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ABSTRACT

We present the average rest-frame spectrum of the final catalog of dusty star-forming
galaxies (DSFGs) selected from the South Pole Telescope SZ survey (SPT-SZ) and mea-
sured with Band 3 of the Atacama Large Millimeter /submillimeter Array (ALMA). This
work builds on the previous average rest-frame spectrum, given in Spilker et al. (2014)
for the first 22 sources, and is comprised of a total of 78 sources, normalized by their
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REUTER ET AL.

respective apparent dust masses. The spectrum spans 1.9<z<6.9 and covers rest-frame
frequencies of 240-800 GHz. Combining this data with low-J CO observations from the
Australia Telescope Compact Array (ATCA), we detect multiple bright line features
from 2CO, [CI], and Hy0, as well as fainter molecular transitions from 3CO, HCN,
HCO™, HNC, CN, H,O", and CH. We use these detections, along with limits from
other molecules, to characterize the typical properties of the interstellar medium (ISM)
for these high redshift DSFGs. We are able to divide the large sample into subsets in
order to explore how the average spectrum changes with various galaxy properties, such
as effective dust temperature. We find that systems with hotter dust temperatures ex-
hibit differences in the bright *?CO emission lines, and contain either warmer and more
excited dense gas tracers, or larger dense gas reservoirs. These observations will serve
as a reference point to studies of the ISM in distant luminous DSFGs (Lig>10" L),
and will inform studies of chemical evolution before the peak epoch of star formation
at 2 =2 — 3.

Keywords: cosmology: observations — cosmology: early universe — galaxies: high-

redshift — galaxies: evolution — ISM: molecules

1. INTRODUCTION

In the last two decades, wide-field sub-
millimeter (sub-mm) surveys have uncovered a
population of very luminous (Lig > 102 L),
high redshift, dusty star-forming galaxies (DS-
FGs), with implied star formation rates ranging
from hundreds to thousands of solar masses per
year (see review by Casey et al. 2014). The
abundance of DSFGs in the early Universe en-
ables them to contribute significantly to the av-
erage star formation rate density (~ 80% at
2z =2—25t0 ~ 35% at z = 5; e.g. Zavala
et al. 2018, 2021).

The extreme star formation rates of DSFGs
imply that they contain vast reservoirs of molec-
ular gas, which is used to form stars. These
reservoirs would be dominated by molecular hy-
drogen (Hy, with My, ~ 5x 10%—1.1 x 10" Mg
for z ~ 1 — 3; e.g. Aravena et al. 2019). How-
ever, due to the difficulty of detecting molecular
hydrogen, other species are commonly used to
trace the bulk of the molecular gas in the inter-
stellar medium (ISM). The rotational ground
state of the second most abundant molecule,
carbon monoxide (12C*0 J =1 — 0 or simply

CO(1-0)) is the most common and arguably di-
rect tracer molecular material in the ISM (Car-
illi & Walter 2013). When the rotational ladder
of CO can be measured, it is a powerful probe of
the physical conditions of the emitting medium.
However, a number of processes contribute to
the excitation of CO, including star formation,
shocks, mechanical heating, and potential ac-
tivity from active galactic nuclei (AGN). Ad-
ditionally, the approximate constant of propor-
tionality relating gas mass and CO luminosity
can vary by an order of magnitude, as a re-
sult of the metallicity and gas conditions of each
galaxy (e.g. Bolatto et al. 2013). Constraints
from other optically thin species, such as ¥CO
and C'0, could enable a more accurate de-
termination of gas mass, provided the relative
abundances of these isotopologues. However,
these species are less abundant and detections
of these molecules are limited to a handful of
lensed objects (e.g. Danielson et al. 2013), so
their global abundances are relatively unknown
for DSFGs.

Gravitational lensing provides the opportu-
nity to study the gas content of these sys-
tems with both greater sensitivity and an-
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gular resolution than their unlensed counter-
parts. Flux-limited selections of samples discov-
ered with wide-field mm/sub-mm surveys have
been shown to efficiently select strongly lensed
sources (Vieira et al. 2013; Hezaveh et al. 2013;
Spilker et al. 2016). Though lensed DSFGs
are relatively rare, (N < 1deg 2 for Sgs0,m >
100 mJy; e.g. Negrello et al. 2007), hundreds
of gravitationally lensed DSFGs have been dis-
covered via wide field surveys with the At-
acama Cosmology Telescope (ACT; Marsden
et al. 2014; Su et al. 2017; Gralla et al. 2020),
Herschel (e.g. Negrello et al. 2010, 2017; Nayy-
eri et al. 2016; Bakx et al. 2018; Urquhart et al.
2022), Planck (e.g. Canameras et al. 2015; Har-
rington et al. 2016; Berman et al. 2022) and
the South Pole Telescope (SPT; Vieira et al.
2010, 2013; Everett et al. 2020). Gravitational
magnification (typically p ~ 6; Spilker et al.
2016) enables the observation of lines other-
wise too faint to see (Spilker et al. 2014). It
also decreases the on-source time required for
bright emission lines, facilitating large spectro-
scopic surveys. Early CO surveys of high red-
shift galaxies (Bothwell et al. 2013; Daddi et al.
2015) studied multiple *CO emission lines and
provided the first constraints on the CO rota-
tional ladder, also known as the spectral line
energy distribution (SLED).

Telescopes such as the Atacama Large
Millimeter /submillimeter Array (ALMA) and
the Northern FExtended Millimeter Array
(NOEMA) have been conducting blind CO
surveys targeting the same !2CO emission
lines (Bothwell et al. 2013; Weifl et al. 2013;
Strandet et al. 2016; Reuter et al. 2020; Neri
et al. 2020) in order to determine the spectro-
scopic redshifts of the targeted sources. The
spectroscopic data collected also serves to probe
the ISM of both the individual sources and
the underlying DSFG distribution. The cre-
ation of composite spectra by combining survey
data (Spilker et al. 2014; Boogaard et al. 2020;

Birkin et al. 2021) places constraints on the “av-
erage” DSFG for bright molecular lines such as
12C0, [CI] and H,0. With additional sources,
the corresponding reduction in noise also en-
ables the detection of much fainter molecular
transitions from *CO, HCN, HNC, HCO™, and
CN at high redshift. Taken together, the rel-
ative strengths of these lines provide first at-
tempts to quantify the relative abundances of
various molecules and their brightest isotopo-
logues in DSFGs and provide insights about the
interstellar chemistry at high redshift.

Molecules with high dipole moments, such as
HCN, HNC, HCO" and CN are excited out
of their J = 0 ground state in high density
gas (n > 10*cm™), where molecular clouds
decouple from external tidal forces and UV
background, allowing them to collapse. These
molecules are therefore thought to be reliable
tracers of the dense molecular gas associated
with star formation (Gao & Solomon 2004b;
Carilli & Walter 2013). Emission lines for the
majority of these molecules are typically 1-2 or-
ders of magnitude fainter than the bright CO
lines targeted (e.g. Jiménez-Donaire et al. 2019)
and the early detections were limited to a hand-
ful of highly magnified luminous objects (e.g.
the “Cloverleaf” quasar, see Solomon et al. 2003
and APM 08279+5255, see Wagg et al. 2005).
While more recent work has included small sam-
ples of highly lensed objects (e.g. a selec-
tion of strongly-lensed DSFGs from Béthermin
et al. 2018), the number of observations at high
redshift is still limited. However, an increas-
ing number of studies indicate a trend between
the dense gas tracer HCN and far-IR luminos-
ity (Gao & Solomon 2004a; Gracig-Carpio et al.
2006; Juneau et al. 2009; Garcia-Burillo et al.
2012), demonstrating the potential utility of
dense gas tracers to trace molecular gas and po-
tentially star formation.

Water is one of the most abundant molecules
in galaxies, though most of it is frozen onto dust
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grains in cold environments (Tielens et al. 1991;
Hollenbach et al. 2009). In warm environments,
such as near stars or AGN, these icy dust grains
heat through collisional excitation, sublimating
water, and make water a tracer of star forma-
tion and AGN activity. Due to the high optical
depth of its lines, water lines can be as luminous
as CO lines in the same frequency range (van
der Werf et al. 2011). Water has been shown
to be directly proportional to the infrared lu-
minosity (Lig; Omont et al. 2013; Yang et al.
2013) and has shown potential to serve as a re-
solved tracer of star formation (Jarugula et al.
2019). In contrast, a deep absorption feature at
the rest-frame frequency of 557 GHz due to the
Hy0(1;-1¢,1) transition has been observed for a
DSFG at z ~ 6 (Riechers et al. 2022). Because
this absorption line may also show absorption
into the CMB, it could indicate the presence of
cold water vapor.

