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Abstract

Star-formation processes in the early Universe have had a dramatic influence on the further development
of galaxies. The peak era for stellar production occurred in early cosmic times, and most of the stars
that could have formed in the Universe had already taken place during these times. The physical
properties of the cold molecular gas are still poorly investigated, yet this gas serves as a primary fuel to
sustain such on-going star-formation. This thesis presents detailed analyses of the turbulent molecular
gas and dust in some of the most rare and extreme star-forming galaxies in the early Universe. These
systems will likely become massive galaxies with more than 100 billion solar masses, and may reside
in centers of local galaxy cluster environments. The Milky Way galaxy has been evolving for more
than 10 billion years, with a current star-formation rate of about two solar masses per year. Dusty
star-forming galaxies have extreme star formation rates, forming 100 to 1000 times the amount of stars,
and existed primarily between two to four billion years after the initial conditions of the Universe.
Studying such galaxies during these early cosmic times is an important way to better understand the
star formation history of the Universe. It is well known that such star-forming galaxies have molecular
gas mass to stellar mass fractions up to 50-80% or more. This is 5 - 10 times the amount of molecular
gas available to form stars for most local star-forming galaxies. The largely unknown nature of the
gas excitation conditions are due to observational limitations and the distant nature of these objects,
yet radio/(sub)mm technology has been rapidly advancing the past twenty years. Some of these
observational limitations were avoided in this thesis work by exploiting the natural magnification
which occurs due to strong gravitational lensing. The galaxies examined in this thesis are along the
line of sight with an intervening foreground galaxy, which results in this lensing effect. This effect
amplifies the apparent flux density of the background, lensed galaxy, reducing telescope integration
times. This thesis focuses on 24 lensed, dusty star-forming galaxies identified by the Planck satellite
telescope, each with an inferred star formation rate of about 1000 times the Milky Way value.

Radio-to-millimeter spectroscopic observations and analyses of carbon and carbon monoxide (CO)
emission lines were used to address the nature of the gas supply. The core of this thesis work includes
the modelling of the gas excitation conditions using 162 CO, and 37 atomic carbon, emission lines
in this sample of 24 galaxies. This is the largest CO and carbon line study of any sample of distant,
star-forming galaxies, and contributes to roughly 15-20% of all such line detections published to-date.
The modelling procedure follows a novel approach to simultaneously model all emission lines and the
dust continuum radiation field. Overall, these Planck-selected galaxies are some of the most gas-rich,
infrared luminous galaxies ever observed. The high values for the surface density of molecular gas
mass and IR luminosity suggest that both mechanical feedback from stars, combined with the accretion
of intergalactic gas, are involved in the total gas excitation. Our results are consistent with theoretical
models of turbulent motions regulating the molecular gas conditions within star-forming galaxies.
This thesis work therefore helps to better understand the average gas conditions for the most massive
star-forming galaxies in the early Universe as they were rapidly forming.
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CHAPTER 1

Understanding Galaxy Evolution and the Gas
which Seeds Star Formation

Radiation from gas and dust can be thought of as a concert within the interstellar medium. Con-
tinuum radiation from infrared-emitting dust particles can be likened to the rhythm section of a
band. Just as the rhythm guitar continually plays chords (multiple notes simultaneously), continuum
radiation is emission across a wide range of frequencies. Spectral lines from atoms and molecules,
however, are like the lead guitar playing the solo parts. Together they trace the personalities and
structure of star-formation processes as they broadcast their signal and pervade the galaxy and beyond.

The central role of this thesis is to better understand the physical properties of the ingredients
for star-formation in distant, star-forming galaxies: the molecular and atomic gas within the inter-
stellar medium. A first thought may lead to the question: “Why are stars so important?” We have
admired them for ages. Is it that we may value human life, and that somehow we have always
known that without stars we would not be here? Previously, our ancestors knew nothing about
the chemical composition of stars and the material between them, yet as before we still feel a
sense of home, of a beginning, of an origin, when looking up into the sky. Now we better under-
stand that we are looking into where we once came from, yet there is still much to unravel about our past.

I will first explore the cosmological landscape which sets the context for understanding the
extragalactic observations and analyses presented in this thesis. Afterwards I will move towards
describing both galaxy and large-scale structure formation. After discussing the nature of galaxies and
their stellar mass assembly across cosmic time, I will briefly describe the general conditions of the
turbulent, star-forming material in the interstellar medium (ISM). In the next section I will focus on the
characteristics of distant, dusty star-forming galaxies — the galaxy population which defines the sample
of galaxies in this thesis. Afterwards, I will then focus on the current state-of-the-art understanding of
the cold gas reservoirs in the star-forming galaxies of the early Universe. I will italicize points most
relevant to this work throughout this introduction.
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1.1 A Universal context: the observable cosmos

1.1.1 Rewinding our expanding sky to its thermal origins

The present Universe contains information about how everything is (has been) interconnected, since
the initial conditions. Everything is above absolute zero on the Kelvin scale of temperature, and thus
has energy. There is also a relatively uniform background temperature of the space surrounding us.
In fact, it was in 1965 when the Cosmic Microwave Background (CMB) radiation was discovered,
as Penzias and Wilson could not subtract what they believed to be the antenna radiation noise they
were constantly receiving (Penzias & Wilson| [1965] [Gawiser & Silk}, [2000; [Hu & Dodelson] [2002)) —
leading to the 1978 Nobel Prize in Physics. Since then, many people may take for granted that we
exist in this cosmic oven — the remnants of the initial conditions of the observable Universe.

A series of space-based telescopes have sequentially chipped away at decomposing this background
signal into all of its physical properties (COBE, |B0ggess et al.L |1992|; |Melchiorri et al.[, |1981[ﬂ (WMAP,
|Bennett et al.[, |2003 |Hinshaw et al.[, |2009 where most recently the Planck telescope measurements
have analyzed the entire CMB radiation for minute anisotropies across the sky (i.e. small differences
in global quantities such as temperature with varying spatial direction). The temperature of the CMB
radiation measured by the Planck satellite is only 2.73 K above absolute zero, with AT /T ~ 107
(Planck Collaboration et al.| [2015]). These small differences in temperature that we observe currently
reflect initial inhomegeneities in the early Universe, which ultimately gave rise to distribution of
galaxies we see today.

It has also now been observed that we live in an accelerated, expanding Universe
[1998] [20TT)). Therefore, if we reverse our observational vantage point, and rewind our observed sky
background temperature towards our cosmic origins, the CMB radiation temperature steadily increases.
Everything also becomes physically closer. In the current-day Universe, objects recede away from one
another at faster and faster rates the further the distances between them become.

Given the constraints we have on an expanding Universe, there had to have been a point in
time where/when the density and temperature of the Universe experienced the most extreme initial
conditions (commonly referred to as the 'Big Bang’). Actually, since no place is particularly different
from one another on the largest scales of the observable cosmos, in every direction, we are forced to
reconcile that the ’Big Bang’ began nowhere and at no time.

Parameterizing the expanding Universe

Less than 100 years ago, in 1922, Einstein’s field equations, which describe how a source of energy
(or mass) curves space-time, were solved in the Friedmann and Lemaitre cosmological framework
(Friedmann| [1922)). This framework describes the dynamical evolution of a Universe which is
homogeneous and isotropic. Thereafter, the description of the observable cosmos had a language,
and theoretical predictions of a Universe with any arbitrary geometry could be empirically tested.

! Cosmic Background Explorer.
2 Wilkinson Microwave Anisotropy Probe.
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Meanwhile in the 1920’s, Edwin Hubble (Hubble] [1926] [1929) had revolutionized the picture of what
was then a static Universe. In observing stars which have known luminosity variations, corresponding
to pulsation periods of days (so-called Cepheid variable stars), he was able to reliably trace the
distances to well-studied objects. With increasing distance, there was a linear increase in the measured
recessional velocity of the system. This relationship, now known as the Hubble’s Law, relates the
recessional velocity, V, and source distance, D, via the Hubble Constant, H, as:

V = H,D, (1.1)

with Hy ~ 70 km s™' per Mpc (1 pc = 3.26 light yr ~ 3 X 10" km).

The current value of the Hubble constant is, to this day, still under debate. However, there is
indisputable evidence which suggests the Universe is expanding at an accelerated, non-linear, rate.
Up until the 1990’s it was not certain that there was anything other than the energy content from
electromagnetic radiation and matter, and that the latter dominated how the Universe evolved at later
cosmic times. Observations by Edwin Hubble already indicated that a constant recession velocity per
space-time volume forces us to accept that, as something is farther away from us, it is moving faster
away. The 1930’s marked a shift towards a serious study of an expanding Universe, as opposed to the
previously accepted view of a static Universe. Therefore, the constant which describes the current rate
of expansion, i.e. H,, will change depending on the location in space-time. Efforts were soon made to
formalize the Friedmann equation, which simply describes the dynamics of the Universe in terms of a
gravitationally bound system with density and pressure, and energy conservation. Solving Friedmann’s
equation for a homogenous and isotropic Universe leads to an expression of expansion involving
a mathematical constant of integration. This constant of integration is related to the geometric
properties of the Universe; i.e. the curvature. The mathematical metric which agrees with the assump-
tion of the cosmological principle, which states that there is large-scale homogeneity and isotropy
and we are in no unique or special place, is often called the Robertson-Walker metric (Robertsonl [1929).

Light has a fixed speed, which has numerous implications when considering astronomical phenomena.
The inverse of time is frequency, and the velocity V of a light-emitting object can be given by the
speed of light, ¢, and the frequency of electromagnetic radiation, v, and / or wavelength, 4, as:

AV/c =61/ =v/bv. (1.2)

The Doppler effect describes the shift from a reference-frame (a.k.a rest-frame) wavelength and /
or frequency, and the actual wavelength / frequency measured from a source moving with a radial
velocity. The respective shift is thus termed the redshift,

7= (1= 2/, (1.3)

where a positive redshift corresponds to a source moving away from Earth.

When using spectroscopy to study very distant objects at cosmological distances, a cosmological
redshift needs to be considered. The elapsed time due to the expansion and evolution of space itself is,
in some sense, the stretching of time as a photon traverses the Universe. Therefore, the redshifted
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photons can be determined with respect to their emitted and observed frequencies, such that:

(1 + Z) = Vemitted/vobserved = l/a(t)‘ (14)

Using this known effect of cosmological redshift, the Hubble constant was determined explicitly in
1998 (Riess et al|[T998). When a star that is above 8 M, and below ~50 M, reaches the end of its
lifetime of burning hydrogen into helium, it has enough gravitational potential to overcome radiation
pressure support and effectively explode in what is called a supernova. A particular type, *SN-Ia’,
have a reliable relationship between the measured width of the light intensity over time (so-called
light-curve) and their peak output luminosity. They are referred to as standard candles, as they will
predictably become dimmer as they are observed at greater and greater distances.

The observed flux S, from a source with a known intrinsc luminosity, L, depends on the luminosity
distance, Dy , as:

L
47TD% .

S (1.5)

These SN-Ia were used to measure the distances to galaxies out to considerable look-back times of
approximately 7 Gyr (roughly half the age of the Universe). These findings, reported only 22 years ago,
led to the 2012 Nobel Prize in Physics and have since re-framed our perception of the Universe. There-
after, it has been accepted, and further confirmed, that the Universe is not only expanding, as Hubble
proclaimed in the 1920’s, but currently expanding at an accelerated rate. This implies that the attractive
force of gravity due to the presence of matter, which shapes how the curvature of space-time will
respond, is not the only energetic content implicated in the overall expansion of our observable Universe.

Co-moving coordinates are used to reflect the fact that there was a respective co-moving position
and physical scale at each stage of cosmic evolution. Co-moving coordinates are determined by a scale
factor which effectively scales the coordinate system. A system evolving in co-moving coordinates
grows with the expanding Universe and is said to follow the smooth distribution of velocity according
to the Hubble relation. A source that is radially expanding along a trajectory because of a cosmic scale
factor, a(t) can be defined by 1.) the source position at a current time, 2.) the co-moving position, x,
and 3.) the new radial position as:

r(t) = a(t)x (1.6)

This cosmic scale factor changes with time only, and corresponds to the Hubble constant at any
given epoch.

This thesis work consists of the use of spectroscopy in the observed cm-to-mm wavelengths to finely
measure the exact observed frequencies of line radiation from distant cool gas reservoirs, since their
electromagnetic signals have been shifted from their quantum mechanically predicted rest-frequency.
This in turn gives us the redshift and the cosmic epoch at which these galaxies reside.

Main epochs of the Universe

The CMB radiation, which originated at z ~ 1100, is the remnant of the epoch of last scattering,
i.e. when photons were no longer scattered within a baryon-photon fluid. It is the recombination of
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electrons with protons, forming the first hydrogen atoms, which later became more favorable as the
Universe cooled. Meanwhile, the mean free path of photons was sufficiently large to allow light to
freely escape the confines of the photon-baryon ﬂuidﬂ Radiation density dominates at early times,
when 'Big Bang’ nucleosynthesis took place. During this brief period of time, the other energy
constituents had negligible effects. The radiation density parameter scales with 1/ a(t)4. With such a
strong inverse dependence with time, as the Universe cooled, matter began to more prominently shape
in the total mass-energy density contribution and the way in which the Universe expanded and evolved.
Initially, small fluctuations in temperature during recombination provided the initial instabilities of the
matter distribution. Since gravity is an attractive force, these instabilities were strengthened over time
to form structure on larger scales. The density of matter scales as 1/ a(t)3 , and thus lasted longer as the
predominant energy constituent which determined the cosmological evolution. The vacuum energy
density is constant, and therefore becomes important in determining the evolutionary state of the
Universe at later epochs when the influence of the relative density of matter decreases. The Universe
is essentially decelerating in its expansion when the matter energy density is dominant, however the
effect of the non-zero cosmological constant becomes dominant at z ~ 0.4 (about 4 Gyr ago), as it
influences the evolution of the Universe more strongly than the gravitational and electromagnetic
effects from the cosmic density of matter and radiation, respectively.

The galaxies which form the basis of this thesis work therefore reside during a period in cosmic
history when matter dominated the evolution of the Universe. These massive galaxies are likely
responsible for shaping the distribution of matter in the early Universe, and are believed to seed the
massive clusters of galaxies which form the junction points for the observed large-scale structure of
galaxies throughout the local Universe.

1.1.2 The evolution of galaxies

The ACDM model is currently the accepted framework for describing the contents and evolution of
the Universe. This framework considers a Universe in which galaxy evolution (e.g. 2011
|Silk & Mamon[, |2012[) takes place within the seeds of dark matter halosﬂ The discovery of a dark
matter content within the Universe was hinted at as early as 1933 when Zwicky [1933) had
spectroscopically measured galaxies in the Coma cluster which exceeded the escape velocity, V..,
defined as the speed at which the galaxies have exceeded the force of gravity determined by the sum of
all stellar mass, M,, in the galactic cluster for the observed effective radius, R:

Ve = V2GM,)/R. (1.7)

where G is the gravitational constant.

Therefore since the object is gravitationally bound, there indicates the presence of additional
mass which must account for the higher than expected velocity dispersion. The existence of an
extended component of dark matter was also put forth by 1978)), using measurements of the

3= (o % n)_l; l [cm_z] is the mean free path, considering n collision partners and o the cross-sectional area for the
collision.

4 Halos can be classified as a dynamically bound system in virial equilibrium; i.e. the kinetic energy is equal to half of the
potential energy of the system.
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atomic hydrogen column density in spiral systems, and later when [Rubin et al|(1980) made detailed
observations of spiral galaxies and realized there also appeared to exist a dark matter (non-interacting
with light). It appeared the dark matter component had been substantially influencing the stable
circular velocities of stars out to extreme radii. The Keplerian disk rotation curve for an enclosed
mass, M(< R), at a given radius, R, is given by the rotation velocity,

V(R) = (GM(< R)/R)"?, (1.8)

which tapers off at high radii. This dark matter is essentially a blanket around galaxies, flattening
the rotation curve near its maximum stellar velocities.

Dark matter halos are believed to have evolved from the primordial dark matter density perturbations
soon after the hot, dense state of the Big Bang. Therefore the distribution of dark matter heavily
influences the baryonic matteIEI through gravitational forces. Once star-formation processes occur, the
evolution of baryonic matter is strongly subject to hydrodynamic and radiative feedback effects
& Rees| [1978). Itis worth noting that there is a so-called biasing effect (BBKS; [Bardeen et al.|[1986), in

which baryonic matter can also have a gravitational influence (although relatively small) on dark matter.

Not every galaxy is the same in its morphological nature and detailed composition. There are both
spiral disks and irregular mergers with tidal tails (Poggianti et al.| [2017), as well as elliptical galaxies
[1970). The formation mechanisms of these systems are an open question as we continue to
gather more and more information about the star-formation activity, physical gas/dust conditions and
kinematic activity in early Universe. Local spiral galaxies exhibit bluer colors due to the presence of
young blue stellar populations, whereas massive elliptical galaxies often have red colors due to the older,
red stellar populations. These commonly lack any indication of ongoing star-formation, and can of-
ten be associated with a strong radio emitting active galactic nucleus (AGN) jet (Fanaroff & Riley}[1974).

Star formation (SF) takes place largely at the interface of spiral arms for spiral galaxies, and they
also have increased gas masses compared to ellipticals. Stars appear to follow mostly circular orbits in
spiral galaxies, compared to seemingly random motion within elliptical galaxies. Such random motion
is still difficult to explain in galaxy evolution models, and may be linked to vigorous major gas-rich
mergers which had random turbulent motion and massive gas reservoirs fueling the central regions
of coalescence. In Fig.[I.T] [Hopkins et al] (2008) describe the process of how accumulation of gas,
after two merging cores of baryonic matter coaelesce, feeds the supermassive black hole accretion
and further increases the AGN signature of the system, while the subsequent interplay with stellar
feedback and a dearth of molecular star-forming material can later result in an elliptical galaxy from a
major-gas-rich merger (Kim et al.| 2009} Teyssier et al.| 2010} [Hayward et al.| 2013) — a phenomena
first proposed by (Sanders et al [1988)). Eventually, throughout various major and minor mergers and
gas accretion, galaxies evolved to form the large-scale structure in the nearby Universe, with local
(z << 0.5) galaxy clusters containing more than 50 galaxies, spanning many 10s of Mpc in linear size,
with smaller groups of galaxies confined to a physical radius of about 1 Mpc.

Both simulations and observational data consistently agree upon the general process of dark matter

3 Baryonic matter technically includes some short life-time quarks by definition, however here we will only refer to protons,
neutrons and electrons. The latter is negligible in terms of mass contribution.
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Figure 1.1: Schematic outline of the typical evolution of a galaxy as it experiences various growth phases,
including merger activity and the quenching of star-formation triggered by supermassive black hole growth and

feedback. This schematic was originally published by [Hopkins et al.| (2008)), and later reproduced in[Casey et al]

halos merging hierarchically as the Universe evolves in time. It is therefore a primary objective
to better understand the process of assembling baryonic content and forming large associations of
the galactic groups, clusters, filaments and voids seen in the local Universe. Key developments in
cosmological hydrodynamic simulations are still needed, including a consistent description of the
formation of stars from cold gas, and their energetic feedback into their surroundings (e.g. stellar
winds from Wolf-Rayet and massive main-sequence stars) — including both SN feedback and feedback
from the accretion of matter onto a supermassive black hole (Navarro & Steinmetz], 2000} [Keres et al |

[2005), [Governato et al.| 2010} [Guedes et al.| 2011} [Hopkins et al.| [2012)).

1.1.3 The production of stellar mass across cosmic time

In the A-CDM (Cold Dark Matter) hierarchical dark matter model, one observational goal is to
measure the build-up of the baryonic content within galactic systems across cosmic time. This,
therefore includes a general understanding of the life-cycle of stars and the necessary ingredients
responsible for the formation of stellar mass. Key local constraints suggest that SF is, in general,
inefficient, while 5% of all baryonic matter appears to reside in stellar mass (Fukugita & Peebles|
[2004). In general, one can consider three major epochs in galaxy formation and evolution.
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The epoch of reionization began as soon as 100-800 Myr after the Big Bang, between z ~ 11 — 6. It
is the first major epoch in the build-up of stellar mass through increased star-formation activity
let al.} 2006t [Bouwens et al.} 2012} [Finkelstein et al| 2012} [Coe et al|[2013)). As dark matter halos grew
in size to about 10° M,,; (Spergel et a1.|, |2007[), the relative baryonic content increased sufficiently to
form the first proto-galaxies from the first stellar populations. The ionizing radiation from the first stars
effectively radiates freely until absorbed into the neutral circumgalactic medium (CGM) or intergalactic
medium (IGM). The HST satellite offered deep imaging to select a sample of early star-forming systems
at z > 6, and now many have confirmed redshifts and tight constraints out to the epoch of reionization

(McLure et al} 2013} [Bradley et al} 2014} [Finkelstein et al.} 2015} [Starkl 2016}, [Livermore et al.| 2017)),

to within 1 Gyr of the Big Bang. Observations and numerical studies agree in the distribution of galax-

ies based on structure formation via instabilities in gravity (Spergel et al.|[2007; [Coe et al.} 2013)). The

general picture is that low-mass components collapse and will merge hierarchically to form the larger
extragalactic systems throughout the stages of galaxy evolution (Peebles| [1982 Blumenthal et al.| [T984).

After the epoch of reionization there was a rapid development in star-formation and galaxy evol-
ution. The IRAS and COBE-FIRAS space satellite maps first revealed the all-sky far-Infrared (IR)
background, which led to our current understanding of the SF history of the Universe. This FIR
background complemented what had previously been observed, i.e. the products of star-formation:
the stars themselves and ionized gas, usually observed in optical and near-IR wavelengths. Most
surprisingly the cosmic background of optical/near-IR light is of comparable energy density as the
far-IR background (Madau & Dickinson| [2014).

The cosmic far-IR background has since been resolved into individual sources (Berta et al.| 2011}

[Dole et al} [2004; Béthermin et al} 2010a; [Kawara et al} 2004 [Béthermin et al} 20TO0b; [Rujopakarn]
let all 2010} [Clements et al] 2010} [Scott et al.] 20124l 20T0L [Hatsukade et al] 2011} [Austermann et al.]
2010} [Aretxaga et al. 2011) and has progressed our understanding of galaxy evolution in the context
of the historic peak in the co-moving cosmic rate of star-formation activity. At z = 1 — 3, such galaxies
were closer to one another by a factor of three. This redshift range corresponds to the second major
epoch of galaxy assembly, and is perhaps the most significant in terms of the climactic formation of
stars in galaxies. It is of vital importance to understand this epoch because about half the stars of the
stellar populations in nearby galaxies/large-scale structure had formed (Reddy et al| [2008}; [Marchesinil
[2009). Still only a handful of dusty star-forming galaxies have spectroscopically confirmed
redshifts between z = 4 — 6. Worth noting, only 1% of the stellar mass density in the Universe having
formed at z > 6, while the co-moving SFR density at z ~ 7 was roughly the value of today
[Dickinson| [2014)). These high-z galaxies, particularly at z ~ 1 — 3, are the main contributors to the
co-moving cosmic SFR density during the second epoch of galaxy assembly (Magnelli et al.| 2011},
Murphy et al [201T)). For comparison, local star-forming galaxies with such SFR values are less than
a few percent of the local IR luminosity background (Sargent et al.|[2012)). The first luminous IRAS
selected systems in the local Universe were classified by their high IR luminosity, i.e. Luminous
IR Galaxies (LIRGs) have Ly > 10'" L. Ultra-LIRGs (ULIRGs) are local starburst systems with
an order of magnitude higher IR luminosity by definition, with an integrated dust SED (8 - 1000
um) equal to or greater than 102 Lo (lLemke et al.L |1996|; |de Jong et a1.|, |1984|; |Veilleux et al.[, |2002|;
[Sanders & Mirabell [T996)). Significant gas column densities enriched with high dust contents, make
ULIRGs highly efficient in obscuring the ongoing star-formation activity (Downes & Solomon|, [T998)),
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Figure 1.2: The contribution of different high redshift galaxy populations to the cosmic SFR density. This
SFRD plot shows the contributions from total surveyed infrared populations, as published in[Casey et al|(2014).

which may likely be true as well for the dusty star-forming galaxies in the early Universe.

Understanding the actual physical properties of dusty, gas-rich galaxies in the second major epoch
of galaxy evolution is at the heart of this thesis work, as the sample of galaxies are selected to be at
z ~ 1 —=3. The typical molecular gas to stellar mass fractions of such galaxies may be up to 80%

(Carilli & Walter, 2013} [Casey et al} 2014} [Tacconi et al} 2018).

After the second epoch there was more than an order of magnitude decline in the inferred co-moving
star-formation rate (SFR) density over the past 7 Gyr (Lilly et al] [1996; Madau et al} [1996). The
third major epoch of the cosmic history of SF is characterized by less frequent star-forming episodes
and more quiescent galaxy evolution, inferred by the dramatic decline in the radio, optical and IR
luminosity functions from z ~ 1 to today. The overall star-formation history of the Universe is

summarized in Fig. [I.2] (Casey et al] 2014).

Studies of these three cosmic epochs of SF have revealed an empirical linear relation between the
inferred SFR in a galaxy versus the stellar mass. This is now termed the ‘main-sequence of star-forming
galaxies’. Studies of this low-scatter relationship (dispersion 0.3 dex) of SFR versus stellar mass, M,
reveal that the majority of galaxies across cosmic time follow this relation. For increasing redshift, the

normalization increases to higher SFRs (Noeske et al.}[2007} [Elbaz et al .| 2011} [Rodighiero et al.| 20TT])).

Recent studies (Jiménez-Andrade et al.| 20194} [Elbaz et al.| [2018a)) indicate that the SFR surface
density, rather than the globally averaged SFR, is a more telling indicator of the, main-sequence versus




Chapter 1 Understanding Galaxy Evolution and the Gas which Seeds Star Formation

starburst, phase of galaxy evolution. It appears most galaxies undergo some sort of starburst period
(for a few 10s to 100 Myr), primarily driven by violent disk instabilities and / or galaxy mergers.
Star-forming galaxies at z ~ 1 — 3 also have abundant shipments of cool molecular gas from the
intergalactic medium, which likely sustains the on-going star-formation while on the main-sequence.
Although it is not clear whether or not an AGN is a primary factor in preventing the ongoing production
of stars, the black hole growth and star-formation processes are linked throughout cosmic time (Boyle
& Terlevichl [1998}; [Silverman et al [2008). In some cases a strong quasar mode may considerably
disrupt the thermodynamics and evolution of matter in a star-forming disk (Hopkins & Quataert, [2010).
Once the molecular gas supply has reduced, by either expelling gas in a galactic outflow
[2002), having the gas stripped via a merger and / or depleting the molecular reservoirs to build
up more stellar mass, a galaxy will likely evolve into one of the locally observed red, massive, passive
star-forming galaxies (M, > 101057113 MQH) as shown in the schematic in Fig

2008).

1.2 The interstellar medium of star-forming galaxies

This thesis involves studying the emission line properties of highly supersonic turbulent gas in star-
forming galaxies in the early Universe. In the following, I will outline some important considerations
regarding the overall processes and time-scales of star-formation, gathered from theoretical work and
conclusions based on local observations within the Milky Way and nearby star-forming galaxies.

1.2.1 Turbulent gas conditions

The role of interstellar turbulence in the process of SF has been long considered an important subject,
dating back to the 1950’s. A general picture of the ISM has been emerging, described as the result of
hierarchical cloud structures exposed to a series of shock waves from ambient supersonic turbulence,
in addition to large-scale energy input from Galactic motions (von Weizsacker} [1951}; [von Hoerner,
[195T}; [Chandrasekhar}, [1951} [Fleckl [T981). The Milky Way consists of many Giant molecular cloud
complexes (GMCs), which are the result of fragmentary collapse into molecular structures of a few pc
to 100 pc in size, typically ~ 50 pc (Lada et al| [2010). For star-forming galaxies across cosmic time,
it is widely accepted that although atomic hydrogen gas is needed to form H,, it is H, which forms the
seeds of dense clouds in the cool, neutral ISM. GMCs have therefore been the best means to study
ongoing star-formation locally (Hollenbach & Tielens| [1997) within the ISM of the Milky Way and
other nearby galaxies, for which telescopes can spatially resolve GMC structures.

Observations have shown that galaxies can have turbulent properties on kpc scales. The large-scale
turbulent energy dissipates as the turbulent power decreases as the energy cascades down to the
smaller cloud scales according to the Kolmogorov energy spectrum (Kolmogorov], [1941} [Wilson et al |
. The compressible[l nature of interstellar turbulence is a key aspect in the behavior of such cloud
structures (EImegreen| [T991). Additionally, it is important to study the turbulent energy of a high-z

6

1My =~2x10% kg
7 Compressible here refers to possible energy transfer between kinetic and thermal modes (1Elmegreen & Scalol |2004|).
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star-forming galaxy, as recent theoretical and observational work has revealed that there may be a
significant role of turbulence in regulating SF and influencing the chemical enrichment of the ISM
(see e.g.[Elmegreen & Scalo| [2004} [Scalo & Elmegreen| [2004] and references therein).

Turbulence-driven gas density probability distribution functions (PDFs) are determined by a
characteristic width set by the supersonic velocity dispersion, centered at a mean gas density. It is
well-described as a log-normal distribution (Krumholz et al. [2009b| 2012} [Hopkins & Quataert,
2010} [Hopkins et al} [2012; [Ginsburg et al.} [2013). The physical reasoning for such a distribution can
be better understood by considering all of the random cancellations of shocks and the compressive
rarefactions which multiply and divide the density by the Mach number squared, M2, respectively
(Vazquez-Semadeni et al.| [1996]). The Mach number is an expression of the speed of a flowing mass
of particles with respect to the sound speed of the medium. The Mach number can be expressed in
terms of the turbulent velocity, AV [km/s], and sound speed c,

AV

Y (kBTkin)/zmH,

where kg is the Boltzmann constant, and 7y, is the gas kinetic temperature. The speed of sound is
calculated in the form, ¢ o \/17 , which can be rewritten, using the ideal gas law relation, pV = nRT,
as ¢, o< y/(kgTy;,)/my. The value of Ty, is determined by the kinetic theory of gases, which states
that particles of mass, m, will have a probability distribution determined by a Maxwell-Boltzmann
distribution. This function, f,, can be expressed in terms of particle speed, i.e. v = , /vf + v)% + vZ2 .
The Maxwellian distribution expresses the particle speed probability distribution as:

Myguen = AV /¢ (1.9)

2
-0.5
£, = 2 m(m/kgTiy, ) ? v2 x e Falan . (1.10)
The ratio in the exponential term is that of kinetic energy per unit kg7;,. For a given temperature
bath in thermal equilibrium with the system of particles, a statistical ensemble of possible energy
states in equilibrium is described as one in which each state has a probability to have a given energy

proportional to AE/KsTian)

The physical gas properties and kinematic behavior of the gas are also linked to the initial mass
function (IMF) for a star-forming environment. The IMF describes the number distribution of stars,
with a certain mass, which are present at the birth of a star-forming environment. The IMF is a
key indicator for describing the initial conditions and distribution of stars before stellar evolution
occurs, and has been extensively reviewed (Bastian et al.| 2010}, [Kroupa et al [2013}; [Offner et al.]
[2014). In general, the IMF is responsible for shaping the ratio of the hottest, and most luminous, stars,
to the fainter, less-massive stars — the latter usually represent most of the stellar mass in a galaxy
(Madau & Dickinson|, 2014} and references therein). Although the IMF is not directly measured in
any extragalactic observation, the nature of the IMF can be better understood for high-z star-forming
galaxies by comparing their turbulent gas properties to local galaxies and theoretical models. The
shape of the IMF out to higher masses may vary depending on the physical conditions of the ISM, in
particular the turbulent gas motions (Bastian et al.| 2010} [Kroupa et al., 2013} [Offner et al.} [2014)).
Many theoretical models even suggest that the IMF may be slightly different in the star-forming regions
of high-z dusty galaxies (Baugh et all [2005b)). In the early Universe, it is believed that the atomic and
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molecular gas of the ISM may be thoroughly mixed (co-spatial) in the active star-forming galaxies,
with cloud structures on 100s of pc to kpc scales (Swinbank et al} [2015)). The turbulent gas properties
at the galactic scale, in the most extreme star-forming galaxies, may help explain the nature of these
violent episodes of stellar mass assembly at high-z.

This thesis aims to determine the average global properties of the turbulent molecular and atomic
gas in some of the most extreme dusty star-forming galaxies, in order to quantify the physical conditions
on a spatially unresolved galactic scale. This pivotal step is required, as the insight gained from
determining the global properties will be used in future follow-up research to measure the spatially
resolved (sub)-kpc gas properties.

1.2.2 Properties of local star-forming galaxies

The spectral energy distribution (SED) of star-forming galaxies can provide a useful tool to characterize
a star-forming galaxy. This requires observations across the vast range of the electromagnetic spectrum
to unveil a plethora of diagnostics. In general, stars form from gas, therefore it is important to derive
both the SFR and the physical gas properties of a star-forming galaxy.

Since the star formation rate (SFR) and the density of gas can be strongly related with one another,
i.e. the so-called Schmidt relation [1959), it is important to use a variety of tools to infer the
SFR and density (and other physical gas properties). This Schmidt relation was later reviewed by
[Kennicutt (1998]) and more recently in[Kennicutt & Evans|(2012)), and has been at the forefront of
studying the star-formation processes as stars in local star-forming regions in the Milky Way and in
local star-forming galaxies. Specifically, the Schmidt-relation is characterized by a log-linear relation
between SFR surface density, and reflects an average over 100s of pc: Z(SFR) o< E’g‘as, where the
power law index, n ~ 1.4. The relation between the SFR and the gas density may vary within regions
of extremely high (or low) molecular gas mass surface densities, of the order of > 100M pc_2
(< 1M, pc_z). Local and theoretical studies have extensively explored these relations
let al.l 2007} Bigiel et al} 2008}, [Leroy et al.},[2007; |Greve et al. 2005} [Bouché et al|[2007), and the

value of n may increase to n = 2 in extreme feedback-driven, turbulent regions (Ostriker & Shetty]

2011}, [Faucher-Giguére et all 2013} [McKee & Ostriker, 2007).

The SFR of a star-forming galaxy can be determined from a variety of methods. Local galaxies
which are not heavily dust-obscured may have detectable far-UV emission exposing the radiation from
newly formed stellar associations. The SFR can be inferred from a calibration between the far-UV
emission and theoretical models [Kennicutt & Evans|(2012). The far-UV observations offer a direct
measurement of the ongoing star-formation, and together with optical data can derive SFRs corrected
by dust extinction (Calzetti et al] [T994] [2000). Such short-wavelength measurements are sensitive
to the lifetimes of massive stars (a few to tens of Myr). [Kennicutt & Evans| (2012)) note the specific
luminosity of the Ha line emission can also be used to infer a SFR. Since this line traces the ionized
regions surrounding young massive stars, it can also trace the ongoing SFR on the time-scales of a few
to tens of Myr.

In this thesis I primarily focus on the IR based SFR, derived from the integrated 8-1000um luminosity,
which was initially determined as the integration range used to infer the SFR in|Kennicutt & Evans|
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(2012)). In particular, [Kennicutt & Evans| (2012)) consider radiative transfer models for continuous
starbursts, with a range of 10-100 Myr bursts, and a Salpeter IMF (Salpeter] [1955} [Leitherer &]
[1995). The resulting calibration to SFR for the derived, integrated IR luminosity is:

SFR=45x 10" Lig o) = 1.7 10 Ligy; ) (1.11)

Note, the integrated 8-1000um dust SED is considered here to be the total L. Typically, only
a portion of the dust SED is sampled for high-z galaxies due to observational limitations, and it is
considered that the rest-frame far-IR (~40-120um) may also be a reliable means of characterizing
dusty star-formation activity (Helou et al.l [T983). For reference, the Milky Way has an estimated SFR
of 2 M, yr_1 (lRobitaille & WhitneyL |2010|; |Ch0miuk & PovichL |201 1[). Since it is also common for
other quiescent star-forming galaxies (L ~ 10" L), one should note that the far-IR emission of the
Milky Way is not dominated from the reprocessing of light from young stellar populations, but instead
from dust heated by older stars (Lonsdale & Hacking] [T987).

The local starburst galaxies have considerably more star-formation than 90-95% of most other local
galaxies (Sargent et al| [2012). Although they provide the only local comparison to the extreme nature
of star-formation in galaxies in the early Universe (Casey et al.| [2014)), they are not direct analogs
to high-z starburst systems. For instance, local starbursts do not have SF which extends far beyond
their galactic center, as seen in high-z systems. At z > 1, systems with Lz > 101713 L, may harbor

molecular gas reservoirs and SF extending more than 10 kpc (Pope et al.| 2006}, [Daddi et al.| [2009
Carilli et al| 2011} [Hodge et al.| 2012).

The diversity of local CO SLEDs in ULIRGs (Papadopoulos et al [2012alb) can be attributed to
violent, large-scale, supersonic turbulence in addition to stellar feedback and SN-driven shocks. High
cosmic ray densities (as opposed to far-UV photons) can also sustain the excitation of a large fraction
of the highly excited molecular gas. Many starburst systems may also harbor a compact component (<
50-100 pc) traced by the highest-J CO lines [2017). This hot molecular medium, likely a
dust-obscured active galactic nucleus AGN, may provide strong feedback. An obscured mid-IR or X-ray
luminous AGN (Greve et al| [2014} [van der Werf et al.| 2010) may also influence the ongoing SF. It is
important to note that the Herschel spectral surveys from the past decade were the first surveys capable
of distinguishing the various properties and excitation mechanisms associated with the molecular gas in
strong starburst galaxies in the local Universe. These rest-frame far-IR spectral surveys revealed how a
significant energy contribution from the diffuse and warm molecular gas should be accounted for when
studying galaxies with extreme amounts of SF (Kamenetzky et al[2014)). These analyses ruled-out the
presence of strong PDR/cosmic ray/x-ray heating of the molecular gas, in favor of more mechanical heat-
ing mechanisms, i.e. shocks / turbulence, for the most extreme star-forming galaxies
[20TT). Contrary to low-z, little is known about the physical gas conditions during the peak epoch of SF,
when the co-moving SFR density was >30x higher at z ~ 2 — 3 than it is today (Madau & Dickinson|

[2014). In addition, the gas-to-stellar mass fractions were ~5x the local average (Carilli & Walter] [2013).

This thesis aims at studying the molecular gas properties in gas-rich systems at high-z via the
assembly and analyses of the largest compendium of emission lines. Local studies revealed that strong
mechanical energy is one of the main mechanisms required to sustain the CO line excitation in local
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starbursts. I explore in this thesis whether or not the nature of the heating/cooling of the gas is similar
in the ISM of dusty star-forming galaxies at high-z.

1.3 Characterizing the peak epoch in cosmic star-formation

1.3.1 Distant, dusty star-forming galaxies: background and overview

The radio Universe has been well-studied since Karl Jansky pioneered the theoretical and observational
work of radio astronomy in the early 1930’s. Everything shifted after he detected strong emission
from the Milky Way for the first time [1933)). Comparatively, optical techniques have been
developed since Galileo invented the refractor telescope in the 1500’s. Due to a variety of technical
challenges, the world of the invisible Universe observed at wavelengths shorter than the radio (4, <1
mm), but longer than the near-infrared, was not revealed to humanity until the 1990s.

obs

In the late 1990’s and early 2000’s, the study of the rest-frame far-IR-to-mm emission from distant
galaxies began, forming the foundation for this thesis work. This recent discovery of these distant,
dusty galaxies with high amounts of star-formation activity signifies how we are still in our early
stages of understanding this unique time period in the SF history of the Universe.

The IRAS infrared maps made in the 1980’s were not sensitive enough to detect the population
of distant dusty star-forming galaxies, although IRAS did serendipitously discover a high-z system
at z = 2.3 during a study of cool carbon stars [Rowan-Robinson et al.| (I991), as well as a lensed
quasar host galaxy (QSO) at z = 3.9 (Irwin et al [T998). The Max-Planck Millimetre Bolomter
Array (MAMBO; [Kreysa et al|[1998)) and Submillimetre Common-User Bolometer Array (SCUBA;
[Holland et al] [T999) were the first two cameras to be installed on single-dish radio antennas, and
observed the sky in the mm and sub-mm regime. As the observed wavelengths are still comparably
large, a significant aperture is required to spatially resolve sources on the sky. Thus, the earliest
(sub)mm maps were highly confusion-limited, such that individual sources along the line of sight
could blend together and act as a single point source detection. Although the first (sub)-mm maps
were limited to a few to tens of square arcmin in size, a population of distant, dusty star forming

galaxies were discovered (Barger et al.| [1998]; [Hughes et al, [1998} [Barger et al.|, [1999; [Eales et al.|
1999; [Lilly et al.} [1999; [Bertoldi et al.| 2000} [Borys et al.l 2002; [Chapman et al| 2002} [Cowie et al
[2002} [Dannerbauer et al.l 2002} [Fox et al],[2002} [Scott et al.| 2012b}; [Smail et al.], 2002} [Webb), [2002).

Evidence in the early 2000’s already indicated that the typical median redshift was around z = 2-3,
however less than two or three data points were available to measure the dust SED of the candidate
high-z sources (Blain et al.| [2002} [Casey et al.| [2014] and references therein). It had been predicted
that the number density of galaxies with 850um flux density greater than 5 mJy was only 0.25 sources
per square degree on the sky. However, the observed density was later realized to be many 100
deg_2 (]Casey et al.L |2014[). It became immediately clear that these systems were vitally important in
understanding galaxy evolution, as the co-moving density at z > 0.5 had 400 times the amount of
galaxies with bolometric luminosities greater than 10" Lo (]Casey et a1.|, |2014[) than observed locally.
Results from the first statistical studies of (sub)mm bright galaxies suggested that the luminosity
function is much greater than that of the IRAS selected galaxies. Wide-field surveys began studying
these dusty galaxies in greater detail on statistically significant patches of the sky, often over hundreds
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1.3 Characterizing the peak epoch in cosmic star-formation

of square arcminutes of blank sky. Others focused on smaller, ~ 5 square arcminute fields which have
strong local foreground clusters (Smail et al} [1997). Cluster environments can together amplify the
background (sub)mm emission to increase the ability to detect fainter sources, and to infer intrinsic
number counts of these galaxies across the sky.

1.3.2 Selecting distant, dusty star-forming galaxies

During star-formation, a rapid generation of dust can be produced, which has a multitude of influences
in the interstellar medium (Draine & Li| [2007). Theoretical simulations reveal that only a thin layer
of dust is required to effectively attenuate the UV/optical stellar light emission and re-radiate in the
far-IR-to-mm wavelengths. Almost all of the far-IR luminosity of a star-forming galaxy arises from
thermal dust continuum, however the functional shape of this emission cannot account for features
of the conditions and the physical powering source as it is essentially a modified black-body emitter.
In order for complex molecules to form in the first place, to further create interstellar dust grains, a
cool environment must be available [201T). It is useful to note that the temperature at which
dust grains sublimates is of the order of ~2000 K — setting a physical upper limit to consider the
temperatures of the dust emitting environments.

Modelling the observed dust continuum involves parameterizing the dust temperature and the
function describing the emissivity of the dust grains. The emissivity function can be defined as a
power-law function of frequency, with the power-law slope index denoted commonly as S, such that
the emissivity is:

e 1P (1.12)

Typically 5 = 1.5 — 2, however theories and observations have set limitations on the values closer
to 2 at low frequencies based on scattering theory. The SED can be expressed as the flux density,

foceB(T)x(1—e™™), (1.13)

in the simplest form — here taking into account the variation in opacity for a non-uniform dust
temperature throughout the galaxy (Casey et all 2014)). The pioneering work in the early 1900s by
Max Planck resulted in a function for black-body radiation based on the principle of quantized light
packets:

2hv? 2kgv?T
B, = ~ 1.14
v Cz(ehv/kBT ~1) 2 ( )

where h is Planck’s constant, kg, the Boltzmann constant and c the speed of light. In the
hv << kT limit, the flux density that is well-described by the Planck function can be approximated
(i.e. €* = 1 + x), resulting in the Rayleigh-Jeans limit, which is proportional, for first order, to v* and
the characteristic temperature of the source of the blackbody radiation —in this case the dust temperature.

The temperature of a perfect black-body (a system which can absorb and emit at 100% efficiency)
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Chapter 1 Understanding Galaxy Evolution and the Gas which Seeds Star Formation

follows the Planck function. A host of templates and models have now been developed to approach
the empirical and physical evidence explaining the dusty star forming population at high-z (Dale et al ]
2001} [Chary & Elbaz, 2001}, [Rieke et al. 2009} [Kirkpatrick et al| 2015} Burgarella et al.} 2003} [NoIl|
Lal.L M Other modeling approaches utilise fitting functions, such as a )(2 minimization procedure,
to optimize the far-IR SED, as outlined above as a modified black-body distribution function. The dust
properties themselves may not be well-known in external galaxies, however it is a fair assumption that
the intrinsic SED of a star-forming galaxy will not vary wildly as it is a featureless modified blackbody.

The advantage of studying galaxies with strong rest-frame far-IR emission is that the SED is
favorably redshifted. For a bolometric luminosity, L, at redshift, z, and luminosity distance, Dy , with
an intrinsic dust SED function, f,,, the flux density at an observed frequency, v, is defined as:

(1+2)Lf,

, = — (1.15)
4xDy [ f, dv

For any galaxy, the observed dust emission subtends a solid angle, Q, given the radius of the
emitting region, r, and the angular diameter distance,

Dppg =D x(142)72, (1.16)

with:
Q = 7(r/Dpyy)”. (1.17)

Since the functional form of the flux density at the sampled dust SED points is strongly increasing
as a function of frequency in the (sub)mm, then, as the flux density is redshifted, the flux density does
not suffer from the natural l/Dﬁ cosmological dimming that would be expected for optical or radio
(Fig.[L.3). This is also known as a negative-K correction (Blain & Longair}, [T993). It is important
to note that this is a significant advantage when trying to detect distant galaxies which indeed have
sufficient amounts of dust.

Due to the immense advantage of this negative K-correction in the (sub)mm wavelengths, it has now
become one of the most widely exploited natural tools to study high-z systems. Nowadays, sensitive
ALMA measurements have detected dust continuum in systems selected via optical/near-IR methods
(which are not expected to have much dust content).

The negative K-correction effect theoretically extends to z > 10, while the optical and radio flux

densities drop significantly at higher redshift (Blain & Longair} [T993} [Blain et al.| 2002). This assumes

the intrinsic SED shape of a star-forming galaxy used as a template applies to other star-forming
galaxies at high-z.

