectra). This Appendix shows thumbnails of the available maps for all
91 sources.

The greyscale of the thumbnail is adjusted for each panel based on the flux extracted
at this wavelength. SPT contours are shown in red at ¢ = 1.5,3,4,5, ... and LABOCA
contours are shown in blue ¢ = 3,4,5, ...



120 Appendix D. Photometry MAPS
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APPENDIX E

Decomposition of SPT2332-53

SPT2332-53 is lensed by a foreground galaxy cluster and the source is not as the other
sources a point source, but is spatially resolved in nearly all bands. This source was
also presented by Greve et al. (2012), and we revisit it here as we now have more data
and therefore can do a more thorough analysis. From Figure E.1 we identify seven
components. The three components shown with red crosses (positions are from ATCA
high resolution CO imaging, see Aravena et al., 2013) are lensed images of the SPT-
DSFGs at z=2.7256(2). The four blue crosses show components bright in submm not
associated with the DSFG. The positions of the arc components have been determined
by ATCA high resolution CO observations (see Aravena et al., 2013). The positions for
the components not belonging to the source has been determined in the band where it
was observed with the highest SNR and where it didn’t blend with other components.
Because of the confusion from the surrounding sources and the not point like nature
of the source we construct a decomposition of the individual. The flux extracted for
each of the components are given in Table E.1 along with photometric redshifts of each
components.

At the resolution of both the 100 pm and 160 pum PACS maps all components are
disentangled and the flux is calculated by treating each of the arc components as point
sources and adding their flux densities.

The resolution in the 250 pm SPIRE map and the 870 pm LABOCA map is similar
so the flux extraction in these maps are done in the same manner. We extracted the
flux in two different ways: 1) by fitting PSF’s to the positions all the components and
adding the flux density found for the three component belonging to the source and
2) by first fitting and removing components not belonging to the arc and using an
aperture to encapsulate the three arc components. In Figure E.2 the Herschel/SPIRE
and APEX/LABOCA maps are shown and compared to the PSF fitting of the seven
components along with the residual of this. The flux densities found using the two
different methods are within the uncertainties of each other. Even though there seem
to be a bit of residual for the APEX/LABOCA map we estimate that the first method
is more accurate and we use these fluxes for the SED fitting (and list them in Table 3.2).

At 350 pm and 500 pm it is not possible to disentangle and fit the individual com-
ponents so we use method 2) described above to extract the flux density.

The resolution of the SPT map is too low to be able to disentangle the components
not belonging to the source and we have therefore not corrected these flux densities.

The fluxes given in Table 3.2 and used to calculate the photometric redshifts are
the combined fluxes of the three arc components, given as 'Full arc’ in Table E.1.
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Appendix E. Decomposition of SPT2332-53
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Figure E.1: From left to right: The Herschel/PACS 160 um, Herschel/SPIRE 250 pym
and APEX/LABOCA 870 ym maps for SPT2332-53. In red the positions of the three
components of the SPT-DSFG is shown and in blue the positions of the components
not belonging to the SPT-DSFG is shown.
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Figure E.2: SPIRE 250 yum and LABOCA 870 um decomposition analysis. From left
to right: Map, fitted PSF’s, and the residual of the PSF’s subtracted from the map.



Table E.1: Fluxes of all components of SPT2332-53

Component Ra dec Origin of Sszopm  Ssoopym  Sssopm  Sasoum  Sieopum  Sioopm Zphot
position [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
Arc 1 23:32:29.49  -53:58:39.8 ATCA 53+3 164+4 86+21 25+4 2.840.7
Arc 2 23:32:27.22  -53:58:44.3 ATCA 5143 16146 7721 14+4 2.84+0.8
Arc 3 23:32:25.55 -53:58:38.9 ATCA 6443 20112 70£22 18+4 2.84+0.6
Full arc 168+6 304+5  585+£37 526£14  233+£37 577 2.0+0.5
Outlier 1 23:32:28.99  -53:58:00.3 LABOCA 20+3 5516 2316 <15 <63 <12 4.8+1.0
Outlier 2 23:32:26.69 -53:58:21.4 PACS 160pum 25+3 43+15 <66 <12 3.8+£3.0
Outlier 3 23:32:30.16  -53:59:11.8 PACS 100pum <12 5716 2615 51+6 62+21 31+4 0.9+0.5
Outlier 4 23:32:28.98  -53:59:22.3 LABOCA 15+3 43+7 34£5 23+5 <66 <12 3.9+0.8

6CIT






APPENDIX F

Spectral Energy Distributions

We here show the the single modified black body fit for all sources in this work. On
the x-axis we showed observed frequency and the data points are colored using the
following scheme: ALMA 3mm is red, SPT is orange, LABOCA is yellow, SPIRE is
green and PACS is blue. The vertical pink dotted lines shows the borders for the
Lprr integration and the dashed purple vertical lines show the borders of the Lig
integration. The photometric redshifts obtained from the fit is printed in the plot, and
if a spectroscopic redshift exists for the source, this is also printed. The fluxes plotted
are given in Table 3.2 and the photometric redshifts obtained are given in Table 5.2.
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Figure F.1: SEDs of all sources investigated in this work.
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Figure F.1 continued ...
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Figure F.1 continued ...
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