With a large enough number of objects, we
can split the sample to see how these molec-
ular tracers are affected by various properties,
such as effective dust temperature, IR luminos-
ity, stellar mass, etc. The excitation of bright
12C0O emission has been shown to correlate well
with dust temperature (Rosenberg et al. 2015).
A previous attempt to understand the relative
abundances of fainter molecular lines with re-
spect to mid-IR was inconclusive (Spilker et al.
2014), as the sample size was not large enough
to overcome the effects of individual source vari-
ations.

In this paper, we will use the data collected
from the ALMA 3 mm redshift search published
in Weif§ et al. (2013), Strandet et al. (2016) and
Reuter et al. (2020), which are briefly summa-
rized in Sec. 2. The data are scaled and stacked
according to Sec. 2.2 in order to create a com-
posite spectrum, presented in Sec. 3. We ana-
lyze the average conditions of the ISM for this
collection of DSFGs in Sec. 4, and place these

results in context with other works from litera-
ture. Our conclusions are summarized in Sec. 5.

For this paper, we adopt a flat Lambda cold
dark matter cosmology, with 2, = 0.696 and
Hy = 68.1kms 'Mpc~t (Planck Collaboration
et al. 2016).

2. DATA AND METHODS
2.1. ALMA 3mm Observations

This work utilizes data from the SPT-SZ
DSFG catalog, and the full details of the tar-
get selection and ALMA 3 mm observations can
be found in Reuter et al. (2020). We will briefly
summarize the key points in this section.

The SPT DSFG catalog was selected from the
2500 deg? field of the SPT-Sunyaev-Zel'dovich
survey (SPT-SZ; Vieira et al. 2010; Everett
et al. 2020) with Sy 4mm > 20mJy. In order
to refine their positions, the sources are also re-
quired to have been detected with the Large
Apex BOlometer CAmera (LABOCA; Siringo
et al. 2009) with Sg7o.m > 25mJy, bringing
the number of sources in the flux-limited se-
lection to 81. Over 70% of the sources in the
sample are strongly gravitationally lensed by
galaxies (Spilker et al. 2016), and with a me-
dian magnification factor of pg79,m = 5.5. The
remainder of the sample are either lensed by
galaxy clusters or are unlensed protoclusters
(e.g. SPT2349-56, see Miller et al. 2018; Hill
et al. 2020; Wang et al. 2021). The sources span
redshifts from z = 1.9 — 6.9, apparent IR lu-
minosities from 1.3 — 29 x 10" L, (integrated
from 8 — 1000 ym) and dust temperatures from
21 — 79K, with medians at (z) = 3.9 £ 0.2,
apparent (Lig) = 8.2 x 1013 Ly, and (Tgust) =
54 K.

The ALMA 3 mm observations were obtained
over several different ALMA Cycles, ranging



STACKED SPECTRUM WITH SPT-SELECTED SOURCES 5

from Cycle 0 to Cycle 7.1 The first observations
were conducted in ALMA Cycle 0 and spec-
tra were obtained for 26 targets (Weifl et al.
2013). Followup surveys conducted in ALMA
Cycles 1, 3, and 4 targeted additional sources,
giving a total of 78 spectral scans obtained
with ALMA (Strandet et al. 2016; Reuter et al.
2020). While there are 81 sources in the com-
plete SPT DSFG sample, spectroscopic red-
shifts for three sources (SPT0538-50, SPT0551-
48 and SPT2332-53; Greve et al. 2012; Strandet
et al. 2016) were obtained with Z-Spec (Brad-
ford et al. 2009) on the Caltech Submillimeter
Observatory and no additional 3 mm data were
obtained with ALMA. These sources are there-
fore not included in the analysis presented in
this work.

Despite the changing capabilities of ALMA
during our observations, the observing strategy
remained the same for all of the 3 mm observa-
tions. The data were obtained by conducting a
spectral sweep of ALMA Band 3 in 5 tunings,
scanning the range between 84.2 and 114.9 GHz.
The brightest sources were targeted in ALMA
Cycle 0 and were scanned for roughly 5 minutes
on-source, with between 14-17 antennas. The
remaining fainter sources were scanned with
both longer integration times and additional an-
tennas in subsequent ALMA Cycles. Sources
scanned in Cycles 1, 3, and 4 were scanned for
an average of 10, 6 and 13 minutes on source
with between 28-40, 34-41 and 38-46 antennas,
respectively. Finally, three sources did not ex-
hibit any emission lines in their initial 3 mm
scans, so deeper observations were obtained in
ALMA Cycle 7. These scans observed each tar-
get for 45-91 minutes on source with 42-49 an-
tennas.

I The data from the following ALMA projects
were used in this work: #2011.0.00957.S,
#2012.1.00844.S, #2015.1.00504.S, #2016.1.00672.S
and #2019.1.00486.S.

Data were processed using the Common
Astronomy Software Application (CASA; Mec-
Mullin et al. 2007).  Because integration
times and number of antennas increased
with each ALMA Cycle, the typical noise
levels vary according to the ALMA Cycle
and were 1.5mJybeam™!, 0.91mJybeam™!,
0.73 mJy beam ™!, 0.58 mJy beam ™!, and
0.24mJybeam™! over a 62.5MHz bandwidth
for Cycles 0, 1, 3, 4, and 7, respectively. The
typical RMS values for individual SPT-SZ
DSFGs can be found in Table E1 of Reuter
et al. (2020). The spectral resolution of the
data, ~ 1.5km/s over a 2GHz baseband, is
much higher than a typical galaxy line width.
This allows many channels to be averaged over
for each line, increasing significance.

As previously noted, this work utilizes the
3mm spectra obtained in Weif§ et al. (2013),
Strandet et al. (2016) and Reuter et al. (2020).
These spectra are central to not only this pa-
per, but also for papers currently in preparation.
The 3mm line fluxes from mid-J CO lines will
be combined with the line fluxes from low-J CO
observations with ATCA. Spectral line energy
distributions will be fitted for all sources, which
will be examined in a following paper that is in
preparation.

2.2. Stacking Methods

Because the details of creating a stacked spec-
trum are similar to those outlined in Spilker
et al. (2014), we summarize the key points here
and highlight the differences between the two
methods.

The stacked spectrum presented in this paper
is a composite of 3 mm spectral scans for the 78
sources observed with ALMA. Calibrated data
cubes were created with CASA’s TClean package
and the spectra were extracted. The continuua
of the spectra were fitted with a first order poly-
nomial, excluding channels with signal to noise
> 30, and then subtracted from each spectrum.
The spectra are then re-scaled to a common rest
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frame (z = 3; as in Eq. 1 of Spilker et al. 2014).
The choice to scale to z = 3 is intended to rep-
resent the typical redshift of DSFGs. Since sur-
veys of unlensed DSFGs are largely selected at
shorter wavelengths, they tend to be at lower
redshift (z ~ 2.3 — 2.9; Koprowski et al. 2014;
Simpson et al. 2014; Simpson et al. 2017; Mi-
ettinen et al. 2015; Brisbin et al. 2017; Daniel-
son et al. 2017; Michatowski et al. 2017), while
the median redshift of the SPT-SZ DSFGs is
3.9 (Reuter et al. 2020).

Because our sample is known to contain a
large number (> 70%; Spilker et al. 2016) of
gravitationally lensed sources, it is necessary to
account for the magnification. Ideally, the mag-
nification would be calculated by constructing
gravitational lens models of the sources (Spilker
et al. 2016). However, in the absence of a com-
plete set of gravitational lens models, the indi-
vidual spectra are normalized by their respec-
tive apparent dust masses as a proxy for size,
then multiplied by the average apparent dust
mass ((Mgust) = 8.7 x 109 Mg). Tt should be
noted that a radius could also be derived from
the same spectral energy density fit (e.g. Egs.
1 and 2 from Weifl et al. 2007). Radius and
dust mass are therefore very strongly correlated,
with some intrinsic scatter from the simulta-
neous fitting of dust temperature. Since nor-
malizing by the apparent values for radius and
dust mass give similar results, we choose to nor-
malize by the apparent dust mass throughout
this work. The values for apparent dust mass
used throughout this work can be found in Ap-
pendix A.