The CMB black-body temperature becomes significantly warmer than the dust temperature out
to very high redshifts. Therefore, this technique of detecting dusty galaxies based on the negative
K-correction loses its applicability because the required signal from the dust emission is more
challenging to distinguish from the CMB radiation. At z > 5, this becomes increasingly important,
and many efforts have been developed to explicitly correct for CMB radiation contributions to the
observed line or continuum intensities (Combes et al ] [1999 [Obreschkow et al.] 2009} [da Cunha et al]
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Figure 1.3: Observed flux density as a function of redshift. This plot illustrates the prominent negative
K-correction in the mm for a galaxy with Lz = 10'%2 L, assuming an SED template derived for high redshift

dusty galaxies — as published in[Casey et al|(2014).

2013).

The local merging galaxies tend to be dust-rich, so it was believed early on that the dusty population
of distant star-forming galaxies would be the natural culprit for the progenitors of local massive
ellipticals with randomly distributed stellar velocity dispersions. Theoretical simulations, and now
many observations have proven that the population of distant, dusty galaxies consists of a variety of
major/minor mergers, and are a heterogenous population in a transient state of evolution (Finlator]
let al .| [2006; [Hayward et al.|] 2011}, 2012} 2013}, [Narayanan et al.} 2009). The discovery of stable spiral
disk galaxies at z > 2 — 3 (e.g. [2010) suggests both spirals and ellipticals formed within the
first four billion years of the Universe. Galaxy mergers can trigger lots of gas to produce shock waves
throughout the ISM of each system. To account for the local K-band luminosity function (Kochanek
let al.} 2000} [Fardal et al.| 2007) and the observed number counts of dusty high-z galaxies, theorists
have argued that at high-z, many of the systems with observed Lz ~ 10" L, or greater may have a
top-heavy IMF. That is, high redshift galaxies are believed to harbor a significant amount of massive
stars, and thus may have an over-estimated SFR (Baugh et al.} [2005b).

The strong interplay of a coeval AGN / starburst is central to a complete understanding of galaxy
evolution. Observations and theoretical work suggest that throughout the lifetime of a star forming
galaxy, a combination of gas replenishment and metal enrichment, stellar and supermassive blackhole
feedback, merger activity and accretion processes are all likely to play a role in shaping the ISM.
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Chapter 1 Understanding Galaxy Evolution and the Gas which Seeds Star Formation

The ubiquity of dust emission associated with radio selected AGN galaxies (Archibald et al.| [200T])
provided one of the first clues of coeval AGN/star-formation at high-z at the time when the distant
population of dusty galaxies were beginning to be discovered. Feedback from AGN / SMBHs in
massive galaxies can induce broad line emission, as seen out to 10 kpc, concurrent with the ongoing
SF activity, even at z = 4 (Jiang et al.| 2019). The duration and physical influence of such outflows
remains an open area of research for high redshift galaxies.

This thesis will explore the nature of star-forming galaxies during the topics by focusing on the
peak epoch of the SF history of the Universe. The sub-mm selected galaxy sample that is used in the
analyses for this thesis work have been previously identified due to their extreme IR luminosities. Both
the dust and line fluxes are subject to the negative K-correction of the emission in the rest-frame IR
to mm, therefore these galaxies offer a unique sample to study this most intense cosmic epoch of SF.
Additionally, many open questions abound for the exact conditions present in coeval AGN/starburst
systems, particularly at z ~ 2. Therefore, as a core chapter of this thesis (see Chapter[), a case-study
will further discuss the physical nature of a 7 = 2.55 coeval AGN/starburst galaxy with multiple CO
line detections and [NII] line emission (Harrington et al.} 2019).

1.3.3 Physical gas properties from high redshift emission line detections

Most of the bolometric luminosity output from a dusty star forming galaxy is in the rest-IR-mm in the
form of (i.) thermal dust continuum radiation and (ii.) the spectral line emission from atomic/molecular
rotational or fine-structure transitions. Here we briefly highlight the techniques used to study the
observed emission lines.

Line measurements

Molecular and atomic emission lines can yield a wealth of information about galaxy evolution and the
build-up of stellar mass across cosmic time. Emission lines offer direct measurements of individual
galaxies with known redshifts, and have provided a set of mainstream tools calibrated in the local ISM
environments to understand the evolution of star-forming material [1978). The nature of the
dusty, high-z systems has made observations of optical emission lines (e.g. Ly, Ha) difficult, if not
impossible. A review of galaxy evolution studied through the lens of optical/near-IR emission lines
and metallicity diagnostics are recently reviewed by [Kewley et al.| (2019). Such lines offer critical
insight into the stellar populations. Rest-frame far-IR to mm emission lines, on the other hand, offer
deep insight into the cool gas content associated with star-forming galaxies. They may yield insight
into the distribution and mass of the molecular reservoir, as well as the physical conditions of both the
diffuse and dense molecular gas.

A spectral line emits at a specific central frequency, which corresponds to a specific line luminosity,
i.e. the frequency weighted luminosity, L,,. Following [Solomon et al|(1992)); [Solomon & Vanden|

[Bout] (2003)), this is expressed as:

L

_ 2
v rest 4'7TDLV

obs

S,

v obs*

v, (1.18)

rest
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1.3 Characterizing the peak epoch in cosmic star-formation

Re-writing this equation for the line luminosity (in units of L) in terms of the measured, velocity-
integrated line flux, ScqAV (Jy km/s), yields:

2
Lline = 1.04 x 10_3S1ineAVVrestﬁ’
with the luminosity distance D; in Mpc and the rest-frequency in GHz. The integrated line
intensity that is observed is convolved with the beam if the source solid angle is within the observed
antenna main-beam. As an antenna measures temperature directly from the power of the received
electromagnetic signal, it is often the case to convert this line luminosity to a measure of the effective,
areal-integrated brightness temperature integrated across the velocity axis of the line profile, i.e. the
integral resultant: 7,AV. Thus, the line luminosity is expressed in terms of this quantity multiplied by
the source solid angle,

(1.19)

D? (1.20)

’
Lline = TbAvgsource ang*
The velocity-integrated temperature can be re-written in terms of its flux density in the Rayleigh-
Jeans limit, such that for any source size, the line luminosity can be expressed (in units of K km/s pc2)

with respect to the total line flux,

2
2 2 Vobs
Ll’ine = (C /ZkB)SllneAVDL Sl ER (121)
(1+2)

This quantity is often used in the literature as it has the advantage that, for an assumed co-spatial
emitting region, the ratio of the L’ value for any two line transitions probes the intrinsic brightness
temperature ratio, and hence the thermodynamic conditions of the gas. If this brightness temperature
ratio were unity this would lead to thermalized gas, as the relative level populations for the levels in
the two transitions would be saturated.

It is crucial to derive the mass and other physical properties of the molecular and atomic gas in a
star-forming galaxy as it helps to understand the nature of the total baryonic content of the Universe.
The CO(1-0) and [CI](1-0) transitions have the lowest Einstein A coefficients (and are thereby the
most easily excited), and are essential to constrain the cool, low-excitation gas. Measurements of
higher-transitions, and other molecules such as HCN, trace denser and more energetic gas conditions.
Altogether these characterize the physical conditions of the gas.

Estimates of the molecular gas mass and excitation conditions

To estimate the molecular gas mass of the ISM in a high-z galaxy, one needs to consider the locally
calibrated techniques to convert from a measured line luminosity, typically CO, to the gas column
density (mass) of molecular hydrogen, as reviewed by [Bolatto et al.| (2013)). For spatially resolved
clouds, the molecular hydrogen column density [cm?’] can be mapped by measuring the CO line
luminosity [K km/s pcz]. This has been calibrated extensively in the Milky Way, e.g. using CO
isotopologues, which may trace the effects on determining the molecular gas mass by studying gas at

various optical depths (Dickman| [T975] [1978; [Dame & Thaddeus] [201T). It was also shown that ~ 300

CO emitting clouds in the Milky Way can be well-described as being in a state of virial equilibrium,
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Chapter 1 Understanding Galaxy Evolution and the Gas which Seeds Star Formation

with a characteristic mean gas mass surface density of about 150 M, pc™> (]Dickman et a1.|, |1986|;
[Solomon et al.| [T987). This allowed for a calibration of this conversion factor, guided by dynamical
mass measurements and the strong relationship over four orders of magnitude in cloud mass and
velocity dispersion. The latter is estimated from the width of the CO emission line profiles. Overall,
[Bolatto et al.| (2013)) synthesized all the various methods to derive the conversion factor for a galaxy
with Milky Way gas-phase abundances. This value for the conversion factor, acq ~ 4.3 M, per K
km/s pcz)_1 , which is systematically higher than ¢ ~0.8. The latter has become more commonly
accepted as the standard value in local starbursts (Downes & Solomonl [T998]). The local starburst
value is based on dynamical mass constraints, such that the dynamical mass can be expressed in virial
equilibrium as,

My, = RAV?/G, (1.22)

combined with radiative transfer modeling of the lowest two CO transitions.

The situation is more complex as the gas-phase metallicity can factor into this determination,
as a lower metallicity, and hence a lower CO/H, ratio, would require a higher value of @q, and
higher-metallicity systems tend to have lower values (more CO line emission per unit molecular
gas mass). For a turbulent ISM with a log-normal molecular gas density PDF in a highly active
star-forming galaxy, a realistic description would have a spectrum of values. The dependence on
metallicity has been used extensively to calibrate the molecular gas-to-dust mass ratio, or to use this as
a means of empirically measuring @ (Draine & Li| 2007} [Leroy et al.] 201T])), however o depends

on the local ISM conditions (Glover & Mac Low| 2011} [Shetty et all 201 Ta} [Scoville et al 2012
Eales et al] 2012; [Magnelli et al.} 2012} [Leroy et al.| 2013} [Narayanan & Davé}, [2013).

Non-LTE radiative transfer modelling

Gas masses and physical properties which are derived from radiative transfer models are derived in
from a more physical basis, and may lead to robust calibrations of the line luminosity to gas mass
conversion factor. Physical models solve for the partition function of the CO molecule in order to
account for the observed line intensities, therefore the CO column density can then be converted
directly to a molecular hydrogen gas mass. When one considers the total partition function for the
CO molecule, which is the effective distribution of CO molecules in varying population levels, the
largest probability is for the J = 1 state at the temperatures and densities of a cool GMC in the Milky
Way (T = 10-25 K; log(n(H,)) = 1.5 - 2.5 cm_S). This has therefore been used as the standard to
constrain the total molecular gas mass from other methods, although for increased temperatures, the
higher-J levels can contribute more significant fractional contributions to the partition function, and
thus trace more CO column density (and thus more molecular gas) — highlighting the importance
of measuring multiple CO transitions and modeling the line intensities properly (Carilli & Walter,[2013).

In order to model the excitation conditions of the molecular gas one needs to consider the densities
and temperatures, among other parameters such as the size of the emitting region. Following a
Maxwellian distribution, the gas kinetic temperature of H, sets the probability distribution of molecular
velocities. For the gas to be in local thermodynamic equilibrium (LTE), the gas must have a kinetic
temperature equal to the excitation temperature — which is the temperature given in the Boltzmann
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1.3 Characterizing the peak epoch in cosmic star-formation

distribution governing the molecular level populations. Altogether the balance of spontaneous and
collisional excitation processes determines the critical density at which the two mechanisms of
radiative, versus collisional, processes are in equilibrium:

Ny = AlY. (1.23)

The collision rate coefficient, y, has the units of cm’ s_l, and is proportional to the collision cross
section o~ and the molecule velocity (Flower & Launayl, [T983)):

Y X< O XV >, (1.24)

In the context of the most extreme starburst environments, modeling the observed line intensities
has required physical models which go beyond 1-D or 3-D PDR or X-ray dominated region (XDR
[Meijerink et al} 2006) conditions which are fundamentally described by an incident radiation field and
a chemical network to compute the gas-phase abundances and later the line intensities. It appears that a
strong mechanical input of kinetic energy into these active star-forming systems are well-characterized
by shock models of dense molecular regions (Flower & Pineau des Foréts| 2003} [Kristensen et al]

2008} [Stacey et al.|, 2010} [Nikola et al.l 201Tal).

As we provide detailed descriptions of the modeling procedures in Chapter [5] (Harrington et al.
submitted), where we briefly review the LVG approximation framework (Scoville & Solomon| [1974}
[Kwan & Thuanl [1974}; [Young & Scoville, [1991} [van der Tak et al.|,[2007)). This tool accounts for the
turbulent motion of gas particles with a systemic velocity gradient, dV /dr, gas-phase abundance, gas
kinetic temperature and H, volume density (input parameters) as the observed CO lines are fit. High-z
galaxies have line profiles with velocity dispersions (line-widths) driven primarily by galactic rotation
and significantly greater than what would be predicted from their thermal velocities, which would be
typically much less than 1 km/s for temperatures less than ~10 K, also justifying the notion to describe
the molecular gas excitation in the context of a turbulent, velocity driven framework.

For well-shielded molecular clouds, the CO line opacity is optically thick. As a part of the
LVG approximation, there exists a probability for CO line photons to escape this optically thick
medium. The escape probability method assumes the critical density scales inversely with the
line opacity. The opacity itself is determined by the turbulent velocity of the system, which is
influential in Doppler shifting CO photons out of the emitting medium. Originally the gas kinetic
temperatures, column densities and number densities could be obtained based upon approximations
to compute the local radiative transfer along any line of sight for an expanding atmosphere [1971).

As shown in Fig.[T.4] there can be strong degeneracy in the major two input parameters for solving
for the line excitation: molecular gas density and kinetic temperature. A wide-range of CO excitation
ladder shapes are observed for high-z systems based on the wide range of selection methods, from radio
selected galaxies to Lyman-break selected galaxies and (sub)mm bright, dusty galaxies. Therefore it
is crucial to provide galaxy-integrated measurements of galaxies at various levels of star-formation
activity, with differing levels of ISM conditions, based on a wide-range of line/continuum diagnostics.
The degeneracies indicate that a sampling of the peak, rise and turnover of the CO excitation ladder is
important to constrain these modeling effects.
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There has been a rapid increase in the number of emission line detections from high-z galaxies
over the past 20 years. In 1992, the high-z IRAS-selected galaxy, F10214, was confirmed to have
a strong presence of warm molecular gas when it was detected in CO(3-2) and CO(6-5)
[1992). The initial discoveries of dusty high-z galaxies in the early 2000s were limited to sources
with sparsely sampled dust SEDs, and only 36 galaxies at z >1 had been detected in CO
[Vanden Bout, [2003). In a follow-up review by [Carilli & Walter| (2013), there were 200 galaxies, most
of which had only a single emission line — with one or two exceptionally bright QSOs having high-J
CO lines detected (e.g. CO(J> 6) and only 11 high-z systems with [CI] lines detected.

Most importantly, today there still exists a limited number of high-z galaxies with multiple meas-
urements of ISM lines. Open questions remain as to how much molecular gas mass there is in the
most extreme systems, and what the nature of their in-situ evolution is. This requires, for instance,
measurements of the faint CO(1-0) and [CI] line emission at z = 1 — 3, and also further modeling of the
warmer molecular gas conditions with higher-J CO lines. To build an understanding of the processes
that drive galaxy evolution across the peak epoch of cosmic star-formation, spatially resolved studies
tracing the reservoirs of cold molecular gas and their dynamics and energetics are required. At high
redshift, z > 1, such studies have been limited due to large investment of telescope time (e.g., GN20,
120 hours on the VLA (Hodge et al, [2016))). Few interferometric maps of CO(1-0) from galaxies
between z~1-3.5 exist, typically with a beam of 3-5”, limited in probing emission at ~20-30kpc scales

Here in this thesis work, I have measured and modeled the emission of a significant amount (~ 200)
CO/[CI] emission lines detected in a sample of 24 galaxies. This amounts to almost 20% of the known
line detections at 7 > 1, now only 15 years later than the first review of cool interstellar gas in the
early Universe. This thesis work will therefore offer a rich insight into the most luminous star-forming
galaxies in the Universe, and their galaxy-wide molecular gas/dust properties.

Carbon monoxide, CO

The most popular tracer of the cool ISM has traditionally been the CO molecule. It is a stable molecule
with a low dipole moment, therefore it will not easily dissociate and it is easily excited in the coolest
conditions. Stars must form within cool, collapsing clouds, therefore CO is an excellent tracer of this
supply for star-formation. It is the second most abundant molecule in the ISM after H,, therefore
it is a crucial molecule to study the physical properties and kinematics of the interstellar molecular
gas. The most abundant molecule, H,, is stable and has strongly forbidden ro-vibrational lines which
require temperatures far exceeding the typical temperatures of molecular clouds (Tgyc < 10* K). The
first quadropole line is about 500 K above the ground state, tracing a small percentage of the total
molecular gas mass, which typically has temperatures of order 10 K. As H, is significantly abundant,
it is the primary collisional partner with CO. Like any atom or molecule, CO has a fingerprint — most
notably the CO ladder of excitation characterized by the rotational transitions. Rotational transitions
of CO are due to C and O orbiting around their central mass, and the lowest energetic transitions for
this diatomic molecule can effectively trace the bulk of the molecular ISM. The next higher energetic
transitions are typically due to vibrational motions between C and O (vibrational transitions), followed
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Figure 1.4: Observed velocity integrated line flux density, normalized by the CO(1-0) line flux, plotted against
each respective rotational quantum number, as published in[Carilli & Walter| (2013)). The degeneracy between
the gas kinetic temperature and volume density is shown to illustrate the inherent challenges of modelling the
CO line emission.

by electronic transitions (excitation of electron(s)). At only 5 K, the CO molecule can emit radiation
from the ground-state rotational transition.

Through the conservation angular momentum and quantized rotational states, the orbital angular
moment is: L = nh/2nr, where n is an integer and h is Planck’s constant (Townes & Schawlow}, [1975)).
The rotational energy is proportional to L?, and inversely proportional to the moment of inertia, I, of
the linear polar molecule of CO:

Ep = L*/21 = n2(h/27)? /21 = JA+1)(h/2r)?/?

For a change in energy to occur, a molecule needs to leave a higher level to a single level lower,
such that AJ = <1, and the change in rotational energy, as the energy state decreases from state
J to J-1, results in AE = (h/27)*J /I = hvi;ne. The ground-state emission line for CO occurs at a
rest-frequency of vy = 115.27 GHz, and the subsequent transitions which constitute the CO
excitation ladder (CO(2-1), CO(3-2), etc) each emit energy at multiples of this ground-state rotational
transition frequency. The centrifugal forces increase for higher rotational levels of J, and the mean
nuclear radius between the carbon and oxygen atom of CO increases. This then results in a relative
decrease for the rest-frame spectral line frequency.

CO and H, are the dominant colliding partners in the molecular ISM. For reference the Milky
Way GMC CO/H, gas-phase abundance is roughly 1 x 107 (]Blake et al.[, |1987[). The cross-section
is thus highest between these two molecules, and the increased densities largely determine the rate
at which molecular interactions can occur. Collisions with H, inject kinetic energy into the CO
molecules to increase the likelihood of entering into higher level energy states, and release this energy
as the molecule de-excites to a lower energy level. The CO molecule simultaneously experiences a
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spontaneous decay rate given by the Einstein A-coefficient, A o« ,u2v3 [s™'1, with u the dipole moment.

Atomic carbon, [CI]

In the HI atom, when a hyper-fine structure atomic transition occurs, it emits at roughly 21cm radio
wavelengths. This is due to the electron movement inducing a magnetic field, which interacts with the
nuclear spin of the atom. Similarly, in atoms such as carbon and nitrogen, the spin-orbit coupling of
the spin of the electron and the internal magnetic fields induces, not a hyperfine, but a fine-structure
splitting of the spectral lines of the atom (Miinch & Wilsonl[T962)). Such lines have relatively long-lived
spontaneous decay rates, and are considered to be forbidden lines, yet they can be collisionally excited
and / or stimulated from the ambient far-IR radiation field.

Neutral atomic carbon has a three-level structure with two fine-structure transitions: 3P2 -3 P,
at ~ 809.34 GHz, and the 3P1 —? P, transition occurs at ~ 492.16GHz for the [CI]370um and
[CI]609um lines, respectively. Both lines have low Einstein A coefficients, lowering the threshold for
a critical density for excitation. The excitation temperature of the carbon 3P fine-structure population
levels can be estimated if both lines are measured and one assumes that the emitting gas is optically
thin and in local thermodynamic equilibrium (completely, thermally populated, as described below)
(Stutzki et al]l [T997). If both lines are measured, then the line luminosities can be used to infer the
carbon gas column density (Stutzki et al.l [[997} [Schneider et al., [2003b} [Ojha et al.| 2001}, [Walter
[201T). Atomic carbon has shown a great promise to study the cool ISM of the high-z SFGs, as
locally it is observed to trace a wide range of environments closely with CO and / or Bco l
(& Phillips], [2000; [[srael & Baas| 2002} [Israell, [2005). Sharing similar volumes they offer excellent
probes of regions similar to the CO(1-0) and CO(2-1) transitions (which can trace the most diffuse up
to the dense molecular gas log(n) >4 cm_3). Only 13 high-z galaxies at the time in 2011 had [CI]
line detections, however, constraints were made in those with both [CI] lines to derive the excitation
temperatures of ~ 30 K (Walter et al] [2011)). This cool temperature, close to cold GMCs in the
MW, had been a surprising result considering the extreme nature of SF in these high-z systems. A
slightly lower value was recently derived for a sample of z ~ 1 main-sequence star-forming galaxies
(Valentino), with T,,. = 25 K. For such well-shielded, cool environments in massive star-forming
systems, there is likely a large portion of gas not directly associated with star-formation (C &
[2013). Since the [CI] lines are typically optically thin, they can be used to measure the carbon
mass, and with an assumed carbon abundance, can be used to derive the bulk mass of the molecular
hydrogen (Weil et al.| 2005a; [Valentino et al.} 2018]). Recent theoretical/observational work has shown
that 30-70% of the total H, mass can be unaccounted for by CO if the abundances and/or geometry
favor CO photodissociation by ultraviolet radiation (Glover et al] 2015)). Thus, the combination of CO
and [CI] is vital for characterizing the total column density from the diffuse and dense gas.

Atomic nitrogen [NII]

Electrons in warm ionized gas (ambient or otherwise associated with HII regions surrounding young
massive stars), are the main collision partners with atomic nitrogen. Far-infrared fine-structure lines
with ionizaton potentials higher than 13.6 eV can trace purely ionized gas, such as in the case of
nitrogen: the 3P1 — P, fine-structure transition occurs at ~ 2459.4 GHz, and the 3P1 -3 P,
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transition occurs at ~ 1461.1GHz for the [NII]122um and [NII]205um lines, respectively. A map
of [NII] within the Milky Way Galactic plane has shown that it can trace the warm ionized regions
around HII and ambient regions with electron density n, ~ 0.1 — 10 (Goldsmith et al.| 2015]). Locally,
the [NII] line luminosity shows a linear relation to the total IR luminosity, and therefore acts as
a SFR tracer. [Herrera-Camus et al| (2016b) have spatially resolved the two [NII] lines in local
star forming galaxies to extensively calibrate the line luminosity of nitrogen to a SFR (global or
surface integrated). This calibration was based on publicly used templates. These templates are
developed based on stellar population synthesis models and can provide a specific ionizing photon
rate, together with an assumed IMF, which yield a value for the SFR based on the measured [NII]
line flux. This SFR estimate also requires an assumed nitrogen abundance and fractional ionization state.

[NII] 205um line is also optically thin in many systems and insensitive to gas temperature, so the line
luminosity is directly proportional to the mass of low ionization gas, or the minimum ionized gas mass.
Using the [NII] 122um, [Ferkinhoff et al] (2011)) determined the ionized to molecular gas fraction,
M,,,,(H")/M(H,)=0.08-0.17. As the two fine-structure levels are separated by only a few 100 K and
the typical temperature of the gas in the Hii region is ~8000K, level populations are often thermalized.
Following [Ferkinhoff et al.| (201T]), Decarli et al| (2014)) studied the 205 um line in a z > 4.5 Lyman-a
emitting galaxy, an SMG and QSO and found that, overall, these high-z sources suggest that a significant
(20-50% ionized gas mass to molecular gas mass) fraction of the ISM is ionized by stellar UV radiation.

The detection of singly ionized nitrogen directly measures the 14.5 - 29.6 eV luminosity, and can be
compared with the FIR luminosity to estimate the UV field hardness (Stacey et al] [T99T1)) . It takes
14.5 eV to form N*, and 29.6 eV to ionize it to N*". Hence, the HII regions created by O8 to B2
stars would dominate the [NII] emission, and harder radiation fields will push nitrogen to N** state.
Earlier type stars, (or emission from an active galactic nucleus) would produce more energetic ionizing
radiation, creating higher ionization species like [NIII], and decrease the relative power emitted in the
[NII] 205 pm line.

In this thesis, I present novel measurements for a large amount of CO and [ClI] lines in star-forming
galaxies at 7 > 1 (Harrington et al. submitted; ChapterH). Since dusty star-forming galaxies exhibit
intense SFRs with L > 10" L, ~ 1000 M, yr_l (ICasey et al.l |20] 4|), it has often been assumed that
they should have a lower CO luminosity per unit gas mass, similar to local starbursts, with a value
of aco ~ 1. In this thesis work, I explore whether it is correct to simply apply a single value for the
conversion factor to these distant star-forming galaxies. I utilize a set of recently developed, state-of-
the-art models (Weif3 et al] 2007b| , and Weiss et al. in prep.) which simultaneously fits the thermal
dust emission and the observed CO/[CI] line fluxes. In ChapterP) I will present the first detection of
[NII]205 in a galaxy between z = 0.4 — 3.9 (Harrington et al] [2019). Using this line measurement,
in conjunction with ancillary CO and [CI] line measurements, I explore the ionized and molecular
gas contents in a case-study of a starburst/AGN galaxy in the sample of lensed Planck-selected galaxies.
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Figure 1.5: Left Panel: Submillimeter number counts estimated from observations at 850um/870um. Left
Panel: The same plot for number counts at an observed wavelength of 450-500um. Individual references and
details about each survey can be found in the original publication (Casey et al.l, 2014).

1.4 Finding Luminous pearls in the cosmic ocean: strongly lensed
starbursts

1.4.1 Sample Selection

This section will outline the selection method used to identify the sample of galaxies which are
the focus of this thesis. Throughout this thesis work I will present a series of studies aimed at
understanding the nature of the gas conditions within distant star-forming galaxies selected using
data from the Planck satellite telescope. They have been gravitationally magnified, and are therefore
useful laboratories to study how galaxies evolve. If a background source galaxy is along the line of
sight it can be gravitationally imaged, only if a massive foreground galaxy(ies) are also along the
line of sight to become a gravitational lens. Since these Planck-selected star-forming galaxies are
gravitationally imaged, it becomes easier to detect their emission, even if it is faint and distant. This
allows one to overcome observational barriers in sensitivity. Thanks to this powerful microscope in
space, I have been able to systematically detect more than 150 emission lines from cool molecular gas
in twenty-four, rare Planck-selected star-forming galaxies. The equivalent study would have otherwise
taken up to two orders of magnitude more telescope time.

To begin, I will briefly outline some of the background topics related to strong gravitational
lensing. Gravitational lensing theory describes the process by which light is deflected in a weak
gravitational field, i.e. not the strong field (i.e. in the case of photons passing by a black hole).
Small deflections occur as light passes by an object. This can be viewed when the line-of-sight
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geometry is aligned with the foreground mass distribution, which acts as a lens that magnifies the
light distribution from a distant object directly behind. As the light is distorted due to the presence of
the foreground mass distribution’s gravitational field, such light can therefore probe the foreground
mass distribution with an accuracy that is unparalleled by other extragalactic methods. This is an ex-
ample of how powerful a tool strong lens magnification can be to study galaxy evolution and cosmology.

The gravitational field of a galaxy or galaxy cluster can distort the background light by deflecting
this light by an angle on the sky, proportional to the radius and surface mass distribution of the
foreground lens. A paramount feature in studying high-redshift galaxies lensed by an intervening
foreground is the geometrically-thin condition, which states that the mass distribution is of an extent
that is negligible in size compared to the distances between the observer, the lens and the lensed source.
On average, if a galaxy cluster mass distribution is strongly magnifying the light from a background
image, with magnification factor u > 2, the deflection angle measured (i.e. the angular extent of the
lensed background light viewed on the sky) is usually less than 25”. For one galaxy (and perhaps a
small satellite) in the foreground acting as a lens, the deflection angle usually encompasses an angular
extent of order 17, and typically less. If there is a perfect alignment between the sources and observer
a complete ring of magnified, deflected light is observed: a so-called ’Einstein Ring’. The appearance
of lensed images reveals insight into the intrinsic distribution of mass and light in the background
(unlensed) source plane, however detailed modeling to reconstruct this lensed light is required to
derive the intrinsic properties of the magnified background object.

Of course, as the image has naturally been magnified, this creates additional caution when interpret-
ing the results. For instance, the size of the source being lensed must be less than the projected size of
the lens to ensure that the whole galaxy is in fact observed, and not just a portion. The process of lens
modeling is very case-sensitive, as each unique system has a variety of factors. Here I will only briefly
mention the basic notions of selecting strongly lensed galaxies and the context with which to consider
the sample in this thesis.

The deflection of starlight due to the Sun’s mass that was observed during the 1919 solar eclipse
precisely confirmed Einstein’s prediction, from his General Theory of Relativity, that mass itself can
re-direct light. The advancement of new radio facilities like the Very Large Array radio interferometer
and the new technologies employed on optical facilities, such as Charged Coupling Devices (a.k.a.
CCDs), allowed for measurements testing the prediction of a galaxy (not the Sun) lensing the light
from another distant galaxy directly behind the line-of-sight. The idea goes back to Zwicky and
was confirmed with the optically selected quasar, QSOJ0957+561 (Walsh et al.} [1979). This source
appeared as a quadruply imaged system. Larger samples of lensed galaxies, starting with CASTLES
(cfa-www.harvard.edu/castles), appeared as HST revolutionized our imaging of the sky with, e.g. ~ 0.1”
angular resolution. Many of the brightest optical or near-IR selected QSOs were strongly lensed. Re-
cent samples include: SLACS, Reionization Lensing Cluster Survey (RELICS) fields (Coe et al.| 2019).

The brightest (sub)mm galaxies on the sky are expected to populate the sky of the order of one
per hundreds to thousands of square degrees. Fig.[[.3} from the review by (Casey et al] [2014)
demonstrates this. Specific attention is paid to the observed number count detections at 850um and
500um wavelengths. These number counts are derived from the surveyed fields shown in Fig. [I.6]
Expanding the number counts to wider and wider fields allows for the possibility of detecting the low
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Figure 1.6: Top: Observed wide-field areas mapped by the Herschel sub-mm satellite telescope, overlaid with
the all-sky (sub)-mm maps from the Planck satellite telescope. See[HELP] Bottom Left: Infrared luminosity
sensitivity limit for the majority of (sub)-mm surveys in the literature. Here, the sensitivity limit depth refers to
galaxies at z = 1. Bottom Right: The sensitivity limit for the different surveys for a corresponding redshift,

z = 2.5, as published in [Casey et al](2014).
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statistical probability objects. In the review of dusty, star-forming galaxies, [Casey et al|(2014) showed
the limited coverage of the sky at (sub)mm wavelengths at the time five years ago. These (sub)mm
fields were mapped at varying angular resolution and sensitivity. The Herschel Space Observatory
covered roughly 1300 sq deg between 100 and 500um, while the South Pole Telescope (SPT) in its
first generation of 1.4-2.0mm-maps observed about 2500 sq deg, both of which resulted in impressive
confirmations of strongly lensed, dusty source candidates at high-z, with a median redshift of z = 3.2

(Weil3 et al.] 2013}, [Strandet et al.}, [2016)), however a broad tail out to z = 7 (De Breuck et al] 2019}
Marrone et al.l [2018b; [Vieira et al.| 2013} [Hezaveh et al.| 2013} [Spilker et al.| 2017). Later these are

now being followed up with the high spatial resolution and sensivity of the (sub)mm ALMA tele-
scope, such as the Herschel selected lensed galaxy in Fig.[T.8](Tamura et al] 2015} [Negrello et al|2010).

The bright end of the luminosity function was not sufficiently sampled by the tens to hundred
sq arcmin surveys until Herschel began observing the (sub)mm sky. As Herschel and Planck were
launched on the same rocket, the wide-field, finer angular resolution sub-mm maps of Herschel could
be combined with the data from the Planck satellite, which offered a coarse angular resolution, but
still a remarkable sensitivity, at the observed sub-mm wavelengths across the entire sky.

It was predicted in (1998) that the Planck survey mission would be able to detect the brightest
(sub)mm sources across the entire sky. The top of Fig.[I.7]shows the probability, a(z), of a galaxy
lensing another galaxy as a function of redshift, z. (1998) found that the optical depth can be
calculated by taking the value of scale factor, a(z)/8, based on a magnification distribution model,
as a function of redshift (Peacock & Walll, [T982} [1993). They convolved this model with the
estimated surface and flux densities derived from models of distant, dusty star-forming galaxies
[1996). The probability of lensing magnification is determined by the mass distribution, and in the
Press-Schechter formalism this deems a hierarchical structure formation approach. It is then expected
that smaller galaxies are observed at higher redshifts, and thereby used this overall
method predicting the evolving mass distribution (solid line). The peak of the two distributions, and
therefore among the highest probabilities of lensing, both occur around z = 1 — 3, and thereafter
diverges depending on the model used. On the bottom are predictions of the number of lensed galaxies
detected at a threshold flux density for Planck at 550um. At 100 mJy, there were expected to be 10
unlensed field galaxies for every square degree on the sky, compared to 0.1 or less per square degree
probability for a lensed galaxy to be detected. The number count of a population of observed sources
is simply a matter of counting signal against the noise, and is often denoted as the number above a
given flux density limit N(> Sy ) The number per square degree drops significantly for higher
luminosity objects, which would predictably converge to zero for unphysical luminosities. In total,
based on those predictions [1998)), and an integrated lens source count of 0.01 - 0.1 lensed
occurences detected by Planck at 550um, this equals (with 41,253 square degrees encompassing the
sky) anywhere from a few hundred to a few thousand galaxies magnified by a strong magnification
factor (at least u > 2).

(Negrello et al.| [2007), has shown that above the expected steep—drop-off in the (sub)mm number
counts (e.g. S500>80 mly), any point source detected by Herschel (and Planck) is almost exclusively

a lensed candidate. This technique was later developed by [Ivison et al.| (2010); Wardlow et al.| 2013));

Bussmann et al.| (2013)); [Harrington et al.| (2016 using a simple selection method including a simple
flux-limit at S350>100 mJy and cleanly detect lensed galaxies with high efficiency. In the latter
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Figure 1.8: Images of a strongly lensed, dusty star-forming galaxy (Tamura et al.|, 2015). Left: The Hubble
Space Telescope near-IR image of the lensing field. The box indicates the strongly lensed galaxy. Middle: The
lensed image, observed at ~ 1 mm. Right: The reconstructed source plane image of the lensed galaxy at z ~ 3.
These results are from the Science Demonstration Phase period of testing the Atacama Large Millimeter Array
(reaching unprecedented angular resolutions of milliarcseconds in the (sub)-mm wavelength regime. See

[Press release

case, [Harrington et al.| (2016) use the all sky sensitivity of Planck, albeit with a coarser angular
resolution than Herschel, to identify strongly lensed candidates by first cross-matching all Planck data
to publicly available Herschel data at the overlapping 350um observed wavelength. Independently
other approaches have been adopted using similar Planck color criteria (Canameras et al.| [2015)) and
or WISE data (Diaz-Sanchez et al.l 2017).

Since observation times can be expensive, many dusty high-z galaxies do not have spectroscopically
confirmed redshfits. Due to the degeneracies in modeling and assumed templates of SEDs, combined
with limited data available, it is often difficult to trust the redshfit based on photometry alone. As
these systems are intrinsically faint, if not undetectable in the optical, mm emission lines yield strong
measurements of the source distance to accurately conduct follow up observations. And if the lines
are gravitationally lensed, it make the follow-up observations much more efficient. Fortunately, as the
rest-wavelengths of the CO ladder are in the far-IR/mm, they also experience the same negative-K
correction as the adjacent dust continuum.

In this thesis work, I have utilized this method to securely determine the redshfits of more than a
dozen of the recently discovered LPs, which had otherwise a single line detection and / or limited dust
photometry — thanks to the emission being strongly magnified. The latter is important to note, as a
single line measurement still leaves open the possibility of the line being associated with a different
transition than expected, thence corresponding to another redshift. The selection method we have
used contains objects with a Planck identification, matched with a WISE color selection to identify
red mid-IR sources 2008). So far we have confirmed roughly 30 lensed, Planck selected
starburst candidates at high-z (LPs) by measuring dust continuum and / or low-J CO line emission
with the Large Millimeter Telescope in the past 6 years (Harrington et al|[2016| Berman et al. in prep).

The overall number of candidates we have compiled is of the order 200 Planck identified,
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WISE/Herschel cross-matched point sources, most of which have yet to be followed up. Many
may be local foreground spirals, although[Casey et al.| (2014)) remarked that at least 250 lensed dusty
star-forming galaxies could still be identified in the wide-field areas surveyed and stored in the Herschel
Science Archive alone. Many have already been identified and followed-up extensively

2011} [Conley et al.| POTT} [Negrello et al., 2013} [Fu et all [2012; [Combes et al. [2012} [Dye et all
2014;[Bussmann et al., 2015} [Harris & Harris| 2011} [Harris et al.| 2012} [Yang et al.| 2017, 2018} 2019a).

Overall, an estimated 500 or more strong lenses have been discovered. These LPs are therefore
likened to rare, highly luminous, pearls in the cosmic ocean of hundreds of billions of galaxies. The
are selected across the entire sub-mm sky, with number densities of 0.01 - 0.1 deg_2
2013} [Harrington et al.} [2016)). Using a Tully-Fisher like relationship, as suggested by
(2012), to estimate the magnification factor () for 24 LPs in our sample, using GBT CO(1-0) data, we
find & ~ 26 + 13 estimated in [Harrington et al[ (2018) and also Chapter[d] Interestingly, u is weakly
correlated to the spatial extent of lensing morphology observed in the HST images, providing further
confidence to our higher estimate of the magnification factors as compared to the SPT/Herschel lensed
dusty galaxy sample (& ~ 7). These LPs have large magnification factors estimated simply based on
the size of the Einstein radius (in some cases >10"), however extensive follow-up has also confirmed
the nature of strong lensing magnification, u > 10 — 30 in published/ongoing lens modeling (e.g.

letal} 2019).

1.4.2 Differential lensing effects

The effects of a possible spatially varying magnification factor may result in flux amplification of
certain regions of the lensed galaxy of interest. Here we briefly describe some of these caveats, as this
will be further discussed in Chapter [4]

The total size of the emitting region of the low-excitation and higher-excitation emission lines of CO
may vary intrinsically in the source plane, therefore if these emitting regions are disproportionately
distributed along the caustic, the observed fluxes could yield differential magnifications. That is,
the more compact emission traced by higher-J CO transitions may be magnified by a factor that is
significantly different than the diffuse, low-excitation gas (Blain| [T999; [Serjeant, 2012} [Hezaveh et al.]
, if it lies closer, on average, to the caustic. As AGN/QSOs have extreme luminosities centrally
located within the host galaxy, these point-like objects may be subject to stronger differential lensing
than starburst galaxies. This would lower the probability that such a distinction is made between the
magnification factor for higher-J CO versus the low-J CO emitting regions. This is because the source
of the higher-J emission in AGN/QSOs is likely confined to a concentrated region near the center
of mass of the host galaxy, whereas the starburst galaxies have more extended reservoirs that may
be well-mixed, and both low-J and high-J lines may be magnified differentially in a similar manner,
on average. Differential lensing may be more pronounced when comparing low- and high-J CO line
fluxes, however the bulk of this work is focused on global properties such as the total molecular gas
mass — which is most sensitive to the lowest-J CO line measurements. High angular resolution imaging
in the future is required to investigate differential lensing. We therefore focus on the observed quantities.

Due to the extreme starburst nature of the lensed Planck-selected starburst galaxies, the molecular
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ISM may have a large volume filling factor of gas, suggesting a smooth distribution of SF on
galactic scales (Kennicutt, [T998} [Kennicutt & Evans| [2012)). An explicit accounting of this would
require assigning a unique magnification factor to each measurement of the dust continuum and a
magnification factor per velocity channel for the CO/[CI] lines to model the de-magnified integrated
fluxes (see e.g. [Leung et all 2017). Recent studies have shown a similar magnification factor for the
low-J CO/adjacent dust continuum (Cafiameras et al] [2017b)), while others show a non-negligible
20-40% differential magnification of low-mid-J CO/dust continuum (Yang et al.} 2019b). It is clear
that every lens configuration is a unique system, and therefore a coherent set of lens models is
required for the lower-excitation versus the higher-excitation molecular/atomic gas at matching spatial
resolution and S/N to diagnose these effects more systematically. However, in this study the effective
source radius, described below, is directly connected to the apparent flux within the source solid
angle, and is used as input to the model. For our two component modelling, we cannot explicitly
determine the differential lens magnification factor, as the intrinsic ratio of the emitting radius for
each component may be different from the modelled ratio. Thirteen out of the 24 lensed Planck
starburst galaxies presented here have lens models developed based on a wide range of high-angular
resolution HST near-IR data and/or ground-based optical/near-IR follow-up of the foreground and
lensing environment (Diaz-Sanchez et al| 2017 [Frye et al.| 2019). A small subset of the lensed Planck
selected starburst galaxies have a range of marginally resolved to highly resolved (down to beam sizes,
6 ~0.1 - 0.2”) mm-radio interferometric dust continuum and/or single-line CO imaging to also aid lens

modelling efforts (Geach et al| [2013] 2018} [Bussmann et al.| 2013}, [Canameras et al.| 2017albl [2018a).

Overall, these systems have flux-weighted total magnification factors ranging between 10-40 (Table[d.T)).

The lack of magnification factor estimates derived for each of the emission lines, in addition
to multiple magnification factor estimates derived from sampling the rest-FIR thermal continuum
emission, restricts our analyses to the magnified (apparent) quantities. [Harris et al| (2012) used a
“Tully-Fischer” line luminosity/line-width relation to offer an empirical perspective on estimating
the unknown magnification of the CO(1-0) line measured in 24 Herschel-selected, strongly lensed
galaxies. There may be an intrinsic dispersion among the lensed Planck selected galaxies along
this empirical relation, and the inclination angle is unaccounted for, yet we can use equation 2 of
Harris et al| (2012) to estimate the lens magnification factor based on our GBT detected CO(1-
0) line measurements. We derive the line full-width at half-maximum (FWHM) using a simple
1-D Gaussian model fit to the velocity line profiles as done by (Harrington et al.| 2018]). In the
case of LPs-J0305, LPs-J0226, LPs-J105353 and LPs-J112713, there is no available CO(1-0) line
data. Therefore, we use the value of Léo(l_o) from the best-fit, minimum- y* Turbulence model and
the measured FWHM from the low-J CO line data. We report the derived magnification factors
in Table .1} This magnification factor estimate, which is usually 1.5-3x higher than previously
reported results, has systematic uncertainties in estimating the lens magnification estimate could
be more than 50% based ont he intrinsic scatter within the calibration sample used in[Harris et al.| (2012)).
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Figure 1.9: Atmospheric conditons as shown by a model of the atmospheric transmission as a function of
frequency or wavelength for the the Green Bank Telescope in the US, the IRAM 30m telescope in Spain and the
APEX telescope site, situated at the ALMA site in the Atacama desert in Chile. Depending on the site, the
atmospheric transmission changes dramatically for different values of precipitable water vapour (PWV).
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1.5 Single dish spectroscopic observations in the (sub)millimeter wave
regime

This thesis work has a significant observational component, with hundreds of hours of first-hand obser-
vations with world-class single-dish radio telescopes. Before closing this introduction section, I will
briefly capture the nature of such observations and the important considerations when obtaining the data
used in this thesis work. Upon successful proposals early into the start of my dissertation work, I was
able to soon-after acquire data first-hand with the Green Bank Telescope (GBT) in Green Bank, West
Virginia, United States, IRAM 30m telescope in the Sierra Nevada mountains outside of Granada, Spain
and Atacama Pathfinder Experiment (APEX) telescope located in the Atacama desert of northern Chile.

1.5.1 Observing conditions at sky frequencies of 30 - 420 GHz

A radio antenna is a large voltmeter, and it is the power received in units of antenna temperature that
is eventually converted into physical flux density units. A telescope antenna has a diameter and an
effective surface area to collect electromagnetic radiation at an observed frequency/wavelength. The
area of an antenna is optimized to selectively filter incoming radiation from within the primary beam
of the telescope. This primary beam arises from a diffraction-limited pattern. One can consider the
reception pattern of constructive and destructive interference as any wave passes through an aperture
and interacts with itself at integer offsets to the wave period, with an inverse dependence on the size of
the aperture. In the same way, as an electromagnetic wave passes through a telescope aperture it results
in a diffraction pattern of reception. It is helpful to remember that this pattern is interchangeable, as if
one were to consider a telescope as an emitting source (for example, in radar applications) rather than
areceiving source. The emitting/receiving “beam” is determined by the size of the antenna aperture
and the wavelength. The beam size, typically measured in minutes of arc or seconds of arc, is given
as, in the diffraction limit:

© o« /D, (1.25)

where D is the effective diameter of the telescope, whereas the wavelength of a sinusoidal wave, A,
and frequency, v, are inversely proportional via the speed of light, c.

Relatively higher frequencies (~250 GHz or greater) are difficult to observe as the atmosphere at
those frequencies can be unstable across the sky. This is largely due to random turbulent air motions
and a strong variation in the incoming signal due to varying amounts of water along the line of sight.
Therefore, when there is low precipitable water vapor, corresponding to a lower opacity, it is best
to conduct higher frequency observations. Sometimes the sky is clear and dry but there are wind
gusts at 150 km/h forcing the telescope to be stowed. Typical observing restrictions at sites of the
three main telescopes I observed with are seen in Figure[T.9] At the top is the Green Bank Telescope
(100m unblocked aperture), located in Green Bank West Virginia, US, in which 80-115 GHz (mm)
weather conditions can be seen to encompass an extremely small percentage of their cumulative hours
of observing conditions. I primarily observed between 29-40 GHz (8-10mm) to detected redshifted
CO(1-0) line emission. In the middle is the much more favorable site in the Sierra Nevada mountain
range outside Granada, Spain, where the IRAM 30m telescope is located (2850m above sea level). 1

35



Chapter 1 Understanding Galaxy Evolution and the Gas which Seeds Star Formation

primarily used this telescope to observe between 100-350 GHz, in which Figure [I.9]shows that an
extremely low PWYV value is required for atmospheric transmission to be above 75%. Hence, the best
observing days are limited to a few days to weeks (typically after snow storms and in December-March).
The bottom figure is an atmospheric model of the transmission at frequencies all the way up to 900
GHz, derived from the excellent observing conditions of the high (5100 m) and dry site of the Atacama
desert in Northern Chile. The APEX telescope was used as a single 12m dish to employ a range
of receivers/instruments and to demonstrate the need for an array at the Atacama desert, such as ALMA.

To maintain an accurate telescope pointing and focus model for optimized on-target observations, it
is common to correct for pointing every one to three hours by choosing a bright nearby source close
to where the science observations are targeted. Every two to four hours (and one or two hours after
sunrise and sunset), a bright source needs to be observed to correct for the focus of the telescope
mirrors. Meter-sized secondary, or tertiary, mirrors involved in redirecting the light beam to the
receiver are shifted by a fraction of a millimeter to optimize the sensitivity of the telescope.

1.5.2 Spectroscopic observations at radio-to-millimeter frequencies

Radio antennae are often equipped with a range of instruments to conduct specific science goals. Since
the early 2000s there has been a rapid advancement in spectroscopic capabilities thanks to breakthrough
developments in hardware and technology. Sensitive cameras operating at millimeter frequencies
allowed for the continuum detection of distant, star-forming galaxies, effectively measuring the thermal
dust emission from these distant sources — ’continuum’ referring to the broadband average over a
range of frequencies. Since these discoveries, these continuum observations have been frequently
followed-up with spectroscopic measurements to accurately confirm their exact distances through
detections of molecular/atomic lines. Spectroscopy allows one to measure the signal from individual
atoms or molecules in a galaxy to directly study both radiative and kinematic properties. All of the
observations I conducted utilized superheterodyne receiver technology. Almost 100 years ago this
type of receiver technology was invented (in 1918 by Edwin Armstrong), and it is still the standard
method of tuning for all major electronics.

Rather than use physical components to filter different frequencies to overcome those two issues, a
superheterodyne receiver operates by the concept of a beat frequency. This is the difference between
two frequencies. For a desired frequency of observation, i.e. a so-called “tuning”, the receiver system
mixes the sky signal with an intermediate frequency. Mathematically this process is one of constructive
and destructive interference, and can be manipulated to select desired frequency channels, as in a car
stereo. To generate such a beat frequency, a signal of known frequency (e.g. an input sinusoidal wave)
is injected into the system. This injected frequency down-converts the observed frequencies to lower
frequencies, which can be more easily processed digitally.

Radio/sub/mm single dish antennae observe electromagnetic radiation as it enters into the telescope
aperture and is re-directed to a focus. The light is not received continuously, as each receiver needs to
sample the incoming data stream for a given bandwidth of measurable frequencies. The sampling rate
limits the amount of information gathered in one unit of time. In the late 1990’s and early 2000’s,
the frequency bandwidth available to the spectroscopic receivers was less than 1 GHz in the radio to

36



1.5 Single dish spectroscopic observations in the (sub)millimeter wave regime

mm regime. If there was a redshift error on the order of 10% or greater, the redshifted line would
fall outside of the observable bandpass. This hard limit in technology restricted the efficiency to
confirm spectroscopic redshifts and further study the molecular/atomic gas properties at high-redshift.
Nowadays, for many receivers, there is an instantaneous bandwidth of 16 GHz per polarization. The
light from a distant galaxy is unlikey to be polarized so the orthogonal polarizations measured by the
receivers can be combined and when averaged decrease the noise by a factor of V2. When tuning, the
spectrometers have 8 GHz of bandwidth per sideband, with the line to be observed within one of these
sidebands.

The time allotted for any telescope should be optimized as efficiently as possible. Yet realistically,
there are natural physical limits. One such limit is the time it takes to change a receiver on a telescope,
or to change a tuning setup within a single receiver. Through the process of identifying which
frequencies the spectral lines are redshfited to, taking into considerationg the variations in atmospheric
transmission, I optimized over 150 receiver tuning setups with the IRAM 30m and APEX telescopes.
The sensitivity of one sideband may be better than the other, and sometimes it is not possible to
measure the redshifted line close to the center of the sideband. This thesis work consists of a sample of
more than twenty galaxies at redshifts spanning z ~ 1 —3.6. I therefore designed the optimal observing
strategies, taking into consideration the following: (i.) Which sources were going to be available to
observe above 25-30 degrees elevation, and for how long, (ii.), testing different tuning set-ups to know
how close to the edge I can place the receiver tuning in order to fully detect the spectral line — and
to minimize noise from the edge of the receiver; (iii.) designing receiver tunings which would be
usable for as many combinations of sources/lines, without having to change tuning/receiver. Thus, for
example, I may observe the CO(9-8) line from one galaxy, while another galaxy is slowly rising in the
sky as the Earth rotates. Soon after, I would then observe the second galaxy of interest after it has risen
in the sky, which may have, e.g., a [CI](1-0) line redshifted into a different sideband for the same tuning.
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CHAPTER 2

Structural outline and motivation

The molecular gas to stellar mass fraction within the ISM of star-forming galaxies has decreased
significantly since the peak epoch of the co-moving cosmic SFR density at z = 1—3. This suggests swift
stellar mass assembly at high-z occurred, leaving many open questions regarding the heating/cooling
mechanisms for sustaining/quenching star formation. Multiple ISM diagnostics are therefore needed to
investigate the influence of the far-IR radiation fields dominated by newly formed young massive stars.
The advancement of wide-bandwidth spectrometers has now allowed the possibility to investigate
such extreme conditions in distant galaxies in lines other than CO to develop a more cohesive picture
of the multi-phase ISM during the starburst episodes of galaxy evolution. It is believed at some point
all massive galaxies, M, > 10°° M o» have experienced such a starburst time in their evolution.

The overall focus of my dissertation work is on characterizing the extremely luminous star-formation
processes through observations and modeling of spectral line emission arising both from the cool
molecular ISM, and the warm ionized ISM of strongly lensed, dusty star-forming galaxies. I focus
primarily on the cool ISM, and thereby characterize the physical gas properties for the sample of
lensed Planck-selected galaxies, which themselves are unique stellar manufacturing factories in the
early Universe.

* In Chapter [3] we examine the cool molecular gas reservoirs of the Planck selected-high-z
star-forming systems. This is the result of a pilot survey to measure the faint CO(1-0) line
emission of a sub-sample of Planck selected galaxies from Harrington(2016) using the GBT.
This ground-state CO transition is vital for determining the bulk molecular gas mass. This is an
important parameter due to the fact that most of the baryonic mass is in molecular form (not
stellar mass) for these distant starbursting galaxies. The success of this pilot study
[2018) led to a plethora of follow-up opportunities to study the more highly excited CO
line transitions in a systematic manner.

* Chapter[dis the culmination of many hundreds of hours of telescope time, which had its founda-
tion in the results of Chapter[3] Based on these data, we systematically acquired detections of
fourteen additional CO(1-0) lines in a follow-up program with the GBT (for context, currently
there are less than 100 CO(1-0) line detections of z > 1 galaxies). With a firm constraint on the
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ground-state CO line emission, we then set out to target the expected peak of the CO excitation
ladder, using the 70 - 350 GHz frequency coverage of the IRAM 30m telescope, in a subset of
the brightest LPs. This led to multiple follow-up programs based on the repeated success of
each of the previous programs to easily detect CO(4-3; 5-4; 6-5; 7-6) lines. As many high-z
galaxies only have one or two low-J CO lines, we intended on systematically measuring the rise,
peak and fall of the CO ladder for this rich sample of lensed galaxies. To do this, we utilized
the IRAM 30m and APEX 12m telescopes, accessing low-J to high-J CO lines. The latter are
redshifted into higher and higher frequencies. The estimate of a total ~1000 hours of telescope
time across all programs led to such a legacy value dataset and analyses for the high-z galaxy
evolution community (Harrington et al.| 2018}, [2019] and Harrington et al. (submitted)). This
chapter includes the non-LTE radiative transfer modeling of both the dust and molecular gas,
simultaneously. We perform a robust suite of modelling procedures using both a turbulence
driven gas density PDF framework, as well as a more simplistic two-component model to study
~ 200 CO and [CI] lines in 24 LPs.

Chapter 5 highlights a case study demonstrating the usefulness of far-IR fine-structure lines to
study both the cool molecular and the warm ionized ISM of the LPs, and high-z star-formation.
Based on the sensitivity of the APEX telescope, and the excellent observing conditions in the
Atacama Desert of Northern Chile, we detected the first [NII]205um emission line from a galaxy
between 0.4 < z < 3.9, from the coeval AGN/starburst galaxy in our sample, the LPs-J0209.
With a robust constraint on the molecular gas properties from the work presented in Chapters 4
and 5, we are able to provide a unique insight into the ionized gas conditions, as opposed to
only the cool molecular star-forming fuel supply. This study has led to a series of follow-up
APEX proposals and successful observations.

Chapter|[6]is a summary within the context of the larger field of galaxy evolution. The focus of
the outlook is on both the immediate follow-up work and also promising avenues in this field of
research for the next decade to come.



CHAPTER 3

Total Molecular Gas Masses of Planck - Herschel
Selected Strongly Lensed Hyper Luminous
Infrared Galaxies

This chapter is a reproduction of the article of the same title that has been published in Monthly
Notices of the Royal Astronomical Society under the reference:

* Harrington, K.C., Yun, M.S., Magnelli, B, et al. 2018, MNRAS, 474, 3866.

The manuscript, found [here] is reproduced under the non-exclusive right of re-publication granted by
the Oxford University Press to the authors of the original article in MNRAS. To ensure open access to
the article the peer-reviewed, published version has been uploaded to astro.ph (1711.10827).

3.1 Abstract

We report the detection of CO(1-0) line emission from seven Planck and Herschel selected hyper
luminous (L; g(s_1000.0m) > 10" L) infrared galaxies with the Green Bank Telescope (GBT). CO(1-0)
measurements are a vital tool to trace the bulk molecular gas mass across all redshifts. Our results place
tight constraints on the total gas content of these most apparently luminous high-z star-forming galaxies
(apparent IR luminosities of L;p > 1013_14L®), while we confirm their predetermined redshifts
measured using the Large Millimeter Telescope, LMT (zog = 1.33 — 3.26). The CO(1-0) lines show
similar profiles as compared to J ,, = 2 — 4 transitions previously observed with the LMT. We report

enhanced infrared to CO line luminosity ratios of < Lyg/L¢g_g) >= 110+ 22 Lo (K km s pe)!
compared to normal star-forming galaxies, yet similar to those of well-studied IR-luminous galaxies at
high-z. We find average brightness temperature ratios of < r,; >= 0.93 (2 sources), < r3; >=0.34 (5
sources), and < ry; >= 0.18 (1 source). The r3; and r,; values are roughly half the average values
for SMGs. We estimate the total gas mass content as uMy, = (0.9 —27.2) X lOll(aCO/O.S)MO,
where y is the magnification factor and @ is the CO line luminosity to molecular hydrogen gas
mass conversion factor. The rapid gas depletion times, < 74, >= 80 Myr, reveal vigorous starburst
activity, and contrast the Gyr depletion timescales observed in local, normal star-forming galaxies.
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3.2 Introduction

Most of the stars in the local universe formed out of tremendous cool gas reservoirs (Mg, ~ 10" Mo,
T ~ 10 — 100 K) in the interstellar medium (ISM) of high redshift (1 < z < 3.5) galaxies with intense
star-formation (SF) (Carilli & Walter, [2013).

Massive, dusty star forming galaxies at high-z (DSFGs; My, ~ 1057 M,,) are typically gas-rich
galaxies selected via their bright observed (sub)-mm fluxes (also known as SMGs). The rest-frame
far-IR (FIR)-mm luminosity associated with the thermal dust emission (Efstathiou et al.}[2000; Johnson|
(re-radiated far-UV radiation) traces the total star-formation (SF) activity, while the
extreme star-formation rates (SFRs) in these IR luminous galaxies are likely due to a sustained supply
of cool gas from the intergalactic medium (IGM). The dense molecular ingredients of the ISM thereby
limits the timescale for extended starburst (SB) activity, with short-lived SB episodes of 10’s-100’s of
Myr. These are believed to often include gas-rich mergers that induce star formation via tidal torques,
which drive gas infall and subsequent collapse. The most active SB galaxies at z ~ 2 contribute
key insights into galaxy evolution and structure formation, as their massive gas reservoirs play a key
role in the bulk stellar mass growth in their ISM environments, and as a result are believed to be the
progenitors to massive elliptical/spheroidal galaxies and clusters at low-z (Casey et al.| [2014).

The SMG population can be accounted for by major or minor-merger dominated starbursts
let al | 2005a; [Swinbank et al| [2008)) in some semi-analytic models. Others suggest that the observed
population is a heterogeneous mix of early and late stage major mergers and blending of passive
star-forming disc galaxies. The brightest SMGs are likely early-stage mergers, exchanging a significant
amount of molecular material for continued star formation (Hayward et al.}| [2012}; [Narayanan et al
. SMGs typically have high gas mass fractions, My, /M, up to 80% (Carilli & Walter} 2013).

CO line measurements are vital for directly probing the fuel for these star-forming galaxies, i.e. the
total molecular gas mass, at the peak of the co-moving SFR density (z ~ 2 — 3). The gas accretion
history of growing dark matter (DM) halos in cosmological simulations (Keres et al, [2003]) agrees
well with the observed evolution of the CO luminosity function, as[Decarli et al|(2016)) find a peak
redshift for CO luminous galaxies at z ~ 2, comparable to the peak of the co-moving star formation
rate density.

The CO (J=1 — 0) transition accounts for both the dense and most diffuse molecular gas, and has
traditionally been calibrated to trace the bulk H,gas mass (via collisional excitation with the H,gas).
The observed CO line luminosity, L -, to H, mass conversion factor, @ ¢, (Carilli & Walter 2013}
[Bolatto et al.| 2013), is calibrated to this transition, making observations of CO(1-0) important for
determining the total H,mass content at high-z.

The number of high-z sources with galaxy integrated CO(1-0) detections is sparse (see
let al} 2017} [Carilli & Walter, 2013]), although it is accumulating (e.g. [Carilli et al.] 2002} [Hainline|
let al.] 2006} [Harris et al|, 2012} [Thomson et al.| 2012} [Fu et al.| [2013}, [Aravena et al.| 2013} [Sharon|
let al.| 2016} [Decarli et al.}, 2016} [Huynh et al.} 2017), with approximately 60 to date. Resolved imaging
of this lowest rotational transition of CO (e.g.Riechers et al.] 2011} [Lestrade et al.l 201T])) in high-z
SMGs indicates that the total molecular gas can extend up to 30 kpc for merging systems. Only the
most active star forming sources with apparent Lz > 1012_14LO at z > 1 can be observed at this
fundamental CO rotational transition. These apparent luminosities are often due to strong lensing.
The strong lensing effect (usually with magnification factor, 4 = 10 — 30X) (e.g.[Bussmann et al.|

2013] 2013}, [Geach et al.| 2015} [Spilker et al.| 2016)), yields shorter integration times to provide

secure detections of the molecular gas in both strongly lensed, intrinsically bright and faint, but highly
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magnified, normal star-forming systems.

The far-IR/sub-mm Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS)
[2010) and the Herschel Multi-tiered Extragalactic Survey (HerMES) (Oliver et al.| [2012), together
covering about 650deg”, and the 2500 deg” mm South Pole Telescope (SPT, |Carlstrom et al.[, |201 1[)
have paved the way forward in discovering a rare population of gravitationally lensed DSFGs (e.g.
[Planck Collaboration et al.}[201Ta}[Wardlow et al.| 2013} [Vieira et al.} 2013} [WeiB et al} 2013} Negrello|
[20174), as well as an intrinsically bright, unlensed population. [Caflameras et al| (2015) and
[Harrington et al.| (2016)) have exploited the all-sky sensitivity of Planck to find the most luminous high
redshift galaxies currently known in the Planck era — all of which are gravitationally lensed.

Here we present galaxy integrated, CO(1-0) measurements of seven z >1 galaxies using the Green
Bank Telescope (GBT). This is a pilot study for a larger program to identify a large sample of extremely
luminous high-z SMGs identified by the all-sky Planck survey. In our original pilot study
[2016)), our goal was to identify sources that have the probability to be gravitationally lensed
given their high flux densities in the 3 SPIRE bands of 250, 350, 500um e.g. the Ssqq or S350 >
100 mJy (e.g.[Wardlow et al] 2013). We have previously obtained one J,, = 2 — 4 transition for
all seven of the sources presented in this study using the Redshift Search Receiver (RSR) on the
LMT. The majority of these sources have apparent Lz > 101407145 L, making them some of the
most luminous sources currently known (Harrington et al.| 2016} [Cafiameras et al.|[2015)). Our goals
in this study are to confirm the LMT CO redshift, measure the CO(1-0) line emission to constrain
our estimate of the H,masses and begin analysing the CO spectral line energy distributions (CO
SLEDs). We will first review our sample selection and previous observations, as described in detail in
[Harrington et al|(2016), and then we will outline our CO(1-0) observations using the VErsatile GBT
Astronomical Spectrometer (VEGAS) instrument on the GBT. Afterwards we report our measured and
derived gas properties using the CO(1-0) line emission and supplementary LMT CO data, followed
by a discussion. We adopt a A CDM cosmology with H, = 70 km s Mpc_1 with Q_ = 0.3, and
Q, = 0.7 throughout this chapter.

3.3 Sample

In a search for the most extreme, and thus rare, star-forming galaxies at z > 1, we exploit the
full-sky sub-mm coverage offered by the the Planck Catalog of Compact Sources (PCCS). The highest
frequency observed by Planck (857 GHz / 350 um) contains a dataset of ~ 24,000 point source
objects (Planck Collaboration et al.}[2014). From this dataset we limit our searches to point sources at
Galactic latitude |b| > 30 deg to minimize the Galactic source contamination. This filtered sample
is then cross-correlated with the combined catalogs of three Herschel large area surveys: Herschel
Multi-tiered Extragalactic Survey (HerMES, [Oliver et al.| 2012)), Herschel Stripe 82 Survey (HerS-82,
[Viero et al.} 2014), and the dedicated Planck follow-up Herschel DDT “Must-Do" Programme: “The
Herschel and Planck All-Sky Source Snapshot Legacy Survey”.

The details of our selection method can be found in[Harrington et al.| (2016)) for the Planck - Herschel
counterparts with S35 > 100mJy in our initial follow-up during the Early Science Campaign 2 for the
LMT. In brief, we cross-matched Planck-Herschel counterparts within 150". In total there were 350
Herschel counterparts to 56 Planck sources within 150". The higher spatial resolution of Herschel
allowed us to pinpoint the position of the Planck point sources, enabling follow up studies.

For 8/11 galaxies observed with the LMT we detected a single, compact source using the AzZTEC
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Source ID RA DEC uLlx GBT RX Dates Int. Time (On-Source) < T, >
32000 32000 (10™L,) 2016 mins K
PJ142823.9 14h28m23.9s +35d26m20s 0.19 +0.04 Q 2/12;2/19 336 100
PJ160722.6  16h07m22.6s +73d47m03s 0.14 +0.03 Q 2/12;2/19 216 75
PJ105353.0 10h53m53.0s  +05d56m21s 2.9+ 0.4 K, 3/30 100 40
PI112714.5 11h27ml14.5s +42d28m25s 1.1+0.2 K, 3/30 84 40
PJ120207.6  12h02m07.6s +53d34m39s 1.4+0.3 K, 3/30 80 40
PI132302.9 13h23m02.9s +55d36m01s  1.2+0.2 K, 3/30 96 40
PI160917.8 16h09m17.8s +60d45m20s 2.0 +0.4 K, 3/26 92 35

Q

Table 3.1: Sources and GBT Observations Summary. Q band receiver frequency coverage: 38.2-49.8 GHz.
K, band receiver frequency coverage: 26.0-40 GHz. * L, is the far-infrared luminosity integrated between
8-1000 pm.

1.1mm camera. Subsequently we detected a strong CO line with the RSR spectrometre. We make use
of the 3 SPIRE bands of Herschel (250, 350, 500 um) and the additional LMT observations to derive
apparent uL > 1013‘0_14‘5LO at zog = 1.33 — 3.26. The current sample in this GBT study consists
of observations of only seven of the original eight targets.

3.4 GBT Observations

Based on our RSR spectroscopy, two of our sources have redshifted CO(1-0) (i.e. rest-frame 115.27
GHz) line emission in the range of the Q band receiver (38.2 — 49.8 GHz) on the GBT. The other five
sources fall within the K, band receiver (26.0 — 40 GHz). We used the low-resolution 1500 MHz
bandwidth mode of the backend spectrometre, VEGAS. The raw channel resolution corresponds to
1.465 MHz, or ~ 16 km s™' in K, band, using 1024 channels. Observations between February and
March, 2016, took place in typical weather conditions. For both O and K, band observations, we used
a SubBeamNod procedure, nodding the 8m GBT sub-reflector every 6 seconds between each receiver
feed for an integration time of four minutes. In most cases, this 4 minute procedure was repeated
back-to-back for up to an hour to achieve the ON source integration times presented in Table[3.1] The
atmosphere becomes highly variable at the frequencies within Q and K, band, therefore we observed
pointing sources roughly every hour. The routine pointing and focus procedures allowed us to assess
the best azimuth and elevation corrections, as well as the best focus values for the peak line strength
measurements.

After total-power switching for the standard (ON — OF F)/OF F GBTIDL calculations, we include
the observatory’s atmospheric model, which tracks zenith opacity as a function of frequency and time.
Each scan is corrected for the atmospheric time and frequency variations on the sky, given zenith
opacity 7, and elevation, EL:

Tsky (ON-OFF)

T, =T, X eTE0 x
antenna sys OFF

The elevation ranges for Q and K, band spanned 33 — 84 deg and 28 — 73 deg , respectively. The
typical T, values ranged from 67-134 K in Q band, and 30 - 45 K in K, band. To convert the
measured antenna temperature in 7, to flux density we use the calibration factor derived for GBT: Q
band scales as 1 K/ 1.7 Jy, K, band as 1K/1.6Jy.

We used a high-pass filter to remove very low-frequency ripples in the overall baseline without

(3.1)
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Figure 3.1: The RSR CO spectra (yellow) for all 7 galaxies (Harrington et al.|, |2016|) are scaled by J,f p and

overlaid (red) onto the GBT CO spectra (yellow) in this study. The comparable line widths and spectral features
are coincident. PJ160918 has both its CO(4 — 3) and (3 — 2) lines compared to the (1 — 0) line emission.

removing the line emission. The width of the high-pass filter was at least twice the expected full-width
at half maximum (FWHM) of the CO line based on our LMT RSR spectra. We utilised Gaussian
smoothing to decrease the resolution by a factor of 4, resulting in a 5.86 MHz (~ 50 kms™" for
K,) channel resolution. In this smoothing step, each channel was treated as independent to avoid
correlations in the noise of neighboring channels. As the high-pass filter removes the low-frequency
ripples, and not the mid-frequency baseline ripples, we then fit and remove a baseline (n,,, =2 - 3)
to the emission free regions of the spectra. The resulting spectra can be seen in Fig. 3.1} We adopt a
30% total uncertainty given a 15-20% flux calibration error, typical 5-10% pointing/focus drifts and
atmospheric losses and a conservative 10-15% for the baseline removal due to the variations across
the bandpass at the observed frequencies.

3.5 Results: CO (1 — 0) Line Properties

We detect CO(1-0) at Speq /Npanner > 7 from each of our seven targets at the expected redshifts. We
first derive the observed central frequency by fitting a single Gaussian to the CO(1-0) line emission,
confirming the exact redshifts of these Planck-Herschel identified galaxies, which had previously been
derived using only one CO line from the LMT (Table [3.2). The spectroscopic redshifts span from
1.33 < z < 3.26. Our new GBT measurements further support our previous redshift determinations
from the combination of panchromatic photometry (WISE-11 and 22 um, Herschel SPIRE 250,
350, and 500 um, AzTEC 1100 um and NVSS/FIRST radio) and single CO line observations (see
Appendix A of (Harrington et al] [2016)).

We find that the CO(1-0) lines show nearly identical profiles and widths as the J,,,, = 2 —4 CO lines,

with FWHM = [375-740 km s~ '] (see Flg . It is unlikely that there is a 51gn1ﬁcant amount of gas
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1D Yobs ZCO(I—O) AV SAVT Sy /lL(,:O
(GHz) (km/s)  (Jykm/s) Peak (mJy) (10" K km s 'pc?)
PJ105353.0 28.7712 3.0053 £0.00016 738+38 43+13 62+1.9 170 + 60
PJ112714.5 35.6248 22352 +0.00006 736+20 7.4+22 93£28 178 + 63
PJ120207.6 33.4970 2.442£0.00007 602+21 55+17 89+2.7 154 + 55
PJ132302.9 33.7350 2.4165+0.00006 540+17 4.7+14 84+25 129 + 46
PJ142823.9 495766 1.3254+0.00005 436+25 1.2+04 29+0.9 11+4
PJ160722.6 46.4115 14838 £0.00006 374+27 1.0+03 24+0.7 12+4
PJ160917.8 27.0911 3.2567 £0.00014 705+31 7.6+23 98£29 343 £ 121

Table 3.2: Summary of CO(1-0) VEGAS Measurements. T to flux density using the GBT : Q band is 1K/1.7 Jy,
Ka band is 1K/1.6 Jy. The reported redshifts correspond to the values obtained after velocity offset corrections.
The line widths reported indicate the FWHM values after correcting for the instrumental resolution. This
correction was on average less than 1% due to large observed line widths. ¥ The integrated value obtained
within the interval of 1500 km s~ from the center.

that excites the CO(1-0) but not, e.g. the CO(3 — 2). Therefore, the similar line emission FWHM and
line profiles suggests that both transitions are tracing co-spatial volumes.
We calculated the line luminosity, Loy, using Eq. (3) by [Solomon et al| (1997). Since the

CO lines are not exactly Gaussian, we also integrated the spectra within 1500 km s 'to compute
ScoAV. The corresponding Gaussian derived values of SooAV are the same within 1-sigma. Some of
the measured apparent L, are amongst the brightest, if not the brightest, for all z > 1 QSO, SMG,
LBG, including the SPT DSFGs (Aravena et al| [2016)), as well as z < 1 ULIRGs, nearby spirals, and
low-z starburst galaxies (Carilli & Walter, 2013)). These bright apparent luminosities suggest that our
galaxies have been strongly magnified.

3.6 Discussion

3.6.1 CO Spectral Line Energy Distributions (SLEDs)

In Fig[3.2] we plot the ratio of the line integrated intensity of the higher-J CO S oAV to our CO(1-0)
ScoAV. All of our galaxies show sub-thermalised excitation conditions. Up to J < 3, we find these
values to be consistent with both the lower end of the SMG excitation distribution (Bothwell et al.]
2013}, [Carilli & Walter, 2013)) and the upper end of the MW (Fixsen et al|[1999). The uncertainty of
the MW measurements and the physical intrinsic SMG dispersion overlap for J < 4. Without higher-J
CO lines, where SMGs and the MW differ strongly, it is a challenge to disentangle which of these two
ISM conditions dominate our galaxies.

We parametrized these CO SLEDs in terms of brightness temperature, or CO line luminosity, ratios,

TB(Jupper > 1) L,C'O(Jupper > 1)
rup,l = = ’
For two sources with only r,; we found < r,; >= 0.92, while the remaining five sources have

< r3; >= 0.34. Finally, for the one source with a CO(4 — 3) line observation, we found r,; = 0.18,
similar to what has been reported in [Hainline et al| (2006) for an SMG of similar redshift (i.e.
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Figure 3.2: Here we plot the velocity-integrated line intensity ratios of J,,, /J= 1, normalised to the CO(1-0)
derived integrated flux for the current sample. Our seven galaxies (red diamonds) are within the spread
for average SMGs (Bothwell et al], 2013) (yellow), and can be compared to the low-z (U)LIRG population
(Papadopoulos et al ] [2012a)) (blue), and the Milky Way center (Fixsen et al} [T999) (gray). All regions contain
the dispersion between the 25th and 75th percentile of the distribution of the CO(1-0) normalised integrated
flux. Yellow stars show the average QSO values out to J = 6 (Carilli & Walter} [2013).

ID L(IR)/LE‘O(I—O rup,l /JMISM NMHZ Tdepl_CO Tdepl'ISM
Lo/(Kkms™ ' pc?) (10"°My)  (@cp4.3,0.8)(10"° M) (acp4.3,0.8) Myr)  (Myr)

PJ105353.0 170 + 65 0.36 £0.13[r;;] 624 =156  [732,136] = [259, 54] (239, 44] 203
PI112714.5 62 +25 0.29+0.10[r;;] 160+40  [764,142] = [270,27] (636, 118] 133
PI120207.6 91 + 38 0.4+0.14[ry,] 452+113  [663,123] + [234,30] (442, 82] 302
PJ132302.9 93136 0.31£0.11[r;;] 21554  [557,103] = [196,23] [425,79] 164
PJ142823.9 168 + 69 0.88 £0.36[r,;] 97+24 [49,9] + [17,4] [228,42] 452
PI160722.6 121 £ 50 0.95+0.38[r,] 5213 (50,9] +[18,5] [331,62] 344
PI160917.8 58 +24 0.35+0.13[r;] 465+ 116 [1473,274] = [521,85] (694, 129] 219
PI160917.8 - 0.18 + 0.06[ry, ] - - - -

Table 3.3: Gas Properties.Unknown lensing amplification u is reflected in the derived CO luminosity and H,
mass. ISM masses were calculated following[Scoville et al| (2016b), scaled to our AzZTEC 1.1mm photometry
with a fixed dust temperature of 25 K.
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z ~3.3-3.5). As noted in (Frayer et al| 2011, there is a wide-range in the observed r3; = 0.1 — 1 in
the local starburst population. The fact that our galaxies fall in the lower end of the SMG excitation
distribution, while being some of the most luminous sources currently known, suggests that they may
not be exceptional SMGs, but more strongly magnified sources.

In[Harrington et al.|(2016)) we showed that all of these sources fall within the parameter space for SF
powered luminosity (rather than AGN) in a mid-IR to far-IR color-color diagnostic plot
[2013). Using their CO SLED we can further rule out the presence of a powerful QSO in our
galaxies, as typical QSO host galaxies with powerful AGN activity often exhibit thermalised line ratios
out to CO(4 — 3) (e.g[Riechers et al. 2006} WeiR et al., 2007a). However, we caution that most QSO
hosts with a good coverage in the CO SLED are strongly lensed objects selected in the optical/NIR.
This may result in a bias towards the excitation conditions within the central region.
show there is a statistical similarity between the r5; values reported for SMGs and AGN in
their sample. However, the line ratios in their sample have a global average (AGN and SMG) 3 times
higher for r3; (in fact close to thermalised: < r3; >= 0.9) as compared to our sources. This suggests
that their sample might consist of hybrid SMG/AGN galaxies. Our CO SLEDs are currently limited
out to J = 3 or 4, therefore we cannot rule out the presence of an AGN.

3.6.2 Ratio of IR Luminosity to CO Line Luminosity

The observable uL;p/ uL'CO(l _) ratio serves as a proxy for SF efficiency (SFE), and stands independent

of the unknown magnification factorﬂ The integrated IR emission (8-1000um) reflects the bulk
star-forming activity, while the CO line luminosity indicates the amount of gas supplying the ongoing
star formation.

Using the value of this ratio we place our sample in the context of SB versus typical star-forming
galaxies at different z, IR and CO line luminosity (Fig 3.3} e.g.[Genzel et al] 2010). We measure
the uLig /ULéo(1.0) Tatio as (58-170) L /(K kms™' pc®), with < 110+ 22 > L, / Kkm's™'pe™ (see
Fig . The average value of our galaxies is closer to 140 L /(K kms™! pcz) observed in SB galaxies,
rather than 30 L, /(K kms™! pcz) observed in typical star-forming galaxies (]Solomon & Vanden Boutl,
2005} [Genzel et al., [2010; [Frayer et al., 2011). From this we conclude that the Lig /Loy values
obtained for this subset of Planck-Herschel sources have enhanced ratios with respect to typical
star-forming galaxies, as expected from their large apparent L jp (Cafiameras et al| 2013} [Harrington|
[2016).

We note that our sample exhibits slightly lower ratios on average compared to both the highly
excited system, HFLS-3 (z ~ 6[Riechers et al] [2013)), as well as the lensed SPT DSFGs

[2016) (Fig[3.3). Roughly half of the strongly lensed, dusty Herschel galaxies (Harris et al.] [2012))
are consistent with our sample and lie within the yellow shaded region for SB systems. In contrast,

more than half of the SPT sources have excess Lyg-to-Lco g, [Aravena et al.| (2016), although the
dispersion is similar for both H-ATLAS and SPT samples. Our seven Planck-Herschel sample are
unusual as they lack a similar dispersion. This may reflect the ability of the all-sky sub-mm sensitivy
and coverage of the Planck survey in detecting the rare galaxies that are, on average, more strongly
lensed than the similarly selected H-ATLAS sample.

While the SPT lensed galaxies are a similar population at high-z with comparable L,, due to

! We assume, without high angular resolution imaging of the two luminosity sources, that the CO(1-0) emitting region and
the pervasive dust content are on average co-spatial.
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different selection methods (350 um versus mm), the average redshift of their sample is significantly
shifted towards a higher value compared to our sample: < z >= 3.9 and < z >= 2.3, respectively.
At such a high redshift, z ~ 4, a MW type galaxy would be subject to non-negligible dust heating
due to the CMB (da Cunha et al,[2013), and may contribute to the higher L;g-to-L¢q(;_g) values
observed in the SPT sample. At z ~ 4, the CMB temperature is also a sufficient background to
radiatively excite the cool reservoirs of CO, particularly the J= 1 — 0 ground state rotational transition,
resulting in a dimming of the observed CO line emission. Because (sub)-mm flux measurements
are made against the CMB, the contrast in the CO (1 — 0) line integrated intensity via collisional
excitation (typically with H,molecules), compared with the radiatively excitated CO gas from the
CMB background becomes more severe beyond z = 4. About 80% of the CO (1 — 0) emission can be
recovered against the CMB at z = 2 — 3, but only 50-60% just beyond z = 4 if there would be a gas

kinetic temperature of 40 K (da Cunha et al.| 2013).

We caution that the effects of the CMB alone cannot account for the differences observed in
these luminosity-luminosity ratios, as the H-ATLAS and SPT sample have a similar spread in their
Lig-t0-L(o(1.) Values. The similar redshift range of the 12 H-ATLAS sample compared to the sample
of 7 Planck-Herschel galaxies in this study reveals that the CMB effects cannot explain this offset.
The excitation conditions of a multi-phase, multiple gas component ISM are also expected to change
for each galaxy. One would expect that the density and kinetic temperature of the CO (1 — 0) emitting
gas (and the gradients across the galaxy) to factor into the total attenuation of the CO (1 — 0) line
emission (e.g.[Tunnard & Greve}, [2017) and any self-shielding. As the intense star-forming conditions
during the redshifts indicated in these three samples (SPT, H-ATLAS, Planck-Herschel) will give
rise to a dynamic set of ISM conditions, these varying gas excitation conditions will therefore have
non-negligible effects in the observed LIR—to—LéO(l_O) values.

3.6.3 Total gas mass from L¢(,

CO is the second most abundant molecule in the ISM after the highly abundant molecular hydrogen,
H,, and the CO(1-0) line emission is the most direct proxy for H,as it traces even the most diffuse gas.
Our galaxy integrated CO(1-0) line luminosity is converted to a total molecular gas mass assuming an
@ conversion factor (see review by [Bolatto et al] 2013)). It is common to use a standard ULIRG
conversion, i.e. @ = 0.8, for star bursting SMG/DSFGs at high-z, although we reference a standard
Galactic value in Table The similarity of the Ly / L60(1-0) ratios observed in our sample and those
of local ULIRGs seems to further support the use of a starburst-like @q conversion factor, even if
the centrally compact, concentrated nuclei in local ULIRGs may not be representative of the entire
ISM environments in our galaxies. We found uMy, = (0.9 —27.4) x 10" 1Me(afco /0.8), which are
amongst the largest apparent gas contents measured at high-z, even if a lensed magnification of an
order of magnitude is taken into account (see[Carilli & Walter}, [2013).

We also compare our CO-based gas mass to the ISM gas mass estimates using the empirical
calibration from measured rest-frame dust continuum (e.g.[Scoville et al.| [2016b| [2017). Using our
AzTEC 1.1mm photometry (v, = 272 GHz — rest-frame 250-470um), we compute the ISM mass
using Eq. 14 of [Scoville et al| (2017). The ISM masses we report scatter predictably around the
values obtained from a ULIRG or Galactic conversion factor, suggesting that the value for @ - varies
intrinsically from galaxy to galaxy. Later we will revisit this empirical calibration to compare the CO

line luminosity to the specific luminosity at rest-frame 850um.
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Figure 3.3: Here we present the L/ Léo(l_o) ratios of our sample compared with known, lensed Herschel

and SPT DSFGs (Harris et al.| 2012} [Aravena et al} 2016), the highly excited HFLS-3 (Riechers et all 2013
and the median for all SMGs (125 + 50L,/K kms™' pc~~) compiled in the literature by |Frayer et al.l 2011

(shaded yellow). We plot 20~ boundaries taken from |Genzel et al.l (]2010[) for starburst (140 L /Kkms ™' pc™)
and typical star-forming galaxies (30 L,/K kms™" pc_z). The average for our seven targets in this study is
110 + 22 L, /(Kkms ™" pc?).

3.6.4 Gas Depletion Time Scales

The amount of time for a galaxy to consume its total molecular gas, given its current galaxy integrated
star formation rate, is its so-called depletion time, or gas consumption time scale, T4ep = My, / uSFR.
This inverse SFE reflects the nature of the SF activity of a galaxy, and is a measure that stands
independent of the magnification factor in the same way for the L;z-to-CO(1 — 0) line luminosity
ratios above.

To derive our SFR estimates we used the integrated 8-1000um SED and the empirical calibration
[1998) to convert L to SFR —adopting a Kroupa IMF. The values we obtain are, uncorrected
for magnification amplification, ~ 1500 — 30700 Moyr_1 (lHarrington et al.[, |2016[). Combined with
the CO-based gas masses reported above, this suggests a depletion time scale of 7 4., ~ 80 Myr
These actively evolving galaxies represent a special mode of rapid starburst activity. This is consistent
with short gas depletion times observed on the order of 7,,,,, = 10 — 100 Myr (e.g. @}

20154 Béthermin et al 2016}, [Aravena et al.} 2016} [Scoville et al.|, 2016b)), and also with typical
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Figure 3.4: We compare our measured Léo(l_o) to rest-frame L, (353G p17/850um 0 OUr sample to the low-z
star-forming galaxies (Dale et al} 2012} [Young et all [T995)), local ULIRGs (Mentuch Cooper et all 2012}
[Chu et al] 2017, [Sanders et al [T989] [1991}; [Solomon et al, [1997), z ~ 2 SMGs (Greve et al.} [2003}; [[vison]|
let alll 2011} [Harris et al.) 2012} [Riechers et al| 2011} [Cestrade et al.l [2011} [Thomson et al., 2012} [Fu et al.]
[2013} [Aravena et al.} 2013} [Thomson et al} 2015)), and lensed SPT galaxies (Aravena et al} 2016) with global

measurements of CO(1-0) — or CO(2 — 1) for some SPT sources, where we used r,; = 0.9 when applicable. We
overplot the best fit linear relation from |Scoville et al.l (I20l7|): LéO(l-O) =3.02 x 10_21ng50.

galaxy-galaxy crossing time (~ 100Myr; (Scoville et al| 2016b)). The rapid 74, in these galaxies
at high-z rival the 74.,; = 2.2 Gyr timescales for normal star-forming galaxies at z = 0 (Leroy et al}

[2013).

3.6.5 Global Gas to Dust Comparison

The ratio of measured Léo(l_o) to rest-frame specific luminosity at 850um serves as a foundation for
converting the optically thin Rayleigh-Jeans dust continuum, observed in the (sub)-mm, into total ISM
mass (Scoville et al.} 2017} [2016b| 2017). To infer the rest-frame 850um of our galaxies, and thus
to compare them to the empirical relation, we use the far-IR SED model fit procedure described by
[Harrington et al.| (2016)), fitting the Herschel SPIRE 250-500 um and AzTEC 1.1mm photometry
with a modified blackbody (Eq. 14 [Yun & Carillil [2002) (Fig.[3.4). Several of z ~ 2-3 galaxies lie
above the empirical calibration obtained by [Scoville et al| (2017)). In[Scoville et al.|(2017) the SED
analyses was redone using the published sub-mm photometry and CO(1-0) line emission for the 30
normal low-z star-forming galaxies (Dale et al| 2012} [Young et al.|[1993), 12 low-z ULIRGs
[Cooper et al] 2012} [Chu et al.| [2017; [Sanders et al.| [1989] [199T} [Solomon et al, [1997), and 30 SMGs
(Greve et al ], 2003} [Ivison et all 2011}, [Harris et al.} 2012} [Riechers et al.} 2011}, [Cestrade et al. 2011},
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Thomson et al.] 2012} [Fu et al.| 2013} [Aravena et al] 2013} [Thomson et al [2015)) at comparable

redshifts to our sample. This empirical relation, based primarily on galaxies with solar metallicities,
was recently validated using ~ 70 main-sequence, low-z star-forming galaxies (Hughes et al] 2017).
Without optical or FIR fine-structure emission lines we cannot directly constrain the metallicities
of our sample. However, we do not expect these galaxies to have sub-solar metallicities given their
large apparent dust masses (uMy = [0.1 — 2] X IOIOMQ) and given the empirical mass-metallicity
relationship out to high-z (Geach et al] 2011} [Saintonge et al.| 2016a)).

The SMG/DSFG population predominantly falls below the 1:1 relation, making our small sample the
first to populate the upper envelope—which corresponds to a higher amount of observed CO gas per unit
850um dust emission. The highest value of L/ Lgs, observed in the SMG population compiled by
[Scoville et al.| (2017) is the 350um selected source in[Ivison et al.|(2011)). Two of our galaxies are above
the observed scatter, while three of our galaxies exhibit extreme CO luminosities compared to their
rest-frame dust luminosity. A larger sample is undoubtedly required to further unveil if, as suggested by
our sample, there is a larger intrinsic scatter at high-z, particularly at log(Léo(l_O)) >10.5K kms™! p02

and log(L,gso) > 31.5 ergs 'Hz'. To compare to the SPT-DSFGs with J< 2 CO line detections
(Aravena et al} [2016)), we take their 18 galaxies with consistent sampling of 0.25-1.4mm photometry,
similar to our 0.25-1.1mm data, and fit their FIR-mm SEDs as described above. Those SPT galaxies
with only CO(2 — 1) were converted to L'CO(I_O) using an r,; = 0.9.

The relatively high L(/Lgs, ratios observed in our galaxies indicate larger gas-to-dust mass
(GDMR) ratios than observed in previous samples (Fig. 3-4). Converting the AzTEC 1.Imm
continuum measurement into dust mass, assuming 7; = 25K, we found GDMREs in the range [40-200]
using the CO-based gas mass (acq = 0.8), compared with the average GDMR of ~ 230 from the
1.Imm derived ISM mass (Scoville et al|, [2017). This range is both consistent, though slightly
larger, than observed in local galaxies with solar metallicities (Leroy et al., 2011}, [Draine et al} 2007).
Assuming instead a Galactic ¢-q = 4.3, we would infer extremely high GDMRs (up to 1100), only
observed in local, greatly metal-poor dwarf galaxies. The assumption of ¢, as well as the choice of
dust temperature in the ISM mass calculations ultimately determines the derived GDMRs.

3.7 Conclusions

Using VEGAS on the GBT, we have successfully measured the CO(1-0) line emission for seven of the
most gas-rich SMGs/DSFGs studied to date. The key results of this study can be summarised as:

» We have confirmed the previously determined spectroscopic redshifts reported by
(2016)

* The linewidths/profiles for the low-J RSR and CO(1-0) VEGAS measurements are nearly

identical; therefore the emitting regions are likely co-spatial, with < FWHM >= 590 km s,

* The CO SLEDs of the galaxies in our sample are indicative of a gas component with sub-thermal
excitation conditions: CO line luminosity ratios of < r,; >=0.92 (2 sources), < r3; >= 0.34
(5 sources), and r,; = 0.18 (1 source)

* We find enhanced Ly / L(,:0(1-0) ratios with respect to normal star-forming systems, as we report

an average value of 110 £22 L /(K kms™! pcz), comparable to the median of other well studied
SMGs.
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3.7 Conclusions

With the CO(1-0) line emission we place tight constraints on the total molecular gas mass, and allow
future CO SLED analyses to benefit from having the fundamental rotational transition observed. The
large gas masses obtained are uMyy, = (0.9 — 27) x 10“(@ co/0.8) My . The average gas depletion
time we find is 7y, ~ 80 Myr. These extremely luminous IR galaxies (with Lig > 1013_14L®) exhibit
rapid depletion timescales, and we are likely capturing this light from a relatively short-lived starburst
episode.
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cHAPTER 4

Observations and Modelling of Cool, Turbulent,
Molecular Gas in Lensed Planck-Selected
Starburst Galaxiesatz ~ 1 - 3.5

The contents of this chapter are based on an upcoming publication in The Astrophysical Journal
(ApJ), under the title “ Turbulent, Molecular Gas in Lensed Planck-Selected Starburst Galaxies at
z~1-3.5"

* Harrington, K.C., WeiB}, A., et al. (revised version submitted to ApJ September 18, 2020)

The American Astronomical Society (AAS) copyright agreement ensures authors’ rights to use all or
some of the above article for educational and research purposes. To ensure open access to the article
the peer-reviewed, published version will be uploaded to astro.ph.