A variety of other source properties could also
have been used in order to normalize the ALMA
spectra, such as apparent Lig, 12CO line lumi-
nosity or scaled 1.4 mm SED flux density (as in
Spilker et al. 2014). While the line ratios de-
rived in Spilker et al. (2014) were robust within
~ 15% to the choice of normalization, 2CO line
ratios for the complete sample can vary from
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Figure 1. Spectral power distribution of 2CO

observations. Top panel: The smaller circles rep-
resent the CO luminosities of individual sources,
while the larger squares represent the averages.
Each individual source is normalized by its respec-
tive property, then multiplied by the sample aver-
age: apparent Lig (blue; (Lir) = 9.1 x 103 L),
1.4mm flux (green; (S;smm) = 18mlJy), appar-
ent dust mass (yellow; (Mgust) = 8.7 x 109 Mp)
and apparent radius derived from SED fitting (red;
(r) = 7.5kpc) and scaled according to the average
of the sample. Bottom panel: The average velocity-
integrated flux density normalized to average flux
density of the J,, = 3 line, the lowest frequency CO
observation obtained from the ALMA 3 mm scans.
The 16th and 84th percentiles for the normalization
by dust mass are denoted by the shaded region, the
others are omitted for clarity.

~ 25% to as much as 65%. The large disparity is
in part due to the large intrinsic scatter in popu-
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lation statistics shown in Fig. 1 for a few choices
of normalization. It should be noted that nor-
malization by IR luminosity will affect the shape
of the 2CO SLED, since the excitation is de-
pendent on IR luminosity (e.g. Narayanan et al.
2008). Since the systems at high IR luminosity
will be scaled to compare to lower luminosity,
this will lead to a lower excitation, as seen in
the top panel of Fig. 1.

The 1.4mm flux density (rest frame 350 pum)
is taken from the modified blackbody models in
Reuter et al. (2020) and represents a compro-
mise between the apparent Lig and apparent
dust mass normalizations. Because any results
derived from a stacked spectrum are dependent
on normalization, we acknowledge and empha-
size that the stacked spectrum presented in this
work is not uniquely defined.

To create the final composite spectrum of the
SPT DSFGs, we employ the same methodology
as Spilker et al. (2014). That is, the spectrum of
each source is interpolated onto a grid spanning
the rest frequencies of the ALMA 3 mm spectra,
250 — 770 GHz. The grid has a uniform spac-
ing of 500 km/s, which roughly corresponds to
the typical full width half maximum (FWHM)
of observed 2CO transitions. A weighted aver-
age is then performed on each frequency chan-
nel, with each contributing source weighted by
the inverse standard deviation (Boogaard et al.
2021), rather than the inverse variance used in
Spilker et al. (2014). Because the data were col-
lected in different ALMA Cycles, the noise of
individual spectra over a 62.5 MHz bandwidth
can vary from the 1.4 — 2mJy beam ™! typically
observed in Cycle 0 to 0.2 — 0.3 mJy beam~! for
the three sources re-observed in ALMA Cycle
7 (details in Reuter et al. 2020). The aver-
age 3mm per-channel noise for each source is
shown in the top panel of Fig. 2 and is also given
in Appendix A. Though normalization by dust
mass (shown in the bottom panel) does miti-
gate some of the differences in ALMA Cycle,
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Figure 2. Top panel: Noise averaged across the
ALMA 3mm window measured in 62.5MHz chan-
nels. Because ALMA added more antennas each
Cycle, the noise decreases with progressive ALMA
Cycles. Bottom panel: The apparent dust masses
for each source, with the sample mean indicated
by the horizontal dashed line. Both the average
noise and apparent dust mass are shown in Ap-
pendix A. Middle panel: The weights used in the
stacking method, which are the noise from the top
panel divided by the fractional difference of the in-
dividual dust mass from the median. All panels are
color-coded by the ALMA Cycle number.
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demonstrated by the average weights shown in

the middle panel of Fig. 22, the choice to weight
by inverse standard deviation is a compromise
between optimizing signal to noise and account-
ing for the range of noises due to the varying
ALMA Cycles.

It should be noted that each frequency chan-
nel of the contributing 3mm spectrum is
weighted individually and the average noise
across the 3 mm bandwidth is shown in Tab. A.
Weighting by the inverse variance of noise was
used in various composite spectra (Spilker et al.
2014) in order to optimize for signal to noise.
However, as noted in Sec. 2.2, if the noise is
non-homogeneous (e.g. if there are very dif-
ferent numbers of antennas between observa-
tions), weighting by the inverse variance of noise
can be sensitive to outliers. In order to mit-
igate the presence of outliers, one can choose
to weight instead by inverse standard deviation
(e.g. Boogaard et al. 2021 and this work) or use
the median, rather than the average (e.g. Both-
well et al. 2013; Birkin et al. 2021). A test of
the statistical noise properties is given in Ap-
pendix A, and demonstrates the noise is Gaus-
sian across all ALMA Cycles.

2.3. 2CO0 Line Ratios

For ~ 32% of the SPT DSFG sample, two or
more CO emission lines fall within the 3 mm ob-
servation window and are detected in the blind
survey (Reuter et al. 2020). Low-J CO lines
were obtained from an ATCA CO survey de-
tailed in Aravena et al. (2016). In addition to
the published observations (17 sources), data
was obtained after publication, giving a total
of 33 observations for the J,, = 1 — 2 lines.
Sources that had multiple CO line observations
either through ALMA or through the combi-

2 The noise is first scaled to a common redshift (z = 3),
but this step is omitted in Fig. 2 in order to show the
noise and weights as a function of redshift.

nation of ATCA and ALMA data are so-called
“double-lined” sources. These sources enable a
comparison of the relative strengths of observed
12C0 emission lines within individual systems,
shown in Fig. 3 as histograms, with the optically
thick thermalized emission limit represented by
the thick black line.

== Maust Weighted stack = Single-lined sources only
== Double-lined sources only mmmmm Thermalized emission
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Figure 3. Histograms of 2CO emission line ra-
tios for sources with two or more observed emission
lines, using integrated flux density. The J,, = 3—6
lines were observed with ALMA, while J,, =1 —2
lines were observed with ATCA. The dashed line
represents the average line ratio obtained from the
composite spectrum, and the thick black line rep-
resents the thermalized emission limit. The dot-
ted line represents a stack using the double-lined
sources only, while the thin black line corresponds
to a stack of the singly-lined sources only.

The CO emission line ratios from individ-
ual SPT systems also provide a direct com-
parison sample to the composite spectrum ob-
tained from stacking, which is represented by
the dashed line in Fig. 3. With the exception
of CO(5-4)/CO(4-3), the emission line ratios
obtained from the composite spectrum are in
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agreement with the individual ratios and below
the optically thick thermalized emission limit.

While the composite spectrum necessarily
contains all of the individual line ratios repre-
sented in these histograms, it differs in two key
respects: each observation is normalized by dust
mass and weighted by the inverse of the noise
and also the stack contains many more obser-
vations of single emission lines. This is espe-
cially apparent in the CO(5-4)/CO(4-3) panel
of Fig. 3, where the composite line ratio is above
both the individual line ratios and the thermal-
ized emission line. One reason for this apparent
discrepancy is that because of the fixed obser-
vation window, the singly-lined sources being
compared are necessarily at different redshifts.
While Reuter et al. (2020) did not find a sta-
tistically significant evolution of dust tempera-
ture as a function of redshift, two populations of
singly-lined sources being compared likely have
different effective dust temperatures and lumi-
nosities. Additionally, some of the faintest and
lowest mass sources observed in Cycle 7 (e.g.
SPT0112-55, SPT0457-49 and SPT2340-59) are
singly-lined sources for this analysis as they con-
tain a single 2CO emission line, while a high
dust mass outlier (SPT0155-62) is a double-
lined source. It is likely that the population of
sources is simply not large enough yet to over-
come the effects of individual source variations,
in addition to the effects of potential redshift
evolution of the 2CO line properties given in
the fixed observed frequency range.

3. THE STACKED SPECTRUM

We show the average 250 — 770 GHz spectrum
of the SPT DSFG sample in Fig. 4, with the de-
tected and potentially detected lines indicated.
Due to the majority of sources lying in the red-
shift range 2.5 < z < 6.0, the stacked spectrum
is the most sensitive to the rest frame frequency
range 300—800 GHz. In order to properly assess
the significance of these lines, we consider two
factors: the statistical uncertainty of the indi-

vidual ALMA spectra, and the intrinsic scatter
of the underlying source population. Like the
flux density, the statistical uncertainty of the
individual ALMA spectra is scaled according to
each source’s dust mass in order to preserve the
signal to noise ratio.