4.1 Abstract

Dusty star-forming galaxies at high redshift (1 < z < 3) represent the most intense star-forming
regions in the Universe. Key aspects to these processes are the gas heating and cooling mechanisms.
Although it is well known that these galaxies are gas-rich, little is known about the gas excitation
conditions, as only few detailed radiative transfer studies have been carried out due to a lack of line
detections per galaxy. Here we examine these processes in a sample of 24 strongly lensed star-forming
galaxies identified by the Planck satellite (LPs) at z ~ 1.1 — 3.5. We analyze 162 CO rotational
transitions (ranging from Jup =1 -12) and 37 atomic carbon fine-structure lines ([CI]) in order to
characterize the physical conditions of the gas in sample of LPs. We simultaneously fit the CO and
[CI] lines, and the dust continuum emission, using two different non-LTE, radiative transfer models.
The first model represents a two component gas density, while the second assumes a turbulence driven
log-normal gas density distribution.
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4.2 Introduction

Star-forming galaxies at redshifts z ~ 1 — 3 probe the cosmic epoch when most of the stellar mass
assembly in the Universe took place (Madau & Dickinson| 2014, and references therein). A better
understanding of star formation (SF) during this epoch is therefore imperative to understand SF
across cosmic time. Locally, less than 5% of the galaxy population has a star formation rate (SFR)
that is significantly higher than the empirical main-sequence for star-forming galaxies, i.e. the tight
correlation (~0.3 dex) between the SFR and stellar mass, M, (Brinchmann et al| 2004} [Noeske et al|
2007 [Elbaz et al] 2007 [Goto et al.| 2011} [Sargent et al.] 2012} Whitaker et al] 2012] 2014} [Salmon|
Lal.‘, m These often-called starburst galaxies, with an infrared (IR) luminosity Lz ~ 0.1-5x 10"
L, (e.g.[Sanders & Mirabel, [1996}, [Downes & Solomon| [1998), become increasingly more common at
high-z . In fact, (sub)mm number counts reveal that galaxies with Lz > 10'%°13 Ly, atz > 0.5, are
many hundreds of times more likely to exist than in the local Universe (Blain et al.| 2002} [Chapman|
let al| 2005], Béthermin et al.| [2012; [Magnelli et al.| 2013} [Casey et al, 2013} [Geach et al.} 2013},
[Simpson et al.| 2014} [Strandet et al.| 2016} [Casey et al] 2014). Meanwhile, the cosmic molecular gas
density also peaks at z ~ 1 — 3 (Decarli et al| 2014} [Walter et al.| 2014} [Lentati et al| 2015} [Decarli
let al.| 2016}, [Riechers et al.| [2019} [Liu et al.| [2019). This suggests a strong link between molecular gas

and SF. Rest-frame far-infrared (FIR) measurements of spectral lines and thermal dust continuum
emission have been used to investigate the cooling and heating processes of the interstellar medium
(ISM) in star-forming galaxies, however the physical conditions at high-z is still, in general, poorly

investigated (Popesso et al.| 2012} [Bothwell et al.} 2013}, [Carilli & Walter} 2013} [Genzel et al} 2013}
Yang et al| 2017} [Tacconi et al.| [2018] 2020} [Lenkic et al.| [2020}; [Aravena et al.| [2020).

Turbulence regulates SF within cold and dense molecular clouds in most star-forming regions, and
turbulence-regulated feedback seems to properly describe the main characteristics of the star-forming
ISM (Shu et al} [1987; [EImegreen & Scalol [2004}; [Krumholz & McKee], 2005} McKee & Ostriker,
[2007; [Krumholz [2014). A log-normal probability distribution function (PDF) is often used to describe
both the molecular gas velocity dispersion and volume density (Vazquez-Semadenil, [1994}; [Padoan|

et al.] [1997} [Ostriker [1998; [Klessenl, [2000; [Wada & Norman| 2001 [Kowal et al.| [2007; [Narayanan
et al] Krumbholz et al.| [2009a; [Molina et al} [2012; [Hopkins et al.| 2013). This is because

the turbulent activity sets the local gas density as a consequence of randomly distributed shocks that
compress the gas. This processes eventually converge towards a log-normal distribution of density due
to the central-limit theorem (Vazquez-Semadenil, [1994} [Kevlahan & Pudritz, 2009} [Krumholz} [2014).
Such turbulent models are supported by observational evidence using optically thin, diffuse and dense
molecular gas tracers of clouds within the Milky Way (e.g. [Ginsburg et al.| 2013). A commonly
used simplification to deal with these complex models is to adopt the Large Velocity Gradient (LVG)
approximation (Goldreich & Kwanl [1974}; [Scoville & Solomonl [1974) to model the photon escape
probabilities within large-scale velocity flows. This assumption is applicable for clouds in the Milky
Way, where the local thermal motions are much smaller than flow velocities, although non-local
thermodynamic equilibrium (non-LTE) gas conditions may be present. The radial motion assumed
in early applications of non-LTE LVG models would lead to higher SF efficiencies than observed,
leading to the conclusion that a form of turbulent feedback must be present in the ISM to regulate SF
(Zuckerman & Evans|, [1974} [Zuckerman & Palmer, [1973)). In addition, turbulent motion is set at the
‘driving scale’ (e.g. [Elmegreen & Scalo, 2004} [Scalo & Elmegreen|, [2004)), determined by the largest
physical size of the system. Diverse studies have found that gas turbulence increases as a function of
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Z, suggesting such star-formation processes cannot be maintained for long periods of time (several
orbital times) — particularly in the most extreme star-forming galaxies (Kassin et al., 2012} [Wisnioskil
let al., 2015 Johnson et al.l 2018t [Ubler et al., [2019). How the turbulent ISM behaves at high-z , given
the strong cosmic evolution of star-forming gas, is still an open question.

Star-forming galaxies at high-z may have turbulent SF extending many kiloparsecs beyond their
center, with total molecular gas masses up to an order of magnitude larger than local starbursts
(Tacconi et al.| [2006} [Hodgel, 2010} [Ivison et al., [2010; [Hodge et al} 2016}, [Kirkpatrick et al.} 20170).
Therefore, it is crucial to derive the bulk molecular gas mass content in these host galaxies in order to
properly quantify the SF activity as a function of the molecular gas properties. The main challenge
in studying the star-forming gas is that cloud collapse requires cold environments, with T < 100 K,
yet the lowest energy transitions of H, are much higher than these temperatures. Therefore H, is
unable to trace the total column density (i.e. total mass) of gas (e.g. 1-30% of the gas column density;
[Roussel et al] [2007). Carbon Monoxide (CO) is the second most abundant molecule in the ISM and is
almost exclusively excited by collisions with H,. Since it is one of the primary tracers of the H, gas
column density, it offers a unique opportunity to study these cold gas properties in star-forming galaxies.

The CO line luminosity to molecular gas mass conversion factor, @q, has been reviewed by several

detailed studies (Magdis et al.| 2011} [Genzel et al.| 2012} [Narayanan et al.| 2012} [Schruba et al.| 2012}
Bolatto et al] [2013]; [Hunt et al, 2015} [Amorin et al.} [2016}, [Accurso et al,[2017). The CO(1-0) and

CO(2-1) rotational transitions, and their less optically thick isotopologues (13CO, C'80), have been

vital in determining the L(';O—to—MH2 conversion factor, acq. The Galactic value is o ~ 4 M (K
1

km s™' pc®)”!, whereas the canonical value for local starburst galaxies is @ ~0.8 M, (Kkms™

pcz)_1 (]Downes & Solomon[, |1998[). CO traces diffuse and dense gas, however the atomic carbon,
fine-structure line transitions ([CI] lines) are able to trace mostly diffuse gas (Glover & Clark] 2012
[Israel et al] [2015). [CI] is an additional tracer capable of determining the molecular H, gas mass
(WeiB et al.} [2003| 20054). Efforts to calibrate the [CI] transitions as a tracer of the molecular gas
mass, and attempts to constrain the gas-phase carbon abundance, have grown significantly, including
high-z massive star-forming galaxies on the main-sequence and bright quasars (Walter et al.}] 201T}
[Alaghband-Zadeh et al| 2013}, [Bothwell et al.| 2017} [Dannerbauer et al|, 2019} [Valentino et al 2020).
This is mostly based on the relative increase in detection efficiency of the [CI] ground transition as
it gets redshifted at z > 1 into mm wavelengths, due to the higher photon energy in the [CI] lines.
This makes it easier to detect than the faint ground-state CO(1-0) line. For the cold (T ~ 20 K) and
low density (log(n(H,)) ~ 2 cm™) ISM, dominating the emission in the Milky Way
[1986; Bronfman et al] [T988} [Fixsen et al, [1999} [Garcia et al] [2014), the CO(1-0) line luminosity has
traditionally been used as a tracer of the total molecular gas content (Bolatto et al.| 2013)), as higher
molecular rotational levels are poorly populated under these conditions. Following early studies in
the Milky Way, this approach has been widely applied to determine the molecular gas content in
nearby star-forming galaxies. The general scenario may differ for higher excitation gas (or increased
SF activity), as the higher-J level populations can contribute a more significant fractional contribution
to the CO partition function. For intense star-forming environments, where the mean gas density
is larger than 10°* ¢cm™ and/or the gas kinetic temperature is higher than 20 K, the CO(2-1) and
CO(3-2) and even higher rotational transitions begin to contribute a higher fraction to the partition
function, as less molecules sit at the J, = 1 state. Thus, these low-J lines can trace comparable, if not
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larger, fractions of the total CO column densities (and thus more molecular gas) as the CO(1-0) line.
This highlights the need to measure multiple CO transitions and conduct a proper modelling of the
line intensities to obtain meaningful conversion factors for star-forming galaxies at z > 1.

Local measurements of the CO ladder in large samples of star-forming and starburst systems
have been conducted using the HerschelSPIRE (and HIFI; [Rangwala et al.| [2011}; [Liu et al.| 2015}
[Kamenetzky et al] 2016} [Rosenberg et al.|, 2015} [Lu et al| 2017). On average, the majority of the SF
in local starburst galaxies is confined to the central few hundred parsecs of the Galactic nucleus. Most
extreme IR luminosities in the local Universe are induced by merger-driven processes, although, in
general, there is a strong presence of warm and diffuse molecular gas (see e.g.[Downes & Solomon|
[1998)), well-traced by the mid-to-high-J CO lines (Rosenberg et al] 2015} [Kamenetzky et al.] [2016).
Constraints on such galaxy-wide molecular ISM properties at z > 1 have been limited to large
integration times required to sample the low-, mid-, and high-J CO lines. Less than twenty years
ago, only ~40 galaxies at z > 1 had been detected in CO emission (Solomon & Vanden Bout, 2003},
[Omont, 2007). [Carilli & Walter| (2013) reviewed ~ 200 galaxies, most with a single line detection (J,
= 2-5). At the time, only eleven high-z galaxies had one (or both) [CI] line detection(s)
[2005a}, [Walter et al.| 2011} [Carilli & Walter] [2013).

Strong gravitational lensing of high-z star forming galaxies offers a unique way to examine highly
magnified molecular gas. The method for selecting strongly lensed dusty galaxy candidates, at z > 1,
is primarily based on unusually bright (sub)mm fluxes compared to the expected steep drop-off in
(sub)ymm number counts (e.g.[Negrello et al| [2007). This method has since identified a large number
across the extragalactic sky, i.e. more than 100 lensed candidates at z > 1 (Ivison et al.}[2010;[Wardlow/|

et al.} 2013} Negrello et all 2017b; [Bussmann et al.} 2013|2015}, [Vieira et al.| 2010} WeiB et al.| 2013},

Strandet et al.| 2016} [Canameras et al. 2015} [Harrington et al] 2016} [Diaz-Sanchez et al, 2017}
Bakx et al.}[2018]). The lensed population of dusty star-forming galaxies selected by the South Pole

Telescope SPT, Herschel Space Observatory and Planck have now been detected in more than two CO
transitions (e.g. [Spilker et al 2016}, [Strandet et al| 2017} [Yang et al}] 2017 Bakx et al.|[2020, and
this work). The Herschel-selected, strongly lensed galaxy sample (Bussmann et al] [2013)) offered the
first systematic approach to producing a statistically significant sample of CO/[CI] lines
[2017)), followed by a compilation in 11 Planck and Herschel selected lensed galaxies
[2018b)), including four galaxies with both [CI] lines detected (Nesvadba et al| 2019). The IR to
CO luminosity relations of local starbursts and high-z star-forming galaxies explored by
(2014) indicate that the ISM radiation field is an important component to consider when understanding
CO line excitation, yet this investigation was limited to 23 unlensed and 21 lensed dusty star-forming
systems — all with more than three frequency measurements of the dust continuum and usually a single
CO line detection. Most previous studies used only single and/or double component gas emitting
regions to reproduce the observed CO emission, excluding the simultaneous modeling of the available
[CI] emission, but also ignoring the role of the dust continuum emission as a heating source of the gas.

In this chapter, we focus on our application of state-of-the-art non-LTE models to ~ 200 CO and [CI]
emission lines, from single-dish line measurements, for a flux-limited sample of 24 lensed galaxies
identified by the Planck satellite. This sample builds off of our pilot Planckand Herschelselection in
[Harrington et al| (2016)), expanded since then (Berman et al. in prep.). We have selected 24 of these
galaxies to investigate the physical gas conditions responsible for driving such bright apparent FIR
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luminosities (u; Ly > 10 L). We have a systematic focus on detecting the rise, peak and turnover
in the CO excitation ladder in order to investigate the gas volume densities and turbulent properties,
the relationship between the gas kinetic temperature and dust temperature, and the derivation of aq.
We follow a novel approach when modelling all emission lines detected based on a turbulence-driven
gas density PDF. Unlike most high-z studies, we have simultaneously modelled these lines in the
presence of both dust continuum radiation field and CMB radiation as background excitation sources.
We first describe the sample selection and ancillary dust photometry of the 24 strongly lensed galaxies
in our sample.We then provide the details of the novel GBT, IRAM 30m, and APEX single-dish
measurements of the CO ladder, ranging from J,, = 1 — 12, and both [CI] lines. Later we provide a
summary of the emission line profiles, and thereafter summarize the models and model assumptions.
We then discuss our main results, and finally we provide an interpretation of the physical gas conditions
of these extreme starburst galaxies, with further conclusions afterwards. We adopt a fiducial ACDM
cosmology with Hy = 69.6 kms_lMpc_1 with Q= 0.286, and Q, =1 — Q_, throughout this chapter
(]Bennett et al.[, |2014[ﬂ

4.3 Sample

4.3.1 Selection

Here we outline our sample of strongly lensed Planck selected, dusty star-forming galaxies, hereafter
“LPs” (Table[d.I)). Our sample of 24 LPs began with a Planck& Herschelcross-match identification
of eight objects (8/24) with continuum detections at 857 GHz (Harrington et al.| 2016)) greater than
100 mJy. The remaining 16/24 LPs were selected based on continuum detections by Planck, at 857,
545 and/or 353 GHz in the maps of all the available, clean extragalactic sky. These bright Planck
point sources were then analyzed through a filtering process using a WISE color selection for the four
WISE bands (3.4um, 4.6um, 12um, 22um[Yun et al] Berman et al in prep.). Other methods to
identify strong gravitational lenses using (sub)mm data were independently verified by other teams
using Planck& Herschelcolor criteria (Canameras et al.|[2015]). The 24 LPs presented in these analyses
include eight systems identified by [Canameras et al|(2015)). The use of Planckand WISE data resulted
in the discovery of the brightest known, dusty starburst galaxy at z > 1, the ’Cosmic Eyebrow’
(Dfaz-Sanchez et al.| 2017} [Dannerbauer et al.} 2019)), which has also been independently recovered as
one of the LPs presented in this survey work. Note that LPs-J1329 corresponds to the location on the
sky associated with the Cosmic Eyebrow-A lens component (Dannerbauer et al.| 2019). Table |.1]
shows the size of the lensed emission for each of the LPs, in which there are 21/24 with lens sizes < 10”.
Half of the LPs are galaxy-galaxy lenses, while the other half are a mix of cluster or group lensing. The
foreground lens galaxies have a negligible contribution to the observed far-IR emission of the lensed
galaxy (Harrington et al] [2016). The LPs have CO-based spectroscopic redshifts ranging from zq ~
1.1 - 3.6 (Harrington et al.| 2016} 2018} [Cafiameras et al.,[2018b] and this work). They are comparable
or brighter in CO and FIR luminosity than other strongly lensed SPT (Strandet et al.| 2016} 2017
[Weil3 et al] 2013)) or Herschel-selected dusty star forming galaxies (Harris et al., 2012}, Bussmann|
let al., 2013] 2013} [Yang et al.,[2017). The Planck& Herschelwavelength selections preferentially
target z ~ 2 — 3 galaxies, versus the mm-selected SPT sources with a median closer to z ~ 4, al-

! We have used astropy.cosmology (IAstropy Collaboration et al.L |201 SI).
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though with a wide range between z ~ 2—7 (Strandet et al .| 2016} [Spilker et al.| 2016} [Weil} et al.| 2013).

Our selection method only picks out sub-mm bright point sources, and the WISE data assists
us in interpreting that these systems do not have the same mid-IR characteristics as the luminous
WISE-selected, dust-obscured QSOs (Tsai et all [2015). The prevalence of a dust-obscured AGN
within the LPs is uncertain, however[Harrington et al| (2016)) and Berman et al. (in prep.) have shown,
using WISE and Herscheldata (see methods in, e.g. [Kirkpatrick et al] [2015]), that the majority of
the LPs have a substantial contribution to the total IR luminosity from SF activity instead of AGN
activity (see also[Cafameras et al} [2015]). The dusty nature of the LPs has thus far resulted in the
absence of stellar mass estimates, yet the extreme nature of their IR luminosities suggests that it would
be reasonable to assume they would lie above the main-sequence for star-forming galaxies at these
redshifts. We therefore consider them starburst galaxies, without alluding to an assumed SF history.

4.3.2 Continuum data

The observed dust continuum and spectral energy distribution are used to constrain the excitation
conditions, and a database of continuum measurements between 250 ym and 2 mm is compiled
from new and archival photometry by Planck, Herschel, ALMA, LMT, JCMT, and IRAM 30-m
telescopes. All of the ancillary (sub)mm photometric data used in this work can be accessed in the
upcoming online table. We also provide the modelled continuum data from Berman et al. (in prep.),
and we refer the reader to more detailed information reported in the literature for previous (sub)mm
observations with the SMA, NOEMA and ALMA for a sub-set of the LPs (Bussmann et al.| 2013},
[Cafiameras et al .} 20135}, [Harrington et al.| 2016} [Su et al| [2017; [Geach et al.| 2018; [Rivera et al|[2019;
[Diaz-Sanchez et all 2017; [Dannerbauer et al.l [2019). With the exception of the sources with ALMA 1
mm imaging data that fully resolves the continuum structure with better than 1" angular resolution,
all other photometry come from low resolution observations that do not resolve the dust emission.
There are ten LPs with ALMA 1 mm continuum measurements (Berman et al. in prep.). Six of these
ten also have LMT-AzZTEC measurements, which agree well with the comparable ALMA detection.
The continuum measurements at A, = 1-2 mm come from LMT-AzTEC (1.1mm) and/or IRAM
30m-GISMO2 (2mm) observations (Cafameras et al.} 2015} [Harrington et al.,[2016, Berman in prep),
and in some cases archival SCUBA-2 850um data was available (Diaz-Sanchez et al.| 2017, Berman
et al. in prep.).

The measured (sub)mm flux densities of 10s to 100s of mJy are so large that source confusion is not
relevant. An exception is the Planck data with effective resolution of 5’. Here we adopt the photometry
and uncertainty which fully incorporates the confusion noise based on the measured local foreground,
leading to the conservative photometric uncertainties for the Planck data. The majority of the LPs have
ancillary Herschel-SPIRE (250um, 350um, 500um) and/or mm-wavelength measurements, which are
useful to constrain the peak wavelength and the long-wavelength tail of the thermal dust emission.
Additionally, previous work by [Harrington et al.| (2016)) has shown that a minimal fraction of the far-IR
emission is expected to come from the foreground lens for these systems.
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D RA DEC 2o | Zcojicrs | Mp | M} | Lenssize
372000 72000 7
LPsJO1167 01:16:46.77 -24:37:01.90 0.4 2.12453 - 23 ~45%C
LPs-J0209 FHITIV-V.VLVILVII 02:09:41.3  00:15:59.00  0.202 255274  7-22 58  ~396
LPs-J0226! 02:26:33.98  23:45:28.3 0.34 3.11896 - 40 ~359¢
LPs-J0305" 03:05:10.62 -30:36:30.30  0.1-0.5 226239 - 18 ~26¢
LPs-J074851%X 07:48:51.72  59:41:53.5 0.402 2.75440 - 21 ~13¢€
LPs-J0846" 08:46:50.16  15:05:47.30 0.1 2.66151 - 27 ~10°€
LPs-J1053220 - XLXILXITT 10:53:22.60  60:51:47.00  0.837 354936 5-12 41  ~69C
LPs-J105353/ LXLXIV.XV.XILXILXVE  10:53.5300  05:56:21.00  1.525 3.00551 9-48 20 ~1.59C
LPs-J112714/ X LXILXITLXVIT 11:27:14.50  42:28:25.00 0.33-0.35 223639 20-35 25 ~13°€
LPs-71127137 11:27:13.44  46:09:24.10  0.415 1.30365 - 21 ~1.5%¢
LPs-71138/ 11:38:05.53  32:57:56.90 0.6 2.01833 - 10 ~1°¢
LPs-J11395X1-X11 11:39:21.74  20:24:50.90 0.57 2.85837 6-8 19 ~19¢
LPs-J12020-X5X1T 12:02:07.60  53:34:39.00  0.212 2.44160 - 25 ~5-10°¢
LPs-J1322! 13:22:17.52  09:23:26.40 - 2.06762 - 20 ~10°€
LPs-J1323/ L XLXILXVI 13:23:02.90  55:36:01.00 0.47 241671  9-12 25 ~10°€
LPs-J1326"XVII1.XIX 13:26:30.25  33:44:07.40 0.64 2.95072 4-5 33 ~15%°¢
LPs-J13297 XX XXLXXIT 13:29:34.18  22:43:27.30  0.443 204008 9-13 31 ~11°€
LPs-J1336/ 13:36:34.94  49:13:13.60 0.28 3.25477 - 24 ~15%C¢
LPs-J1428 LXXITLXXIV.XXV.XXVILXXVIT 14.98:9390  35:26:20.00 - 1.32567 - 4 ~196
LPs-J1449! 14:49:58.59  22:38:36.80 - 2.15360 - 8  ~10°¢
LPs-J1544 X LXILXITLXXVIT 15:44:32.35  50:23:43.70  0.673 2.59884 10-17 10 ~7°€
LPs-11607"" 16:07:22.6  73:47:03 0.65 1.48390 - 4 ~196
LPs-J1609/ X LXILXTILXVI 16:09:17.80  60:45:20.00 0.45 325550  12-16 44  ~76€
LPs-12313! 23:13:56.64  01:09:17.70 0.56 221661 - 57  ~396

Table 4.1: Foreground lens redshfits as reported in references. z_cq/(c)> i8 the average redshift of the LPsbased
on all CO/[CI] line detections. /12 Lens magnfication factor range. Measured with single line / single-band CO

/ dust emission or HST near-IR imaging. 1 = Estimated using Tully-Fischer method (]Harris et al.l, |2012]). GG
= Galaxy-Galaxy lens. The lens arc size corresponds to the effective Einstein radius, or the inferred circular
radius. 9€ = Galaxy-Galaxy Cluster (or group) lens. The lens arc size corresponds to the largest lens arclet or

effective Einstein radius. References: 1. Berman et al. (in prep), II. (Harrington et al} [2016)), III. (Harrington|
[etall 2019), 1V. (Geach et al] 2013)), V. (Suet al} 2017), V1. (Geach et al] 2018), VII. (Rivera et al][2019),
VIIIL. Kamieneski et al. (in prep), IX. (Khatri & Gaspari, 2016)), X. (Amodeo et al} [2018])), XI. (Cafiameras|
et al] 20T5), XII. (Cafiameras et al]} [2018D), XIII. (Frye et al [2019), XIV. (Cafiameras et al], 20174), XV.
(Caflameras et al ] 2017b), XVI. (Harrington et al] [2018)), X VII. (Cafiameras et al} 2018a)), X VIIL.
et al] 2013)), XIX. (Yang et al] 2017), XX. (Dfaz-Séanchez et al] 2017), XXI. (Dannerbauer et al} 2019), XXII.
(Tglesias-Groth et al} 2017), XXIII. (Borys et al], 2006), XXIV. [2009), XXV. (Sturm et al] [2010),
XXVI. (]SW'.], m, XXVII. (Hailey-Dunsheath et al ] W_Z[), XXVIIL. qmﬂmq m
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Telescope Receiver Vops [GHzZ] | ©F [']
GBT 100m K, band 26-40  19-29
LMT 32m RSR 75-115 21 -31
IRAM 30m E150 125 -175 14 - 20
IRAM 30m E230 202 -274 9-12
IRAM 30m E330 277 - 350 7-9

APEX 12m P1230 200-270 23-31

APEX 12m FLASH345/460 268 -516 12-17

Table 4.2: Summary of single-dish telescopes and receivers used in this analysis. “Observed beam size.

4.4 Spectral Line Observations

The number of new line measurements we present in this work is ~70% of the following: 20 CO(1-0),
6 CO(2-1), 24 CO(3-2), 15 CO(4-3), 16 CO(5-4), 15 CO(6-5), 18 CO(7-6), 17 CO(8-7), 16 CO(9-8),
6 CO(10-9), 8 CO(11-10), 1 CO(12-11), 19 [CI](1-0) and 18 [CI](2-1). For a thorough analysis, we
complemented our line observations with nearly 50 line measurements previously reported in the
literature (Caflameras et al.] 2015} [Harrington et al.| 2016} [Cafiameras et al.| [2017b| [2018b; [Harrington|
let al.| 2018} [Dannerbauer et al 2019 Nesvadba et al] 2019, Berman et al. in prep.), for the LPs

in our catalogue. In Table @ we summarize the astronomical facilities, receiver names, observed
bandwidths, and telescope’s beam sizes involved in the data acquisition for this work. Table[F.2]also
includes the beam size for the LMT and ALMA/Band 3 spectral line measurements to be presented in
Berman et al. (in prep.). Both the LMT and ALMA/Band 3 observations had targeted the same CO
transition, CO(2-1) or CO(3-2), with comparable line fluxes.

4.4.1 GBT, IRAM 30m and APEX Observations

We observed the CO(1-0) line with the Ka-band receiver on the Green Bank Telescope GBT (Pr. ID:
17B-305; PI: K. Harrington) between October 7 - 31, 2017, in Green Bank, West Virginia, U.S.A.
under stable atmospheric conditions during both night and day hours. The observing procedure and
data reduction is identical to that presented in[Harrington et al|(2018); [Dannerbauer et al|(2019), and
we briefly describe the procedure below. We executed a SubBeamNod observing mode, with 4 min
integration per scan. Each session started with a pointing and focus check, followed by a pointing
every 1-1.5hr. Focus measurements were conducted every 3hr for longer observing sessions. We tuned
the backend spectrometer, VEGAS, to its low-resolution, 1.5 GHz bandwidth mode. Using GBTIDL
(Marganian et al.| 2013) we computed all On-Off measurements and corrected for atmospheric
attenuation. Each spectrum was inspected by eye after baseline subtraction (see [Harrington et al.]
[2018), and roughly 10-15% of scans were dropped. After subtracting a baseline, and then averaging,
we smoothed the spectra to ~ 100 km s”! channel resolution.

We observed mid-high-J CO and [CI] emission lines in the sources available in the Southern
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hemisphere using both the P1230 and dual-frequency FLASH 345/460 receivers on the APEX telescope
in San Pedro de Atacama, Chile (Gusten et al., [2006). We used Max Planck Society observing
time between 22 May and 28 September, 2018 (Pr. M-0101.F-9503A-2018; PI: Harrington), soon
after the new telescope surface was installed and commissioned. Observations took place in a range
of very good to reasonable weather conditions, i.e. precipitable water vapor (PWV) ~ 2-3mm for
PI230 and PWV <2mm for FLASH+. FLASH (Heyminck et al. [2006b) is a 2 side-band (SB)
dual-frequency heterodyne receiver with a single orthogonal linear polarization for each of the 345
GHz and 460 GHz atmospheric windows. Both the FLASH 345/460 channels have an upper and
lower side-band with 4 GHz bandwidth. The PI230 receiver is a 2-sideband heterodyne receiver
with a dual-polarization capability and 2x8 GHz bandwidth. We used a standard wobbler switching
with a chopping rate of 1.5 Hz, and an azimuthal throw offset of 30”. Each scan consisted of a
hot/sky/cold calibration 600 off-source, followed by 12 subscans of 20s per on-source integration
time. Focus checks were performed roughly every 3-4hr, whereas pointing checks on Jupiter or
nearby star were performed every 1-2h (pointing accuracy within 2-3"). All data was recorded using
the MPIfR eXtended bandwidth Fast Fourier Transform spectrometers (FFTS; [Klein et al., [2006),
and each of the scans were reduced and analyzed using the CLASS and GREG packages within the
GILDAS software . The spectrum from each scan was smoothed to ~ 100 km s”!channel
resolution and assessed after subtracting a first-order baseline from the emission line-free channels.
The baseline stability depends strongly on the observed frequency and/or weather conditions, there-
fore we dropped 10-25% of the scans before co-adding the base-line subtracted, rms-weighted spectrum.

We observed low-to-high-J CO and [CI] emission lines with the IRAM 30m telescope during three
observing semesters (Pr. 187-16, 170-17, 201-18; PI: K. Harrington), between January 29th, 2017
and April 24th, 2019. Overall, weather conditions varied from excellent to poor, with the reference
zenith opacity at 225 GHz, 7,5y5gy, ~ 0.05 — 0.8. We utilized all four of the EMIR receivers
[2012)), E090, E150, E230 and E330, often with dual tuning modes to target more than one
CO/[(CI] emission line. In total, the EMIR receiver has a dual polarization, with a 16 GHz bandwidth
backend spectrometer, the fast Fourier Transform Spectrometre (FTS200), and an 8 GHz bandwidth
spectrometer, the Wlde-band Line Multiple Auto-correlator (WILMA). The FTS200 has a finer
channel resolution, however is subject to baseline instabilities such as platforming features in the
bandpass. The WILMA has a lower native channel resolution and was used almost always alongside
the FTS200 to verify observed line features. We carried out a standard wobbler switching observing
mode with offset throws of 40" every second. Each wobbler switching mode procedure includes three,
5 minute integrations (i.e. twelve 25-s subscans). Pointing corrections were performed (e.g. Uranus,
Venus, J1226+023, J1418+546) every 1-2hr, with azimuth and elevation pointing offsets typically
within 1-3”". Focus measurements were repeated roughly 1.5hr after sunset/sunrise and every 3-4hr to
correct for thermal deformations of the primary dish and/or secondary mirror. In the same manner
presented in [Harrington et al.| (2019)), all scans were reduced using GILDAS package, smoothed
to ~ 50 — 150 km s ' channel resolution, followed by a visual inspection of a baseline-subtracted
spectrum and subsequent averaging of the rms-weighted spectrum. We dropped 5-20% of the scans
per line due to unstable baselines or noise spikes, which may strongly depend on the specific tuning
setup and weather.
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4.4.2 Absolute Calibration Errors

In the following analyses we model the apparent (not corrected for lens magnification) velocity-
integrated flux density, integrated across the entire line profile. We apply a total error based on
the typical systematic uncertainties associated with pointed single-dish spectroscopic observations.
These include: atmospheric instabilities (transmission varying on the order of seconds/minutes),
pointing/focus corrections, baseline subtraction procedures, the calibration of the Jy/K gain conversion,
receiver stability across the entire bandpass. For all CO(1-0) lines, we adopt a 25% uncertainty
for systematic effects with the GBT (see [Harrington et al.] [2018}; [Frayer et al.| 2018b). We adopt
a 20% uncertainty for all APEX and IRAM 30m measurements less than ~ 240 GHz and a 35%
uncertainty for lines observed at higher frequencies. We add an additional 5-10% total uncertainty
to those emission lines which were detected at the edge of the EMIR receiver capabilities and at
lower atmospheric transmission. Despite careful pointing/focus/calibration measurements, we add an
additional 5% total uncertainty to all integrated fluxes used in this study due to the heterogeneous
observing conditions among all of the emission lines observed or reported in other studies. Sources
LPs-J1322, LPs-J0846, LPs-J0748 have extended emission as detected by AzTEC 1.1mm continuum
(Berman et al in prep.). Therefore, we measured the emission surrounding the reported RA/DEC,
which we consider to be representative of the entire galaxy. As noted in Berman et al. (in prep.)
for LPs-J1322, the ALMA measurements did not account for ~ 35% of the LMT/AZTEC 1.1mm
continuum flux due to its large Einstein Ring (also see Table f.T]and Table[d.2)). Therefore we have
adopted an additional 35% total error for the lines in this source. High-frequency measurements may
underestimate the total flux for the most extended LPs due to smaller beam-sizes and pointing errors.
The conservative total uncertainties we adopt for these single-dish measurements thereby include
a wide variation in the value of the flux density in an attempt to constrain the average global ISM
properties.

4.5 Emission Line Profiles

Figure@ shows an example set of low-to-high-J CO and [CI] line detections for LPs-J1323. The
remaining figures for the line spectra for the LPs can be accessed online in the supplemental journal.
In all of the 21/24 LPs with a [CI] line detection, the emission line profile matches that of the spectrally
adjacent CO emission. Specific examples of this can be seen in the [CI](2-1)/CO(7-6) spectrally
adjacent pair (see e.g. LPs-J0116, LPs-J0209, LPs-J0305, LPs-J0748, LPs-J1326). Most of the CO
and [CI] lines have similar line-widths and shape. These spectrally resolved measurements indicate
that the emitting regions follow the same large-scale dynamics, based on these spatially unresolved
measurements.

Fig. shows the measured velocity-integrated line fluxes, compared to our literature compilation
(Carilli & Walter}, [2013} [Yang et al] 2017; [Canameras et al.} 2013}, [Kirkpatrick et al] 2019). Many
CO line measurements have now probed more than 2 - 3 orders of magnitude in the observed
velocity-integrated line flux densities across this large sample of ~ 270 galaxies at z ~ 1 — 7. The LPs
are among the brightest CO sources on the sky, due to the magnification effects of strong lensing.

To characterize the velocity integrated flux density we calculate the full line-width at zero intensity
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Figure 4.1: Apparent flux density versus velocity for the CO and [CI] line detections. The best fit models of all
line and continuum data are shown for LPs-J1323 in Fig. 4] The CO(1-0) line was previously presented in
Harrington et al| (2018). Spectra and best-fit models for the other LPs can be accessed online.

(FWZI) for all of the measured line fluxes (see Appendix [A.T] We note that neither all spectra have
similar line shapes between the sample of LPs, nor are all of the lines resolved at relatively high
velocity resolution (e.g. 20-50 km s_l), so we therefore avoid fitting simple 1-D Gaussian models to
analyse the line-profiles. The mean and standard deviation of the FWZI for all of the CO lines for
the entire sample of LPs is 851 + 183 km s In Fig. the FWZI is normalized to the FWZI of
the CO(3-2) line to examine whether the line profiles may change as a function of J,,. The average
value of this normalized FWZI decreases with increasing J,,, although the large total uncertainties
for the lines do not reveal a statistically significant trend. The LPs with detections of higher-J CO
lines show a similar line profile as seen in the emission lines of the lower-J rotational transitions. In
some cases the FWZI of the high-J emission lines is narrower than the lower-J emission line profiles
at comparable velocity resolution. This is apparent in LPs-J1336, as the CO(1-0; 5-4; 6-5; 8-7; 9-8;
10-9) emission lines have a comparable FWZI, whereas the strong detection of the CO(11-10) line
reveals a FWZI that is roughly half. Narrow-line emission in the highest-J lines, compared to the
lower-J lines, is observed in LPs-JO116, LPs-J0226, LPs-J1202, LPs-J1544. This is not seen in other
systems with such high-J measurements. In 3/24 LPs with large lensing arcs, pointed observations
may only partially cover the entire emitting region. Therefore the observed emission is assumed to be
representative of the galaxy-scale ISM of the lensed galaxy. In these cases, additional uncertainties
have been added to the observed integrated line fluxes (§4.4.2).

The lens magnification factor, y; , may have a different value for the low- and high-J CO lines,
and thus may yield a potential differential lensing effect. Differential lensing of the diffuse and
dense molecular gas traced by [CI] and CO may be negligible in most, if not all, of the LPs as
the line profiles would have shown strong variations across the spectrally resolved line profiles.
Since the average, normalized FWZI drops slightly (10 - 25%) from the median value for the
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3

higher-J lines, such a change is not statistically significant given error uncertainties. Therefore,
we are confident that differential lensing effects do not impact the general trends we present. The
strong asymmetric lines may indicateﬂ different magnification factors across the line profile
[2017)), while the dust and CO may be slightly offset in the source plane (Rivera et al.| 2019).
These values will likely be the same for both the [CI] and CO lines, as the overall line shapes are
similar. We note that[Cafameras et al.| (2018a)) report a 5-10% difference in the flux-weighted mean
magnification factor derived for the low-J CO and mm dust continuum, respectively, for 5/24 LPs
presented in this work. For 2/24 LPs in this work, [Cafiameras et al.| (2018a) reported less than
30% differential lensing of the dust and low-J CO. We are unable to de-magnify the sources for the
analyses presented in this work, since there a magnification factor for different lines does not exist.
Some lensed SPT-selected galaxies have a noted range from negligible differences in the magni-
fication for different CO line transitions, up to a factor two (Apostolovski et al.| 2019;[Dong et al.| 2019).

2 Asymmetric lines could also indicate viewing a galactic system at a specific edge on orientation which covers an
asymmetric portion of a rotating spheroidal disk or a significantly turbulent environment (e.g. [Puschnig et al.l, 2020).
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Figure 4.3: Apparent velocity-integrated flux density measurements plotted versus the CO rotational quantum

number, J,, for the LPs (red diamond). The gray squares show the CO line fluxes of other z > 1 galaxies

(Carilli & Walterj [2013} [Kirkpatrick et al.} 2019).

4.6 Simultaneous Modeling of Line and Continuum Emission

We utilize two state-of-the-art radiative transfer codes to simultaneously model both the observed
line fluxes and measurements of the thermal dust continuum emission. This enables us to study the
gas excitation conditions for the LPs using (i.) a widely used approach to model two molecular gas
components, and (ii.) a more realistic molecular ISM with a turbulence driven, lognormal density
distribution for the gas density. The models we use are primarily derived from the equations presented
in[WeiB et al|(2007D). For the analyses in this work, the primary modification to those models is that
the gas and dust are now modelled simultaneously. Below we summarize the main properties of these
modelling tools. Details will be published elsewhere. We will first describe the model which considers
two gas components. Afterwards we will summarize the second model, which includes many of the
same input parameters as the first model, despite being a more physically motivated, modified version.
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Figure 4.4: Best-fit, minimum- )(2 model solution for LPs-J1323. Top: Turbulence model for the dust SED,
CO and [CI] velocity-integrated line fluxes as determined by the best )(2. For clarity, different dashed-colored
curves denote the representative contributions to the density PDF for the molecular gas densities of log(n(H,))
= 2 (yellow), 3 (blue), 4 (purple), S (green) and 6 (pink) cm™. The gray-dashed lines represent the remaining
LVG calculations (from the 50 total samples) which sample the gas density PDF (see §4.6). For the Turbulence
model, these individual density contributions have a y-axis scaled by a factor 5 for both the dust and line
SED to facilitate interpretation of the dominant gas density. All observed data are shown as red diamonds.
The best-fit [CI] line fluxes are plotted over the observed data. All solid red lines indicate the total best-fit,
minimum- )(2 model. Bottom: 2-component model curves for the lower excitation component (black dotted) and
higher-excitation component (black dashed). The best-fit [CI] line flux from the lower-excitation component and
higher-excitation component are denoted by a downward-facing and upward-facing gray triangle, respectively.
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Parameters: | log, (ny) Trin Tiin ! Tause MR ff AV Kyir
Models: [cm_3] [K] [pc] [km s_l] kms™! pc_l cm’’?
2-component 1 —7 15— 600 05-6.0 0.1-19999 10-200 1.0-3.0
Turbulence ~ 1-7 15 - 600 0.5-6.0 0.1-19999 10-200 1.0-3.0

| Mysy ! Myus: | COTH, | [CI]/H, | Br,.. | Bien | Bz,
2-component 120 — 150 1x10%-2x107% 1x107°-2x10% - - 1.8-20
Turbulence 120 — 150 1x107*-2x107% 1x10°-2x10"* -05--0.05 -50-00 18-2.0

Table 4.3: The ranges in parameter space explored in both models.

4.6.1 The 2-component model parameters

Our first model is a simple non-LTE radiative transfer model, referred to as the “2-component” model.
This model can, in principle, take into account an arbitrary number of molecular gas components.
Nonetheless, due to the large number of coupled parameters and model degeneracies, we consider
only two gas components, each with a unique, constant density. In Table .3 we summarize the range
in parameter space we explore for both models. We consider 14 free parameters for the 2-component
model. Each of the two gas components in the 2-component model has seven free parameters:
log(n(H,)) (base 10), Ty, AViuw» Kyirs VHL Regs [CII/H,, and Ty /T,. Some of these parameters we
have restricted specifically, as described below.

We parameterize the size of the emitting region by an effective radius which defines the apparent

2
source solid angle Q, . = . 7;}” (e.g. [Weil3 et al.|[2007b), using the angular diameter distance, D
ang

ang’

. the magnification factor of the observed intensity, and +/u; R.q the apparent effective radius of the
emission region. This apparent, effective disk radius would be equivalent to the intrinsic emitting
region if the emission came from a filled aperture for an unlensed, face-on, circular disk
[2007b)). It is therefore a minimum radius, as the emission may come from an un-filled aperture which
may be more widely distributed.

For each gas component, we consider a range of gas densities between log(n(H,))=1- 6 cm™.
We probe gas kinetic temperatures, 7y;,, ranging between the redshifted CMB radiation temperature
and 600 K (corresponding to the highest energy CO transition we model (J,, = 15)). We account
for the possible decoupling of the gas and dust by setting a limit on the gas kinetic temperature, as
Ty, = 0.57,4. The range we explore for this ratio of the gas kinetic temperature to the dust temperature
(Tyin/T4 = 0.5 - 6) is in agreement with theoretical work (see the review by [Krumholz, 2014). In
well-shielded regions that have log(n(H,)) > 4.5 cm ™ the molecular gas and dust may have a stronger
coupling than in lower density environments. According to[Krumholz] (2014)), within gas densities of
log(n(H,)) > 6 cm™ the gas and dust temperatures are expected to be nearly equivalent. We do not
implement an explicit relationship between T,;,/T, and the gas density.

The systemic velocity gradient, §v/dr, and the molecular gas density together define dynamically
bound or unbound systems, parameterized by the virial parameter, «.;,, (Goldsmith| 2001}, [Greve et al.|

[2009}, [Papadopoulos et al| [2012a). The virial parameter, ., is a relationship between turbulent and
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gravitational energy, and couples the velocity gradient and H, gas volume density. We explore a
range corresponding to a physically bound molecular medium, up to a marginally unbound system,
with k., = 1 — 3. The AV, 4, parameter in the 2-component model calculations is, by definition, a
mathematical term required for dimensional homogeneity.

We leave the carbon abundance as a free parameter, probing ranges consistent with diffuse to
dense giant molecular clouds (GMC) abundances of [CIJ/H, = 1x107 - 2x10™*. We assume an
average Galactic disk value for the CO gas-phase abundance in the range of CO/H, =1 - 2x107* to be
consistent with the typical molecular abundance of giant molecular clouds in the Milky Way
[& Young] [1983} [Wilson et al | [T986}; [Blake et al| [1987). Instead of allowing the gas-to-dust-mass ratio
parameter to range freely, we restrict this to a value between GDMR = 120 — 150 2011); i.e.,
consistent with the observed value in the Milky Way [2011)). Recent studies
[2014] and references therein) suggest that massive star-forming galaxies represent high density cosmic
regions at z = 1 — 3. The fiducial value of solar metallicity, Milky-Way type values, are supported by
our selection criteria to study extremely dusty star-forming galaxies with sufficient metal enrichment at
high-z. We may therefore expect the LPs to have already accumulated at least a near-solar metallicity
in a relatively short amount of time (Cen & Ostriker} [1999; [Bothwell et al.| 2016). Some derived
quantities, such as the GDM R and the « conversion factor, will depend on metallicity
[2012)). For galaxies with 2 — 3 X solar metallicity, the total gas mass comparisons would be im-
pacted by a relative linear decrease in both the G DM R and overall gas mass estimates from [CI] and CO.

4.6.2 Computing the line and continuum fluxes

We model the line fluxes of the CO(1-0) to CO(15-14) transitions, corresponding to upper state energy
levels E, = 5.5 - 663.4 K. We use the collisional rate coefficients from [Flower & Pineau des Foréts|
to solve for the balance of excitation and de-excitation from and to a given energy state. While
we compute the relative level populations of CO (and [CI], if detected), we also solve for the observed
dust SED. We account for two background continuum sources: i.) the CMB radiation at the respective
redshift, with Ty = 2.73 X (1 + Zggu0ee) K, and ii.) the IR radiation field. We simply solve for the gas
kinetic temperature and dust temperature without modeling any specific heating mechanism. We note
that theoretical and observational studies suggest the overall molecular ISM of a starburst/AGN galaxy
could also be influenced by cosmic rays or X-rays (Meijerink et al.} [2007] e.g.), and these heating
mechanisms may be influential in determining the value we derive for the gas kinetic temperature.

The apparent line flux densities, 1y Sco cyj> are directly proportional to the physical apparent source
solid angle and line brightness temperatures, 7. In the non-LTE, LVG framework we calculate the full
radiative description of the 7}, although it is classically defined by its equivalent representation on the
Rayleigh-Jeans side of the emitting spectrum, i.e. hvg,, << kT,. The values of 7, we compute depend
on the gas volume density, the kinetic temperature, and the gas-phase abundance per velocity gradient

in the LVG description. Altogether, the values of 7, are used to model the observed line fluxes:

obs

A(1+2)

2
Ty 2k

Hi.Scoy[cr) = (4.1)

70



4.6 Simultaneous Modeling of Line and Continuum Emission

with ¢ the speed of light, z redshift, v, the observed frequency of the CO or [CI] line and k the
Boltzmann constant.

We parameterize the observed dust continuum radiation field by the dust temperature, 7, dust
emissivity index, B, apparent dust mass and source solid angle. The latter three parameters also

characterize the wavelength at which the dust opacity becomes unity, /lﬂ We note that 4, is
not a free parameter in our model, but can be computed from the apparent dust mass and source
solid angle via Eq@ For simplicity, we restrict the 8 to a value between S = 1.8 — 2.0 in
both models to be consistent with previous studies of the LPs (Cafiameras et al., 2015}, [Harrington|

et al,[2016). These values are also in agreement with the Milky Way average (Planck Collabora]
tion et al.[, |201 1b[) and other studies of local and high redshift star-forming galaxies (]Casey et al.[,|2014[ﬂ

We then compute the full radiative transfer analysis for the two components in the 2-component
model to derive both the dust opacity and line opacities in each calculation. The larger component
can overlap with the more compact component, and we therefore take into account this difference
when computing the overall dust SED (see e.g.[Downes & Eckart,[2007). We keep the same frequency
dependent dust emissivity index, Sr,, for each component. The dust optical depth is calculated using
equations 2 and 3 of [Weil} et al| (2007b), assuming a frequency dependent dust mass absorption
coeflicient, k4 [cm2 g_l] (]Kruegel & Siebenmorgen[,|1994a[); yielding

_ KMy 0.4(v,/250GHz)’Ts y M,

- 2 2
Qapp D ang QappD ang

4.2)

v

We connect the modelled line and continuum fluxes by using the derived dust opacity and inferred
CO (or [CI]) gas column density to calculate the H, gas column density, using equation 7 of
(2007b). The GDMR parameter is ultimately used to link the overall line fluxes and dust
continuum in a self-consistent manner. We recall that the T,;, /T parameter also links the line and
continuum emission properties. We applied a prior for some of the LPs, with dust photometry limited
mostly to Planck measurements, so that the dust SED turns over beyond rest-frame flux-densities of
~ 8. 6000GHzrest (i-€. Test-frame ~50um for the z ~ 2 — 3 LPs). This is in agreement with the physical
conditions with which our model is sensitive to, i.e. the rest-frame FIR to mm wavelengths — rather
than near- and mid-IR wavelengths. This restriction also prevents a largely unconstrained (and also
unphysical) solution space, with extremely high apparent FIR luminosity (4 Lgr.40-120um > 10"

Loﬂ Note, dusty high-z star-forming galaxies, with full coverage of their thermal dust SED, fully
support this prior (Strandet et al} [2016).

4.6.3 The Turbulence model parameters

The second model, hereafter the “Turbulence” model, is more sophisticated in describing the molecular
ISM. It has nine free parameters, and is represented as a single gas component described by a gas

3 Ay is directly proportional to the dust column density.

4 /3Td is subject to large uncertainties in dust grain size distributions 2011).

> This is comparable to setting an upper limit for the dust temperature.

71



Chapter 4 Observations and Modelling of Cool, Turbulent, Molecular Gas in Lensed Planck-Selected
Starburst Galaxies at z ~ 1 — 3.5

density PDF. We also model the line and continuum emission simultaneously in this model, including
all of the same input parameters. For the Turbulence model, the effective radius connects the source
solid angle to the gas density PDF, which makes this model distinct from the 2-component model. In
contrast, the 2-component model simply treats the gas density and the source solid angle as completely
independent parameters, and also does not draw an explicit connection between the gas density and
gas kinetic temperature.

We explore a broad range of values for the H, gas volume density in the Turbulence model,
log(n(H,)) =1-10 cm™>, with a restricted range for the mean density of the density PDF to values
of log(n(H,)) =1-6 cm ™. The mean molecular gas density thereby determines the other model
parameter to describe the global mean ISM properties of the LPs. We sample the best-fit, minimum- X2
Turbulence model density PDF by 50 bins. Each of the 50 gas densities are proportional to a solid
angle that is occupied by that specific density bin. Therefore, each density corresponds to a radius —
such that the sum of all areas is normalized to the input source solid angle. This implies that the model
fit values for the dust and line SEDs are the sum of 50 individual LVG calculations which have used
the value for each of those densities to calculate the relative emission properties. These altogether
sum to the total line and continuum emission that has been measured.

There are two unique parameters for the Turbulence model, Bcyy and B, . The power-law index,
Bicyy» constrains the value of the carbon abundance relative to [CIJ/H, (WeiB et al} 2003). We express
Bicy as a power-law of the density to describe the expected decreasing value of the carbon abundance
for increasing molecular gas volume density (see e.g. [Hollenbach & Tielens}, [1999 [Glover & Clarkl,
2012} [Goldbaum et al [2016). These chemical network calculations show that atomic carbon quickly
disappears from the gas phase, and is transformed into other molecules, as the cloud becomes denser.
We further explore the justification of this parameter in The Br,, parameter couples the
gas kinetic temperature to the gas volume density by a power-law index, B, , as Ty, o« log(n(H,))

A Tun , such that the more diffuse gas tends to have higher gas kinetic temperatures. This functional
behavior has been well-studied in magneto-hydrodynamical simulations (Krumholz, [2014). The
modelled galaxy-wide turbulent velocity dispersion, AV, is a free parameter in the Turbulence
model. Although similar to the 2-component model, here it determines the width of the log-normal
gas density PDF that is centered on the mean molecular gas density.

4.6.4 Fitting

We use the parameter ranges in Table [4.3]to model the observed data using a Bee Algorithm optim-
isation procedure (Pham & Castellanil [2009), as used in[Strandet et al.| (2017). In this optimisation
procedure, each model iteration attempts to solve for the observed data by exploring a number of
model calculations ( hereafter ’bees’) based on the free parameters. These 'bees’ have a random
initialisation within the defined parameter space, and record the model parameters with the best
reduced )(2 value, as determined by the dust, CO and [CI] data. The parameter space is further
explored by ’bees’ which provide a fine sampling around the best )(2 regions, while other "bees’
continue to evaluate the parameter space randomly to avoid being trapped in a local minimum during
each iteration. We evaluate ~ 10° models in each modelling procedure (for either the 2-component or
Turbulence model). To avoid repeatedly obtaining the same best-fit, minimum- )(2 values, and also
to avoid remaining fixed in a narrow solution-space within the posterior probability distribution of
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each parameter, we re-generate this entire procedure multiple times, resulting in ~2 million model
evaluations per galaxy for each of the 2-component or Turbulence models. To describe the mean,
global gas excitation conditions of the LPs, we refer primarily to the mean quantities and the standard
deviation for the sample (Table d.3). The quantities presented in Table [£.5] are based on the total
/\(z—weighted mean parameter values for each of the individual LPs, as evaluated for each parameter
value from the ~2 million models. The general trends and conclusions are not affected by the choice
of the total )(z—weighted mean and standard deviation of the global properties we derive, as opposed
to, e.g. the median (50th percentile) values. Since we present the modelling of spatially unresolved,
galaxy integrated measurements, with large absolute calibration errors (§4.4.2), we adopt this mean
quantity to reflect the average galaxy-wide properties based on the limitations of our data.

4.7 Model Results

The best-fit, minimum- ,\/2 models for all of the LPs can be accessed online, and we show an example
below, for LPs-J1323 (Fig.[d.4). We plot this best-fit model values for the dust SED, CO spectral
line energy distribution (line SED) and both ground-state [CI] velocity-integrated line fluxes. For
the dust SED and CO line SEDs in the Turbulence model we also plot the relative contribution
from each of the density PDFs. To facilitate comparison to the total observed best-fit model, we
arbitrarily increase the y-axis value for each density component to scale the individual LVG calcu-
lations. These calculations, representative of different densities sampling the gas density PDF, are
shown in different colors to visualize which mean density dominates the observed intensities. The
accompanying figure for the best-fit 2-component model shows the true y-axis values for the relat-
ive contributions from component one and component two — which add to the total observed data points.

4.7.1 CO Line SEDs

The majority of the LPs show a broad peak in the CO line SED at J,, = 4 — 6. The LPs show
systematically higher excitation than the CO line SEDs in most local IR-bright, spiral galaxies, as well
as many of the local radio/X-ray AGN host galaxies (van der Werf et al.| 2010; [Papadopoulos et al.|
[2012a} [Spinoglio et al] 2012} [Rosenberg et al/ 2015} [Liu et al 2015} [Kamenetzky et al.| 2016). The
observed dust emission arises from molecular gas with log(n(H,)) = 2-3 cm™°, while the observed
CO excitation ladders are dominated by log(n(H,)) = 3-4 cm ™. There is sustained CO excitation out
to J,, =9 — 11 in most of the LPs. For this emission, molecular gas with log(n(H,)) = 4-5 cm™ is
dominant (see e.g. LPs-J0209, LPs-J1329, LPs-J1138).

To examine the dispersion in gas excitation conditions, Fig. shows all of the best-fit, minimum- ,\(2
Turbulence model-derived CO velocity-integrated line fluxes, normalized by the sum of all J, = 1-15
velocity-integrated line fluxes. This normalisation indicates the relative strength between various line
transitions among the sample, and we will present a more quantitative classification of the broad range
in gas excitation conditions in §4.8.1] Using the velocity integrated line fluxes, we can calculate the line
luminosity of CO or [CI] in terms of the area-integrated line surface brightness, L, Jicrp- We calculate
this value using the standard equations presented in[Solomon et al.| (1997)). The ratio of this value for
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Figure 4.5: Best-fit, minimum- ,\/2 Turbulence models for the CO velocity-integrated line fluxes, normalized by
the sum of all J,;, = 1 — 15 velocity-integrated line fluxes, for all of the LPs.

any two CO transitions will provide an average estimate of the intrinsic brightness temperature, 7},
ratio within the CO emitting gas. For the two lowest rotational transitions, this ratio is often close to
unity for active star-forming systems (Carilli & Walter} [2013)), assuming that the two lines have the
same spatial extent on average with the same 7},, such that the two lines are thermalized. Table[d.4]
shows the best-fit, minimum- )(2 model derived line ratios from our physically motivated Turbulence
model, yielding systematically derived values for the brightness temperature ratios corresponding
to the ratio of LéO(Jup—(Jup—l ))/Léo(l_o), denoted as RJup,1 = 1. Table summarizes the mean and

standard deviation of the LPs sample from these best-fit, minimum- )(2 Turbulence models, and we
will discuss Table f.4]in more detail in §4.8.1}

4.7.2 Physical gas properties of the LPs
CO and [CI] Line Opacities

We now focus on the best-fit values for the CO and [CI] line opacities, as derived in the 2-component
model. In the LVG approximation, we consider an emitting region of gas that is excited due to both the
collisional interactions and the external radiation field. The observed line fluxes are computed using
the line opacities, 7 and the standard LVG assumption of the escape probability method formalism,
which defines the probability of a photon escaping or entering the medium. As noted in other studies
(]Scoville & Solomon[, |1974[), this probability is proportional to (1 + T)_l.

The observed line and continuum fluxes are determined by the relevant gas-phase abundance(s),
volume density and the molecular gas kinetic temperature (i.e. the Maxwellian velocity distribution).
Overall, these effects shape the value of the line opacity, specifically as
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Jup LPs LPs+K19 K19: CWI13 | CW13
Mean Best-fit Model Median All sources | SMG QSO
1 1 1 1 1 1
2 0.88 = 0.07 0.73+0.10 0.78+0.13 0.85 0.99
3 0.69 +0.12 0.75+0.11 0.78+0.14 0.66 0.97
4 0.52 £0.14 046 +£0.07 049 +0.10 0.46 0.87
5 0.37 £ 0.15 0.36 +£0.06 0.34+0.07 0.39 0.69
6 0.25+0.14 0.28 +£0.04 0.31 +£0.06 - -
7 0.17 £0.12 0.18+0.03 0.21 £0.04 - -
8 0.11 £ 0.09 0.08 £0.02 0.11 +£0.03 - -
9 0.07 = 0.07 0.07 +£0.02 0.14 +0.04 - -
10 0.04 + 0.05 0.07 £0.02 0.08 = 0.04 - -
11 0.02 = 0.04 0.05+0.02 0.12+0.03 - -
12 0.02 = 0.03 0.02 £ 0.01 - - -

Table 4.4: Mean and 1-0 standard deviation of the brightness temperature ratios among the sample of 24 LPs
based on the best-fit Turbulence models. “LPs+K19” column is the median value calculated from all observed
CO lines, normalised by a common FIR luminosity, in the LPs & K19 sample of z ~ 1 — 7 galaxies. The “All
sources” (z = 1 - 7) sample of [Kirkpatrick et al] (2019). The values from the sample presented in [Carilli &

(2013) for both high-z (sub)mm bright CO emitters (SMG) and quasars (QSO). Note, the entire
@]} sample is included in the most up-to-date LPs & K19 sample of z ~ 1 — 7 galaxies.

N(mol)[cm™2] . n(Hy)[em™] x [mol]/[H,]
AV, [kms_l] ov/ér[km s_l/pc]

Tco/cr & (4.3)

urb

where ‘N(mol)’ is, here, the CO or [CI] gas column density, AV, is the galaxy-wide turbulent
velocity, 6v/dr is the large-scale, systemic velocity gradient, of the molecular/atomic gas, and ‘n(H,)’

is the H, gas volume density.

Figure 4.6 shows, for all LPs, the line opacities we derive for the upper state levels for each line
transition from the best-fit, minimum- X2 2-component model results. We confirm the common
assumption that the CO lines are optically thick and the atomic carbon fine-structure lines are optically
thin. The CO line opacity depends on both the level population in the upper energy level state (the
effective CO column density) and the galaxy-wide turbulent velocity dispersion. For a fixed column
density, the higher the turbulent velocity, the lower the line opacity (see e.g. |[Narayanan & Krumholz]

. As shown for both components in each of the LPs, the CO line opacity first increases with J
before it decreases progressively as the individual level populations are less frequently excited out to
higher-J.

Fig.[d-6 also shows that the CO lines often do not freely radiate their emission, i.e. they are still
optically thick, until J,, = 6 — 8 and J,, = 8 — 15 in components one and two, respectively. The
more highly excited second component remains optically thick beyond J,, = 15 in some cases. Also,
as the second component is warmer and denser, the J,, = 0 and J,, = 1 levels are less populated,
thereby more systems may exhibit optically thin CO(1-0) line emission in this more highly excited
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Figure 4.6: Best-fit results from the 2-component model for the calculated line opacities. Left: CO line opacity
versus rotational quantum number, J,,. Right: [CI] line opacity versus quantum level number. The solid black

line indicates an optical depth of unity. The average best-fit, minimum- X2 model uncertainty is smaller than the
marker size.

component. In general, beyond CO(8-7), the contribution to the total CO partition drops significantly
and molecules will populate those higher states less frequently on average.

Importantly, the gas does not need to be diffuse in order to be optically thin. In fact, the second
component, which we discuss later to be the denser component (§4.7.2)), has more instances of the
CO(1-0) line being optically thin. The lower density gas has a higher opacity, and a CO partition
function that is weighed heavily by the lower-J lines. Our results show that as the density increases,
the lines become more distributed across the CO partition function, which results in optically thin
CO(1-0) line emission in the denser gas. This is consistent with theoretical work of
[Krumholz] (2014)), which had utilized both hydrodynamic simulations and radiative transfer analyses
in order to calculate the CO line excitation for various idealized disk and merger galaxies at z > 1.

Characterizing the molecular ISM properties

Table [.5]shows the mean and standard deviation value across the sample of LPs for the main free
parameters. Note, the median values for the sample of LPs does not differ within the uncertainties. The
LPs have a mean H, gas density and galaxy-wide mean turbulent velocity of <log(n(H,))>= 4.3 +0.9
cm ™, and < AV, >= 125 +40km s, respectively. The mean value of the gas kinetic temperatures
for both components in the 2-component model are roughly equivalent to the mean kinetic temperature
using the Turbulence model — despite the inherent differences in the physical assumptions of each
model.

Using the derived dust temperature, we find the mean ratio of < Ty, /Ty >= 2.6 + 1.3. For mean
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Parameter Unit Mean value (N = 24) LPs

log(ny) cm™ 4.31 0.88
Tiin K 119.98 77.23
T, K 44.67 9.74
T T, - 2.58 1.30
Kyir km s pc! em?/? 1.45 0.36
AV,,.. km s~ 125.17 39.98

VHLR ¢ pc 13533.33 3147.00
GDMR - 130.00 4.20

Mgy M, 2.68E+12 | 1.28E+12

[CI)/[H,] - 6.82E-05 3.04E-05
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Table 4.5: The mean and standard deviation for all /\/z-weighted mean parameter values across the sample of
LPs— each of which the mean value calculated from ~2 million model evaluations.

Figure 4.7: Best-fit, minimum- Xz solutions for the H, gas volume density and gas kinetic temperature derived
for the 2-component and Turbulence models (log-log-scale). We also show representative errors for both models.
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densities above ~10* cm™, the value of T, /T, converges closer to unity as the molecular gas
and dust become coupled (Goldsmith|, [2001)). This is indeed derived for the denser component, i.e.
component two, which has a higher mean density, but lower 7}, /7y, for the 2-component model. This
is also consistent in the Turbulence model results, as the LPs with higher mean density have lower
values of Ty, /Ty. The mean apparent radius of the LPs is found to be y/up R ~ 10 — 15 kpc for the
Turbulence model. For the 2-component model, we derive a mean effective radius of \/u; R.g ~ 8.5
kpc and ~ 3.3kpc, for the more diffuse and denser components, respectively.

We explore the relationship between the value of Ti;, and H, gas density in Fig. .7] We plot the
best-fit, minimum- )(2 solutions obtained for both components in the 2-component model. We also
compare to the best-fit, minimum- )(2 model results from the more physically motivated Turbulence
model. In general, for the 2-component model, the first component tends to have a lower H, gas density
than the second component. There is a large dispersion in the value of 7},, for both components,
although the first component tends to have more values at lower 7};,. Since we find a similar range in
T,;, for both components, it is clear that indeed the higher-J CO lines are driven mostly by the fact that
the densities are higher, and that the 7};, plays a secondary role. This relation between the second
component of the 2-component model, and the observed high-J CO transitions is shown for all of the
LPs in the online supplemental version to this manuscript. As shown, the second component may
be largely unconstrained and have best-fit, minimum- )(2 solutions for the density which are unlikely
based upon examination of the more realistic results for the Turbulence model. Fig. ff.7]also shows
that for the best-fit, minimum- )(2 values of the H, gas density for the 2-component model, the second
component is always denser than the first. We find that the dominant emitting component associated

with the excitation of the lower-J CO lines, has a mean volume density log(n(H,)) = 2.2 — 3.7 cm™3,

while the second component has a mean volume density between log(n(H,)) = 3.2 — 6.4 cm™3,
consistent with the observed trends in the line opacities seen in Fig. .6} Altogether, the LPs have a
pervasive, dense, and highly active ISM with an average gas kinetic temperature < Ty;, >= 120 + 77
K. The median values for both components in the 2-component model are ~ 81 km s'and ~ 137 km
s7!, for component one and two respectively. The Kendall’s tau coefficient T = 0.05 indicates the
gas kinetic temperature of component one and two are uncorrelated. This suggests that the diffuse
(component one) and dense (component two) gas, although both relatively warm, share a distinct range
of temperatures. The 2-sample Kolmogorov-Smirnov test also confirms that the gas kinetic temperat-

ures likely share a different distribution for component one and two, respectively, with a p-value of 0.0

To evaluate the apparent FIR luminosities we compute the integrated rest-frame FIR (40-120um)
dust SED. As noted above in §4.6 in the Turbulence model we add together the 50 LVG calculations
which sample the mean gas density PDF (constant GDM R for each calculation), to further derive
the total dust SED. We calculate a wide range in apparent FIR luminosities among the LPs of
Hy Lpr = 8—-470% IO]ZLQ, with the corresponding dust temperatures of ~40 - 50 K. The contribution,
per component, of the FIR luminosity is approximately divided among the LPs for the 2-component
model. The more highly excited component contributes ~50% of the total p; Lgr, on average, with
a large dispersion. Following the traditional method in[Kennicutt & Evans|(2012) we integrate the
total IR luminosity between 8-1000um to derive a mean apparent p; SFR = 35.6 £ 4.4 X 10° Moyr_l.

oA p-value of 0.05 or less allows one to reject the null hypothesis that the two samples of kinetic temperatures come from
the same distribution.

78



4.7 Model Results

With an average magnification factor of 20, this would correspond to an intrinsic mean SFR for the
LPs of order 1500 MOyr_l.

The dust opacity for the LPs becomes unity at wavelengths comparable to what is expected, i.e. >
rest-frame 100 um, based on studies of the optically thick dust within the ISM of local and high-z

star-forming systems (Blain et al.] 2003} [Huang et al.|, 2014} [Lutz et al] 2016} [Greve et all 2012}
Spilker et al.| 2016} [Hodge et al.| 2016} [Simpson et al.| 2017). Overall, there is a range of A, from a

few tens of um to ~100-300 um for both component one and component two, with the latter having
significantly warmer dust temperatures and higher gas column densities, on average. In particular, we
find a range of values between Ny ~ 1 - 10x10%cm™ and Ny, ~0.5 - 50x10**cm™ for component
one and component two, respectively. We estimate the effective optical extinction, Ay, (in magnitudes),
using the result for the Milky Way from |Giiver & Ozel (2009), i.e.

Ny(em ™) = 2.2 x 10* Ay, (4.4)

We find a value of Ay > 450, for a fiducial value of Ny ~ 1 x10**cm™? for the LPs. The H, gas
column densities in the second component of the most extreme LPs resembles regions similar to local
starbursts and even comparable to the rare, highly dust enshrouded local starbursts exceeding Ny, ~

10 em™ (]Sanders & Mirabel[, |1996[)). The 2-component model does not recover small regions,
and therefore any emission from such compact, high gas column density, galactic nucleus regions
would not dominate the total emission. In fact, the Turbulence model indicates the smallest regions,
corresponding to the highest gas density, contribute a negligible amount to the total line and dust SEDs
(Fig. . It is often assumed that for dusty star-forming galaxies, with SFRs > 100 — 1000 M yr_l,
that the thermal dust emission transitions from optically thick to optically thin beyond wavelengths of
~ 100um or more (Casey et al.} [2018). This assumption is also verified in local star-forming systems
(e.g [Downes et al.} [1993} [Scoville et al.| 2014} 20164), but is difficult to constrain based on limited
observations of individual high-z systems. This is often because of an sufficient sampling of the peak
and tail of the thermal dust emission, as well as spatially unresolved measurements which cannot
constrain the emitting size to compute accurate column densities. The spatially unresolved nature of
this study is therefore a caveat in our derivation of both A, and Ny .

Total molecular ISM mass estimates

We define the total, apparent, molecular gas massﬂ 1 Migp, based on our non-LTE radiative transfer
LVG calculations of the H, gas column density and the effective radius. The H, gas column density is
directly proportional to the volume density, n(H,), multiplied by the equivalent path-length of the
molecules, i.e. AV, (5v/6r)”", and therefore yields, together with the effective radius,

py R [pe’] X n(Hy) [em™] X AVyy, [kms™']
v/ér [kms™' /pc]

The systemic velocity gradient, §v /dr, is averaged across the modelled molecular gas component,
which is assumed to fill the source solid angle. This corresponds to the mass of each component,

7 Corrected by the Helium abundance, a factor 1.36 1, 1973).
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i.e. the total mass for the 2-component model is the sum of both components. The Turbulence
model density PDF is sampled by 50 density bins, each of which has an associated solid angle
and allows for 50 individual mass calculations. The total p; Mgy, is the sum of all of the masses
corresponding to the full density PDF. We use the value of iy Mgy derived in the Turbulence model to
estimate a range for the mean total molecular ISM mass of ; Mgy = 3.6x10'" — 1.6x10" M. The
2-component model-derived p; Mgy is broadly consistent with the Turbulence model, although the
latter tends to be larger up to a factor ~1.5. The inherent power-law dependence between density and
gas kinetic temperature of the Turbulence model prevents over-dense solutions for the mean density in
the log-normal PDF, and thus drives a realistic turnover in the CO line intensity at higher-J. Therefore,
in the Turbulence model, there is more diffuse gas, on average, which contributes a larger fraction
to the total molecular ISM mass. In contrast, the 2-component model tends to fit the higher-J lines
with a stronger contribution from the second, denser component, which contributes less to the total mass.

The mass of the more highly excited component in the 2-component model (i.e. component two) can
be thought of as a tracer of dense molecular gas (]Gowardhan et al.l, |2017[). The best-fit, minimum- )(2
model solutions in our sample of LPs indicate a median and mean value of Mgy .o/ Mg oral = 25
and 30%, respectively, for this proxy for the dense molecular gas fraction believed to be more closely
associated with current SF. Therefore the more diffuse/less-excited component carries most of the
mass. The larger mass fraction for component one is due to the larger size of that component, which
scales non-linearly with the mass (Eq. {.5).

The LPs have an average apparent total molecular gas mass uy Mgy = 2.5X 10" M,,. If this would
be transformed into stars, this theoretical gas depletion time, 74, results in a timescale on the order of
Taep =< M. Mgy > /< i SFR >= (2.5%10'%)/(35.4x10*) ~ 70 Myr. This rapid depletion timescale
is an order of magnitude lower than the 1 Gyr gas depletion time observed in local star-forming galaxies
(Ceroy et al} 2013} [Saintonge et al 2013] 2016D)), in agreement with the strong redshift dependence
summarized by[Tacconi et al| (2018} [2020). This further supports the notion that these systems lie above
the main-sequence for star-forming galaxies at z ~ 2 — 3 (Whitaker et al] 2012). We use the derived
values for /iy R, to also calculate the surface gas mass density Xy, = p Migy / ﬂ(\/,u_LReﬂc)2 ~

800 - 22000 M, pc_z. Note the magnification factors cancel to first-order. The total mean values of
some of the LPs may be largely unconstrained, due to the lack of either ancillary [CI] data, strong dust
photometric support (other than Planckdata alone), or an insufficient amount of CO line detections.
These LPs sample the higher-end of the observed molecular gas mass surface densities when compared
to local star-forming galaxies (Schmidt, [1959} [Downes & Solomon], [T998}; [Kennicutt & Evans| 2012}
[Bolatto et al.|, 2013] also see §4.8.2). The active star-forming regions of the LPs are, however, extended
by 25 - 100x larger in area, with an intrinsic emitting size radius of order a few kpc (~3 kpc; see §4.8.2).

4.7.3 Atomic Carbon Gas Excitation

In total, 21/24 LPs have one or both of the [CI] emission lines detected. Only 5/24 LPs have a single
carbon line detection, while the remaining 16/24 LPs have measurements of both fine-structure lines.
The [CI] measurements of the LPs represent the brightest apparent [CI] line fluxes reported at high-z

(Brown & Vanden Bout, [1992} [Barvainis et al.], [T997} [WeiB et al], 2003] 20054}, [Walter et al.| 2011},
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Figure 4.8: Left:Relative [CI](1-0) and [CI](2-1) line flux densities for component 1 versus the combined line
flux densities for both components in the 2-component model. The red-square indicates that both [CI] lines
predominantly arize from the denser component, i.e. component 2. Right: For each of the LPs we plot
(log-log-scale) the relative contribution to the total [CI](1-0) line flux derived in the Turbulence model, from the
50 individual [CI](1-0) line fluxes corresponding to the 50 H, densities which sample the density PDF.

[Alaghband-Zadeh et al 2013} [Bothwell et al.| 2017} [Yang et al| 2017; [Andreani et al] [2018). Strong

turbulent mixing of the cool neutral media in the ISM may likely occur in these turbulent LPs
@]), allowing for enriched [CI]/H, abundances in the interiors of molecular clouds, and thus
strong [CI] emission. Both theoretical and observational studies have demonstrated the reliability of
using [CI] to trace the overall kinematics of the cold gas, as well as to determine the total molecular
gas mass (Papadopoulos & Grevel 2004; [WeiB et al | [2005a; [Tomassetti et al., 2014} [Glover & Clark]
[2014; [Glover et al.| 2015} [Tsrael et al.| 2015} [Israell, [2020). The latter requires knowledge of the atomic

carbon excitation temperature, 7, ., and gas-phase abundance, [CI]/H,, to accurately convert the [CI]

line emission to the atomic carbon mass, M-, and further to the total molecular gas mass Mgy

fet al} 2003} [2005a).

We first examine which density phase the [CI] line emission predominantly arises from. The
left-hand side of Fig. [.§]plots the relative integrated flux values for the [CI](1-0) and [CI](2-1) lines
from component one, with respect to the total integrated flux value for both components combined,
for the 2-component model. We remove from the figure the 5 LPs with only a single [CI] line to
avoid mis-interpreting our results. Almost all of the [CI](1-0) and [CI](2-1) line emission in the LPs
comes from the first component. In general, the first component is best-traced by the [CI](1-0) line. In
general, this indicates that the carbon lines can be reliable tracers of the bulk gas mass, since we have
shown in that the first component in the 2-component model carries most of the total mass.
One of the LPs, LPs-J1139, seems to have a significant contribution from the denser component as
indicated by the low contribution to the overall [CI] line emission from component one. This is due to
its unusually high [CI](2-1) to [CI](1-0) line ratio (Nesvadba et al| [2019)), although the CO(7-6) line
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Figure 4.9: Luminosity-weighted excitation temperature of the atomic carbon [CI](1-0) line based on both the

2-component model (red circle) and Turbulence model (maroon diamond) are shown on the x-axis. These values
are compared to the predicted value based on the assumption of optically thin, LTE gas conditions

Frat) 20053,

reported by [Cafiameras et al.| (2018b)) appears to consistently under-predict the model-derived line flux
density. The right-hand side of Fig. [.8] further reveals the relationship between the [CI](1-0) velocity
integrated line fluxes and H, density based on the Turbulence model. As suggested by the more
simplistic 2-component model, the Turbulence model shows that the diffuse gas, with log(n(H,)) = 2 -
3em™, s primarily responsible for the [CI]J(1-0) line emission. For such active star-forming systems,
this implies that the carbon lines are well-suited to predominantly trace the diffuse molecular gas.

Next we investigate the atomic carbon T, . for this diffuse molecular gas phase traced by the
[CI] lines. In particular, our non-LTE analyses enables us to test the validity of the optically thin,
LTE assumption framework that is commonly applied to detections of [CI] lines in star-forming
galaxies. The measurement of both ground-state [CI] lines can, in principle, provide an independent
estimate to constrain the carbon T, (Stutzki et al] [1997 [Schneider et all] [2003a). The use of
the carbon line ratio, Rj¢p) = L['CI](Z_]) / L[/CI](I—O)’ to determine T, requires two major assumptions:
i.) that the line emission is optically thin and ii.) the lines are excited under LTE conditions,
as defined in the Boltzmann Equation: T, rg = 38.8/In(2.11/R([CI])) K (Stutzki et al. [1997;
[Schneider et al| [2003a)). The value of T, can differ for each of the line transitions, i.e. the temper-
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ature needed to recover the relative populations of the upper/lower levels from a Boltzmann distribution.

We briefly return to Fig. based on our best-fit, minimum- )(2 2-component models, to recall
that the majority of the LPs have optically thin [CI](1-0) and [CI](2-1) lines. This also supports
the capability of using the optically thin [CI] lines as a strong tracer of the bulk atomic carbon
column density. We further calculate the value of the flux-weighted [CI](1-0) excitation temperature,
T.,.([CI](1-0)) using the relative integrated flux values from both components of the 2-component
model. In addition, we also calculate the equivalent flux-weighted [CI](1-0) line T, using the
individual gas properties corresponding to the 50 density bins used to sample the density PDF derived
in the Turbulence model.

We find that the average luminosity-weighted excitation temperature for 7, .([CI](1-0)) ~ 40 K for
the 2-component model and T, ([CI](1-0)) ~ 32 K for the Turbulence model. Note, the mean value
for T, .([CI](2-1)) ~ 29 K for the Turbulence model. In the LTE assumption, T, := T, .[CI](1-0) =
T, [CI](2-1). The LPs have a systematically lower value of 7, [CI](2-1) than 7, [CI](1-0), up to
25-30% in some cases, reflecting those sub-thermal gas excitation conditions. Fig.[#.9]compares our

derived, flux-weighted value of T, .[CI](1-0) using both models to the optically thin, LTE assumed

XC[

value for the T, as presented in [Stutzki et al.| (I997); [Schneider et al| (2003a). In general, our
model-derived values agree with the ideal framework of assuming the atomic carbon excitation occurs

within optically thin, LTE gas conditions, yet we find that some of the LPs would have had systematic-
ally under-predicted values of the carbon T, under these ideal assumptions. This emphasizes the
importance in non-LTE modelling to better understand the sub-thermal excitation of the cold atomic
and molecular ISM in star-forming galaxies. Our results for 7., . can also be compared with the recent

large compilation of all local and high-z star-forming systems with [CI] detections (Valentino et al|

[2020). They assume the same LTE assumptions as in [Schneider et al| (2003al), yielding 7. of ~
25 K with a moderate dispersion. This includes the high-z starburst/quasar sample of

(201T)), which had an average excitation of ~ 30 K when using the same optically thin, LTE assumptions.

There are 5/16 LPs with both [CI] detections for which the Turbulence model still predicts low
excitation temperatures of the [CI](1-0) line of <20 K. These are therefore over-predicted according to
the simplified LTE assumption. We note that the low values of 7, in these LPs are accompanied by
their relatively low line ratios between the [CI](2-1) and [CI](1-0). At values of T, < 20 K,
demonstrated that the atomic carbon mass estimate will increase exponentially. Many of
the LPs show substantially sub-thermal gas excitation, as shown from the 7, [CI](1-0) values. This
may be due to the enhanced molecular gas kinetic temperatures with respect to the carbon excitation
temperature, T, /7. [CI](1-0) ~ 4. Therefore, blind LTE assumptions would have strongly impacted
the inferred total carbon mass and relative abundance in those galaxies by about an order of magnitude.
If the [CI] lines are completely dominated by sub-thermal gas excitation, the model-derived value
of T,,. will be higher by up to a factor of 2-3 in the 2-component model. There is considerably less
scatter in the Turbulence model, which is likely due to the differences in these models when deriving
the carbon gas-phase abundance.

We recall that we have restricted the CO/H, abundance to a Milky Way value of ~107*, close to

that of local star-forming systems with CO/H, =0.5 -1 x10™*. We do, however, allow the value of
[CII/H, to vary as a free parameter in both models. We find, for the Turbulence model, the sample
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mean for the LPs of < [CI]/H, >= 6.82 +3.04 x 107>. To better understand the 2-component model,
we note that if the value of [CI]/H, were increased in the second component to match that of the first
component, then the [CI] emission would always be close to LTE (since the H, density of component
two is always higher than the first component (Fig. [.7). The 2-component model solves this by
reducing the value of [CI]/H, in the second component, so that the emission is dominated by the
sub-thermally excited emission from the first component. Thus, the value of [CI]/H, in the second
component must be lower, otherwise the models would result in higher than observed line ratios. This
is one of the main criteria for the Turbulence modelling procedure, which realistically forces the
gas-phase carbon abundance to decrease with increasing H, densities according to a power-law relation.

At high-z , knowledge of the excitation conditions and abundance of carbon is often the main source
of uncertainty. The mean value of [CI]/H, we find for the LPs is comparable to previous estimates by
local/high-z studies, although typically this has been achieved via the inferred H, mass from single
(low-J) CO transitions (Weill et al| [2005a; Walter et al] 2011}, [Valentino et al] 2020). We caution that
there is an order of magnitude dispersion in [CI]/H, among the LPs, which has strong implications for
the inferred conversion from the [CI] line luminosity to Mgy in star-forming galaxies (as discussed in
. Some high-z carbon gas-phase abundance estimates are a few x10™> dWalter et al.[, |201 1[),
which are broadly consistent with that of low-z galaxies. This suggests that the starbursts and QSO
have at least solar gas-phase metallicities or higher (Gerin & Phillips, [2000; [WeiB et al.| 2001}, [[srae]|
[& Baas| 2002, 2003)). Overall, we find values often lower than the abundance derived in the solar
neighborhood of [CIJ/H, ~ 3.5 X 107 (]Anders & Grevesse[, |1989[). In some cases, the LPs show
similar [CI)/H, abundances to the cold Milky Way CO-faint clouds, with ~ 1 — 2 x 107 l

et al] [T989} [Keene et al.} [1997).

4.8 Discussion

4.8.1 Molecular gas excitation at high-z
Classifying the gas physical conditions in the LPs

Fig. 3] shows that the LPs offer a rich perspective into the wide range of gas excitation properties
of CO for high-z star-forming galaxies. Overall, there seems to be a continuous distribution in gas
excitation conditions for this sample of LPs. The high magnification therefore allows us to probe an
intrinsically heterogeneous mix of dusty star-forming galaxies. Following the classification scheme
defined by [Rosenberg et al.| (2013)) for the diverse sample of local IR-luminous star-forming galaxies,
we apply the parameter, hereafter “x, ", to quantify the range of excitation conditions in these 24
LPs. This parameter specifically characterizes the drop-off slope, after the expected peak of the CO
line SED of J,, =5 - 7. For each individual galaxy, we compare the relative line luminosity strength

(in L) of the higher-J CO(Jup =11 - 13) lines versus the mid-J CO(Jup =5-7) lines:

Leoi-10) + Leoqz-11) + Leoas-12)
Xelass =

, (4.6)
Lcos-4) + Leoe-5) + Leor-6)

with three excitation classes defined as x,,; = [< 0.33], x50 = [0.33,0.66], and x .3 = [>
0.66]. The sample of LPs indeed shows a broad range of excitation conditions based on these three
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Figure 4.10: Plot (log-log-scale) between x

different CO line SED classifications, with a continuum of x,, values. In total, there are 14 LPs
within x ., five LPs within x,., and five LPs within x,.;;. We note that the three z ~ 1 LPs
are all in x_,., however the distribution of z and classification is well-mixed for the z = 2 - 3.5
sub-sample. Fig. shows the classification versus the FIR luminosity, indicating a clear relation
between these two quantities, despite the strong incompleteness in our flux-limited sample of LPs,
based on their selection criteria. The correlation we observe, between x,, , or more broadly the CO
line ratios, and the FIR luminosity is consistent with previous studies of star-forming galaxies

let al.| 2014} [Rosenberg et al.] 2013)).

Mean CO brightness temperature ratios at z > 1

The CO line luminosities, Léo, normalized to the CO(1-0) line, are often used to study the global
gas excitation conditions of a galaxy and the line SEDs (e.g. Bothwell et al.| 2013)). Here we use our
dataset of the LPs, based on ~ 4 - 6 CO lines for each of the LPs, to better understand the CO line SEDs
of such IR-bright, z > 1 galaxies. These L{, ratios are also used to scale the higher-J CO lines to the
ground-state transition to infer the total molecular gas mass (Carilli & Walter] 2013). In Fig. [.T1]
we use the Turbulence model to show all of the best-fit CO line luminosities, L, normalized to
the CO(1-0) line. We also show the stacked brightness temperature ratios of the lensed SPT sample
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Figure 4.11: Turbulence model results for the best-fit, minimum- )(2 model solutions for the CO line luminosities,
Léo, normalized to the CO(1-0) line, for the LPs. The average line ratios derived using the Turbulence model
(maroon diamonds) are compared to the values from the LPs & K19 sample (red star), which are purely based on
observations, with median line ratio values determined by normalizing each line by a common FIR luminosity.
In addition, we plot representative local IR-bright star-forming galaxies from [Rosenberg et al| (2013), with
increasing classifications determined by their excitation conditions, from lowest to highest: Class I (light blue
solid line), Class II (orange solid line) and Class III (magenta solid line). Yellow pentagons represent stacked
values for the lensed SPT galaxies (Spilker et al] 2016)), compared to the stacked value of z ~ 2.5 main-sequence
star-forming galaxies (green squares) from the ASPECS sample (Walter et al} 2016} [Riechers et al] [2020]
Boogaard et al. submitted to ApJ).

(Spilker et al [2016)), and the stacked values of the unlensed, z ~ 2.5 main-sequence star-forming
galaxies (Riechers et al.| 2020, Boogaard et al. submitted to ApJ). The former tends to represent the
higher gas excitation seen in a subset of the LPs. The latter, which considers only 7 sources in the
stacked value, tends to agree with both the model-derived average values for R; ;, R; |, and Rg ;. The
LPs also show significantly higher line ratios than the z ~ 1 — 2, main-sequence star-forming galaxies
in COSMOS field, for the available values of R, ; = 0.27, Rs; = 0.21, and R, ; = 0.06
The local IR-bright star-forming galaxies from [Rosenberg et al(Z013) are also shown in Fig. .11}
according to their increasing classifications determined by their gas excitation conditions, from lowest
to highest: Class I, Class II and Class. For reference the Milky Way has a global average value of R;
of 0.28 + 0.17 (Fixsen et al] [1999). The LPs show a broad range of gas excitation, although most
have higher line ratios than both Class II and Class III galaxies, which are representative of most local
(U)LIRGsS (see also[Papadopoulos et al.| 2012a} [Lu et al| 2014} [Kamenetzky et al|[2016). We find

8 Note, we have used a fiducial value of Rz’ 1 = 0.75 to make this comparison, since only CO(2-1) line measurements are
available.
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that the mid-J CO lines have a mean R¢ | of 0.25, consistent with the lower range of IR luminous
star-forming galaxies. [Papadopoulos et al | m report values of R; | =0.67 and Rg ; = 0.2 — 1.6 for
local (U)LIRGs (Papadopoulos et al.|,[20124). This is, overall, consistent with earlier studies and the
value we obtain for the LPs. Local star-forming systems with 9 < log(Lz) < 12 show a median value
of R5 | to be close to 0.5 (Mauersberger et al}[T999), with some 60 local barred galaxies and starbursts
having an average value of R;; close to 0.9 + 0.1 (Yao et al] 2003). Overall, the line brightness
temperature ratios for the LPs are usually not as high as one of the most IR luminous local starburst
galaxies, M82 (Weil} et al.| 2005b), which has a global average R, 1, R5 j, Ry and Rs; of 0.98, 0.93,
0.85 and 0.75, respectively.

The sample mean and standard deviation are reported in Tabled.4] The LPs have line brightness
temperature ratios that are often well-below unity (i.e. sub-thermal line excitation).
previously interpreted the mean CO line SED of 32 z > 1 star-forming galaxies, by normalizing
their CO line luminosities by a common FIR luminosity, while others normalized to a common
measurement of the dust continuum at 1.4mm (Spilker et al.] 2016). Based on our simultaneous
modelling of the lines and continuum, we can test whether or not this is a valid method for building
a mean line SED shape. The line ratios are sensitive to the FIR luminosity (see Fig. B.10), yet
different subsets of high-z sources do not have every line detected, and have different selection biases.
Therefore, the FIR luminosity may be used to normalize each line detection in an attempt to remove
these biases and to avoid physically misleading line ratios. It has been well-known that the FIR
luminosity and CO line luminosity tend to increase with one another proportionally
[2012} [Ciu et al, [2013} [Valentino et al.}[2020).

To do this, we use the LPs & K19 z ~ 1 — 7 sample (hereafter “LPs & K19 sample”; N, ,; = 269).
To construct this compilation, we used our dataset for the LPs including the database compiled in
[Kirkpatrick et al](2019), which includes most high-z galaxies with CO line detections (including
[Carilli & Walter, [2013}, [Pope et al.} 2013} [Aravena et all 2014} [Sharon et al.] 2016} [Yang et al.| 2017;
[Frayer et al.| [2018b}; [Perna et al.} 2018}, [Kirkpatrick et al.| [2019). Following previous studies, each CO
line is normalized by a common FIR luminosity (Lgr = 1 X 10'%° Ly). The values listed in Table
@are derived using the LPs & K19 z ~ 1 — 7 CO line compilation, which consists of 90 CO(1-0)
lines, 86 CO(2-1) lines, 128 CO(3-2) lines, 80 CO(4-3) lines, 68 CO(5-4), 73 CO(6-5), 63 CO(7-6),
39 CO(8-7), 33 CO(9-8), 14 CO(10-9), 15 CO(11-10) and 2 CO(12-11) high-z line measurements.

As shown in both Table and Fig. the average results from our best-fit, minimum- Xz
Turbulence models are strikingly similar to the median brightness temperature ratios derived from the
FIR luminosity-normalized lines we calculate from the CO line observations alone using the LPs &
K19 sample, or the “All sources” sample (Kirkpatrick et al,2019). In Table [d.4]we also reference
the average line ratios, up to the Rs; ratio, from [Carilli & Walter] (2013)), which is based on the
available data for (sub)mm bright, star-forming galaxies (SMGs) and QSOs at the time. Although
these values are often the most highly quoted for high-z line ratios, we also quote in Table [4.4]the
more recent values reported by [Kirkpatrick et al](2019). The values from the latter are consistent
with the low-mid-J CO line ratios reported by other recent studies of lensed, SMGs at z > 1

let all 2017} [Canameras et al.| 2018b).

At first glance, our results would seem to support this method of using the FIR luminosity to
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normalize the CO lines to derive a mean CO line SED, however the sparse amount of well-sampled CO
line SEDs per galaxy in the literature suggests that the three or more orders of magnitude dispersion in
the observed line intensities (Fig. [.2)) all average out. The LPs & K19 z ~ 1 —7 sample includes some
of the brightest (sub)mm selected galaxies with multiple CO line detections, which further exaggerates
the effects of averaging large samples of z > 1 galaxies[Bothwell et al.| (2013)); Spilker et al.| (2016));

Yang et al.| (2017); [Canameras et al.| (2018b). As noted by [Narayanan & Krumholz| (2014)), there can
be a factor 5-10 difference in the CO line SEDs, at mid- to high-J transitions, for similarly selected,

(sub)mm bright galaxies with the same integrated FIR luminosity. The broad range of excitation
conditions and average line ratios we present for the LPs further highlights the notion that it is unlikely
for their to be a template CO line SED for any z > 1 galaxy population. As noted throughout this
work, our results agree with the theoretical models of [Narayanan & Krumholz| (2014)) for the CO line
SEDs of z > 1 star-forming galaxies, as parameterized by the SFR surface density. This suggests that
in the absence of multiple CO line measurements, a SFR surface density estimate may be combined
with limited line data, and further use the theoretical models of [Narayanan & Krumholz (2014) to
estimate the CO line SED.