As noted in Spilker et al. (2014), the stacked
spectrum is not ideal for the detection of indi-
vidual molecular lines since the regular chan-
nel grid will likely split the line flux of a given
line over multiple channels. In order to assess
the flux density of these individual lines, spectra
were constructed and centered on the line of in-
terest, with 600 km/s channels. These spectra
were then stacked according to the procedure
detailed in Sec. 2.2, and a summary of detected
lines and upper limits is given in Tab. B.1.
In the case where two lines are blended, as in
the cyanide radical CN(J=4-3) and the nearby
HNC(J=5-4) line, we use the average of the
line ratios obtained in Guélin et al. (2007);
Béthermin et al. (2018); Canameras et al. (2021)
to determine the relative contributions of the in-
dividual lines.

For many species, individual transitions fall
below the 30 detection threshold. However, by
stacking all available transitions of a molecular
species, we can constrain the total luminosity
emitted by the molecule in the covered rest fre-
quency range. In Tab. 1, we give the total lu-
minosity in each species for all transitions that
happen to fall within our frequency range. The
bright molecular lines ?CO, H,O and [CI] are
all among the most luminous species observed
in the ALMA 3mm bandpass. At first glance, it
is surprising that HyO™ is more luminous than
H50 in this bandpass, given that in both lo-
cal and high redshift examples (e.g. Yang et al.
2013, 2016; Rangwala et al. 2011) the H,O lines
are typically ~ 50% more luminous than H,OT
lines. However, a greater number of H,O™ tran-
sitions are accessible from the ALMA 3mm
bandwidth compared to those of HyO, and the
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Figure 4. Composite continuum-subtracted rest frame 0.4 — 1.2 mm spectrum of high redshift submillimeter
galaxies, constructed from 78 SPT DSFGs and shown at 500 km/s resolution. Lines given with bold font
represent > 3o detections using the stacking procedure described in Sec. 3, while the other lines indicate
potentially detectable molecular lines (1.50 < S/N < 3¢). The running +1o0 noise level is shown in blue.
The middle panel shows the running signal to noise ratio of the top panel and the bottom panel shows the
number of sources which contribute at each frequency.

most luminous H,O transitions are well outside
of our window (e.g. HoO(202-11,1) at 988 GHz).
These considerations, along with the large un-
certainties on total luminosity for both molecu-
lar species, help explain the higher total lumi-
nosity of HoO%.

4. DISCUSSION
4.1. 2CO SLED

Using the 2CO fluxes taken from the compos-
ite spectrum, we construct a spectral line energy
distribution (SLED) shown in Fig. 5, in compar-
ison with both well-sampled SLEDs of individ-
ual objects as well as other statistical SLEDs.
The Milky Way inner disk (Fixsen et al. 1999)
and Antennae Galaxies (Zhu et al. 2003) rep-
resent objects in our local Universe. However,

the high redshift, gravitationally lensed objects
H1413+4117 (the “Cloverleaf” quasar at z=2.56;
Bradford et al. 2009), SMM J2135-0102 (the
“Cosmic Eyelash” DSFG at z=2.32; Danielson
et al. 2011) and APM 082745255 (a quasar at
z=3.91; Weif} et al. 2007) are more analogous
to the DSFGs in the SPT sample. While the
full SPT sample normalized by Lig (see bottom
panel of Fig. 5) shows an apparent flattening
around J=5, analogous to local starburst galax-
ies M82 or NGC 253 (Panuzzo et al. 2010; Brad-
ford et al. 2004), normalization by IR luminosity
will affect the overall shape of the 2CO SLED,
since the excitation is dependent on IR luminos-
ity. The intrinsic scatter of the full SPT sample
is denoted by the shaded region around the dust
mass weighting and suggests that while there is
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Figure 5. 2CO SLEDs of the SPT DSFG sample, normalized to the .J = 2—1 transition, shown along with individual
sources (top panel) and composite SLEDs from literature (bottom panel). Bottom panel: SLEDs from surveys that

were largely unlensed are shown in blue, while lensed samples are in orange. The Kirkpatrick et al. (2019) contains a

combination of both unlensed and lensed sources, and is shown in green. The marker type denotes the normalization

method, where squares, x’s and stars correspond to normalization by Lig, 1.4mm flux and dust mass respectively.

While Bothwell et al. (2013) is also normalized by Lig, the median rather than the average was used and it is denoted

by a circle.

a large variation in excitation, the excitation is
similar to QSOs.

Rather than observe a single object for as
many CO transitions as possible, statistical
samples can be built through observing a large
sample of sources with only a few or even sin-
gle CO transitions. There are a wide variety of
ways to combine these data (see Sec. 2.2 for a
full discussion) in order to create a composite
SLED. The first composite SLEDs were com-
piled in Bothwell et al. (2013) and Spilker et al.
(2014) and have since been done for a variety of
samples, including Yang et al. (2017), Valentino
et al. (2020), Boogaard et al. (2021) and Birkin
et al. (2021).

However, because the SLEDs shown are con-
structed with different normalizations, it is dif-
ficult to compare the differences directly. While
Bothwell et al. (2013) and Spilker et al. (2014)
both utilize populations of DSFGs, they nor-
malize by far-IR luminosity and 1.4mm flux,
respectively. As discussed in Sec. 2.2, the nor-
malization quantity can make a 25% — 65% dif-

ference in the line ratio. While Yang et al.
(2017), Boogaard et al. (2021) and Birkin et al.
(2021) all normalize by Lig, Yang et al. (2017)
is largely composed of lensed DSFGs, while
Boogaard et al. (2021) and Birkin et al. (2021)
are primarily comprised of unlensed DSFGs.
The sample of sources presented in Kirkpatrick
et al. (2019) contains between 58 —75% strongly
lensed sources (4 > 5; percentage dependent on
J transition), which is similar to the ~ 70% of
strongly lensed sources (u > 8; Spilker et al.
2016) found in the SPT sample. In spite of the
choice of normalization and large intrinsic scat-
ter of the SPT sample, the average of the SPT
DSFGs does appear more energetic than many
other DSFG SLEDs in the literature.

The excitation of the bright 2CO emission
lines has been shown to correlate well with dust
temperature (Rosenberg et al. 2015). In order
to test the effects of dust temperature on the
shape of the SPT composite SLED, the SPT
sample was split into three equal sub-samples
according to dust temperatures from Reuter
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Species  Transitions Observations > L
(10% Lg)
2Co 4 102 39.61 + 1.99
H,Ot 8 124 6.11 & 1.99
H,0 5 116 5.39 + 1.02
[CT] 1 38 1.98 4+ 0.06
HCN 6 124 1.57 + 0.84
BCo 4 101 1.16 4+ 0.31
HCO™ 6 127 1.08 &£ 0.91
NoHT 6 121 1.07 £ 1.12
CH 2 74 0.90 & 0.10
HNC 6 125 0.47 £ 0.91
OH 2 66 0.11 £ 0.06
Ha RRLs 8 149 -0.12 4+ 0.31
CN 4 99 -0.59 + 0.43
Cc®0o 5 101 -1.16 + 1.22
SiO 12 254 -1.81 £+ 1.17
CS 9 195 -1.85 + 1.05

Table 1. Ranked order of most luminous molecular
cooling lines for the ALMA 3 mm bandpass for the red-
shift range 1.9 <z< 6.9. These lines are ranked ac-
cording to the total luminosity (XL) summed across all
transitions in our observed frequency range.

et al. (2020). The same stacking procedure
was used for each sub-sample, and the resulting
SLEDs are shown in Fig. 6 in comparison with
the full sample. Because DSFGs are some of the
most extreme star-forming galaxies, the hottest
sources in the SPT sample exhibit much more
excitation in the higher-J transitions than the
lower dust temperature sources, which show an
apparent flattening around J=5, like the local
starburst galaxies.

One important caveat is that the lower-J lines
tend to be populated by lower redshift sources
at lower dust temperature, while the higher-J
lines tend to have higher redshift and dust tem-
perature sources. While Reuter et al. (2020)
found a slight correlation of dust temperature
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Figure 6. The SPT DSFG sample split into
three equal sub-samples according to dust temper-
ature, all normalized to the J,, = 2 flux den-
sity of the full sample. The higher dust tem-
perature systems contain more excited gas, while
the lower dust temperature systems exhibit sub-
thermal behavior and show an apparent flattening
near Jyp, = 5, like the local star-bursting systems
M82 and NGC253 (Panuzzo et al. 2010; Bradford
et al. 2003).

with redshift, the intrinsic scatter was suffi-
ciently large that this effect was not statistically
significant. However, the difference between the
high and low dust temperature SLEDs can also
be observed at intermediate dust temperature
(shown in Fig. 6 as purple circles) and through
J=3-5, where there is a more equal distribu-
tion of sources between the different tempera-
ture bins.