4.8.2 Molecular gas mass estimates
Intrinsic Emitting Size Regions

One way to constrain whether or not the LPs are not only some of the most massive, gas-rich
star-forming galaxies, but also perhaps the largest in size, is to cross-examine the model-derived radius
with the intrinsic source size that might be expected from studies of star-forming galaxies at z > 1.
As presented in the mean value we derive from the Turbulence model for the radius of the
modelled source emitting region is \/uy R.g ~ 10 — 15 kpc. The intrinsic source size may differ, since
we assume that the emission comes from a filled, face-on circular disk (see e.g.[WeiB et al.} [2007b))
with an effective radius. This sets a lower limit to the true source size, as there is no information
of how the gas and dust emission is distributed within the source solid angle. We therefore only
consider the emission that is completely enclosed in the single dish beams, which corresponds to
~50 - 250 kpc physical diameter at these redshifts. We recall again the lens magnification factor
estimates for the LPs in Table T} as they will be used to estimate the intrinsic emitting size. For a
reference, we derive an average value of y; for the LPs using the upper limit value of y; in Table
1] For galaxies without a published value of y; , we use the value based on the “Tully-Fischer”
argument presented in [Harris et al| (2012) and our CO(1-0) line measurements. The average lens
magnification factor has a value of y; ~ 20. The expected, intrinsic, total line and continuum
emitting size radius for all of the LPs Rg/+/py, = 13.5/ V20.4 ~ 3 kpc. This size is consistent overall
with the size of the dust continuum emission from massive star-forming galaxies at z = 1 -3 (1

- 5 kpc, [Simpson et al] 2013} [Hodge et al 2016}, [Oteo et al] 2016 2017 [Barro et al. 2016}
jopakarn et al.}[2016b;[Fujimoto et al.}[2017; Jiménez-Andrade et al.| 2019b; [Hodge & da Cunhal [2020).

We can further test the reliability of our Turbulence model if we consider two of the LPs with
estimates of the intrinsic, lens model reconstruction of the source size, based on high-angular resolution
data: LPs-J105353 (Cafiameras et al.} [2017b) and LPs-J0209 (Geach et al}[2018}; [Rivera et al.| [2019).
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As summarized in |Harrington et al.l (]2019[) for LPs-J OZOfI, the lens model reconstruction from the
low-J CO line image presented in both [Geach et al| (2018)); [Rivera et al.| (2019) suggests a molecular
gas reservoir with an emitting radius of ~ 1 - 2 kpc. The flux-weighted mean magnification factor
derived for this source is ~ 15, corresponding to an expected intrinsic emitting radius for LPs-J0209
of Rog/+/uL = 16.1/ V14.7 ~ 4 kpc. Note that we are modelling the full extent of the CO(1-0) to
CO(15-14) line emission. Therefore, our modelling is consistent with the independently derived
source-plane radius derived from both the CO(4-3) and CO(3-2) emission lines within the overall
uncertainties. Based on CO(1-0) line observations of high-z galaxies, the factor two difference can
be accounted for, as the easily excited CO(1-0) line emission is expected to be more extended on
average (]Emonts et al.[, |2014|; |Spingola et al.l, |2020[). LPs-J105353 |is proposed to consist of two
independent regions (roughly 1.5 kpc in length along the major axis) in the reconstructed source
plane CO(4-3) line image (Canameras et al] [2017b)), each separated by ~ 500 pc, corresponding
to an intrinsic emitting size radius of ~ 2 kpc. Our modelling would suggest an expected intrinsic
emitting radius for LPs-J105353 of R.g/+/u = 14.5/ V26.8 ~ 3 kpc, which is consistent within the
uncertainties considering both the lens model and our radiative transfer model. Thus, the intrinsic
size may play a role in understanding the high apparent fluxes. A magnification factor of 50 would
be required to reduce the mean value we derive from the Turbulence model, i.e. \/u; R.gq ~ 10 — 15
kpc, to match the more common size expected for z > 1 star-forming galaxies of ~ 2 kpc. Since the
average magnification factor for the LPs is ~ 20, the size of these systems may be one of the primary
physical parameters responsible for explaining their extreme IR luminosity.

Converting L¢q and Licy; to Mgy

We use the results of the more realistic Turbulence model (§&.7) to calculate the derived values of both
@co and ¢y [hereafter without units attached to ease readability; M, (K km g7 pcz)_l] conversion
factors between the line luminosity to total molecular gas mass, Mig,;. We refer to these factors with
respect to the ground-state transitions, CO(1-0) and [CI](1-0), unless otherwise noted. Fig.[d.12]shows
the results for the value of @y based on a representative set of low-to-high-J CO transitions, versus
the minimum- )(2 model solution for the total molecular gas mass, for all of the LPs. The CO(1-0)
and CO(3-2) derived aq values are less scattered than those derived from CO(9-8) and CO(11-10)
transitions. This demonstrates that the lower-J lines are more reliable tracers of Mg, as expected.

To consider the use of [CI] line emission as a tracer of Mgy;, we recall the results in §4.7.3} in
particular: i.) the [CI] lines are optically thin, and ii.) most of the carbon emission arises from the
more diffuse line emitting region (i.e. component one from the 2-component model) with log(n(H,))
~2 -3 cm™ — which is the cold gas component responsible for the bulk of the total Mgy, (also see
Fig. . The value of @|cyy(1—g) can be used to convert the optically thin Lfc1](1—0) measurement
to Mgy, which we find an average value of < @ >= 16.2 £ 7.9 for the LPs with both [CI] lines
detected. [Crocker et al.| (2019) recently studied a sample of 22 local spiral galaxies, representing
a wide range of SFR and stellar masses, using spatially resolved Herschel SPIRE observations of
CO and [CI]. They found a lower value of @cyy(j_g) = 7.9, with a factor 1.5-2 uncertainty. There

9 Also referred to as the Red Radio Ring.
10 Also referred to as PLCK G244.8+54.9.
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Figure 4.12: CO line to molecular gas mass conversion factor, aq, value versus uMiqy for the CO(1-0) (gold
diamond), CO(4-3) (orange diamond), CO(7-6) (thin red diamond), CO(9-8) (gray circle) and CO(11-10) (black
cross) lines, as derived from the best-fit, minimum- )(2 Turbulence models (log-log-scale).

are differences in these values of ¢cyyj_g) for the LPs, as compared to these less extreme local
star-forming galaxies, yet this may be due to differences in the calibration. Our current work performs
a full radiative transfer analysis, while [Crocker et al.| (2019) had used an intensity-intensity correl-
ation between the low-J CO and [CI] line emission and an assumed value of aq. The latter was
determined previously by (Sandstrom et al.| 2013) for their sample based on an assumed spread in the
GDMR. Another recent study used an alternative method to first measure [CI] and H, absorption
lines from gamma-ray burst and QSO objects (Heintz & Watsonl [2020). Thereafter they determine
the value of @;cyy(1_g) ~ 21 for an assumed solar metallicity, which is consistent with our derived values.

Based on the Turbulence model, we find an average value for the LPs of < a¢g(j_g) >= 3.4 £ 2.1,
with a factor 10 dispersion and a mean value of < @¢q(_g) >= 4.2 for the galaxies with the best
dust photometry and CO/[CI] line coverage. Note, the scatter in the conversion factors come from
the scatter in the line luminosities and total molecular gas masses used to derive the mass-to-light
conversion for each of the LPs. Therefore, a single conversion factor value would not reflect this
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Figure 4.13: Turbulence model derived a( factor versus H, gas density (log-x scale). The colorbar denotes the
gas kinetic temperature. These are the total )(z-weighted parameter mean and standard deviation values derived
from the ~2 million model calculations. The canonical ULIRG and Milky Way values for aq are acq = 0.8
and 4.3 M, (K km 57! pcz)_l, respectively.

intrinsic dispersion among the sample.

Almost all of the LPs have a value of acq which is higher than the local IR (ultra)luminous
star-forming galaxy (a.k.a “ULIRG”) conversion factor of @ = 0.8 (Downes & Solomon| [T998)). The
ULIRG value was derived using similar LVG approximations using only the available low-J CO lines,
as well as dynamical mass measurements of the concentrated nuclear starburst regions. The warm,
diffuse and dense molecular gas that pervades the molecular medium of local IR luminous star-forming
galaxies was not fully traced by the CO(1-0) and CO(2-1) lines [Downes & Solomon| (1998)). The
lower-J lines only trace the diffuse and warm gas under these active star-forming conditions, and
therefore they correspond to lower values of a-o. We have also shown this in our best-fit, minimum- ,\/2
model CO line SEDs, where the CO(1-0) line emission arises mostly from the diffuse molecular gas
with density log(n(H,)) ~ 2 cm >, while the gas at these lower densities has higher kinetic temperatures.
A lower value of g would be inferred for the LPs if limited to only the low-J CO lines tracing this
warm and diffuse phase, and thereby neglecting the higher-density gas which is required to excite the
higher-J CO lines. Therefore, our physical results are still consistent with the general conclusions
in modelling the local ULIRGs (Downes & Solomon| [T998)), yet we have modelled the substantial
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contributions to the overall CO line SED from warm and dense gas of the order of 7};, ~ 120 K and
log(n(H,))=4-5 cm™>. This explains why our overall result reflects higher values of ¢ ~ 3.4 for
the LPs.

Fig. [.13] shows our derived conversion factors as a function of both the mean H, gas density
and gas kinetic temperature. Almost half of the 24 LPs have low values of acg = 1 — 2, and are
associated with higher gas kinetic temperatures (7y;, > 120K). The left-hand side of Fig. .13
shows a non-linear decrease in «q as a function of increasing 7;,, whereas the right-hand side of
Fig. . T3] suggests a strong rise in o for increasing H, gas density. We note that the system with
one of the highest values is the known radio-AGN/starburst, LPs-J0209, and the highest redshift
source in our sample, LPs-J105322 (z ~ 3.5) both have well sampled dust photometry and CO
lines out to J,;, = 11 and both [CI] lines, yet we still derive the highest values of acq_g) = 10,
albeit with larger uncertainty. In future work we will investigate the statistical relationship between
a@co and these parameters. Since the LPs-J0209 source is known to have a compact radio AGN
(Geach et all [2015)), future studies may explore the reasons whether or not star-forming galaxies
with coeval AGN activity (Harrington et al| 2019)) may tend to show higher values of (. In fact,
the AGN APM0827, has a relatively high value of oo, ~ 5 and log(n(H,)) ~ 5 cm ™ (WeiB et al|2007b).

The large range observed for the LPs suggests a strong diversity in gas excitation properties among
this relatively small sample. It seems incorrect to assume a common value for high-z star-forming
galaxies, as discussed previously in the context of a continuity of gas excitation conditions and the
corresponding variation in the conversion factor (e.g.[Casey et al.l, 2014). The two different values
commonly applied have been based on a simplified bi-modal population of star-forming galaxies
(e.g.[Daddi et al 2010), yet more complex two-population models are successfully reproducing
several observed properties in observed high-z galaxies (Sargent et al.| 2014). The latter may be
tested with assumptions of a continuity in gas excitation conditions for different galaxy populations.
Variations of the CO gas-phase abundance across a turbulent star-forming disk will alter the conversion
factor (Wolfire et al] 2010; [Shetty et al| 20110} [Narayanan et al.| [2012)), therefore it is possible
for a wide variation in @cq to exist for a given gas column density. In general, the lower the
metallicity, the higher the conversion factor will have to be in order to raise the relative unit mass
per solar line luminosity to account for the low-abundance environment. The higher the metallicity,

the lower the conversion factor (Wolfire et al.}[2010; Bolatto et al.}[2013} [Narayanan & Krumholz, 2014).

In Fig. Efl, we examine the relation between the derived g and ¢y conversion factors with the
gas mass surface density in the sample of LPs. The rather extreme galaxy-integrated surface gas mass
densities for the LPs is accompanied by a wide range in the conversion factor we derive. Previous
works (Tacconi et al [2008) have suggested that as the gas mass surface density goes beyond 100 M,
pc_z, i.e. comparable to GMCs in the Milky Way and nearby galaxies, the values of o decreases.
Fig.[#.T4]indicates that our analyses suggest the possibility of a factor 10 dispersion of e between
Epy = 10>~ M, pc_z, yet a positive trend. Since the CI emission is optically thin the conversion
factor must increase. This drives the value we derive for ¢¢y; to higher values, which are comparable
to the value of a( for those low-metallicity nearby galaxies. The average value of o is slightly
lower than the Galactic value (Bolatto et al] [2013). Overall, the sample mean value for the LPs is
similar to the value of oo = 3.6 derived using clumpy disk dynamical mass model calculations

92



4.8 Discussion

102
1 140
— i
—
I -
<N 120
o
Q 10';
0 T
~~ _: g
4 e
£ 1 100 ¢
v 2
v/ i
N
© i
=, 80
10°
ST
T. === Typical Milky Way GMC
1. .°."." Local star-forming/starburst galaxy 60
- . Qco
(26
ololbld o o oo oo d of of flslb o o olbfolt b difleldle = o o L1 10lll
10° 103 104 105

IMism [Mo pc?]

Figure 4.14: Turbulence model derived CO and [CI] line to molecular ISM mass conversion factors, plotted
against the molecular ISM gas mass surface density, with a¢ and ¢y denoted as circles and crosses,
respectively (log-log-scale). The colorbar denotes the gas kinetic temperature, 7,;,. Also shown are the values
for aq derived in the Milky Way and the local IR luminous star-forming systems (see [Bolatto et al] [2013).
Both plots report the total Xz—weighted parameter mean and standard deviation values derived from the ~2
million model calculations.

for near-IR selected galaxies at z ~ 1.5 (Daddi et al| 2010). In general, lower 7,;,, and both higher
Ly a0d log(n(H,)), seem to increase the value of @ based on our full radiative transfer modelling
of the LPs. Comparable spatially resolved datasets would allow for such robust tests of functional
forms between these parameters to enable a thorough comparison among this sample of LPs. For
example, |Maloney & Blackl (]1988[) considered @ o /n(H,)/T,;,, while others have proposed a
weaker dependence on the gas kinetic temperature, i.e. acg < \n(H,)/Ti, |Shetty et al.l (1201 lbl).

Comparisons between Mg, estimates derived from optically thin, dust continuum methods

The simultaneous modelling of the CO, [CI] and dust continuum emission enables a robust comparison
to the inferred value of total molecular ISM mass, Mg, based only on the properties of the dust
SED. Recently, there has been a growing set of methods using dust continuum measurements to infer
the Mgy, in star-forming galaxies, although observations of dust and its effects have been used to
derive gas column densities over many years. Previous studies have integrated information about the
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visual extinction, gas-to-dust-mass ratio, the CO line luminosity to Mgy, conversion factor, ¢q, and
observations of the thermal dust continuum along the assumed optically thin, Rayleigh-Jeans, side

of the emission spectrum (Lilley], [1953]; [Heiles| [1967} [Savage & Code] [1970; [Aannestad & Purcelll
[1973} [Emerson et al.| [1973} [Hildebrand et al.| [1977} [Hildebrand}, [T1983} [Young et al.| [1986}; [Lonsdale]
& Hacking], [1987 [Solomon & Sagel, [T988}, [Scoville et al.| [1991], [Young & Scoville, [T991}; [Blain &
[Longair}, [1993} [Kruegel & Siebenmorgen| [1994D}; [Young et al.| [1996; [Solomon et al |, [1997} [Calzettil
let al.| 2000; [Genzel et al.] 2010; [Leroy et all 2011} Magdis et all 2012} [Scoville et al |, [2014] 20164
2017} [Tacconi et al.| 2018}, [Coogan et al.} [2019).

The use of a single-band dust continuum measurement to estimate Mgy, is based on the assump-
tion that the rest-frame dust continuum emission is optically thin beyond A, > 250um (recently
highlighted by [Scoville et all, [2014] [2016a}, [2017). The method of [Scoville et al.| (2014} 20164,
(hereafter the “7-mm method”), uses the inferred rest-frame 850um continuum emission, and
derives an empirical calibration of the dust opacity per unit ISM mass. The total Mg estimate
based on CO(1-0) line measurements is increasing for high-z star-forming galaxies, enabling further
calibrations of this method. In the 7-mm method, a Milky Way value of a¢g = 6.5
is applied for the absolute scaling from CO(1-0) line luminosity to the total Mgy;. The
1-mm method advocates using a cold, mass-weighted dust temperature, T; = 25 K

2014} [Liang et al.| [2018] 2019). With our detailed modelling, we are able to test this hypothesis.

Since our models provide the mass and the luminosity for each gas component, together with the
dust temperature, we can compute the mass- and luminosity-weighted dust temperatures for each
galaxy using:

=N
% WiTy;

— S 4.7
oW

Td—weighted =
where W, is the mass-weighted or luminosity-weighted value, N = 2 for the 2-component model
and N = 50 for the Turbulence model, since we have 50 individual calculations of the dust temperature
and mass. The result of this calculation is shown in Fig@ using the Lgs,,,,, value to calculate a
luminosity-weighted dust temperature. Note, the dust temperature values we derive for the LPs span a
range common to high-z dusty star-forming galaxies, therefore the high apparent IR luminosity for the
LPs does not bias our results to sources with higher dust temperatures. We also note that the model
derived dust temperatures we use to compute the luminosity-weighted value are also consistent, within
1-0 uncertainties, with previously determined values of the dust temperature using commonly applied
modified black-body fits (Cafiameras et al.| 2015} [Harrington et al.} 2016).

Two immediate outcomes from this exercise are: 1.) the mass-weighted 7 value and luminosity-
weighted T value for both models are remarkably consistent with one another, with a one-to-one
correlation observed for all of the LPs when using the more realistic Turbulence model, and 2.) the
mass-weighted 7 value for both models is consistently higher than the advocated value of 7y, = 25 K
in the /-mm method for star-forming galaxies. The mass-weighted value was justified by
(2014) to reflect the fact that the dust grains exposed to strong radiative heating would represent a
so-called luminosity-weighted dust temperature. We demonstrate, using two separate models, that it is
instead justified to use the effective luminosity-weighted dust temperature, e.g. as derived in a dust
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Figure 4.15: Lgs,,,-weighted dust temperature, 7, versus the mass-weighted value of 7 for both the 2-component
model and the Turbulence model. The calculations are described in

SED fit, when using the /-mm method to calculate M;q,;. We find a one-to-one correlation among
the mass-weighted and luminosity-weighted T, values, indicating the dust mass in the LPs primarily
consists of relatively warm diffuse gas, on contrast to the assumed cold diffuse dust content in the
Milky Way. We stress, however, that the often-used optically thin MBB fit should not be used since it
underestimates 7; compared to models with a realistic transition wavelength between the optically

thin and optically thick emission regimes of the dust (Jin et al., 2019; [Cortzen et al .| [2020)).

We further demonstrate the effects this may have in Fig. [f.16 which shows the value of p; Mgy de-
rived using three separate methods. The first two methods are our full radiative transfer calculations of
1y Migy, as computed using the 2-component model and the Turbulence model. We compute the final
estimate of u; Mgy for the LPs, using the I-mm method and the respective AZTEC or ALMA ~1-mm
dust continuum measurements (Harrington et al.| 2016, Berman et al. in prep.), a mass-weighted
T; = 25 K and a value of Br, = 1.8 (which is consistent with our modelling procedure, §4.0). Overall,
the /-mm method systematically over-predicts 1 Mgy, consistent with other work 1, 2019).
This confirms the assumed mass-weighted T in the I-mm method are too low to explain the LPs, as the
value we use for the GDM R in our modelling is comparable to that used in the empirical calibration
presented most recently in[Scoville et al.|(2017). In some cases, the discrepancy may be larger than a
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Figure 4.16: Mass-mass plot (log-log-scale) of apparent total molecular gas mass, p; Mgy, derived using three
methods. The y-axis shows the result using a single continuum measurement of the thermal dust emission and
an assumed mass-weighted T; = 25 K based on the scaling methods described in[Scoville et al | 2017). The
x-axis indicates the values of y; M gy, as derived for both the 2-component model and the Turbulence model.

factor two, and this is likely due to the large dispersion we find for the LPs for the average value of
@co- In a recent study by [Kaasinen et al.|(2019), the rest-frame 850um luminosity was also used to
cross-calibrate the mass estimate. They found a factor of two discrepancy in the total molecular gas
mass estimates using both spatially resolved CO(1-0) line emission, with an assumed acq = 6.5 M (K
kms™ pcz)_1 and a spatially resolved dust continuum measurement used to infer the rest-frame 850um
emission and the /-mm method described above (assuming the same value of ﬁTd = 1.8 as we have used).

For many of the LPs, the value of ag is less than the standard value used in the /-mm method. For
global comparisons between galaxy populations, a single value was deemed appropriate, however,
the estimate of Mgy, for high-z star-forming galaxies may be over- or under-estimated on average if
the value of @ is undetermined. The molecular gas and dust are, presumably, well-mixed in such
turbulent star-forming systems (Krumholz et al.} [2018)). Since they are believed to trace one another,
the single-band ~ 1-mm, dust continuum method to derive the Mg, has a clear advantage because
it is more feasible to obtain a (sub)mm continuum detection of a high-z galaxy than it is to detect
multiple CO lines and perform a non-LTE radiative transfer analysis to explicitly derive an estimate of
Migy- The strong dependencies on the assumed dust SED and gas excitation conditions are important
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to consider when estimating Mg, and therefore motivate further benchmarking between the various
methods to derive Mgy, in high-z.

4.8.3 Heating, cooling and turbulence-regulated SF

SF occurs deep within molecular clouds, and this process requires cooling to aid gravitational collapse.
At relatively high gas column densities, the kinetic energy transferred to CO molecules is converted to
line photons which then radiate that energy away. Therefore we expect that CO line cooling is the
dominant cooling process of the molecular gas-rich star-forming regions within the LPs. At lower
column densities the far-IR fine-structure lines of singly ionized carbon, [CII], and neutral and doubly
ionized oxygen, [OI] and [OIII], are often considered as the dominant coolants of the star-forming ISM
(Hollenbach| [T985}, [Rosenberg et al} 2013} [Diaz-Santos et al .|, [2016). The highly ionized and/or high
temperature (and density) regions traced by these FIR fine-structure emission lines are not expected to
contribute to the cooling of the gas and dust rich molecular gas traced by the CO line measurements of
the LPs. The contribution of collisionally excited [CII] line cooling arises from neutral gas within
dense PDRs, corresponding to log(n(H,)) ~3 cm™ and T = 100 K (]Hollenbach & Tielens[, |1997|;
[Goldsmith et al,[2012). Within the denser molecular gas phase we model in this work, we expect
that collisional excitations between molecules is believed to play a stronger role as a gas heating
term, as opposed to FUV heating from photodissociation regions (PDR) which lie between the HII
regions and the cold molecular gas (Tielens & Hollenbach| [T985)). In addition, Meijerink et al.|] 201T])
demonstrate in a pure PDR model that the CO cooling fraction is 3% — 5%, while [Rosenberg et al |
(2015)) noticed similar cooling power from the CO lines up to tens of percent of the total cooling
budgelEl They observed a strong CO cooling fraction, which does not show a deficit as observed in
the FIR fine-structure lines.

To explore the nature, and p0551b1e source(s) of the energy for the total CO line cooling in the
LPs we first calculate the sum 2 1 (,uLLCO ) for each CO line luminosity using the best-fit,

minimum- )( values from the Turbulence model (see Table i and derive a range of values for
the apparent CO cooling power for the LPs between X (ﬂLLco ) ~7%x 10" to ~ 5 x 10* ergs s

Our analyses of the Turbulence model results suggest that the global molecular ISM in the LPs often
has an H, gas density log(n(H,)) >4 cm ~, 3 and gas kinetic temperatures between 60 - 150 K. This
implies that our estimate is specifically connected to the total cooling budget of this dense molecular
gas phase. If we consider this cooling power to be continuous over the mean molecular gas de-
pletion time, of the order of 70 Myr, the total energy emitted is of the order of Eqq_7omyr ~ 1072760 ergs.

We can also estimate the turbulent kinetic energy of the molecular gas using the mean, intrinsic
molecular gas mass we derived in §m and the mean turbulent velocity dispersion, resulting in
Euwp = 0.5(Mig\/ < 1y, >=20) XAV ~ 1077 ergs. We recall our results for the Turbulence model,
with the sample mean galaxy-wide, turbulent velocity dispersions for the LPs of < AV, 4, >= 125+ 40
km s™', consistent with the second-moment velocity dispersion maps of line images for high-z

star-forming systems (Leung et al 2019b} [Yang et al] [2019b} [Talia et al 2018} [Venemans et al]

! Without further information on the FIR fine-structure lines for the sample of LPs, we are unable to make a full comparison
using the CO cooling budget alone.
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2019} [Tadaki et al.| 2020} Neri et al.] 2020} Jiménez-Andrade et al] [2020). This fiducial value of E,
for a given mass and instantaneous turbulent velocity dispersion is 4-5 orders of magnitude lower than
Eco_7omyr ~ 1077 ergs. Therefore, over the 70 Myr, a considerable amount of energy is responsible
for sustaining the continuous CO line emission.

As noted in [Rosenberg et al.| (2014)), local IR luminous systems may have various sources of
turbulent energy, e.g., merger activity, AGN and powerful outflows. Studies predict the coexistence of
starburst and AGN activity, particularly at z ~ 2 (Hopkins et al.| [2008)), yet the LPs have been shown
to be strongly powered by SF rather than an AGN (e.g.[Harrington et al| [2016)). Nonetheless, we can
estimate the relative contribution of mechanical feedback energy from AGN outflow activity. As a
reference, one of the most powerful radio-loud QSOs, 3C82, has a jet power of the order of 10% ergs
s (]Punsly et al.[, |2020[). Theoretical studies which aim to reproduce the formation of local massive
elliptical galaxies have indicated an AGN mechanical outflow energy estimate of the order of 10474
ergs, with a rate of ~ 3x107 Myr_1 (]Gaspari et al.[, |2012[). If we use this AGN episodic rate from
|Gaspari et al.l (]2012[) and the jet power of 3C82, we estimate a total power of the order of 10°® ergs in
70 Myr —i.e. < 10% of the total energy radiated away by CO line emission. Note, it is unlikely that
all of the mechanical jet power is continuous, nor is it directly transferred into the molecular gas of the
ISM, since 3C82 has a biconical outflow orientation. The mechanical power from AGN jets may also
impart a significant amount of energy in the form of galactic outflows, of the order of 10%440 erg s
(Veilleux et al] [2009; [Sharma & Nath| [2012; McNamara et al.| 2014} [Russell et al] 2016} [Veilleux]
[2020). The unconstrained nature of galactic outflows at high-z is still to be determined, as the
mean gas densities may exceed the jet densities by four or five orders of magnitude (McNamara et al.|
[2016), and therefore is a caveat in this interpretation.

AGN may also produce a significant amount of X-ray heating (Meijerink et al.| 2006} [2007)). X-ray
absorption effects between the rest-frame 2 - 30 keV energy range are pronounced at higher energies.
The gas column densities we derive in §4.7.2] suggests that we are often in the Compton-thick regime
beyond Ny > 10%* cm™ (]Hickox & Alexandet{ 2018[). Currently, there is no constraint on the X-ray
luminosity in the LPs, and we are aware of only one example of a radio-AGN, i.e. LPs-J0209
let al.| 2015} [Harrington et al.} [2019). We also cannot rule out the possibility of a heavily dust obscured
AGN, yet our sample of LPs have a strong selection function biased away from identifying strong
QSOs (Yun et al | [2008; [Harrington et al] 2016). Although there are limited X-ray studies of dusty
star-forming galaxies at z > 1, we are able to estimate a possible energy from an assumed apparent
X-ray luminosity, as derived from the apparent SFR for the LPs and a local ratio of Ly.j 5_giev/SFR
(Mineo et al| [2014). We use an assumed intrinsic spectral shape for a non-AGN X-ray contribution,
with an X-ray absorbing gas column density of Ny ~ 10%* cm™2, and infer an apparent X-ray luminosity
of the order of 10+ ergs s~!. This energy is consistent with other, z ~ 2 — 3, FIR detected X-ray AGN

galaxies (Mullaney et al| 2011}, [2012).

Since we expect much of the intervening gas column densities to be up to three orders of magnitude
higher than this assumed value, this likely reflects an extreme upper limit. This corresponds to an
apparent X-ray energy of the order of 10% ergs. Although this is equivalent to the CO line cooling,
when integrated across the fiducial 70 Myr timescale, it is a strong assumption for the X-ray luminosity
to be continuous. Since this may be a strong upper limit, we can also conclude that X-ray luminosity
from a non-AGN component is unlikely to be the primary heating mechanism to excite the gas-rich
molecular ISM in the LPs.
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Cosmic rays, unless inhomegenously distributed, are unlikely to regulate star-forming gas at physical
scales larger than 100 pc — although the distribution and random diffusion of cosmic rays is highly
uncertain (Thompson et al| 2006; [Zweibel, 2013]). Cosmic ray heating (see the review by [Krumholz]
[2014), is primarily one of the strongest gas heating mechanisms within cloud interiors when the
dust temperatures are ~ 20 K and the gas densities are ~100-1000 cm™. Beyond gas densities of
10% em™, the effects of dust grain-molecular gas energy exchange (via the IR radiation field and/or
grain-molecule collisions) are predicted to become stronger, if not dominant over cosmic ray and
far-UV (FUV) heating (Goldsmith| 2001} [Krumholz et al.}| 2011} [Narayanan & Krumholz, 2014). It
appears that cosmic ray heating may not be pervasive throughout the ISM of the LPs, since their
mean densities are above 10* cm™. Both observational and theoretical work suggests that the more
diffuse gas, which can extend out to ~ 10 kpc, may be strongly influenced by cosmic rays in dusty
star-forming galaxies at z ~ 2 — 3 (Papadopoulos & Grevel 2004} [Acciari et al.| 2009 [Abdo et al
2010} Bisbas et al.| 2015}, [Falgarone et al.| 2017} [Indriolo et al} [2018). The relative role of cosmic
rays in driving the heating in high-z star-forming galaxies is currently unconstrained, which remains a
caveat in this analysis. There is evidence to suggest that the UV radiation field strength determines
the relative cosmic ray ionization rate, and for such galaxies it may be likely that the majority of the
cosmic rays are confined to the local star-forming regions within the ISM because the UV radiation
decreases faster than the inverse square of the distance from the ionizing source (Indriolo et al [2018).

Our results for the sample mean value of 7y;,/Ty = 2 — 3, on average, suggests galaxy-wide,
turbulence-driven, mechanical heating as a signpost for the significantly high SF activity in these
high-z galaxies. The 7,;,/T ratio parameter, to zeroth order, may be an interesting parameter to better
understand the relative level of mechanical (traced by T;,) versus photoelectric heating (traced by
T,). The local starburst galaxy, NGC6240, has a large CO line to continuum ratio driven by galaxy
wide shocks (i.e. mechanical energy input; [Papadopoulos et al| [2014)). This scenario seems to be
consistent with the large total line-widths (§4.3)) and highly turbulent star-forming medium inferred
for the LPs. Therefore some form of kinetic activity must be responsible to drive this ratio to higher
values, which implies some form of kinetic energy density must sustained to distribute the significant
molecular gas content within the ISM of the LPs. The values of Ty;,/T; = 2 — 3 are also found in
the Milky Way regions with strong interstellar radiation field strengths, G, = 10°, such as the Orion
PDR regions (a peak density of log(n(H,)) ~ 5 cm™>). These regions have a typical visual extinction
Ay < 4 (in mag). These optical extinctions correspond to low column densities, where most of the
FUYV radiation is absorbed (Hollenbach & Tielens| [T999] ; Fig. 16). We have already shown in §4.7.7]
that the LPs have extinction values of the order of many hundreds of magnitude. Deeper within the
PDR structure of Orion, corresponding to Ay > 4, the T;,/T, values decrease towards a value of
unity or less (Hollenbach & Tielens| [1999] ; Fig. 16). Since we do not have values close to, or less
than, Ty;,/T; = 1, we can conclude that FUV heating from PDRs is likely not the primary heating
mechanism in the ISM of the LPs.

Other forms of heating mechanisms, therefore, seem to be required for the more intense star-forming
galaxies like the LPs. |Rosenberg et al. (]2014[) introduce an additional form of mechanical heatinﬂ to

12 Note, IRosenberg et al.l (120141) scale this simple mechanical heating term between a normalized value of 0 and 1, and
combine this with their PDR model in order to match the LVG derived values of the Ty;,.
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Figure 4.17: Left: Ty;,/T, parameter versus the SF efficiency proxy, i.e. the total IR luminosity to molecular
ISM mass ratio, Lz / Mgy, derived using the Turbulence model, with the derived mean H, gas density in the
colorbar axis (log-x scale). Right: Turbulent ram pressure versus the IR luminosity surface density, with the
molecular gas mass surface density in the colorbar axis (log-log-scale). Both plots report the total )(2-weighted
parameter mean and standard deviation values derived from the ~2 million model calculations.

their PDR models in order to fit the observed line SED for the local starburst galaxy, NGC253. In fact,
this mechanical heating term is required to account for more than two-thirds of the observed mid-high-J
CO line fluxes. It is also required to also recover the solutions to their alternative LVG models, one
of which corresponds to a molecular phase with log(n(H,)) > 3.5 cm ™, and Ti;n = 60 K. The PDR
models alone could only reproduce a maximum gas kinetic temperature of 18 K when considering the
gas density for the LVG model as an PDR input value. They argue the radiation field required to heat the
gas photodissociates the CO molecules in the PDR in these models, the result is a factor of three lower
value for the gas kinetic temperature between the PDR and LVG model results. [Rosenberg et al.| (2014
therefore argue there is a need for this additional mechanical form of heating. [Rosenberg et al|(2014) do
not fit for the dust temperature and 7 ;, simultaneously, so there is no direct comparison to our modelling
procedure. Nevertheless, it is clear that PDRs are physically unlikely to be able to excite the observed
line fluxes for the LPs. This is because the LPs have dust temperatures higher than the PDR-derived,
maximum gas Kinetic temperature of 18 K (in the case of log(n(H,)) = 3.5 cm™>). We therefore infer
that the 7y, /T4 parameter reflects a strong mechanical heating mechanism within the molecular ISM
of the LPs, despite the fact that our model inexplicably accounts for the source of this mechanical energy.

Fig. shows the 7}, /T, parameter to the ratio of the total IR luminosity to molecular gas mass
(i.e. a proxy of SFR per unit gas mass, hereafter SF efficiency “SFE”). The SFE is believed to strongly
increase with increasing redshift, accompanied by a similarly strong evolution in the mass accretion
rate for field galaxies at z > 1 (Scoville et al.] 2017} [Tacconi et al .| [2020)), as well as increased turbulent
velocity dispersions and SN rates (Joung et al.} 2009 [Krumholz et al] 2018]). The combined feedback
from various stellar evolution processes are likely captured in the SFE parameter, therefore we expect
that the value of Ty;, /T, will increase with higher values of SFE. The left-hand side of Fig.
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shows some of the LPs approaching the limits of a maximal starburstEl Overall there is a range of
values for the SFE of the LPs, corresponding to galaxies which would be considered main-sequence
z ~ 2 — 3 star-forming galaxies, as well as the extreme outlier starburst galaxies (e.g.
[2010], [2015b}; [Tacconi et al., 2018}, 2020). Higher values of the IR luminosity are proportional to
the increase in SFR, and may therefore be an indicator for the mechanical energy input required to
increase the values of 7y;, /Ty. Indeed, Fig. shows that as the SFE-proxy increases, there are more
LPs with higher values of 7;,,/T4. The increased SFR in the LPs is expected to contribute a significant
amount of energy from stellar feedback, both in the form of massive proto-stellar outflows and/or

supernovae (SN) explosion shocks (McKeel [T989} Norman & Silkl [T980; [Draine & McKeel, [1993]
[Krumholz et al.] 2006} Nakamura & Li, 2007} [Krumholz et al., 2009a; [Hopkins et al.| 2011} [Leung

let al.| 2020} [Keller et al.] [2020f [Haid et all 2019} 2018, [Seifried et all[2017) — all of which dissipate
energy through a turbulent energy cascade towards smaller physical scales (Dobbs & Pringle] 2013},

[Van Loo et al}[2013). The LPs have a significant quantity of molecular gas, therefore we expect that
this will dominate over the radiation pressure within the ISMEI Therefore we expect that mechanical
stellar feedback (rather than radiative feedback) will likely have a strong contribution to the pervasive
turbulent gas conditions within the ISM (Jacquet et al.] 201 T} [Krumholz et al.| [2012)).

The total wind energy of an O-type star on the main-sequence of stellar evolution, combined with
the rapid mass-loss rate of the more transient Wolf-Rayet evolutionary stage, results in a fiducial range
of ~ 10471 ergs in a 5 Myr lifetime (]Leitherer et al.L |1999|; |ChuL |2005|; |Smith[, |2014|; |Ramachandran
[2019). As a reference, the intense star-forming region traced by the supergiant shell within
IC2574, a nearby dwarf galaxy, has an estimated kinetic energy input of the order of about ~ 3 X 10°
ergs over a 1 Myr lifetime (Walter et al.| [1998). We can estimate the stellar mechanical wind energy
input using a fiducial value for the intrinsic SFR for the LPs of 1000 M yr! (see also ~| and an
expected cumulative fraction of 0.2% by number for massive stars (Kroupa IMF , |H
The approximate stellar mechanical wind energy input is of the order of ~ 1 X 10° ergs. SNe events
occur at the end of the life-cycle of massive stars with initial stellar masses between ~ 10 — 40 M

(]Heger et al.[, |2003[), each of which produces roughly 10°! ergs (]J ones et al.[, |1999[). If we assume
that these massive stars consist of ~ 7 % of the total stellar mass fraction we derive a SNe rate of
~6 SN yr_1 for the LPs, which is ~ 300x the value of the Milky Way (]Diehll, 2018[). For refer-
ence, the center of M82 has an estimated rate of ~ 0.1 SN yr_1 (]Kronberg et al.L|198 1[; Weil} et al.[,|1999b.

We can further estimate the energy input from SNe to be on the order of 10%° ergs using the reference
time-frame of 70 Myr. Therefore this value is an upper limit, since we do not expect that the injection
of energy from SNe will be a continuous process. Nonetheless, this value is comparable with our
simplistic estimate of the possible stellar mechanical wind energy input from young massive stars over
70 Myr, which are expected to provide a steady stream of mechanical energy throughout their lifetimes
via stellar winds with terminal velocities of the order of 1000 km s~ (]Puls et al.l, |2008[). The direct
impact of massive stars and SNe, however, may be biased towards their most immediate environments.

13 A maximal starburst is a system within which radiation pressure overcomes the SF episode by disrupting ongoing SF
activity, with a theoretical limit of yj Ly / ,uLMH2 =500Ly/Mg thompson et al.], 2005|; IAndrews & Thompson} 2011).

4 Due to, e.g., Rayleigh-Taylor instabilities.
15 Note, recent studies of high-z star-forming galaxies suggest there may be a top-heavy IMF dRomano et al.], I2017]; IZhangI

[Cetal} EOTSS)
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It has also been shown theoretically that only a 1% fraction, or less, of the SNe energy output is
transformed into turbulent energy ([ffrig & Hennebelle| 2015} Martizzi et al.] [2016). Overall, the
mixture of both SNe events occurring in parallel with the stellar evolution processes of the population
of Wolf-Rayet stars and short-lived massive stars in young stellar associations can still potentially

provide a large fraction of the necessary energy budget with respect to the value of Eco_sgpyr ~ 107
103960

ergs. As well, the mechanical energy of E(massive stellar winds & SNe) ~
of magnitude larger than E, 4.

ergs,i.e. 4-5 orders

Despite the potentially strong energetic contributions from stellar evolution processes, massive stars
may not be the only sources of such turbulent energy input. Gravity may play an equally important role
in introducing a large amount of turbulent gas motion, which may sustain the relatively high turbulent
velocity dispersions we derived for the LPs. The right-hand side of Fig. .17 shows the relationship
between the IR luminosity surface density, X; , and the turbulent ram pressure for the LPs. The
equivalent turbulent gas ram pressure is connected to the vertical stabilizing force in a marginally stable
gas disk. This pressure will increase as the SF activity increases, according to turbulence-regulated

SF models (Krumbholz et al [2009at [Bournaud et al, 2010} [Krumholz et al] [2018). We use the mean

values from the Turbulence model to calculate the turbulent ram pressure to be P4, = Atzurb x n(H,) =
105278 (km s™")* cm™, which is significantly higher than the gas thermal pressure, Py, = P/k =
n(H,) XT, = 10279 K em™ (with k the Boltzmann constant). Many LPs have large uncertainties
due to our lack of constraints on the molecular gas density and our total errors, and future work may
refine these values for individual LPs using spatially resolved line measurements of the mean turbulent
velocity dispersion. Both the Kendall’s tau statistic, 7 = 0.27 and the Spearman’s rank correlation,
r = 0.37 indicate that there is only a mild positive correlation between the turbulent gas pressure across
the range of X, ~ 10712 L, kpc_2 for the LPs, if any. Since there is a large amount of turbulent
energy present in the LPs, it is inferred that the thermal pressure equilibrium of clouds is negligible
overall in terms of regulating the SF activity. This result is consistent with theoretical studies (e.g.
[Ballesteros-Paredes et al.[1999). It is important to measure the mean molecular gas thermal pressure,
as it sets the background for thermal pressure balance throughout the ISM, as galaxies with higher
than 50% molecular gas to atomic gas fractions are subject to collapse (Krumholz & McKee| [2003).

Our results indicate that the additional form of turbulent pressure is an important form of feedback
to regulate the intense SF activity for these gas-rich LPs. Using equation A7 from Brucy et al.| (2020))
for the upper bound for possible turbulent power, Ilgy., injected by a SNe:

gne ~ 4% 107 (2, /10[Mgyr~' ) [ergss™']. (4.8)

This yields a much lower estimate of the total turbulent energy input from SNe over the 70 Myr of
~10°° ergs, still ~ 3 orders of magnitude less than Eqq_;gpy,- This equation assumes the turbulence
energy injection is proportional to the surface integrated SFR (Krumholz et al.| 2018} [Brucy et al.]
[2020). The high gas mass surface densities of the LPs can therefore produce much more power from
stellar feedback than the highest explored values for the SFR ~ 100 M yr_l in the work of W
(2020), therefore these estimates may reflect lower limits. [Brucy et al| (2020) find that the
large-scale turbulent energy injection has a much higher dependance on the gas mass surface densities,
by almost three orders of magnitude. The general scenario is consistent with other studies, which
find a more dominant turbulent energy contribution from large-scale motions instead of pure stellar
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feedback (Bournaud et al| 2010; [Renaud et al} 2012 [Krumholz et al.| 2018}, [Colling et al.| 2018). We

can loosely estimate this large-scale turbulent energy input based on the theoretical model values of
|Brucy et al.l (]2020[) for a dense molecular medium, corresponding to ~ 10% ergs s~'. We calculate,

over 70 Myr, an estimate of ~ 10% ergs. This is one order of magnitude higher than the fiducial E,
~ 103455

urb
ergs we estimate above for the LPs. Therefore, a substantial amount of turbulence energy

can also be supplied from large-scale disk motions.

Due to the conservation of angular momentum, any form of momentum injection into the molecular
cloud surroundings will likely be radially transported towards the gravitational center of the galaxy.
Indeed, mass accretion may play a primary role in increasing the level of turbulent energy within the
ISM during these starburst episodes (]Schmidt et al.L |2016HE The kpc-scale dynamics for these high-z
gas-rich star-forming galaxies cause gravitational instabilities, and the turbulent driving from these
processes may be a primary source of the bulk kinetic energy density (Silk} [1997; [Schmidt et al]
[2009; Bournaud et al.} 2010} [Krumholz & Burkhart, [2016}; [Krumholz et al] 2018} [Colling et al.| 2018}
[Brucy et al|[2020). These single-dish measurements offer a global view, or “top-down” perspective,
of the molecular ISM conditions within the LPs. The gas mass surface density drives these high SFR
and IR luminosity surface densities in “top-down” processes (Krumholz et al., 2018)). The extreme gas
mass surface densities may help to explain the extreme intrinsic IR luminosities exceeding 10" L.

We expect that such massive galaxy-wide SF will act to re-stabilize the forming disk over a timescale
of ~ 100 Myr, meanwhile fresh gas is likely to be accreted, consumed or displaced within the ISM
and/or in the form of massive galactic outflows (Quirk & Tinsleyl [1973}, [Cox| [198T} [Dopita et al.}
[1985}, [Larson|, [T987} [Ostriker et al] 2010; [Veilleux et all [2020). Altogether, such arguments for
turbulence-regulated SF is consistent with evidence presented for both local (U)LIRGs and high-z
starbursts. The local (U)LIRGs, with similar CO line SED coverage, require high amounts of
mechanical energy / turbulent activity to sustain the higher-J CO line emission (e.g.
[1999; [Lu et al 2014} [Kamenetzky et al] 2016)), while the 10 kpc-scale turbulent molecular gas
reservoirs are believed to extend the starburst phase of high-z star-forming galaxies through the
interplay of stellar/AGN feedback and intergalactic gas accretion (Falgarone et al.| 2017).

4.9 Conclusions

In this work we have studied the physical gas properties of the molecular and atomic ISM at high-z .
We have measured and compiled a legacy-value compendium of roughly 200 CO and [CI] spectral
lines measured in a sample of 24 strongly lensed star-forming systems at z ~ 1 — 4, selected from the
all-sky sub/mm Plancksatellite (the LPs). To yield deeper insight into the molecular ISM excitation
conditions, we systematically measured the multi-J line excitation of CO and [CI] using spatially
unresolved, single-dish observations (i.e. IRAM 30m ([CI] and CO(Jup =3-11)), GBT (CO(1-0)),
and APEX ([CI] and CO(J, = 4 - 12))).

This work is the first major effort to simultaneously fit all of the available spectral line and dust
continuum observations. The vast majority of previous high-z studies have focused on non-LTE

16 This is in addition to the turbulent motions generated from hydrodynamic gas motions causing gravitational shear forces.
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radiative transfer modelling of a single or double component model of the observed line emission,
excluding the thermal background from the IR radiation field. In this work we perform two comple-
mentary modelling procedures to model all of the line/continuum data: i.) a two-component molecular
medium model, which enabled us to highlight the dominant properties of the more diffuse/quiescent
and denser/highly excited gas, and ii.) a more realistic description of a molecular ISM which is de-
scribed by a, turbulence-driven, molecular gas density PDF. Our main results are summarized as follows:

e The broad [CI] and CO lines (< FWZI >~ 850 km s™') are strikingly similar in line shape, there-
fore these emission lines trace comparable galactic dynamics across the spatially unresolved, kpc-scales.

e We have derived the mean CO line brightness temperature ratios for the LPs out to the ratio
of Leogia-11y/ Léo(-o)» based on our best-fit, minimum- x” Turbulence model. In addition, we have
derived a set of median CO line brightness temperature ratios for a significant numberof z =1 -7
galaxies with CO line detections, including the compilations by [Carilli & Walter] (2013)) and [Kirk{
[patrick et al.| (2019). Although the median values are in excellent agreement with the average best-fit,
minimum- /\(2 model derived values for the LPs, the wide range in CO excitation observed in individual
galaxies implies that the use of an average (or median-based) value used for scaling L” measurements
may be misleading when there is limited line/continuum data available.

e There is a wide range in the observed intensities for the CO rotational ladder, with an order of
magnitude dispersion tracing a range of gas excitation in these lensed IR-luminous, star-forming
galaxies. We further explored this wide dynamic range in observed gas excitation following the
methodology presented by [Rosenberg et al.| (2015)) for local IR luminous galaxies. We have thereby
classified the CO excitation ladder with respect to the drop-off slope after the CO(5-4) transition by
taking the ratio of the higher-J CO line luminosities to the mid-J CO line luminosities, and find the
LPs probe more than 4 orders of magnitude in CO excitation. This classification increases to higher
excitation as the derived FIR luminosity increases.

e There are 19 LPs with a [CI] line detection, while sixteen have both [CI] lines detected. Our
non-LTE radiative transfer modelling of these lines suggests the [CI] lines are indeed optically thin,
which is important for reliable calibrations to carbon gas column density and total mass. The two
ground-state fine-structure carbon lines are sub-thermally excited, however. We demonstrate, using
16 LPs with both [CI] line detections, that the often-assumed LTE approximation to derive the
carbon excitation temperature may under (or over) estimate the intrinsic carbon excitation temperature,
depending on the gas excitation conditions of individual galaxies. We derived mean carbon gas
excitation temperatures 7,,. ~ 30 and 40 K for the Turbulence model and 2-component model,
respectively. In some of the LPs we find values less than 20 K, and we would have misinterpreted the
inferred total molecular gas mass if we had assumed the ideal, LTE prescription. We find, for the

Turbulence model, the sample mean for the LPs of < [[CI]]/[H,] >~ 6.8% 107>, witha large dispersion.

e The average intrinsic size of the modelled gas and dust emitting region for the Turbulence model
was derived to be R (= 13.5)/4/u;, ~ 20.4 ~ 3 kpc. We have estimated the mean magnification using
all of the available ranges derived for the LPs which have lens models. For the LPs without published
magnification factors, we provide an estimate using the “Tully-Fischer” argument method presented by
[Harris et al.] (2012)), and our novel CO(1-0) line measurements. The intrinsic size for individual LPs
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based on detailed lens modelling, agrees well with the expected intrinsic size derived in our modelling.

e We derived total molecular ISM masses in our modelling of the observed CO/[CI] lines and
dust SED. Both of the modelling procedures are consistent in deriving Mg, yet we find systematic
offsets as the single-band 1-mm dust continuum method over-predicts the Mg, derived using our
robust modelling procedures. Our derived mean, mass-weighted, T; ~ 40 K for the sample of LPs
does not suggest the use of the recommended mass-weighted 7; = 25 K value when using a ~ 1 mm
dust continuum observation to estimate the total molecular ISM mass. In fact, both of the modelling
procedures indicate that the mass-weighted and luminosity-weighted T are close to identical, on
average.

e We find a wide range in CO luminosity per mass, with a mean close to the Galactic value, i.e.
aco ~ 3.4 Mg (Kkm s7! pcz)_l, however there is a large dispersion. Each system has a unique value
of @, disfavoring the use of a single value common for active star-forming galaxies at high-z Our
modelling suggests the value of aq increases with increasing gas mass surface density, as well as
with gas volume density. The value of @ decreases towards unity or less for increasing gas kinetic
temperatures, specifically 7i;, >120 K.

e The more realistic description of the turbulent molecular gas offers a picture of the excitation
conditions of the ISM in the LPs. The large emitting regions are highly turbulent, as inferred by
their mean turbulent velocity dispersion ( AV,;, > 125km s™1), and the gas kinetic temperature to
dust temperature ratios 7;,/Ty > 2.5, on average, suggests the LPs require a significant amount of
mechanical activity on >kpc scales (the driving scale) in conjunction with their massive molecular gas
reservoirs. Since the inferred gas depletion time, Mq\/SFR, is of the order of 70 Myr, there must be a
significant amount of gas, likely supplied from the CGM over the lifetime of this ~ 100Myr starburst
episode. The Ty;,/T; ratio also increases with the inferred SF efficiency (i.e. Ljz/Mgy). Which
suggests the kinetic input from increased SNe and stellar winds may also play a role in characterizing
the overall mechanical heating in the ISM.
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5.1 Abstract

We report the detection of the far-infrared (FIR) fine-structure line of singly ionised nitrogen,
[NII] 205 um, within the peak epoch of galaxy assembly, from a strongly lensed galaxy, hereafter
“The Red Radio Ring”; the RRR, at z = 2.55. We combine new observations of the ground-state and
mid-J transitions of CO (J ,, = 1,5,8), and the FIR spectral energy distribution (SED), to explore
the multi-phase interstellar medium (ISM) properties of the RRR. All line profiles suggest that
the HII regions, traced by [NII] 205um, and the (diffuse and dense) molecular gas, traced by the
CO, are co-spatial when averaged over kpc-sized regions. Using its mid-IR-to-millimetre (mm)
SED, we derive a non-negligible dust attenuation of the [NII] 205umline emission. Assuming a
uniform dust screen approximation results a mean molecular gas column density > 10** cm™2, with
a molecular gas-to-dust mass ratio of 100. It is clear that dust attenuation corrections should be
accounted for when studying FIR fine-structure lines in such systems. The attenuation corrected ratio
of L \iroos/ L r(s-1000p my = 2-7 X 107* is consistent with the dispersion of local and z > 4 SFGs. We
find that the lower-limit, [NII] 205 um-based star-formation rate (SFR) is less than the IR-derived SFR
by a factor of four. Finally, the dust SED, CO line SED and L w05 line-to-IR luminosity ratio of the
RRR is consistent with a starburst-powered ISM.
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5.2 Introduction

Observational evidence reveals a synchronous peak, around z ~ 2, in both the cosmic co-moving
star-formation rate (SFR) and super massive black hole accretion rate density (see e.g.
[Dickinson| 2014} [Hickox & Alexander} [2018). Understanding this apparent co-evolution between
active galactic nuclei (AGN) and star formation (SF) demands a deeper characterisation of the
interstellar medium (ISM) in galaxies, such as the dynamics and spatial distribution of gas arising
from different phases, as well as the relationship of ionised, molecular and stellar surface mass
densities and their role in SF processes. Substantial theoretical work (Dalla Vecchia & Schaye] 2008},
[Scannapieco et al| 2012} [Rosdahl et al.| 2017) has also progressed in simulating the complex effects
of black-hole, thermal, and kinetic feedback processes, while observations of ISM properties derived
from a broad-band coverage are still required to form a complete impression of a galaxy that has
both AGN and SF activity (Cicone et al] 2014} [2015| 2018). High-z star-forming galaxies (SFGs)
at z~ 1 — 3 typically show an increase in the molecular gas-to-stellar mass fractions (up to 50% or
greater) (e.g.[Tacconi et al] 2010} 2018]). The spatial extent of SF within high-z SFGs can often exist
out to large radii of ~ 2-10 kpc e.g. (Magdis et al] 2016}, [Elbaz et al.] 2018b), exceeding the 0.1-1
kpc nuclear starburst (SB) regions of local (Ultra)Luminous InfraRed Galaxies ((U)LIRGs
Mirabell, [1996}; [Solomon et al.|, [1997; [Solomon & Vanden Bout, [2005)). Therefore global properties
derived from measurements of the ionised and molecular ISM are needed to account for the total
emission corresponding to the kpc-scale areas encompassed by high-z systems.

Studying the gas-rich, dusty star-forming galaxies (DSFGs) at z > 1 has largely focused on
measurements of the molecular gas content via one or two CO lines (typically J,, < 5), and also
the long-wavelength dust continuum, to understand the star-forming ISM, the total molecular gas
mass and overall efficiency of SF (e.g.[Genzel et al] 2010} [Schinnerer et al 2016} [Scoville et al.
2017}, Harrington et al 2018} [Leung et al] [2019a). The ionised ISM, however, has been largely
unexplored at high-z, and therefore the complete picture of multi-phase gas processes required to
disentangle the nature of SF in galaxies are poorly constrained. Far-IR fine-structure lines (FSLs)
offer an additional probe of HII regions in obscured sites of SF, as they are less susceptible to dust
attenuation when compared to optical or mid-IR lines (e.g.[Fernandez-Ontiveros et al,[2016)). This
motivates the use of these far-IR FSLs as powerful line diagnostics of the evolving ISM at high-z

(Maiolino et al.l [2003] 2009}, [FerkinhofT et al| 2010}, 2011} [Riechers et al.| 2014} [Zavala et al] [2018},
Zhang et al.| [2018a; [Marrone et al| [2018a; [Vishwas et al.|, 2018} [Zanella et al.| [2018)). Unfortunately,

the atmospheric coverage of many important mid-/far-IR FSLs makes observations difficult to execute,
if not impossible to observe from the ground.

The nitrogen atom has an ionisation energy E; y= 14.53 €V, and is therefore typically present
with singly ionised hydrogen; E; y= 13.6eV. The fine-structure splitting of the ground-state leads
to two transitions at 121.898 ym and 205.178 pm; [NII] 122um and [NII] 205 um, respectivelyﬂ In
order to characterise the global ionised ISM properties, the low ionisation energy requirement of
the far-IR [NII] emission lines makes them unique tracers of the low-excitation, warm ionised gas
associated with HII regions and the ambient interstellar radiation field of the ISM. The physical

! The ground state (3 Py) fine-structure splitting arises due to the unpaired electrons in the nitrogen atom. The 3P2 and 3P1
levels are only about 188 K and 70 K above ground, respectively.
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and chemical evolution of the global ISM is influenced by supernova explosions and high mass-loss
rates dispelled by stellar winds from massive OB and Wolf-Rayet type stars (e.g. [McKee & Williams]
[1997}; [Crowther} 2007} [Puls et al] [2008)). These, together with efficient rotational mixing within
massive stars (Maeder & Meynet}, [2000; [Brott et al} 2011} [Ekstrom et al.| 2012)), can quickly expose
the products of stellar nucleosynthesis at the surface, thereby injecting substantial quantities of nitro-
gen into the ISM within a timescale of ~10s Myr (Maeder & Meynet,[2000} [Stanway & Eldridgel [2018).

The [NII] emission lines were first observed in the Milky Way by the COBE FIRAS spectrometre
(Bennett et al.} [1994), followed closely by KAO observations of the Galactic HIT region G333.6-0.2
(Colgan et al| [1993). The [NII] 205um line is also observable at rest velocities from the ground-based
observatories at exceptional sites. Using the SPIFI spectrometer on the AST/RO telescope at South
Pole, [Oberst et al| (2006] [2011)) mapped the [NII] 205 um line from the Carina Nebula and compared it
with ISO LWS [NII] 122 um line maps to show the [NII] line originated from a low density (n,- ~ 28
cm ™) ionized medium. High spatial-resolution, large-scale imaging of the Galactic plane were
enabled by the sensitive PACS and SPIRE spectrometer on-board the Herschel Space Observatory
(Goldsmith et al] 2013)), and demonstrated that most of the [NII] line arises from extended, low
density (n,- ~ 10 to 50 cm_3) HII regions. Other efforts to use [NII] to derive average electron
densities have been made in a range of local galaxies (n,- ~ 20-100 cm_3), for instance: M51 and
Centaurs A, (Parkin et al} [2013)), Ultra-luminous Infrared Galaxies ULIRGs (HERUS sample;

[2013), Dwarf galaxies (Cormier et al| 2015]), KINGFISH galaxies (Herrera-Camus et al.| 2016a)
and other SFGs 2017).

At high-z, observations of the [NII] 205um line is largely limited to z > 3.9, where the line is
red-shifted to wavelengths longer than 1mm, making ground based observations possible due to the
more transmissive and stable atmosphere, with lower receiver noise temperatures. The current sample
where this emission line is detected consists of twelve highly star-forming galaxies

2012, [2014; [Combes et al.l 2012} [Rawle et al.} 2014} Nagao et al.} 2012} [Béthermin et al.} 2016} [Pavesil
et al.| 2016} 2019} [Lu et al.| 2018]), and there are at least five additional non-detections (see
let all 2009} [Riechers et al.| [2013)).

In this paper we report new spatially unresolved line detections from “The Red Radio Ring’
(hereafter: the RRR) of [NII]205umline emission with the APEX telescope, complemented by
CO(1-0), CO(5-4), and CO(8-7) line detections from the Green Bank Telescope (GBT) and IRAM
30m telescope. The [NII] 205umline detection at the redshift, z ~ 2.55, in the RRR begins to bridge
the gap between local detections and those at z > 4.

B

We structure this chapter as follows: we will first provide a brief outline of the nature of the galaxy
presented in this study. We describe the [NII] and CO observations, and then present the results from
the novel spectroscopic measurements. We will then discuss the [NII] derived SFR and the possibility
for a co-eval AGN/SB, followed by our conclusions and outlook. Throughout this chapter we take for
a point of reference a flat A CDM cosmology with H, = 69.6 kms™! Mpc_] with Q,, = 0.286, and
Q, =1-9Q, (Bennett et al ] [2014). Throughout the text, we use a magnification factor, u = 15, to
report the intrinsic source properties unless otherwise noted. This value is derived from lens models
using the highest spatial resolution data available for this source, i.e. u = 14.7 £ 0.3,
[2018), and is consistent with other work (Rivera et al}[2019] ; Kamieneski et al. 2019, in prep.). The
relative magnification factor, however, can change depending on the source plane distribution of every
line and continuum tracer at varying rest frequencies.
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5.3 The Red Radio Ring

the RRR was discovered by four independent teams: (i) the citizen science program SpaceWarps
(Marshall et al] [2016)) in a search for gravitational lensing features within deep (iJKs band) CFHT
images in the Herschel-Stripe82 field (Geach et al.| [2015)); (ii) [Harrington et al.| (2016) identified
this source after cross-matching Herschel-SPIRE and Planck images at 350um in order to identify
strongly lensed, DSFGs (Negrello et al.}[2010; [Fu et al.| 2012} [Planck Collaboration XX VTI} [2015};
[Wardlow et al.| 2013} [Caflameras et al} [2013)) and further confirmed with follow-up CO and millimetre
dust continuum observations with the Large Millimeter Telescope; (iii) [Nayyeri et al.| (2016) present a
similar selection of candidate lensed, DSFGs as [Harrington et al.| (2016)), but with SPIRE 500um
images instead; and (iv) identified the RRR as the brightest DSFG candidate (referred
to as ACTJ0210+0016) in the 148, 218, and 278 GHz maps from the Atacama Cosmology Telescope
(ACT), and presented follow-up CO(1-0) line observations with Green Bank Telescope/Zpectrometer.

The RRR is a strongly lensed radio-AGN/DSFG hybrid galaxy, magnified by a massive, foreground
elliptical galaxy and a satellite companion at z = 0.2019 (Geach et al.|[2013). The 1.4 GHz eMERLIN
imaging (6 ~ 0.35”) revealed compact radio emission <250pc in the lens reconstructed source-plane
image. The intrinsic specific radio luminosity L | 4 gy, = 10 W Hz ™! suggests a radio-mode AGN
(Geach et al] 2015). The wavelength corresponding to the peak line flux of the asymmetric low-J
CO line profile corresponds to a redshift, z~2.553 for the RRR (Harrington et al.| 2016}, [Su et al.
[2017). Detailed strong lens modeling of the CO(3-2) emission resolved by NOEMA (6 ~ 0.75x1.5”)
suggests that the observed molecular gas emission arises from a rotating disk spread over ~3 kpc in the
source-plane (Rivera et al [2019). The source-plane reconstruction of the CO(4-3) line emission (6 ~
0.25”) by [Geach et al.| (2018)) provides evidence that the growth of the AGN is co-eval with the rapid
SF. The molecular gas may dominate the galactic potential within these three kpc, which is further

supported by [Rivera et al.| (2019).

5.4 Observations

5.4.1 GBT

The CO(1-0) line emission was observed using the Ka-band receiver on the GBT. Observations
(GBT/17B-305; PI: K. Harrington) took place on October 22, 2017, under stable atmospheric
conditions. We used the standard SubBeamNod procedure between the 8-m subreflector and the main
dish, with 4 min integrations per scan. Pointing and focus were performed frequently before the
SubBeamNod integrations. The backend spectrometer, VEGAS, was used to record the data from the
Ka-band receiver, tuned to the expected CO(1-0) line frequency (in low-resolution, 1.5 GHz bandwidth
mode; 6 ~ 23”). Subsequent data reduction was performed using GBTIDL (Marganian et al.| 2013)).
All On-Off measurements were corrected for the atmospheric attenuation and afterwards treated
in the same manner as in |Harrington et al.l (]2018[). We smoothed all spectra to 50 km s”'channel
resolution after averaging all low-order baseline subtracted spectra. The resulting on-source integration
time was 1.25h. Flux accuracy was checked with the standard source Uranus and pointing stability
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Figure 5.1: The spectra and two-component Gaussian fits for the [NII] 205 um(green; top left), CO(1-0) (blue;
bottom left), CO(5-4) (orange; top right) and CO(8-7) (red; bottom right) lines. To aid comparisons among all
line profiles, the best-fit Gaussian models have been re-scaled to the observed peak of each spectrum within
each panel. The zero-point velocity is determined using z = 2.553.

with JO841+7053, J1310+3220, J1331+3030 and J1642+3948. We adopt a 25% uncertainty on the
integrated line properties for systematic effects with the GBT (see [Harrington et al.] 2018} [Frayer et al|

2018al).

5.4.2 APEX

To observe the [NII] 205umemission line we used the FLASH™ 460L single polarization receiver on
the Atacama Pathfinder EXperiment (APEX) 12m telescope (Gusten et all, 2006). We used Max
Planck Society observing time between 24 May and 17 July, 2018 (Pr. M-0101.F-9503A-2018; PI:
Harrington), totaling 384 minutes of integration (6 ~ 15”). FLASH (Heyminck et al} 20064d) is a
2 side-band (SB) dual-frequency heterodyne receiver with orthogonal linear polarizations, one for
each of the 345 GHz and 460 GHz atmospheric windows. The FLASH observations were performed
in good weather conditions, with precipitable water vapor < 1.5mm. Observations used standard
wobbler switching with a chopping rate of 1.5 Hz, and an azimuthal throw offset of 30”. Each scan
consisted of a hot/sky/cold calibration 600 off-source, followed by 12 subscans of 20s per on-source
integration time. Focus checks were performed regularly (every 3-5h), whereas pointing checks on a
strong line/continuum source (e.g. Jupiter or nearby star) were performed roughly every 1-2h and
yield a pointing accuracy within 2-3". To record the data we used the MPIfR eXtended bandwidth Fast
Fourier Transform spectrometers (FFTS; [Klein et al.} 2006) with a 2x 2.5 GHz bandwidth for each of
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the upper and lower receiver sidebands of spectra the FLASH receiver. All scans were reduced and
analysed using the CLASS and GREG packages within the GILDASH software distribution. Each
scan was smoothed to ~ 90 km s™' channel resolution and assessed by eye after a 1st order baseline
polynomial subtraction (line-free channels). Only about 10% of the scans were removed for each set of
spectra before co-adding the rms-weighted spectrum. We adopt an absolute uncertainty of 25% for all
derived line properties to account for the variations in systematic behavior of the APEX observations
at higher frequencies (e.g. atmospheric stability, baseline subtraction, pointing/focus corrections).

5.4.3 IRAM 30m

Observations with the IRAM 30m telescope took place across two observing semesters: Pr. 187-16
and Pr. 170-17 (PL: K. Harrington), starting on January 29th, 2017 we observed the CO(5-4) emission
line in average weather conditions (7, ,,, = 0.5 — 0.8) for 30 minutes of integration. Subsequent
observations were in excellent observing conditions (7,, ,;, < 0.04 — 0.2) on December 13, 2017 for
roughly 35 minutes integration to detect the CO(8-7) emission line. We used the E150 and E230
observing bands of the EMIR receiver, and utilised two backends: both the Wlde-band Line Multiple
Auto-correlator (WILMA) and the fast Fourier Transform Spectrometre (FTS200). Our observing
mode consisted of a single EMIR band, capturing the dual polarization, 16 GHz bandwidth of the
lower inner and lower outer (LI+LO), and upper inner and upper outer (UI+UO) sidebands with respect
to the LO tuning frequency. To overcome the variable atmospheric conditions, we used the wobbler
switching observing mode to perform offset throws of 40" every second. Each wobbler switching
mode procedure includes three, 5 minute integrations (i.e. twelve 25-s subscans). Frequent focus
and pointing checks were assessed (e.g. Uranus, Venus, J1226+023, J1418+546) every 1.5 to 2hr,
with azimuth and elevation pointing offsets typically within 3”’. The IRAM 30m beam sizes at the
observed CO(5-4) and CO(8-7) line frequency are 8 ~ 15 and § ~ 10", respectively. The absolute
uncertainty we adopt for the derived line properties from the IRAM 30m observations is 20% based on
the dispersion of flux densities observed in pointing sources from ongoing monitoring at the telescope.
All scans were reduced using GILDAS, smoothed to ~ 50 km s~! channel resolution before being
co-added.

5.5 Results

5.5.1 Intrinsic Line Properties

The observed [NII] 205 umemission line peaks at vgggk = 411.2485 GHz. We integrate the full line
profile to derive a total velocity integrated flux density of 4.3 + 1.1 Jy km s (using an antenna gain
factor of 52.3 Jy/K). The CO(1-0) (v gg’gk = 32.4432 + 0.0001 GHz) has a measured integrated flux
of 0.18 + 0.04 Jy km s~ (antenna gain factor of 0.7 Jy/K). This is consistent with, albeit slightly

higher than, the Zpectrometer measurement (0.11+0.03 Jy km s of (2017). The velocity
integrated flux intensities for the CO(5-4) (v ™ = 162.212 GHz) and CO(8-7) (v "2 = 259.484

GHz) emission lines are 1.96 +0.3 and 1.37 £0.27 Jy km s, using antenna gain factors of 6.69 and
8.38 Jy/K, respectively. We report in Tab. [5.1] the line luminosity (in L) and spatially integrated

2 Software information can be found at: http://www.iram.fr/IRAMFR/GILDAS
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| INI205um | co-0) | coz2)’ | co@-3)° | coG4) | coi-7) |
Redshift, z (peak) 2.55308 (0.0004) 2.55300 (0.0004) 2.5529 (0.00011) 2.5543 (0.0002) 2.5525 (0.0002) 2.55243 (0.0003)

‘ Total Intrinsic Line Properties”: |
S,AV [Jy kms'] 43 (1.1) 0.18 (0.04) 1.38 (0.28) 1.62(0.32) 1.96 (0.3) 1.37 (0.27)
L'[10° Kkms™' pc?]  0.84 (0.21) 3.67 (0.92) 48(1.2) 3.2(0.8) 2.5(0.6) 0.67 (0.19)
Lynel10° L] 8.4 (2.0) 0.02 (4.3¢-03) 0.64 (0.02) 1.0 (0.25) 1.5 (0.38) 1.6 (0.42)

Component A (peak): ‘
FWHM (km s 1) 293 (76) 179 (23) - - 165 (22) 154 (50)
Amplitude (mJy) 8.7 (1.3) 0.44 (0.07) - - 5.5(0.7) 5.1 (2.0)
Center (km s_l) -69 (34) -55 (10) - - -37 (6) -20 (17)

‘ Component B: ‘
FWHM (km s ") 337 (170) 352 (230) - - 480 (116) 337 (353)
Amplitude (mJy) 45(1.3) 0.09 (0.023) - - 2.10 (0.25) 1.5 (0.6)

Center (km s ™)) 334 (72) 200 (118) - - 240 (60) 200 (188)

Table 5.1: Best-fit Gaussian Models and Line Properties. The velocities are measured with respect to z = 2.553,
i.e. the peak velocity component. ¢ Measured line properties corrected for magnification (u = 15). The
systematic errors are listed in parenthesis for the velocity-integrated flux density and derived total line
luminosities. The parenthessis associated with the FWHM, centroid, and amplitude for Gaussian components A
and B are based on the residual errors to the model fit. ” ISu et al.l (120171); IRivera et al.l (]2019]) and CIGeach et al.l
(2018)), corrected for the cosmology used throughout this paper. [Geach et al| (2018)) report the redshift based on
the mid-point full-width-at-zero-intensity of the observed CO(4-3) transition.

source brightness temperature (in K km 7! pcz) following |Carilli & Walterl (]2013[). We note that the
peak line intensity frequencies are all consistent with z = 2.5535 + 0.0006.

Asymmetric line profiles are observed in all the high S/N (S ..« /N ;,s > 10) line detections (CO
1-0, 5-4, 8-7; [NII] 205 um), therefore we fit two 1-D Gaussians to the line shapes to compare their
respective full-width-at-half-maximum (FWHM), centroids and amplitudes. The best-fit models are
overlaid on the CO and [NII] 205umspectra in Fig. 5.1} while the best-fit parameters are listed in
Tab. , together with the CO(3—2ﬂ and CO(4-3) velocity integrated line flux densities from
let al] (2019); [Geach et al] (2018).

The line centroid and FWHM of the [NII] 205 umemission line are consistent with the observed
CO(1-0) (tracing the total molecular gas mass), and the more highly excited, J up > 3, CO lines. In all

lines, the red component is offset by about 250-450 km s”'from the blue component. Differential
lensing may yield differences in measured line ratios [2012). However, without higher
angular resolution observations for each transition, we assume the magnification factor does not change
for each of the observed lines, such that the low-density diffuse HII regions traced by [NII] 205 ymand
the molecular gas traced by CO are considered to be co-spatial when averaged across kpc scales.

5.5.2 Far-IR Spectral Energy Distribution

Using data from the literature and various telescope archives, we compiled multi-band photometry
tracing emission from the RRR in the (observed-frame) mid-infrared to mm-wavelengths
let al.] 2015} Harrington et al.] 2016} [Schulz et al] 2017} [Su et al] [2017). We fit the observed
SED with a single temperature modified blackbody (MBB) model combined with a Wien-side
power-law slope, denoted as a, of which a value of @ ~2 is characteristic for SFGs (e.g., [Ca}
[2012)). If an AGN torus is contributing a hot dust component, the MIR would show an

3 As noted in (2019), the CO(3-2) line flux for the LMT detection presented in IHarrington et al.l d2016l) is

unfortunately incorrect due to the early commissioning period and calibration uncertainties.
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Figure 5.2: The best-fit modified blackbody SED model (black line) for the RRR. We also show multiple
iterations of the models created by sampling the parameter space for the modified blackbody (cyan) that are
representative of the degeneracies in the parameter space. Data included for the SED fit exercise is shown as
colored circles with corresponding error bars: (indigo) WISE/W4, (blue) Herschel/SPIRE, (yellow) ACT
and (red) CARMA [2017). For completeness, we show data that is not included for the
SED fit - (gray cross as lower limits) measurements from SCUBA-2 presented in[Geach et al| (2015)) and (brown
circle) is the average of the two AzZTEC/LMT measurements from [Geach et al.| (2015)) and [Harrington et al |

@016).

Wavelength (um) Flux Density (mJy) Instrument

22 4.2+0.9 WISE/W4

250 880+27 Herschel/SPIRE
350 991+30 Herschel/SPIRE

500 773+33 Herschel/SPIRE

850 167+4 JCMT/SCUBA (G15)
1078.4 154+8 ACT (278GHz, S17)
1100 95.5+6 LMT/AzTEC (G15)
1100 145+15 LMT/AzTEC (H16)
1375.2 69+3 ACT (218GHz, S17)
2025.6 172 ACT (148GHz, S17)
3090.6 2.3+0.5 CARMA (S17)

Table 5.2: Observed mid-IR to mm photometry for the RRR |Geach et al.| (2015 G15),[Harrington et al.| (2016}

HI6), St etal} (2017, $17).
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Figure 5.3: Posterior probability distribution for the SED model parameters: the value at which the dust opacity
reaches unity is at rest-frame wavelength of A, dust emissivity index, 3, a single component dust temperature,
T 4, and the Wien-side power law slope for SFGs, «.
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L IR (8-1000u m) L FIR (40-120u m) SFR IR SFR [NII]205 MH2 Mmin (H+)
[10°L,] [107L,] Mgyt | Mgyr!' | 10°M, | 10 M,

1.46°006 0.82°00;  2482(992) 6217 36709  0.89

Table 5.3: The intrinsic (lensing-corrected) properties of the RRR. The reported values can be converted back to
the apparent values by multiplying the average lensing magnification factor of =15 (Geach et al] 2018). The
intrinsic SFR and M ( H") are derived from the [NII] 205umemission line, and are corrected by factor of 4.67 to
account for the derived attenuation assuming a uniform dust screen approximation. The total and far-IR derived
luminosities are derived from the dust SED modeling of the photometry from [Harrington et al] (2016);[Su et al]]

(2017); |Rivera et a1.|(2019); |Geach et al.|(2013|, 2018)).

excess compared to the power law slope for a normal SFG (e.g. the WISE "Hot DOGS’ [2013).

We retrieved the SPIRE photometer measurements from the SPIRE point source catalog
[2017). We report the estimated uncertainties due to confusion rather than the systematic
and statistical errors (which are <2%) as the SPIRE beam is large (18-35") and the diameter of the
radio Einstein ring is roughly 5” (Geach et all,[2015). We find that the flux density measured with
LMT/AZTEC varies by 50% between the two observations by [Geach et al.| (2015)) and [Harrington et al |
M}, see footnote 3 above). For the MBB fit, we use the average value of these measurements, with
an uncertainty that encompasses the range of values reported, i.e., 125+35 mJy. We note that[Geach|
reported that the 450um flux density measured with SCUBA was a factor of three smaller
than that measured by SPIRE and hence this SCUBA measurement not included here. In comparison
with the ACT 278 GHz measurement, we find that the 850um SCUBA flux density, though a high
significance detection, is most likely an underestimate, perhaps due to absolute flux calibration. We
therefore ignore the SCUBA 850um data point while performing the model fitting.

Fig. 5.2] shows the best-fit SED model of the RRR. In the following we quote the best-fit and
the uncertainties based on the 16"", 50" and 84" percentiles of the samples in the marginalized

distributions for each of the parameters (see Fig.[5.3). We find the dust opacity reaches unity

at rest-frame wavelength of 4, = 254 f'1187 pm, with a dust emissivity index § = 2.0}? ‘1177 and a

dust temperature, Ty = 5555 K, Wien-side power-law slope a = 2.27%)*. The total apparent

infrared luminosity (IR; 8 - 1000um), uL g = 21.9 +01 '809>< 10" L, before correcting for the magnific-

ation factor, u. The apparent far-infrared luminosity (FIR; 40-120um), is uL g = 12.3 f}?_ f; x10'3 L.

The value of L g / Lg is consistent with normal star-forming systems, i.e. Lig / Lgg ~ 1.5 -2
(Dale et al.| 2001}, ; see e.g. Leung et al. 2019b). Thus, the observed dust SED does not show strong
signs of an AGN influence, e.g. no bright WISE/W4 counterpart. This suggests i.) that the compact
radio-AGN, revealed by bright radio emission with a steep radio synchrotron slope of & ,4;, = —1.1
(Geach et al} 2013), does not significantly affect the overall IR luminosity of the RRR, or ii.) there is
extreme dust obscuration of an AGN. Its intrinsic SFR can thus be estimated using u = 15
let al| [2018)) and the standard calibration of the total IR to SFR, with SFRyg = 1.7 x 107'°L x M
yr; (]Kennicuttl, |1998|). We find the SFRyy = 2482 + 992 M  yr ', taking into account the total
error propagation for the average best-fit relative uncertainty on the IR luminosity (~3%), and the
systematic errors for the photometric data points used in the modeling (~37%; Tab. [5.2).
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Figure 5.4: The dust attenuation correction as a function of mean molecular hydrogen column density. A single
uniform dust screen approximation (with GDMR = 100; dust-emissivity spectral index, 8 = 2.03), evaluated at:
the rest-wavelengths of the [NII] 205 um(green dotted line), the [NII] 122 um(blue dashed line) and [CII]158 um
(red dashed-dotted line) line emission, including the result for the RRR (blue star).

Effects of Dust Attenuation

In the RRR the dust opacity reaches unity at the rest-frame wavelength of 4, =254um . Such

high opacity is consistent with that observed in other high-z DSFGs (Riechers et al} [2013)), while
slightly higher than e.g., AZTEC-3, which is a more normal star-forming galaxy at z > 5, (Riechers

[2014). The dust attenuation of the [NII]205umemission line is therefore not negligible,
as pointed out by other studies of far-IR FSLs in quasars (QSOs) and DSFGs (Lamarche et al.

[2017). We correct the line luminosity based on a single, uniform dust screen approximation, i.e.,
L Nmpos,,,_,,, = e"20%m % L \1100s. obs.- From our best-fit SED model, the opacity at rest-frame
205um is Top5, m = (4¢/ AP = 1.54, which results in a uniform screen dust attenuation correction
factor of e"25um ~ 4.67. The following corrections are considered an upper limit along the line of
sight. In the scenario where the emitting gas is well mixed with dust, the mixed gas/dust attenuation

correction factor would be 7 yys,,,, /(1 — 7251 m) = 1.96 .
Corrections to the observed far-IR FSL detections of the z > 4 systems are limited by the sparse

sampling of their peak dust SED to accurately constrain the dust opacity at the relevant wavelength.
The RRR, with its well-sampled dust SED, allows us to constrain the mean hydrogen column density
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Ny, In the following analysis, we assume both a fixed gas-to-dust-mass ratio, GDMR = 100, and a
simple uniform dust screen. The dust opacity is expressed in terms of the dust column density, N,
and « ,,, the mass absorption coefficient (Weil} et al. . We express Njas Ny, multiplied by the
mass of molecular hydrogen, my , divided by the GDMR:

Ny, xmy,
TV:KVXNd:KVXW, (51)
where
k, = 0.04 (v/250 GHz)". (5.2)

Figure[5.4]plots the dust attenuation correction as a function of the mean molecular hydrogen column

density N H, at rest-frame wavelengths corresponding to the [NII] 205 um, [NII] 122 ymand [CII]158 um

emission lines. The equivalent H, gas column density in the RRR is Ny, = 3.3 X 10% em™.

The RRR, having high molecular gas column densities, will have corrections that can severely impact
the use of both [NII] 205umand [NII] 122 umemission lines as an electron density indicator. For
example, based on this simple uniform screen approximation, the observed line ratio of [NII] 122 um/
[NII] 205 umin the RRR would need to be corrected by a factor of e"122um /¢™05um ~ 18, An intrinsic
[NII] 122 um/ [NII] 205 umline ratio of ~ 4 — 5, corresponding to an electron density of n .- =~ 200
cm™> (e.g. in the local starburst, M82; |Petuchowski et al.L |1994[), would thus yield an observed
[NII] 122 um/ [NII] 205 umvalue of (4-5)/18 = 0.3. Neglecting dust opacity, one would associate such
low observed line ratio to un-physically low densities, as it would lie below the minimum theoretical
line ratio of ~ 0.6, as derived for warm ionised regions with n - << 1 25 4, (Goldsmith et al |
2015 [Herrera-Camus et al} [2016a). Naturally, the RRR, but also all high-z systems resembling the
RRR, i.e., having high column densities, would suffer from this effect. Dust opacity should not be
neglected while studying far-IR FSL emission in high-z DSFGs.

Relative Cooling by [NII] 205um Line Luminosity

Using the [NII] 205 umand IR luminosities, we calculate the attenuation corrected L N5 4 m/L R =

27+1.0x107%, assuming the same magnification factor for both luminosities. The vast majority
of the local and high-z galaxies do not correct for dust attenuation, therefore we use the apparent,
attenuated value, L Nij05 ym/L1r = 5-8 £2.1 X 1075,

As seen in Fig. this attenuated L yypp05/ Ly ratio for the RRR is at the lower boundary of the
mean range observed in local ULIRGs within the large scatter of 10°-107° (]Zhao et al.l, |2016[). The
large dispersion in the L 05/ L g Tatio remains constant across all redshifts. Galaxies in Fig.
with the lowest values of L x5/ L g include strong QSOs at z ~ 4 (e.g. [Decarli et al.} 2012), as
well as the local AGN, MrK231, which has at least a 20% AGN fraction contributing to its L g = 10"
L , (Fischer et al] 2010 [Dietrich et al [2018). SFGs at high-z have slightly large scatter, probing a
range of up to a factor of five between low metallicity galaxies (Pavesi et al] [2019), DSFGs and a
Lyman-a Emitter (Decarli et al.| [2014)).

The L (Nyrjp05/ L 1k Tatio of the RRR more closely resembles that of local/high-z SB rather than that
of local/high-z QSO/AGNSs. To first order, the global ISM within the RRR is mostly powered by SF.
We note, however, that this ratio is subject to a few caveats. Robust comparisons of this ratio between
the RRR and to other systems can be affected by individual variations in attenuation effects and hard
ionising radiation fields that determine the relative [NII] 205 umline emission. The bolometric input
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to the total IR luminosity from a supermassive black hole accretion/activity could contaminate the
apparent IR luminosities and reduce the observed line to total FIR luminosity, as seen in QSO-selected
systems. However, this ratio may not decrease significantly if there is a narrow emission line region of
an AGN contributing to the total [NII] 205 umline luminosity, as seen in the local selection of AGN
via the [NII] 6584 A / 6548 A excess (Baldwin et al.| [1981)). Our dust SED model is consistent with
that of a SB galaxy (Casey et al., 2012} [Magnelli et al.| [2014), yet the resemblance of such an SED
can also be due to a large dust screen strongly attenuating the emission from an obscured, dusty AGN
torus (T'y =~ 500 K, Leung et al. 2018, submitted; [Siebenmorgen et al.,[2004] 2015} [Feltre et al.| 2012}
[Kirkpatrick et al.|, 2017a). Thus, the spatially unresolved measurement of L \ypj205/ L g Tatio cannot
exclusively select an AGN from a SFG.

In the local universe, the observed scatter correlates with the rest-frame 10g(f70, m/ f 160, m) colour

(IZhao et al.l, |2013l, |2016|). SFGs with colder colours have an average of L yypos/Lr ~ 3 X 1074,
while star-forming/SB galaxies with warmer colours have average values of the L 05/ L g 1atio of

~5x107 (]Zhao et al.[, |2016[). We show in Fig. the range observed in the local Universe within
galaxies with a similar FIR colour as the RRR ( see Fig. 3 in[Zhao et al [2016). The FIR colours
can be interpreted as a proxy for the dust temperature. The ratio of the FIR FSL luminosity to IR
luminosity in local ULIRGs, both with and without an AGN, reveals a so-called line-to-FIR-continuum
“deficit”, where the relative cooling efficiency of the line luminosity decreases with respect to the
FIR continuum. This “deficit” increases for higher values of IR luminosity (warmer FIR colour) for
[NII] 205 um, [NII] 122 um, [CII] 158 um, [OI] 63 um and [OIII] 88 um, with a two order of magnitude
scatter for the [NII] lines (Malhotra et al] 2001}, [Gracia-Carpio et al] 2011}, [Diaz-Santos et al] [2017).
The nature of this deficit can strongly depend on the location of dust grains along the line of sight to
the line emitting region (Dfaz-Santos et al.}[2013][2017), and that the “deficit” has a tight correlation to
the relative compactness of the IR luminosity surface densities. This reflects the spatial concentration
of dust-reprocessed far-UV through IR continuum photons, which diminishes the relative cooling
power of the FIR FSL. Using the maximum radius of the RRR in the reconstructed source-plane from
the best-fit lens model of R ,,,, ~ 2.6 kpc (Geach et al] [2018)), we infer a mean SFR surface density of

I srR, , = il;lf R of about 120 M yr*lkpcf2 . The high SFR surface density may indicate why the

max

apparent, attenuated ratio of Lin11120s/ Lig has a low value compared to the mean dispersion of local
SFGs with similar rest-FIR colours (see green bar in Fig. [5.3)).

5.5.3 CO Spectral Line Energy Distribution

The spectral line energy distribution (SLED) of CO can be a tool to distinguish extreme, highly excited
QSO galaxies from galaxies that have molecular gas excitation dominated by SF activity
2013}, [Carilli & Walter] 2013). Fig. [5.6)compares the CO(1-0) normalised SLED of the RRR with the
average spread amongst local ULIRGs, average DSFGs/SMGs, the Milky Way Galactic Centre, and
well-known QSO powered systems at high-z (WeiB et al.| 20074} [Fixsen et al,[1999} [Papadopoulos|
let al} [20124; Bothwell et al.} 2013}, [Riechers et al] [2013)). Compared with the Milky Way Centre and
the average dusty SFG, the RRR shows high CO excitation. The CO SLED bears a resemblance to
the even more extreme gas excitation in local ULIRGs (Papadopoulos et al.| 2012a; [Mashian et al.]
2015}, Rosenberg et al.| 2015]), but not as high as the local starbursts, M82 (Panuzzo et al.|,[2010) and
NGC 253 (Hailey-Dunsheath et al.| 2008)), or the more normal SFG, NGC 891-all of which peak at
CO(7-6) (Nikola et al| [2011b). The SLED is comparable to the average value of QSOs reported in the
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Figure 5.5: [NII] 205 umline luminosity to total IR (8-1000um) luminosity ratio in various samples, probing a
broad redshift range: local starburst, M82 (green ‘x’) and AGN, Mrk231 (orange ‘x”), [Walter et al.| (2009);
[Decarli et al| (2012} 2014); [Combes et al| (2012); [Nagao et al| (2012); Béthermin et al] (2016); [Pavesi et al |
(20T6] [2019); [Cu et al] (2018)) (red stars), including the attenuation corrected value for the RRR. We show the
predicted dispersion observed in the local Universe by [Zhao et al] (2016)) within a sample of galaxies with
similar far-IR colour as the RRR (green line).

review by [Carilli & Walter] (2013) out to J,, = 5. Its molecular gas excitation hints at the existence of
a strong heating source. To account for the strong mid-J CO lines observed in NGC 253 and NGC 891,
both [Hailey-Dunsheath et al| (2008); [Nikola et al.| (2011b)) both invoke the need for strong mechanical
heating/shocks from a turbulent star-forming environment (see also[Kamenetzky et al.l 2016} [Lu et al.|
. The high-J turnover (atJ ,, > 5) and tail of the CO SLED indicates that the CO excitation is,

however, not as extreme as in the highly excited QSO systems (Weil} et al} [2007a; [Salomé et al.] 2012).

5.5.4 lonised and Molecular Gas Mass

Local [NII] measurements have found the electron density in the Milky Way to be n,- = 33 cm™>

(Goldsmith et al., 2015 and for local (U)LIRGs n,- = 22 ¢cm™> (Zhao et al, 2016). The minimum
mass of ionised hydrogen can be approximated, after correcting for the line attenuation, using the
high-temperature/high-density limit (see [Ferkinhoff et al.| 2011} [Decarli et al| [2012)). Using Eq. 1 in
|Decarli et al.l (12012|), we find M, g+ = 0.93 £0.19 X 10" M,,. This assumes a gas phase nitrogen
abundance of, y(N) = N/H =9.3 x 107 (]Savage & Sembach[, |1996[), determined by UV-absorption
sight-lines towards massive stars in the Milky Way. We also assume that all the nitrogen is in the
singly ionised state, i.e., y(N) = y(N™). To calculate the relevant fraction of ionised to molecular gas
mass, we use the measured L/c0(1-0) line luminosity converted to a total molecular gas mass. Here we

assume a CO line to molecular hydrogen gas mass conversion factor, @ ¢ = 1 Mg (K km s_lpcz)_l,
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Figure 5.6: CO spectral line energy distribution (SLED), normalized to the ground-state CO(1-0) integrated flux
density, of the RRR (blue diamonds), including local ULIRGs (Papadopoulos et al} [2012a)), the Milky Way

Centre (Fixsen et al},[T999) and high-z QSOs and DSFGs (WeiB et al| [20074; [Salomé et al.] 2012} [Bothwell
let al} 2013} [Riechers et al} 2013} [Carilli & Walter [2013).

appropriate for local starburst galaxies (Solomon & Vanden Bout, [2003; [Downes & Solomon] [T998};
|Sanders & MirabelL |1996[ﬂ and find M ,; = 3.67 +0.9x 10'° M,,. To account for the total molecular
gas mass, we correct by the additional mass-weighted contribution by He (1.36 x M Hz)' The ionised to
molecular mass fraction is 25%, consistent with other actively star-forming high-z systems

let al.| 2011}, [Zhang et al [2018a)).

5.6 Discussion

5.6.1 lonised Nitrogen as a SFR tracer

Despite the advantage of directly probing the ionising stars on timescales of ~10 Myr, He SFRs are

often plagued by uncertainties from dust attenuation (Kennicutt, [T998]; [Calzetti et al.|[2007). In dust-
obscured galaxies, the attenuation-corrected Ha luminosity measurements significantly underestimate

the overall SFR (e.g.[Whitaker et al.|[2017) derived from the total IR (8-1000xm) luminosity
[1998}; [Kennicutt & Evans| 2012). In these dust-rich galaxies, the total IR luminosity has thus been
seen as the ideal tracer of SFR because the dust-absorption cross section peaks at the wavelengths
emitted by young stellar populations, and is re-emitted by dust in the far-IR wavelength regime (e.g

4 A range has been reported for individual ULIRGs: @ =0.6-2.6 (IDownes & SolomonL |1998|)
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40-120um, [Helou et al | [T983). IR-derived SFRs trace the characteristic, rather than instantaneous,
rates of SF on the order of 100 Myr, depending on the SF history. The total IR luminosity will be
mostly dominated by the OB stellar population in starburst systems with less than a few 100 Myr gas
consumption timescales (Kennicutt & Evans| 2012).

The far-IR FSLs have longer rest-wavelengths as compared to optical or near-IR tracers of SF, and
the line photons may thus escape dust-obscured HII regions without being absorbed. This motivates
the use of far-IR FSLs as faithful tracers of the most recent SF (Ferndndez-Ontiveros et al. [2016)). For
example, the [NII] derived SFR probes quasi-instantaneous star-formation rates corresponding to ~
30 Myr, i.e. the lifetimes of early B-stars.