4.2. BCO and C*®O

Though ?CO and its isotopologues, *CO and
C™Q, are all thought to originate from the same
volume (e.g. Henkel et al. 2010; Zhang et al.
2018), 2CO is optically thick even at moderate
densities (ng, < 10%cm™3), due to its high rel-

ative abundance and low dipole moment. How-
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ever, the rare ¥*CO and C*O isotoplogues are
typically optically thin due to their low abun-
dance and are therefore capable of probing the
total molecular column density of cold gas re-
gions (Carilli & Walter 2013). While both 2C
and 3C are formed in and ejected from stars,
12C is generally produced in high-mass stars at
rapid timescales. In contrast, 3C is a “sec-
ondary” species, since it is produced in longer-
lived, low to intermediate mass stars and its cre-
ation involves enriching ?C seed nuclei (Wilson
& Rood 1994). Since the creation of *C re-
quires the ISM to be enriched by metals from
previous generations of stars, the relative abun-
dances of 2C and 3C are indications of the
star formation history of a system. The emis-
sion strengths of the 2CO and *CO lines are
related to the abundances of their respective
carbon isotopes, given a known optical depth.
13C0 is expected to be optically thin under most
conditions, except the most dense, star-forming
cores. Less is known about the formation of 80,
though it is likely formed through the CNO cy-
cle in massive stars and is enhanced in galaxies
with recent massive star formation (Henkel &
Mauersberger 1993). Due to its lower abun-
dance and optical depth compared to *CO,
C*0O can be used to probe different gas column
densities, provided the elemental abundances
remain constant.

In the SPT DSFG composite spectrum, we
detect ¥CO at > 3o for the J,, = 3 — 5 tran-
sitions and set limits for C**O. While the exact
luminosities and significances can be found in
Tab. B.1, we find that the line ratio between
the J =3 —2 and J = 4 — 3 lines increases,
with Liseg/Lisco ~ 20 and Liyoo/Lisgg ~ 30
for / = 3 —2 and J = 4 — 3, respectively.
This is likely due to a lower excitation in **CO
due to less line trapping, which is related to
lower optical depth. Past J = 4 — 3 how-
ever, the Li,ny/Lisgo ratio seems to remain
constant within errors. However our measure-

ments are only sensitive enough to constrain un-
til the J = 5 — 4 transition.

The '2C/C abundance ratios have been
studied in the Milky Way using a variety of dif-
ferent molecules and have generally been found
to steadily increase from ~ 20 near the galactic
center to ~ 70 in our solar system (e.g. Langer
& Penzias 1990; Aalto et al. 1991, 1995; Wil-
son 1995), likely due to differences in opti-
cal depth as one moves from the galactic cen-
ter (Milam et al. 2005). In regions of high star
formation, such as giant molecular clouds, the
12C/13C ratio is reported to be between ~ 3—5,
with more 3C present in the clouds’ central re-
gions (Solomon et al. 1979; Polk et al. 1988).
A recent survey of the J,, = 1 line for 147
nearby main-sequence galaxies revealed an in-
tegrated intensity ratio of 10.9 with a standard
deviation of 7.0 (Morokuma-Matsui et al. 2020),
while local star-forming and starbursting galax-
ies exhibit higher ratios of 16.1 2.5 (Méndez-
Herndndez et al. 2020). Taken together, these
surveys imply that galaxies with increasing lev-
els of star formation exhibit increasingly sup-
pressed levels of C, but there is a large in-
trinsic scatter in the sample. Indeed, some
highly star-forming systems have been found to
have brightness temperature 2CO/¥CO ratios
of ~ 40 or even as high as > 60 (Young et al.
2021; Sliwa et al. 2017). Additional studies have
shown that the 2C/!3C ratio is sensitive to en-
vironmental conditions such as the density of
nearby galaxies (Alatalo et al. 2015) and star
formation rate surface density (Davis 2014).

At high redshift (z > 2), samples with
13CO and C'¥O are limited to observations of
the bright CO transitions in gas- and metal-
rich galaxies amplified with gravitational lens-
ing (Henkel et al. 2010; Danielson et al. 2013;
Spilker et al. 2014; Béthermin et al. 2018; Zhang
et al. 2018). Typical values of the *C/13C ra-
tio range from ~ 20 — 40 for the most com-
monly observed J = 4 — 3 transition and the
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J = 4 — 3 ratio obtained from the composite
spectrum, Lisoq/Lisqo ~ 30, is consistent with
that picture.

Because C®0 is also associated with high star
formation rate regions, *CO/C'O line ratios
have been shown to differ in galaxies with differ-
ing star formation rates. In the local Universe,
typical *CO/C*™0 ratios range from ~ 4 — 8
(e.g. Henkel & Mauersberger 1993). However,
in local ULIRGs and starbursts, ratios typically
range from ~ 1—2 (Greve et al. 2009; Sliwa et al.
2017; Méndez-Hernandez et al. 2020). While we
do not formally detect C*®O, the limits on the
13C0O/C™®0 ratio range from ~ 2—3 with an av-
erage of ratio 3.2 across all transitions. While
these values are smaller than the typical local
13CO/C™O ratios, they are slightly higher than
those found in high redshift ULIRGs and star-
bursts (e.g. Danielson et al. 2013). However,
one cannot directly use the observed abundance
ratios alone to draw conclusions about the un-
derlying abundances. Detailed radiative trans-
fer calculations are needed to further interpret
these results.

4.3. Dense Gas Tracers

Though 2CO traces the total molecular gas,
observations of nearby galaxies have found a
close link between the dense gas and star for-
mation activity (e.g. Gao & Solomon 2004a;
Jiménez-Donaire et al. 2019). Molecules with
higher critical densities and excitation energies
such as CN, HCN, HNC and HCO™ have been
used as probes of the warm, dense molecular gas
where stars form. In the SPT DSFG compos-
ite spectrum, we detect the J = 4 — 3 transi-
tions of HCN, HNC, and HCO™, along with the
J =5 — 4 transition of HNC and the J =3 — 2
transition of CN. While the J = 4 — 3 transi-
tion of the CN radical was detected in Spilker
et al. (2014), it was only marginally detected
with a significance of 2.90 in this work. Along
with the differences in stacking method detailed
in Sec. 2.2, this line was also blended with the

J = 5 — 4 transition of HCN (the de-blending
process is discussed in Sec. 3), which also con-
tributed to the decreased significance.

The flux densities of the dense gas tracers
HCN, HNC and HCO™" are shown in Fig. 7 com-
pared with the 2CO flux density as a function
of the intrinsic IR luminosity from Reuter et al.
(2020). The apparent IR luminosity was de-
termined by fitting the photometry published
in Reuter et al. (2020) according to a modified
blackbody with an additional power law com-
ponent. The intrinsic IR luminosity was then
obtained by using either the magnification val-
ues from detailed lens models (Spilker et al.
2016) or by using the median magnification fac-
tor of pgroum = 5.5. Comparison samples in-
clude nearby LIRGs and ULIRGs from a vari-
ety of surveys (Baan et al. 2008; Zhang et al.
2014) and a few measurements from high red-
shift lensed objects (Guélin et al. 2007; Riech-
ers et al. 2007, 2010; Danielson et al. 2013;
Béthermin et al. 2018; Canameras et al. 2021)
as well as average values obtained from stack-
ing (Spilker et al. 2014). The rotational ground
levels of the dense gas molecules compared to
CO are proxies for the fractional value of dense
gas to total mass in the system, while the IR
luminosity is proportional to the star formation
rate (e.g. Murphy et al. 2011). Though some
excited rotational ground levels are also shown
in Fig. 7, it is difficult to compare because of the
different excitation requirements for 2CO and
the dense gas tracers shown. Recent work (Ry-
bak et al. 2022) has found that (U)LIRGs at
high redshift have a lower HCN /CO than the lo-
cal Universe for the J,, = 1 transition. Though
our results seem to also show lower HCN/CO
ratios at high redshift, the SLED of HCN is a
subject of ongoing study in the local Universe
(e.g. Saito et al. 2018) and has not been explored
at high redshift.

In the local Universe, it has been shown that
the ground state HCN emission strongly corre-
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lates with IR luminosity over many orders of
magnitude (Gao & Solomon 2004a; Usero et al.
2015; Bigiel et al. 2016), but it is unknown if this
correlation continues at high redshift. At Cos-
mic Noon (2 < z < 4), the star formation rate
was ~ 10x higher than its present day level and
is generally not well represented by the modes of
star formation seen in nearby galaxies (Madau
& Dickinson 2014; Genzel et al. 2011), except
perhaps in rare local ULIRGs. It is unclear if
the prodigious star formation rates observed in
high redshift galaxies are due to increased gas
accretion, or if an increase in the efficiency of
the star formation process is required. One pos-
sibility is that at high redshift, the star forma-
tion rate still scales linearly with IR luminosity,
but the dense gas fraction is enhanced, driven
by some combination of gravitational instabil-
ities from mergers and gas accretion, and ex-
treme stellar feedback from supernovae or radi-
ation pressure (Bournaud et al. 2010). However,
recent work (Rybak et al. 2022) indicates that
the dense gas fraction is suppressed rather than
enhanced. Another possibility is that the effi-
ciency with which dense gas forms stars depends
on the local conditions of the galaxy (Usero
et al. 2015; Bigiel et al. 2016). More observa-
tions, especially of HCN, are necessary to more
fully understand the relationship between dense
gas and star formation at high redshift.

The ratios between dense gas tracers can
also constrain the physical conditions of the
gas. For instance, the HNC/HCN and
HCO™ /HCN ratios have been suggested to pro-
vide a discriminator between photo-dissociation
regions (PDRs) and X-ray-dominated regions
(XDRs) or more complex dynamics (Meijerink
et al. 2007; Aalto et al. 2007), though X-ray
driven chemistry can change abundance ratios
(e.g. Juneau et al. 2009). For the J = 4—3 tran-
sition, we find a HNC/HCN ratio of ~ 0.6 and
a HCO™ /HCN ratio of ~ 0.9, which are lower
than previously obtained values in Spilker et al.
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Figure 7. Line ratios between the dense gas trac-
ers, HCN, HCO™* and HNC, and 2CO as a function
of the intrinsic Lig. Local LIRG and ULIRG sam-
ples are represented by the hollow symbols, while
the high redshift samples are solid. Ratios ob-
tained from single sources are represented by cir-
cles, while ratios from stacked spectra are gener-
ally represented by the squares and stacked spectra
presented in this work is denoted by the star.

(2014) and for individual sources in Béthermin
et al. (2018). However, the obtained ratios
are in agreement with values for local ULIRGs
(HNC/HCN ~ 0.5 and HCO*/HCN ~ 0.8 for

J = 1 — 0 detections; Jiménez-Donaire et al.
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2019). Averaging over all transitions gives ra-
tios of ~ 0.9 and ~ 1.0 for HNC/HCN and
HCO™*/HCN respectively, in agreement with
both previously obtained SPT values and mea-
surements from other high redshift lensed galax-
ies (Canameras et al. 2021). For the HNC/HCN
ratio, measurements are in the typical range of
PDRs (HNC/HCN = 0.1-1.0; Hirota et al. 1998;
Hacar et al. 2020), and the differences between
the overall HNC/HCN ratio and the individual
transitions suggest that the HNC/HCN ratio
has some dependence on the rotational quantum
number. In contrast, since the J = 4—3 and av-
eraged measurements for the HCO* /HCN ratio
agree within errors and are consistent with other
measurements at high redshift, the HCO™ /HCN
ratio does not appear to exhibit any frequency
dependence.

As in Sec. 4.1, we again order the SPT DSFG
sample by the dust temperatures from Reuter
et al. (2020) and split the sample into two bins
according to temperature, as shown in Fig. 8.
While the majority of the transitions of the op-
tically thin 3CO and C'¥0 exhibit differences
between the so-called “hot” and “cold” DSFG
populations, these populations are consistent
within errors to the full sample. The dense gas
tracers HCN, HNC and HCO™ for hotter DS-
FGs are potentially more energetic in some tran-
sitions than their cooler counterparts. Though
more observations are needed to increase the
statistical robustness of the sample, this could
indicate the presence of more excited dense gas
or a more massive dense gas reservoir in hot-
ter DSFGs. Additionally, the “hot” and “cold”
DSFG populations show no difference for the
cyanide radical, CN, and all three populations
show indications of absorption in the J,, = 6
transition. It should be emphasized that these
results are speculative since many of these tran-
sitions have not been detected in this work and
are also dependent on the normalization (see
Sec. 2.2 for details). However, as orders of mag-

nitude more sources are expected to be discov-
ered with SPT-3G, these results could highlight
interesting future areas of study.

4.4. Water

Like the molecules discussed in Sec. 4.3, H,O
emission arises from warm gas in dense molec-
ular filaments and structures. In the SPT-
DSFGS, the H20(2171—2072) and H20(4174—3271)
emission lines (vt = 752GHz, E,, = 137K
and Vet = 380 GHz, E,, = 324 K, respectively)
are detected, along with the HyO(1y0-101) ab-
sorption line (t4est = 557GHz, E,, = 61K;
see Tab. B.1 for details). The HyO(21-202)
emission line is excited through the absorption
and pumping of the 101 um transition line and
traces the infrared field. Studies (Omont et al.
2013; Yang et al. 2013; Gonzalez-Alfonso et al.
2014) show that this line is correlated with IR
luminosity over several orders of magnitude in
both local and high-z LIRGs and could also be
used to trace star formation (e.g. Jarugula et al.
2019). Because the HyO(41 4-321) emission line
is a higher energy transition, it has been de-
tected in very dense regions, such as in the cir-
cumnuclear disk around a quasar (e.g. Stacey
et al. 2020). Since this line was found to be
spatially coincident with the CO(11-10) emis-
sion line, it is likely that HyO(4; 4-32,1) is found
in highly excited regions, like high-J CO lines.
Radiative transfer models (e.g. Liu et al. 2017)
also suggest that the HyO(4; 4-321) requires ex-
treme (Tguss ~ 100 — 200) conditions in order
to be excited. Given the highly excited CO line
fluxes shown in Fig. 5, at least a subset of the
SPT DSFGs exhibit such conditions.

Though the HyO(423-330) emission line (at
448 GHz) was detected in a strongly lensed
DSFG at z = 3.6 (G09v1.97; Yang et al.
2020), it has not been observed in Spilker et al.
(2014) or this work. Given the detection of
the HoO(211-202) emission line (at 752 GHz)
in both Yang et al. (2020) and in the SPT
DSFG sample, and the inferred line ratios from
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Figure 8. Spectral line distributions for *CO, C¥0O, CN, HCN, HNC and HCO™ from the SPT DSFG
composite spectrum. The sources are ordered by dust temperature and split into hot (red diamonds;
<Tgust>= 42K) and cold (blue squares; <Tgust>= 61K) populations. The full sample is represented

by the hollow circles and dashed line.

Yang et al. (2020), the HyO(42,3-3350) emission
line (at 448 GHz) should have been detected in
this work if G09v1.97 was representative of the
larger population. Additionally, the SPT DSFG
sample is on average more intrinsically lumi-
nous than G09v1.97 (SPT median intrinsic lu-
minosity is (Lig) = 1.5 x 10'® L, compared to
Ligr = 5 x 102 L), which could change the ex-
citation levels in the water transitions.

A deep absorption feature due to the
Hy0(1;-1p1) ground state transition was also
observed in the SPT DSFG stack. Though we
perform a continuum subtraction in order to ob-
tain the stacked spectrum, we measure the con-

tinua of the input spectra beforehand and cre-
ate a stacked continuum in order to determine
the equivalent width. We measure an equiva-
lent width of 199 £+ 24km/s for the HoO(10-
lp1) transition measured in our stacked spec-
trum. This is the only absorption line securely
detected in our stack, and indicates the pres-
ence of some low excitation gas backlit against
the continuum, along the line of sight. This
absorption line has also been seen in Riechers
et al. (2022) for a DSFG at z=6.34, where the
absorption feature was detected at the ~ 20
level, relative to the CMB, indicating the pres-
ence of cold water vapor. However, more study
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Figure 9. The HyO(11,0-10,1) absorption line from
the composite spectrum, given in flux density and
normalized by the dust masses of individual con-
tributing sources. This transition is observed in
the composite spectrum with an equivalent width
of 199 £ 24km/s.

would be needed to determine if this effect is
also occurring in the individual DSFGs present
in our stacked spectrum.

4.5. Carbon hydrides

The carbon hydride CH has been observed
locally in both dense photodissociation regions
(e.g. Habart et al. 2010) and diffuse molecular
clouds (e.g. Chastain et al. 2010). Because CH
exhibits constant abundance ratios relative to
molecular hydrogen (e.g. Liszt & Lucas 2002),
it is considered to be a reliable tracer of molecu-
lar hydrogen. Additionally, because neutral hy-
drides like CH are most abundant in gas with
a large molecular fraction (Gerin et al. 2016),
measurements of this molecule can be combined
with other diagnostic lines to determine the
molecular fraction. CH was first detected at
high redshift in Spilker et al. (2014) by com-
bining all transitions in the 3mm window. It
has again been detected in the stacked spec-
trum presented in this work and also at 532 GHz
and 536 GHz. It has been suggested that the
CH doublet is sensitive to both the fine struc-
ture constant and electron mass ratio (de Nijs

et al. 2012) and measurements of CH at 532 and
536 GHz could provide a test of these fundamen-
tal constants with time. However, precise cal-
ibration with another line (e.g. HyO(1;,0-101)
at 557 GHz) would be needed to study these ef-
fects.

5. SUMMARY AND CONCLUSIONS

We have presented the average rest-frame mil-
limeter spectrum of the complete SPT DSFG
sample. By stacking the 3 mm spectra obtained
with ALMA Band 3 for a total of 78 objects
from z = 1.9 — 6.9, we are able to probe faint
ISM diagnostic lines and study the character-
istics of high redshift DSFGs. Our conclusions
are as follows:

1. Using the composite SLED, we are able
to detect not only the very bright 2CO
and [CI] emission lines, but also multiple
fainter molecular transitions from 3CO,
C'™0, HCN, HNC, HCO™, CN, H,0, CH,
and OH. Both the obtained detections
and the limits set for other molecules are
invaluable diagnostics of the ISM and will
serve as guides to plan future ALMA ob-
servations.

2. The bright *CO transitions from J,, =
3 — 6 were combined with low-J ATCA
observations in order to produce a SLED
similar to, but more excited than, many
comparable SMG samples. Because dust
temperature has been shown to correlate
with the CO SLED shape (e.g. Rosenberg
et al. 2015) and the SPT sample tends to
have higher dust temperatures than com-
parable samples (Reuter et al. 2020) it is
not surprising that the CO SLED is more
excited than others. However, we high-
light the importance of using comparable
weights when comparing other composite
spectra. To further investigate this tem-
perature dependence, we split the sam-
ple according to dust temperature, reveal-
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ing a stark difference between the lower
temperature systems, which exhibit sub-
thermal behavior and show an apparent
flattening near J,, = 5 and higher tem-
perature systems near local thermal equi-
librium.

. The J,, = 3 — 5 transitions of ¥CO
were detected, and limits were placed on
Jup = 6, along with all accessible tran-
sitions of C'80. However, constraints set
on the ?CO/3CO and ¥CO/C*™O0 ratios
are largely consistent with previously ob-
tained ratios at high redshift and indi-
cate that the DSFGs at high redshift ex-
hibit suppressed levels of 3C compared
to local ULIRGs, though more observa-
tions would be needed to conclude any-
thing about 20.

. Spectral line distributions were created
using the additional detections of ¥CO,
C'0, HCN, HNC, HCO™ and CN. Split-
ting the spectra according to dust tem-
perature revealed that hotter systems ap-
pear to either contain warmer and more
excited dense gas tracer (HCN, HNC and
HCO™) transitions or simply more dense
gas. However, there is no difference be-

tween hot and cold systems for the opti-
cally thin *CO and C'®0O molecules.

. We also robustly detect the HyO(24 ;-
202) and HyoO(44 4-321) emission lines, as
well as the HoO(14 0-20,1) absorption line.
While the emission lines trace the densest
regions of DSFGs and can potentially be
used as indicators of star formation, the
presence of the absorption line detected
at 557 GHz indicates that there could be
reservoirs of lower excitation gas, backlit
against the continuum along the line of
sight.

. Though this is the largest composite spec-
trum of DSFGs to date, orders of magni-

tude more sources are expected to be dis-
covered with SPT-3G (Benson et al. 2014)
and CMB-S4 (Abazajian et al. 2019).
Spectroscopic follow-up of these sources
will be able to uncover the earliest stages
of the dust-obscured Universe.
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Software: astropy (Astropy Collaboration
etal.2013,2018,2022),CASA (McMullinetal.2007;
Petryetal.2012)
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APPENDIX
A. STACKED SPECTRUM WEIGHTS

The weights used in the stacked spectrum are given in Tab. A. The spectra were first re-scaled
to a common rest frame (described in Sec. 2.2 and then normalized by the apparent dust mass of
the source, as a proxy for size. The apparent dust mass was calculated with the same photometry
and method described in Reuter et al. (2020), except was calculated using rssoum/ m? kg™! =
0.038 (Draine 2003) instead of the value given in Reuter et al. (2020). However, because the weights
are scaled according to the average apparent dust mass of the sample, ({(Mgus) = 8.7 x 109 My), the
value of xk does not contribute to the relative weight of an individual source in the stack. We also
give the average noise across a 62.5 MHz bandwidth in Tab. A for the 3 mm spectra obtained with
ALMA. Each frequency channel of the contributing 3 mm spectrum is weighted individually, so the
average is an approximate value for the weight of each source.

The original stacked spectrum given in Spilker et al. (2014) was weighted by the inverse variance
of noise, in order to optimize for signal to noise. Because of ALMA’s changing capabilities during
our observations, we choose to weight by the inverse standard deviation instead, in order to mitigate
the presence of outliers. In order to test the statistical noise properties of the sample, we use the
same procedure described in Spilker et al. (2014). That is, we select a line-free area of the spectrum
(513 GHz), shuffle the indices, scale and stack the spectra for a total of 3000 trials. We then find
the signal to noise ratio of the central bin for each trial, as was done in Spilker et al. (2014). We
find that the noise for each ALMA Cycle is well-described by Gaussian statistics, as shown in the
resulting distributions in Fig. A.1.

B. INDIVIDUAL EMISSION LINES

Tab. B.1 gives a summary of lines detected in the stacked spectrum, along with upper limits for an
assortment of ISM diagnostic lines. The luminosities of these lines were obtained using the stacking
procedure described in Sec. 2.2 for ALMA 3mm data. Lines with S/N> 3 are shown in bold. The
luminosities are given with statistical error, which is derived from the noise of the contributing
3mm spectra. These quantities are given along with the 16th and 84th percentiles of the luminosity
distribution, as an illustration of the intrinsic scatter of the underlying population.
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Figure A.1. The signal to noise distribution of a line-free region of the stacking spectrum, shown as an
illustration of the noise properties of the stacked spectrum. The channels of the contributing spectra were
randomized and stacked for a total of 3000 trials, split by ALMA Cycle. For each ALMA Cycle, the resulting
distribution is equivalent to a true Gaussian, with a width of o = 1.
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Source Dust mass 3 mm noise Source Dust mass 3 mm noise
(10° Mg)  (mJy) (10° M)  (mJy)
SPT0002-52 4.6 §1 0.89 SPT0528-53 2.1 19 0.58
SPT0020-51 7.2 57 0.65 SPT0529-54  23.3 53 1.19
SPT0027-50  11.9 23 0.65 SPT0532-50  16.4 53 1.18
SPT0054-41 7.2 3% 0.56 SPT0544-40 6.5 {%° 0.81
SPT0103-45  24.4 §9 1.52 SPT0550-53 8.6 ;%° 1.20
SPT0106-64 8.3 1%° 0.70 SPT0551-50 9.2 1%° 1.19
SPT0109-47 3.8 43 0.66 SPT0552-42 9.6 146 0.80
SPT0112-55 0.9 2 0.29 SPT0553-50 3.5 1§ 0.78
SPT0113-46  18.6 §9 1.49 SPT0555-62 3.7 15 0.66
SPT0125-47  11.8 12 1.47 SPT0604-64  19.5 3%3 0.67
SPT0125-50 6.0 1% 1.50 SPT0611-55 3.7 1§ 0.65
SPT0136-63 7.8 153 0.71 SPT0625-58  19.1 25,° 0.65
SPT0147-64 9.1 }5%° 0.70 SPT0652-55  20.1 2° 0.50
SPT0150-59  11.2 140 0.70 SPT2031-51  12.2 32 0.58
SPT0155-62  55.3 554 0.71 SPT2037-65  12.0 1%” 0.76
SPT0202-61 7.8 59 0.71 SPT2048-55 7.1 1%7 0.75
SPT0226-45 4.3 46 0.58 SPT2101-60 6.9 5§ 0.75
SPT0243-49  20.1 (4* 1.77 SPT2103-60 8.6 53 1.76
SPT0245-63 3.9 2 0.89 SPT2129-57 5.3 7% 0.66
SPT0300-46 8.2 41 1.65 SPT2132-58 5.3 3§ 1.72
SPT0311-58 1.1 21 0.88 SPT2134-50 7.1 4% 1.67
SPT0314-44  14.5 {58 0.56 SPT2146-55 5.4 53 1.70
SPT0319-47 4.9 %2 1.61 SPT2147-50 6.1 1} 1.68
SPT0345-47 7.2 %2 1.58 SPT2152-40 7.3 1%5 0.52
SPT0346-52 7.7 22 1.53 SPT2203-41 4.4 53 0.50
SPT0348-62 2.7 37 0.88 SPT2232-61 7.3 %3 0.65
SPT0402-45  14.1 (¢ 0.61 SPT2311-45 10.8 136 0.59
SPT0403-58 3.6 9 0.60 SPT2311-54 3.3 {3 0.93
SPT0418-47 6.5 22 1.69 SPT2316-50 2.1 $9 0.60
SPT0425-40 3.6 {8 0.61 SPT2319-55 2.7 23 0.89
SPT0436-40 5.3 72 0.61 SPT2335-53 1.6 %4 0.88
SPT0441-46 6.1 53 1.54 SPT2340-59 2.3 }:2 0.20
SPT0452-50  30.2 73 1.53 SPT2349-50 4.3 33 0.94
SPT0457-49 4.2 %3 0.23 SPT2349-52 1.0 {4 0.57
SPT0459-58 4.2 28 1.22 SPT2349-56 1.9 0.89
SPT0459-59 5.7 5§ 1.23 SPT2351-57 2.1 2§ 0.90
SPT0512-59  16.1 18;° 1.22 SPT2353-50 2.6 3§ 0.95
SPT0516-59 2.6 32 0.66 SPT2354-58 6.0 2 0.91
SPT0520-53 6.7 §3 0.58 SPT2357-51 5.1 }2 0.94

Table A.1. Weights used in stacked spectrum. The relative importance
of each contributing source depends on two components: the apparent dust
mass and the uncertainties from each frequency channel of the respective
3mm spectra, also shown in the top panel of Fig. 2. The apparent dust
masses were calculated with the same photometry and method described in
Reuter et al. (2020), but using rg50,m/ m? kg~' = 0.038 (Draine 2003).
Each frequency channel of the contributing 3 mm spectrum is weighted in-

dividually, but the average values for each source are given above.
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Line Urest Nsources L dr’ 8ath Line Vrest Nsources L' dL’ 8ath
(GHz) (K km/s pc?) (GHz) (K km/s pc?)

CO(1-0)* 115.2712 9 234.60 9.53 171539 CH 536 536.7614 37 6.97 1.48 1298
CO(2-1)® 230.5380 24 261.90 6.53 T75%%  OH 425 425.0363 30 -1.02 149 508
CO(3-2) 345.7960 17 200.40 4.70 131229 OH 446 446.2910 36 4.88 1.56 12L7
CO(4-3) 461.0408 38 202.20 4.60 T530% CN(N =3-2) 340.2478 15 8.55 1.48 12504
CO(5-4) 576.2679 35 188.10 5.51 5857 CON(N=4-3) 453.6067 35 3.65 124  TIT08
CO(6-5) 691.4731 12 180.50 18.47 51958 CON(N=5-4) 566.9470 37 018 1.74 12989
12C0(3-2) 3305880 14 9.96 1.85 30 CN(N=6-5 6802641 12  -814 4.08 F1393
13C0(4-3) 440.7652 32 6.66 1.54 T2 SiO(7-6) 303.9270 9 226 214 305
12CO(5-4) 550.9263 36 6.80 172 T SiO(87) 347.3306 16 -140 157 FxM)
1300(6-5) 661.0673 19 5.41 3.16 3330 Si0(9-8) 390.7284 26 -1.92 146 T28%
C1*0(3-2) 329.3305 15 344 183 % 8i0(10:9) 4341196 32 -0.73 150 137
C1P0(4-3) 439.0888 30 226 170 T80 Si0(11-10) 4775031 34 -016 151 144
C180(5-4) 548.8310 36 2.10 1.54  T388 0 g§i0(12-11) 520.8782 36 0.14 153 13652
C120(6-5) 658.5533 19 202 319 ML si0(13-12) 564.2440 36 -220 184 3%,
[C1)(1-0) 492.1606 38 51.85  1.51 093 SiO(14-13) 607.5994 27 Los 212 347
HCN(3-2) 265.8864 3 276 549 T8M. SiO(15-14) 650.9436 19 -3.40  3.05 3399
HCN(4-3) 354.5055 18 10.74 1.46 3993 Si0(16-15) 694.2754 11 -0.81 621 3890
HCN(5-4) 443.1161 32 278 152 TE% Sio(17-16) 737.5939 7 979 7.04 TR
HCN(6-5) 531.7164 37 3.24 1.50  T2-8T CS(6-5) 293.9122 7 -0.60 233 319
HCN(7-6) 620.3040 24 2.83 3.00 13965 CS(7-6) 342.8830 16 0.44 148 273
HCN(8-7) 708.8770 10 863  7.03 FIgLE CS(87) 391.8470 26 0.90 142 1378
HNC(3-2) 271.9811 3 0.40 517  T33T CS(10-9) 489.7510 38 152 147 1879
HNG(4-3) 362.6303 20 6.41  1.63 13T CS(11-10) 538.6888 37 142 147 T
HNC(5-4) 453.2699 35 5.23  1.56 3121 CS(12-11) 587.6162 32 3.80 181 *2674
HNC(6-5) 543.8976 38 1.11 152 1530 Cs(13-12) 636.5318 20 0.73 3.26 *2313
HNC(7-6) 634.5108 21 0.68 330 T186  (CS(14-13) 685.4348 12 -12.21 4.66  T3002
HNC(8-7) 725.1073 8 0.86 7.0 22T CS(15-14) 734.3240 7 7100 6.91 T2 B
HCO™(3-2) 267.5576 3 7.97 541  T9%%2 NH;(10-0o) 572.4982 35 041 177 *3090
HCO™ (4-3) 356.7342 19 9.27  1.48 T332 N,HT(3-2) 279.5117 3 022 459 1924
HCO™ (5-4) 445.9029 34 3.36 1.54  TIS3T NpH*(4-3) 372.6725 22 0.27 144 5
HCO(6-5) 535.0616 38 324 148 P20 NoH*(5-4) 465.8250 36 112 156 3326
HCO™(7-6) 6242085 24 372 313 IREL NoHY(6-5) 558.9667 34 260 173 12052
HCO™(8-7) 713.3414 9 306 748 508 NoHY(7-6) 652.0059 19 119 306 12162
HyO(51,5-422) 325.1529 13 078 178 TIE NoHT(8-7) 745.2103 7 586 818 13139
H20(41,4-32,1) 380.1974 25 4.04 132 L8 CCH(3-2) 262.0042 3 226 515 ;358
H20(42,3-33,0) 448.0011 35 -1.63 164 T2 CCH(4 3) 349.3387 17 310 156 1884
H20(53,3-44,0)  474.6891 36 218 159 1310 CCH(5-4) 436.6604 30 2030 154  +1539
H2O(l10-lo1) 5569360 37  -14.69 1.72 1,559 CCH(6-5) 523.9704 37 234 151 122
H20(21,1-20,2) 752.0331 7 38.95 7.44 T2 CCH(7-6) 611.2650 24 112 221 T30
p-H201 604 604.6786 29 069 211 ™99 CCH(s-7) 698.5416 11 555  6.62 13383
p-HoOF 607  607.2273 27 219 207 T8 H2la 662.4042 17 -1.38 318 1989
p-H2OF 631 631.7241 20 0.55 329 255 H23a 507.1755 37 062 174 T3
p-HoOF 634 634.2729 20 2.34 324 1195 H24a 447.5403 35 042 166 T1358
o-H20F 721 721.9274 9 3.58 6.84 12832 H2sq 396.9008 25 03¢ 139 +3367
0-Ho O 742 742.1090 7 15.96  7.32  Ti-0Y H26a 353.6227 18 -1.45 148 TLL96
o-H20F 746 746.5417 7 1501  7.02  TITT H2Ta 316.4154 11 -3.00  2.03 L8
o-H201 761 761.8188 5 11.03 810 3585  Ho2ga 284.2506 5 2.92 391 *2492
CH 532 532.7239 37 11.49 1.52 LT

Table B.1. The luminosities were obtained using the stacking procedure described in Sec. 3 for ALMA
3mm data. Lines with S/N> 3 are shown in bold. The luminosities are given with statistical error, along
with the 16th and 84th percentiles of the intrinsic scatter. For transitions with fine or hyperfine structure,
only the main transition is listed and the line may be referred to by frequency for clarity.

@Derived from low-J 2CO observations obtained from ATCA. While 17 sources have been presented in Aravena et al. (2016), the
remainder will be published in a future work.