Locally, however, [NII] may not be the ideal SFR tracer for galaxy integrated measurements, as it
can trace a mixture of both ambient, diffuse ionised gas and ionised gas closely associated with SF. In
contrast, [NII] may be a more accurate tracer of the global SFR in gas-rich, SFGs at high-z, as the
latter contains star-forming environments that pervade the entire ISM. Indeed, these systems undergo
rapid stellar mass assembly, with SF taking place throughout the entire galaxy (Magdis et al.|, 2016}
[Rujopakarn et al} 20164 [Elbaz et al.| 2018D).

As first presented in[Ferkinhoff et al.|(2013)), there is a physically motivated relation between the
SFR and [NII] line emission for star-forming galaxies. This relation is further substantiated by an
empirical relation between the observed [NII] line emission and the IR-derived SFR
[2016)). In ionisation bounded, low-density HII regions, the [NII] line emission is proportional to the
ionising photon rate (modulo the N/H ratio), which in turn is proportional to SF. The low-z relation of
[NII] line luminosity to SFR can be extended out to high-z only by making strong assumptions of both
the fractional nitrogen abundance and ionised gas densities (Herrera-Camus et al.| [2016a). Here we
focus on the SFR estimate where the densities are below the critical density for [NII] 205 umemission
line (44 cm™ |Goldsmith et al.[, |2015[), and use Eq. 10 of |Herrera—Camus et al.l 2016a[), assuming the
collisional excitation coefficients from [Tayal| (2011), which yields

- _7 (N/H)g L Nmp20s
SFR Nimposum [ Mg yr™'1=1.98x 107 © pm

5.3
W) Ly G-

We estimate an attenuation, and magnification, corrected SFRy/1205,m = 021 Mg yr_l. However,
both the nitrogen abundances in the RRR are unknown, and will affect this measurement significantly.
The [NII] 205 umderived SFR is about four times smaller than the traditional IR-derived SFR (Tab.
B3).

The SFR derived using Eq. [5.3]is, however, a lower-limit. The low-density assumption breaks down
when the density reaches or even exceeds that of the critical density. This is a possibility for the RRR, as
a strong SB could result in increased electron densities and an overlap of HII regions from widespread
SF, yielding electron densities > 104cm_3(see |G01dsmith et al.l, |2015|; |Herrera—Camus et al.l, |2016a[).
When the electron density is significantly higher than the critical density for the ground-state, the
system is thermalised. Thus, the emission of photons is defined by the Boltzmann level population and
the Einstein A—coeﬁ‘icientﬂ saturating the [NII] 205 umline emission. Such high SFR surface density in
the RRR (see § 4.2.2) implies the ISM has an electron density n,- >> 100— 10000[1’1_3
[2016a)), i.e. an order of magnitude higher than the critical density of the [NII] 205 memission
line. To confirm that the disagreement between these two SFR estimates is simply due to high electron

> We assume all of the nitrogen is within low-density HII regions, as opposed to the hottest clusters of early O-type stars
(which would result in most of the nitrogen residing in the [NII] or [NIV], rather than [NII] ).
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density in the ISM of the RRR, detection of the [NII] 122 umemission line will be needed.

5.6.2 Co-Evolution of AGN/SF in the RRR

The known compact radio-mode AGN, inferred from high spatial resolution eMERLIN observations

(Geach et al.| 2015]), does not seem to halt the intense SF activity of the RRR (Geach et al| [2018). The

unattenuated ratio of [NII] 205umand IR luminosity is consistent with a SB galaxy, while the dust/CO
SED also disfavors a strong AGN contaminating the IR spectrum (e.g. [Salomé et al.] 2012} [WeiB} et al|
[2007a)). The similitude in line profile shapes of the multiple CO lines and the [NII] 205umline points
at the co-existence of warm ionised and cold molecular phases across kpc scales.

As an example, the spatial co-existence of warm ionised regions traced by [NII] 205um, and that of
the dense and diffuse molecular gas traced by CO, can be considered similar to the gas phase mixing in
the Central Molecular Zone (CMZ) on the scales of 100 pc (Kruijssen & Longmore} 2013}, [Ginsburg|
[2018)), and even in the immediate vicinity of Sgr-A* on the scale of 1 pc (Moser et al| 2017).
Hence, the Galactic centre region may serve as a high-z galaxy analog (see also[Swinbank et al.| 2011}
[Kruijssen & Longmore] [2013). Thermal instability during AGN and SB phases in galaxies is one
mechanism to explain how such a co-existence may be maintained over the long-term.
let al.| (2014)) and[Rézanska et al.| (2017) found that for certain parameter ranges (activity of a galactic
nucleus, star cluster input), thermal instability operateslz_’-l and essentially leads to the formation of the
two-phase (warm—cold) medium, which is rather stable given the long heating and cooling timescales
[1965). This can be one of the main sources of cold gas formation under the presence of stellar,
supernova and AGN feedbacks (Tenorio-Tagle et all [2013). Our global measurements represent the
galaxy integrated average of the CO and [NII] 205umline emission, such that it is not possible to
access the relevant physical scales to compare directly to the CMZ. [Geach et al.| (2015] 2018)) identify
a compact radio AGN (<250 pc) and a galactic disk traced by CO(4-3), extended over 2.5-3 kpc,
therefore the CO(5-4) line emission is almost certainly associated with this molecular disk. However,
the relative contributions of the AGN and the large-scale galactic disk to the observed [NII] 205 umline
emission remains to be resolved.

Such co-eval AGN/SF processes within galaxies is expected to be a part of the evolution of a
massive galaxy such as the RRR, depicted by a short-lived, merger-induced SB that catalyses high
AGN activity and black-hole growth (e.g.[Hopkins et al| [2008)). There is a range of co-eval AGN/SF
processes that can be seen both locally and at high-z. In local systems, nuclear regions with high
SF and low-AGN fractions are observed to co-exist based on various nebular line diagnostics e.g.
(D’Agostino et al.| 2018]), while there is an inferred quenching of SF in local AGN hosts residing
in massive elliptical galaxies (Baron et al 2018)). The increased excitation conditions within the
narrow emission line regions of an unobscured AGN can ionise the entire ISM (Greene et al} 201T),
and potentially quench SF. Therefore the use of ionised nitrogen as a tracer of SF may be unreliable
because of the change in ionisation structure of nitrogen (depending on the slope of the ionisation
parameter) in the presence of such a strong heating source. High-z galaxies, however, with large
reservoirs of molecular gas (> 109_]0Mo) can sustain ongoing SF even in the most extreme, optically
bright, broad-line QSO systems (Glikman et al.| 2015}, [Cresci et al.| 2013). A systematic study of
>100 gravitationally lensed QSOs (z ~ 1 — 4),[Stacey et al| (2018]) found most have both SF and AGN

6 S-curve in the temperature—ionisation parameter plane (7' — X), where the ionisation parameter X is defined as

X=P_q4/P gas’ where P, and P gas Are radiation and gas pressure, respectively.
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activity. Our conclusions suggest it is possible for both AGN and SB activity to co-exist, and this may
be due to both thermal instability and the large molecular gas reservoir in the RRR.

5.7 Summary and Conclusions

We present the detection of [NII] 205umin a strongly lensed AGN/SB galaxy at z = 2.5535 + 0.0006,
obtained using the APEX telescope. We complement this detection with multiple CO line transitions
(CO 1-0, 5-4, 8-7) to examine the global properties of the ionised and molecular gas in the RRR. Our
main conclusions are:

o The line profiles for the CO and the [NII] 205 umemission lines have similar velocity components
that can be explained by shared volumes, i.e. molecular clouds well-mixed with HII regions, suggesting
the majority of the strong [NII] 205 umdetection is associated with SF.

e The non-negligible dust attenuation at rest-frame 205 um in the RRR suggests that these corrections
need to be accounted for when interpreting far-IR FSLs in dust-rich systems at high-z. Assuming a
uniform dust screen approximation results in a dust attenuation correction, e %5#m  of ~ 4.67 for the
RRR. This implies a mean H, gas column density > 10** cm™2, assuming a molecular gas-to-dust
mass ratio of 100.

e We derived an attenuation corrected, minimum ionised gas mass, M ,;,(H")= 0.89 x IOIO(L—S)
M,,, assuming a high-density / high-temperature limit. This ionised gas mass corresponds to about
25% of the total molecular gas mass derived using the measured CO(1-0) line luminosity and a o = 1
M, (Kkm s_lpcz)_l.

e The attenuation corrected value of L nyposum/Lr = 2.7 £ 1.0 X 107, resembles the average
values of SFGs rather than those with a known QSO influence.

e The IR SFR, SFR g = 2482+ 992 M yr_l, is a factor of four larger than the lower-limit SFR
estimate from the attenuation corrected, [NII] 205 umline luminosity in the low-density regime: SFR
NI11205um = 021 Mg yr_l. This suggests the electron density is significantly high, or the assumed
nitrogen abundance is significantly lower.

Utilising the [NII] 205umline as a tracer of SF has a strong physical motivation, although the
reliable application of local relations requires extensive calibration for high-z dusty SFGs. Future
spatially resolved [NII] 205umand [NII] 122 umobservations would help to isolate low-density vs.
high-density HII complexes in the warm ionised medium (as seen in [Spinoglio et al.| 2013}, [Zhao|
[2016)) in order to aid future interpretations in this system.
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CHAPTER O

Conclusion and outlook

The physical conditions of the cold molecular gas in high-redshift star-forming galaxies is an important
piece in the puzzle of how galaxies have formed and evolved over cosmic time. This PhD thesis
examined these gas conditions for a relatively large sample of 24 infrared-bright lensed galaxies at
redshift, z ~ 2.

Here I will briefly summarize the main points of this Ph.D. I first conducted a pilot study to
measure and analyze the CO(1-0) emission line properties in a subset of these galaxies, with a focus
on constraining the molecular gas masses. I further measured higher-J rotational transitions of CO,
and both [CI] lines, in this sample in order to perform a joint modeling of the line spectral energy
distributions and the IR/mm photometry. The overarching conclusion based on the results of this
thesis work is that turbulence-regulated feedback is a key driver of the molecular gas emission in these
high-redshift star-forming galaxies.

Further detailed studies of individual high-z (z > 1) dusty star-forming galaxies are still needed to
describe the regulatory processes associated with intense bursts of star formation. To better understand
these processes in the most dust-obscured sites throughout cosmic time, global and spatially resolved
diagnostics need to be calibrated. Molecular gas distributions must be mapped at both low and high-z,
and can then be compared with theoretical models of cloud fragmentation and collapse. With rapid
inferred gas depletion times, dusty star-forming galaxies at z > 1 are ideal targets for investigating
such phenomena. Most individual galaxies lack the suite of ISM diagnostics to better understand the
driving mechanisms which sustain star-formation out to ~ 10 kpc. With very large area (sub)-mm
surveys, it is possible to detect these dusty galaxies using the natural microscope in space: i.e. strong
gravitational lensing. This requires sensitive measurements of the rarest chance alignments between
high-z systems and their massive foregrounds. These lensed galaxies maybe have line/continuum
fluxes boosted by an order of magnitude or more, and larger samples are likely to be discovered in the
coming decade.

Each strong lens system is an especial laboratory, enabling us to study the properties of in-situ
star-forming regions. This makes the relatively large sample of Planck-selected galaxies in this thesis
work a potential goldmine for probing a wealth of ISM line/continuum diagnostics with a modest
amount of telescope time. Aside from CO/dust, far-IR fine-structure lines offer a powerful probe of
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HII regions in obscured sites, while these strongly lensed galaxies would have the best opportunity to
also detect fainter emission lines from molecules such as H,O". The formation of H,O via H,O"
intermediates makes H,O™ detections direct tracers of regions with ion-neutral reactions, and strong
cosmic ray and/or X-ray ionization rates from obscured AGN in the ISM of local star-forming galaxies.
Our complex radiative transfer modeling will be a useful tool to provide stronger insight into different
gas heating mechanisms. Additional lines can be modeled in conjunction with the methodology
presented in this thesis work, and the results can be compared with other possible physical models of
the ISM in these galaxies. This would allow for better physical constraints of the dense molecular gas
properties and heating mechanisms.

The legacy value data presented in this thesis has triggered a series of follow-up programs to
resolve our understanding of these distant objects. The single-dish line measurements offer a spatially
unresolved view into the global properties, and are vital for detection experiments prior to other
spatially resolved observations with radio/(sub)-mm interferometer telescope arrays. I will briefly
capture the promising outlook for future research based off of this thesis work:

* The GBT measurements of the CO(1-0) emission line has led to a successful proposal with the
Very Large Array (VLA), in New Mexico, U.S.A., to spatially resolve (at 17 resolution) the
CO(1-0) line emission in a subset of sixteen galaxies. A total of four of the sixteen sources
were observed. This data will be reduced alongside other CO(1-0) line measurements in the
VLA archive for other sources in the sample to assess the nature of the CO(1-0) emitting region
and to trace the distribution and kinematics of the bulk molecular gas.

¢ The published results in Chapter[5]led to another successful proposal to use the APEX telescope
in northern Chile, in order to measure more lines from singly ionized nitrogen. This line is
useful in characterizing the mean ionized gas properties, and can be used to alternatively derive
a SFR without integrating the dust SED. Four galaxies now have detections of the [NII]122um
line, which is among the largest number of lines for sample of z ~ 1 — 3 galaxies. Two galaxies
have both [NII] line detections, which can allow for strong constraints on the nature of the
ionized gas density. One such galaxy has a [CII] line detection with APEX, and the combination
of [NII] and [CII] line measurements can be used to infer to what extent the ionized carbon
emission arises from neutral versus ionized gas.

* The ALMA telescope, in northern Chile, is currently the most sensitive (sub)-mm interferometer
in the world. It can reach extremely high spatial resolution, of just over over ten millionths of a
degree, in the extended configurations to offer unique insight into the gas and dust from compact
regions most closely associated with on-going star formation. There are many programs which
have recently observed a subset of the sample in this thesis with ALMA, largely programs
led by collaborators. Therefore, future work will include using both archival and proprietary
data to study the spatially resolved gas and dust emission in order to better understand the
distribution and concentration of star formation. Three galaxies have both VLA and ALMA
data, which can be analysed together to offer robust view into the spatial distribution of
radio through mm line/continuum emission. Three other galaxies in the sample also have
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high-frequency observations planned, such that the APEX single dish measurement of [NII]
will have complementary spatially resolved data.

* The SubMillimeter Array in Hawaii, U.S.A., offers a large frequency coverage and moderately
high spatial resolution (down to ~ 0.2”) to further study the single-dish emission line detections
presented in this thesis. There have been two approved SMA programs to measure the dust
continuum emission, high-J CO lines and the [NII]205um emission line in a total of three
galaxies in the sample of this thesis. Partial observations have taken place already at 1-3”
angular resolution, and the data will be reduced in the near-future. This work will be able to
further study the physical size and conditions of the molecular and ionized gas in these extreme
starburst galaxies at z ~ 3.

* The NOrthern Extended Millimeter Array (NOEMA) in Grenoble, France also offers sensitive
1 - 3 mm interferometric observations at moderately high spatial resolution (down to ~ 0.3”).
The strong CO and [CI] line measurements made using the IRAM 30m telescope motivated a
follow-up program with NOEMA to measure two low-J CO lines and both [CI] lines to trace the
diffuse and dense molecular gas in the ISM. In applying the radiative transfer models at-hand, it
will be possible to estimate any spatial gradients in the gas excitation conditions on kpc scales.
More than ten galaxies have recently been observed for both CO and [CI], at roughly 1" angular
resolution. This angular resolution also complements that of the VLA CO(1-0) observations.

The future of ground-based near-IR and (sub)-mm astronomy is promising, as recently developed
telescopes are now entering into their prime years of observing efficiency. The ALMA, SMA, and
NOEMA (sub)-mm interferometric observations will therefore continue to be at the forefront of galaxy
evolution studies in the coming years. Single-dish telescopes still offer a sensitive measurement of the
extragalactic sky, and will likely be quite useful in the coming years to map large regions of the sky
much faster than interferometers. The next-generation VLA will offer unprecedented sensitivity for
future radio observations, eventually becoming the successor to the current VLA. In the future there
will be another world-class radio telescope, the Square Kilometer Array. It is under construction in
South Africa and Western Australia, yet, with a predicted thousands of antennae. The SKA precursor
telescope in South Africa recently began observations, and when operating in the coming decade it
will provide an unprecedented view of the low-frequency radio sky.

The advantage of space-based astronomy, in transcending the atmospheric limitations in ground-
based observations, will further push the bounds of astrophysical research. The planned mission of the
James Webb Space Telescope (JWST) will offer spectroscopic and photometric views of the near- and
mid-IR Universe. Meanwhile, the optical/near-IR observations of the HST will continue, although the
HST is now almost 30 years old. The planned far-IR mission of the so-called Origins Space Telescope
will further complement the work of its predecessors, both the Herschel Space Observatory and
Planck satellite telescope. Altogether, the combined efforts of ground- and space-based observations
will continue to significantly advance the field of high-redshift galaxy evolution into the future.
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APPENDIX A

Appendix

A.1 Tabulated properties

The following tables are the measured and derived emission line properties for the 24 lensed Planck
selected galaxies, as presented in Chapter[d] The first table presents the redshift derived from the
measured line, the velocity integrated flux density and subsequent line luminosities. The second
table presents the Turbulence model derived velocity integrated flux densities, from the minimum- Xz
models, for the CO rotational transitions corresponding to CO(1-0) up to CO(15-14). The subsequent,
model-derived, line luminosities and line ratios are also shown.
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ID up | Line ID Redshift | Error S, AV Error | L' [x10™] Error
Line [ Jup] [Jy km/s ] [ K km/s pc2 ]

LPsJO116 1 CO(1-0) 212537 1.34E-04 4.68 1.64  1.06E+02 3.72E+01
LPsJO116 3 CO(3-2) 2.12490 1.34E-04 51.10 10.22  1.29E+02 2.58E+01
LPsJO116 6 CO(6-5) 2.12431 1.34E-04 55.20 16.56 3.49E+01 1.05E+01
LPsJO116 7 CO(7-6) 2.12443  1.34E-04 33.25 9.98  1.54E+01 4.63E+00
LPsJO116 8 CO(8-7) 212398 1.34E-04 30.34 10.62 1.08E+01 3.77E+00
LPsJO116 9 CO(9-8) 2.12417 1.34E-04 19.72 6.90  5.54E+00 1.94E+00
LPsJO116 2 [CI](2-1)  2.12443 1.34E-04 31.34 9.40  1.44E+01 4.33E+00
LPsJ0209 1 CO(1-0) 2.55301 1.61E-04 1.71 0.60  5.36E+01 1.88E+01
LPsJ0209 3 CO(3-2) 2.55280 1.61E-04 20.80 6.24  7.24E+01 2.17E+01
LPsJ0209 4 CO®4-3) 2.55300 1.61E-04 24.30 4.86  4.75E+01 9.50E+00
LPsJ0209 5 CO(5-4) 2.55352  1.61E-04 34.33 10.30  4.30E+01 1.29E+01
LPsJ0209 7 CO(7-6) 2.55341 1.61E-04 31.69 11.00 2.03E+01 7.03E+00
LPsJ0209 8 CO(8-7) 2.55241 1.61E-04 20.76 6.23  1.02E+01 3.05E+00
LPsJ0209 9 CO(9-8) 2.55217 1.61E-04 16.18 5.66  6.26E+00 2.19E+00
LPsJ0209 11 CO(11-10) 2.55160 1.61E-04 11.72 4.10  3.03E+00 1.06E+00
LPsJ0209 1 [CI](1-0)  2.55340 1.61E-04 9.62 289  1.65E+01 4.96E+00
LPsJ0209 2 [CI](2-1)  2.55341 1.61E-04 27.59 9.65 1.75E+01 6.13E+00
LPsJ0226 3 CO(3-2) 3.12000 1.97E-04 37.00 11.10  1.80E+02 5.41E+01
LPsJ0226 5 CO(5-4) 3.11946  1.97E-04 37.46 11.24  6.57E+01 1.97E+01
LPsJ0226 6 CO(6-5) 3.11945 1.97E-04 57.36 17.21  6.99E+01 2.10E+01
LPsJ0226 9 CO(9-8) 3.11841 1.97E-04 27.41 9.59  1.49E+01 5.20E+00
LPsJ0226 11 CO(11-10) 3.11791 1.97E-04 46.96 16.44 1.70E+01 5.96E+00
LPsJ0226 12 CO(12-11) 3.11852 1.97E-04 40.82 14.29 1.25E+01 4.36E+00
LPsJ0305 3 CO(3-2) 2.26300 1.43E-04 16.50 495  4.66E+01 1.40E+01
LPsJ0305 6 CO(6-5) 226292 1.43E-04 33.32 10.00 2.35E+01 7.06E+00
LPsJ0305 7 CO(7-6) 226259 1.43E-04 17.04 5.11  8.84E+00 2.65E+00
LPsJ0305 8 CO(8-7) 226168 1.43E-04 19.56 5.87  7.76E+00 2.33E+00
LPsJ0305 9 CO(9-8) 226157 1.43E-04 16.03 5.61  5.03E+00 1.76E+00
LPsJ0305 2 [CI](2-1)  2.26259 1.43E-04 8.0l 240  4.12E+00 1.24E+00
LPsJ0748 1 CO(1-0) 275434 1.74E-04 2.58 090  9.18E+01 3.21E+01
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1D ‘ T, » ‘ Line ID ‘ Redshift | Error S, AV ‘ Error ‘ L [x 1010] ‘ Error
LPsJ0748 3 CO(3-2) 2.75450 1.74E-04 17.90 5.37  7.09E+01 2.13E+01
LPsJ0748 5 CO(5-4) 275484 1.74E-04 22.81 6.84  3.25E+01 9.76E+00
LPsJ0748 7 CO(7-6) 2.75423 1.74E-04 15.93 4.78 1.16E+01 3.48E+00
LPsJ0748 8 CO(8-7) 2.75253 1.73E-04 4.86 2.19  2.71E+00 1.22E+00
LPsJ0748 9 CO(9-8) 2.75491 1.74E-04 11.27 5.07  4.97E+00 2.23E+00
LPsJ0748 1 [CI](1-0) 2.75559 1.74E-04 12.30 3.69 2.41E+01 7.22E+00
LPsJ0748 2 [CI](2-1) 2.75423 1.74E-04 17.53 5.26  1.27E+01 3.80E+00
LPsJ0846 1 CO(1-0) 2.66076 1.68E-04 2.16 0.75  7.25E+01 2.54E+01
LPsJ0846 3 CO(3-2) 2.66410 1.68E-04 20.90 4.18  5.35E+01 1.07E+01
LPsJ0846 4 CO®4-3) 2.66078 1.68E-04 33.77 10.13  7.09E+01 2.13E+01
LPsJ0846 5 CO(5-4) 2.66134 1.68E-04 17.51 5.25 2.35E+01 7.06E+00
LPsJ0846 7 CO(7-6) 2.66114 1.68E-04 18.63 5.59 1.28E+01 3.83E+00
LPsJ0846 8 CO(8-7) 2.66198 1.68E-04 17.16 6.00  9.02E+00 3.16E+00
LPsJ0846 1 [CI](1-0) 2.66087 1.68E-04 14.70 441  2.71E+01 8.13E+00
LPsJ0846 2 [CI](2-1) 2.66114 1.68E-04 15.03 4.51 1.02E+01 3.07E+00
LPsJ105322 3 CO(3-2) 3.54900 2.24E-04 21.90 6.57 1.32E+02 3.95E+01
LPsJ105322 4 CO®4-3) 3.54900 2.24E-04 29.60 8.88 1.00E+02 3.01E+01
LPsJ105322 5 CO(5-4) 3.54867 2.24E-04 34.67 1040 7.51E+01 2.25E+01
LPsJ105322 6 CO(6-5) 3.54900 2.24E-04 41.30 12.39  6.25E+01 1.88E+01
LPsJ105322 7 CO(7-6) 3.55033 2.24E-04 24.54 8.59 2.72E+01 9.50E+00
LPsJ105322 9 CO(9-8) 3.54952 2.24E-04 18.56 8.35 1.24E+01 5.59E+00
LPsJ105322 10 CO(10-9)  3.54965 2.24E-04 3.99 1.80  2.16E+00 9.74E-01
LPsJ105322 11 CO(11-10) 3.54909 2.24E-04 7.83 3.52  3.51E+00 1.58E+00
LPsJ105322 1 [CI](1-0) 3.54900 2.24E-04 14.80 444  440E+01 1.32E+01
LPsJ105322 2 [CI](2-1) 3.55033 2.24E-04 22.90 8.01 2.52E+01 8.80E+00
LPsJ105353 1 CO(1-0) 3.00650 1.89E-04 3.99 1.40  1.65E+02 5.77E+01
LPsJ105353 3 CO(3-2) 3.00525 1.89E-04 14.10 423  6.46E+01 1.94E+01
LPsJ105353 4 CO®4-3) 3.00555 1.89E-04 26.90 8.07 6.99E+01 2.10E+01
LPsJ105353 5 CO(5-4) 3.00517 1.89E-04 26.35 7.90 4.35E+01 1.30E+01
LPsJ105353 6 CO(6-5) 3.00591 1.89E-04 40.45 12.13 4.64E+01 1.39E+01
LPsJ105353 7 CO(7-6) 3.00572 1.89E-04 32.18 11.26 2.71E+01 9.49E+00

sontadoid parenge], 1V
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ID ‘ Jup ‘ Line ID ‘ Redshift | Error S, AV ‘ Error ‘ L [x10'] ‘ Error
LPsJ105353 8 CO(8-7) 3.00538 1.89E-04 40.51 12.15 2.61E+01 7.84E+00
LPsJ105353 9 CO(9-8) 3.00616 1.89E-04 30.11 10.54 1.54E+01 5.37E+00
LPsJ105353 10  CO(10-9)  3.00555 1.89E-04 31.60 11.06 1.31E+01 4.59E+00
LPsJ105353 11  CO(11-10) 3.00555 1.89E-04 24.80 8.68  8.50E+00 2.98E+00
LPsJ105353 1 [CI](1-0)  3.00369 1.89E-04 5.30 1.86  1.20E+01 4.20E+00
LPsJ105353 2 [CI](2-1)  3.00572 1.89E-04 8.22 2.88  6.87E+00 2.40E+00
LPsJ112713 2 CO(2-1) 1.30300 8.21E-05 14.40 432  3.32E+01 9.95E+00
LPsJ112713 3 CO(3-2) 1.30496 8.22E-05 18.83 5.65 1.93E+01 5.80E+00
LPsJ112713 5 CO(5-4) 1.30331 8.21E-05 22.79 797  8.40E+00 2.94E+00
LPsJ112713 1 [CI](1-0) 1.30332  8.21E-05 5.12 1.54  2.59E+00 7.7TTE-01
LPsJ112714 1 CO(1-0) 223571 1.41E-04 6.77 237  1.68E+02 5.89E+01
LPsJ112714 3 CO(3-2) 223546 1.41E-04 18.59 5.58  5.14E+01 1.54E+01
LPsJ112714 4 CO4-3) 223621 1.41E-04 34.72 10.42  5.40E+01 1.62E+01
LPsJ112714 6 CO(6-5) 223630 1.41E-04 29.80 8.94  2.09E+01 6.27E+00
LPsJ112714 7 CO(7-6) 223683 1.41E-04 19.07 6.67  9.69E+00 3.39E+00
LPsJ112714 8 CO(8-7) 223745 1.41E-04 15.22 5.33  5.93E+00 2.07E+00
LPsJ112714 1 [CI](1-0)  2.23630 1.41E-04 11.10 333  1.51E+01 4.54E+00
LPsJ112714 2 [CI](2-1) 223683 1.41E-04 15.28 535  7.71E+00 2.70E+00
LPsJ1138 1 CO(1-0) 2.01824 1.27E-04 2.18 0.76  4.53E+01 1.59E+01
LPsJ1138 2 CO(2-1) 2.01800 1.27E-04 6.40 1.92  3.32E+01 9.96E+00
LPsJ1138 3 CO(3-2) 2.01800 1.27E-04 15.90 3.18  3.66E+01 7.33E+00
LPsJ1138 4 CO®4-3) 2.01870 1.27E-04 17.78 533 231E+01 6.92E+00
LPsJ1138 6 CO(6-5) 2.01851 1.27E-04 22.86 6.86  1.32E+01 3.95E+00
LPsJ1138 7 CO(7-6) 2.01850 1.27E-04 17.03 596  7.22E+00 2.53E+00
LPsJ1138 9 CO(9-8) 2.01807 1.27E-04 25.01 8.75  6.41E+00 2.24E+00
LPsJ1138 1 [CI](1-0)  2.01842 1.27E-04 4.73 1.42  5.39E+00 1.62E+00
LPsJ1138 2 [CI](2-1)  2.01850 1.27E-04 7.96 2779 3.35E+00 1.17E+00
LPsJ1139 1 CO(1-0) 2.85832 1.80E-04 1.52 0.53  5.77E+01 2.02E+01
LPsJ1139 3 CO(3-2) 2.85800 1.80E-04 15.90 477  4.85E+01 1.45E+01
LPsJ1139 5 CO(5-4) 2.85920 1.80E-04 18.40 552 2.82E+01 8.46E+00
LPsJ1139 7 CO(7-6) 2.85920 1.80E-04 12.40 372 9.70E+00 2.91E+00
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LPsJ1139 8 CO(8-7) 2.85905 1.80E-04 4.17 1.25  2.47E+00 7.42E-01
LPsJ1139 9 CO(9-8) 2.85538 1.80E-04 1.87 0.65 8.73E-01 3.06E-01
LPsJ1139 1 [CI](1-0) 2.85947 1.80E-04 5.43 1.63 1.13E+01 3.39E+00
LPsJ1139 2 [CI](2-1) 2.23630 1.41E-04 6.90 2.07  5.30E+00 1.59E+00
LPsJ1202 1 CO(1-0) 2.44124 1.54E-04 491 1.72  1.42E+02 4.98E+01
LPsJ1202 3 CO(3-2) 244179 1.54E-04 20.87 6.26  6.73E+01 2.02E+01
LPsJ1202 4 CO®4-3) 2.44195 1.54E-04 25.21 7.56  4.57E+01 1.37E+01
LPsJ1202 5 CO(5-4) 2.44157 1.54E-04 34.22 10.27 3.97E+01 1.19E+01
LPsJ1202 7 CO(7-6) 2.44163 1.54E-04 21.11 6.33 1.25E+01 3.75E+00
LPsJ1202 8 CO(8-7) 244210 1.54E-04 17.89 5.37  8.12E+00 2.43E+00
LPsJ1202 9 CO(9-8) 244136 1.54E-04 8.40 2.94  3.01E+00 1.05E+00
LPsJ1202 1 CO(10-9) 2.44072 1.54E-04 8.56 3.00 2.48E+00 8.69E-01
LPsJ1202 1 [CI](1-0) 244201 1.54E-04 9.08 272  1.44E+01 4.33E+00
LPsJ1202 2 [CI](2-1) 2.44163 1.54E-04 15.03 4.51 8.84E+00 2.65E+00
LPsJ1322 1 CO(1-0) 2.06680 1.30E-04 1.37 048 2.97E+01 1.04E+01
LPsJ1322 2 CO(2-1) 2.06760 1.30E-04 8.00 2.40  3.90E+01 1.17E+01
LPsJ1322 3 CO(3-2) 2.06760 1.30E-04 26.60 5.32  6.40E+01 1.28E+01
LPsJ1322 4 CO(4-3) 2.06751 1.30E-04 27.07 8.12  3.67E+01 1.10E+01
LPsJ1322 6 CO(6-5) 2.06754 1.30E-04 6.35 1.91 3.82E+00 1.15E+00
LPsJ1322 7 CO(7-6) 2.06766 1.30E-04 6.30 1.89  2.79E+00 8.36E-01
LPsJ1322 8 CO(8-7) 2.06783 1.30E-04 13.09 458  4.44E+00 1.55E+00
LPsJ1322 9 CO(9-8) 2.06845 1.30E-04 3.87 1.35 1.04E+00 3.62E-01
LPsJ1322 1 [CI](1-0) 2.06749 1.30E-04 6.94 2.08  8.25E+00 2.47E+00
LPsJ1322 2 [CI](2-1) 2.06766 1.30E-04 4.52 1.36  1.99E+00 5.96E-01
LPsJ1323 1 CO(1-0) 241697 1.52E-04 4.34 1.52  1.24E+02 4.33E+01
LPsJ1323 3 CO(3-2) 241682 1.52E-04 10.63 3.19 3.36E+01 1.01E+01
LPsJ1323 4 CO(4-3) 241668 1.52E-04 22.58 6.77 4.02E+01 1.21E+01
LPsJ1323 5 CO(5-4) 241720 1.52E-04 23.75 7.12  2.71E+01 8.12E+00
LPsJ1323 6 CO(6-5) 241698 1.52E-04 25.31 7.59  2.00E+01 6.01E+00
LPsJ1323 7 CO(7-6) 2.41659 1.52E-04 22.08 6.62 1.28E+01 3.85E+00
LPsJ1323 8 CO(8-7) 241660 1.52E-04 21.60 6.48  9.70E+00 2.91E+00

sontadoid parenge], 1V



vel

ID ‘ Jup ‘ Line ID ‘ Redshift | Error S, AV ‘ Error ‘ L [x10'] ‘ Error
LPsJ1323 10  CO(10-9) 241651 1.52E-04 18.33 6.42  5.23E+00 1.83E+00
LPsJ1323 1 [CI](1-0) 241611 1.52E-04 9.79 294  1.53E+01 4.59E+00
LPsJ1323 2 [CI](2-1)  2.41659 1.52E-04 10.47 3.14  6.05E+00 1.82E+00
LPsJ1326 1 CO(1-0) 295041 1.86E-04 1.42 0.50  5.66E+01 1.98E+01
LPsJ1326 3 CO(3-2) 295100 1.86E-04 13.50 405  6.00E+01 1.80E+01
LPsJ1326 5 CO(5-4) 295106 1.86E-04 14.14 424  2.26E+01 6.79E+00
LPsJ1326 6 CO(6-5) 295040 1.86E-04 14.65 440  1.63E+01 4.88E+00
LPsJ1326 7 CO(7-6) 295101 1.86E-04 10.60 371  8.65E+00 3.03E+00
LPsJ1326 8 CO(8-7) 295033 1.86E-04 4.55 1.59  2.85E+00 9.96E-01
LPsJ1326 9 CO(9-8) 295017 1.86E-04 4.21 1.47  2.08E+00 7.28E-01
LPsJ1326 1 [CI](1-0) 295113 1.86E-04 9.00 2770 1.98E+01 5.93E+00
LPsJ1326 2 [CI](2-1) 295101 1.86E-04 8.09 2.83  6.56E+00 2.30E+00
LPsJ1329 1 CO(1-0) 2.04021 1.29E-04 4.89 1.71  1.03E+02 3.62E+01
LPsJ1329 2 CO2-1) 2.04000 1.29E-04 45.00 13.50 2.38E+02 7.14E+01
LPsJ1329 3 CO(3-2) 2.04000 1.29E-04 52.10 15.63 1.23E+02 3.68E+01
LPsJ1329 4 CO®4-3) 2.04002 1.29E-04 91.60 27.48 1.21E+02 3.63E+01
LPsJ1329 6 CO(6-5) 2.03998 1.29E-04 220.91 77.32  1.30E+02 4.54E+01
LPsJ1329 7 CO(7-6) 2.03998 1.29E-04 162.60 48.78  7.02E+01 2.11E+01
LPsJ1329 8 CO(8-7) 2.04012 1.29E-04 227.24 68.17 7.51E+01 2.25E+01
LPsJ1329 9 CO(9-8) 2.04006 1.29E-04 203.04 71.06 5.31E+01 1.86E+01
LPsJ1329 11 CO(11-10) 2.04093 1.29E-04 87.33 3493 1.53E+01 6.12E+00
LPsJ1329 1 [CI](1-0)  2.03963 1.29E-04 21.07 6.32  2.44E+01 7.33E+00
LPsJ1329 2 [CI](2-1)  2.03998 1.29E-04 44.55 15.59 1.91E+01 6.69E+00
LPsJ1336 1 CO(1-0) 3.25313  2.05E-04 3.09 1.08  1.45E+02 5.09E+01
LPsJ1336 3 CO(3-2) 3.25400 2.05E-04 21.20 6.36  1.11E+02 3.32E+01
LPsJ1336 4 CO®4-3) 3.25400 2.05E-04 24.50 7.35  7.20E+01 2.16E+01
LPsJ1336 5 CO(5-4) 3.25465 2.05E-04 23.25 6.98  4.38E+01 1.31E+01
LPsJ1336 6 CO(6-5) 3.25490 2.05E-04 2391 7.17  3.13E+01 9.38E+00
LPsJ1336 8 CO(8-7) 3.25642  2.05E-04 20.76 6.23  1.53E+01 4.58E+00
LPsJ1336 9 CO(9-8) 3.25597 2.05E-04 29.74 8.92  1.73E+01 5.19E+00
LPsJ1336 10 CO(10-9)  3.25539 2.05E-04 23.17 8.11  1.09E+01 3.82E+00
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LPsJ1336 11 CO(11-10) 3.25612 2.05E-04 10.71 3.75  4.17E+00 1.46E+00
LPsJ1336 1 [CI](1-0) 3.25312 2.05E-04 7.51 2.63 1.94E+01 6.78E+00
LPsJ1428 1 CO(1-0) 1.32511 8.35E-05 1.29 0.45 1.23E+01 4.31E+00
LPsJ1428 2 CO2-1) 1.32565 8.36E-05 4.23 1.27 1.01E+01 3.02E+00
LPsJ1428 3 CO(3-2) 1.32571 8.36E-05 10.51 3.15 1.11E+01 3.33E+00
LPsJ1428 5 CO(5-4) 1.32621 8.36E-05 12.85 3.86 4.90E+00 1.47E+00
LPsJ1449 1 CO(1-0) 2.15483 1.36E-04 0.99 0.35 2.32E+01 8.11E+00
LPsJ1449 3 CO(3-2) 2.15300 1.36E-04 20.90 6.27  5.40E+01 1.62E+01
LPsJ1449 4 CO(4-3) 2.15356 1.36E-04 17.50 5.25 2.91E+01 8.73E+00
LPsJ1449 6 CO(6-5) 2.15316 1.36E-04 12.01 550 6.41E+00 2.94E+00
LPsJ1449 7 CO(7-6) 2.15345 1.36E-04 19.20 7.68  9.13E+00 3.65E+00
LPsJ1449 9 CO(9-8) 2.15398 1.36E-04 22.50 12.50 7.21E+00 4.01E+00
LPsJ1449 1 [CI](1-0) 2.15341 1.36E-04 7.54 2.26  9.63E+00 2.89E+00
LPsJ1449 2 [CI](2-1) 2.15345 1.36E-04 6.39 1.92  3.02E+00 9.05E-01
LPsJ1544 1 CO(1-0) 2.59985 1.64E-04 2.12 0.74  6.84E+01 2.40E+01
LPsJ1544 3 CO(3-2) 2.59890 1.64E-04 11.50 345  4.12E+01 1.24E+01
LPsJ1544 4 CO®4-3) 2.59841 1.64E-04 15.21 456  3.07E+01 9.21E+00
LPsJ1544 5 CO(5-4) 2.59890 1.64E-04 10.50 3.15 1.37E+01 4.11E+00
LPsJ1544 7 CO(7-6) 2.59890 1.64E-04 4.10 1.23  2.70E+00 8.10E-01
LPsJ1544 8 CO(8-7) 2.59798 1.64E-04 7.15 2.15  3.61E+00 1.08E+00
LPsJ1544 1 [CI](1-0) 2.59890 1.64E-04 6.20 1.86  1.10E+01 3.29E+00
LPsJ1544 2 [CI](2-1) 2.59890 1.64E-04 5.80 1.74  3.81E+00 1.14E+00
LPsJ1607 1 CO(1-0) 1.48368 9.35E-05 0.96 0.34  1.13E+01 3.96E+00
LPsJ1607 2 CO(2-1) 1.48357 9.35E-05 3.87 1.16  1.14E+01 3.42E+00
LPsJ1607 3 CO(3-2) 1.48333 9.35E-05 9.80 2.94  1.28E+01 3.85E+00
LPsJ1607 5 CO(5-4) 1.48439 9.36E-05 12.06 3.62  5.70E+00 1.71E+00
LPsJ1609 1 CO(1-0) 3.25495 2.05E-04 7.10 2.48  3.34E+02 1.17E+02
LPsJ1609 3 CO(3-2) 3.25534 2.05E-04 23.77 7.13 1.24E+02 3.73E+01
LPsJ1609 4 CO(4-3) 3.25550 2.05E-04 36.90 11.07 1.09E+02 3.28E+01
LPsJ1609 5 CO(5-4) 3.25624 2.05E-04 35.39 10.62 6.67E+01 2.00E+01
LPsJ1609 6 CO(6-5) 3.25527 2.05E-04 47.12 14.14 6.16E+01 1.85E+01
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LPsJ1609 8 CO(8-7) 3.25611 2.05E-04 41.16 12.35 3.03E+01 9.09E+00
LPsJ1609 9 CO(9-8) 3.25510  2.05E-04 16.03 4.81  9.32E+00 2.80E+00
LPsJ1609 10 CO(10-9)  3.25550 2.05E-04 19.60 6.86  9.30E+00 3.26E+00
LPsJ1609 1T CO(11-10) 3.25550 2.05E-04 15.46 5.41  6.02E+00 2.11E+00
LPsJ1609 1 [CI](1-0)  3.25550 2.05E-04 13.50 405  3.49E+01 1.0SE+01
LPsJ2313 1 CO(1-0) 221653  1.40E-04 3.05 1.07  7.47E+01 2.61E+01
LPsJ2313 3 CO(3-2) 221700 1.40E-04 14.60 438  3.97E+01 1.19E+01
LPsJ2313 4 CO®4-3) 221680 1.40E-04 13.40 4.02  2.05E+01 6.15E+00
LPsJ2313 6 CO(6-5) 221731 1.40E-04 19.34 580  1.32E+01 3.95E+00
LPsJ2313 7 CO(7-6) 221627 1.40E-04 10.99 3.30  5.50E+00 1.65E+00
LPsJ2313 8 CO(8-7) 221794 1.40E-04 6.67 2.00  2.56E+00 7.67E-01
LPsJ2313 1 [CI](1-0)  2.21480 1.40E-04 14.03 421  1.88E+01 5.65E+00
LPsJ2313 2 [CI](2-1)  2.21627 1.40E-04 10.26 3.08  5.10E+00 1.53E+00

Table A.1: All spectral line observations were used to derive the line-integrated measurements within the integral regions indicated in
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A.1 Tabulated properties

Source ID Jup | S,AV Léo Liine R(J,,.1)
[kms™ 1| 107 [Kkms™ pc”] [ 10°[Lo 1 | Léog, )/ Leo-o
LPsJ0116-24 | 1 | 6.37E+00 | 1.45E+02 7.10E-01 | 1.00E+00
2 | 2.18E+01 | 1.24E+02 4.85E+00 | 8.55E-01
3 | 3.80E+01 | 9.61E+01 1.27E+01 | 6.64E-01
4 | 4.89E+01 | 6.95E+01 2.18E+01 | 4.80E-01
5 | 5.22E+01 | 4.75E+01 2.91E+01 | 3.28E-01
6 | 4.84E+01 | 3.06E+01 3.24E+01 | 2.11E-01
7 | 4.00E+01 | 1.86E+01 3.12E+01 | 1.28E-01
8 | 2.94E+01 | 1.05E+01 2.62E+01 | 7.23E-02
9 | 1.89E+01 | 5.32E+00 1.90E+01 | 3.68E-02
10 | 1.03E+01 | 2.35E+00 1LI5E+01 | 1.62E-02
11 | 4.60E+00 | 8.66E-01 5.64E+00 | 5.98E-03
12 | 1.50E+00 | 2.37E-01 2.00E+00 | 1.64E-03
13 | 3.09E-01 | 4.16E-02 4.47E-01 | 2.87E-04
14 | 4.87E-02 | 5.66E-03 7.58E-02 | 3.91E-05
15 | 6.08E-03 | 6.16E-04 1.02E-02 | 4.26E-06
LPsJ0209+00 | 1 | 2.00E+00 | 6.25E+01 3.06E-01 | 1.00E+00
2 | 7.49E+00 | 5.86E+01 2.30E+00 | 9.38E-01
3 | 1.52E+01 | 5.27E+01 6.98E+00 | 8.43E-01
4 | 2.32E+01 | 4.54E+01 1.42E+01 | 7.27E-01
5 | 2.99E+01 | 3.74E+01 2.29E+01 | 5.99E-01
6 | 3.34E+01 | 2.91E+01 3.08E+01 | 4.65E-01
7 | 329E+01 | 2.10E+01 3.53E+01 | 3.37E-01
8 | 2.82E+01 | 1.38E+01 3.46E+01 | 2.21E-01
9 | 2.02E+01 | 7.83E+00 2.79E+01 | 1.25E-01
10 | 1.12E+01 | 3.52E+00 1.72E+01 | 5.63E-02
11 | 4.00E+00 | 1.04E+00 6.75E+00 | 1.66E-02
12 | 7.33E-01 | 1.60E-01 1.35E+00 | 2.56E-03
13 | 8.19E-02 | 1.52E-02 1.63E-01 | 2.43E-04
14 | 7.67E-03 | 1.23E-03 1.65E-02 | 1.97E-05
15 | 5.72E-04 | 7.99E-05 1.32B-03 | 1.28E-06
LPsJ0226+23 | 1 | 5.14E+00 | 2.25E+02 1.10E+00 | 1.00E+00
2 | 1.95E+01 | 2.14E+02 8.38E+00 | 9.49E-01
3 | 3.50E+01 | 1.71E+02 2.26E+01 | 7.58E-01
4 | 4.53E+01 | 1.24E+02 3.90E+01 | 5.52E-01
5 | 491E+01 | 8.63E+01 5.28E+01 | 3.83E-01
6 | 4.85E+01 | 5.91E+01 6.25E+01 | 2.62E-01
7 | 464E+01 | 4.16E+01 6.99E+01 | 1.85E-01
8 | 4.54E+01 | 3.11E+01 7.80E+01 | 1.38E-01
9 | 457E+01 | 2.48E+01 8.83E+01 | 1.10E-01
10 | 4.62E+01 | 2.03E+01 9.93E+01 | 9.01E-02
11 | 4.57E+01 | 1.66E+01 1.08E+02 | 7.37E-02
12 | 4.30E+01 | 1.31E+01 LL11E+02 | 5.82E-02
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Source ID Yup | S,AV Lco Liine R(J,,,1)
13 | 3.82E+01 | 9.93E+00 1.07E+02 | 4.41E-02
14 | 3.16E+01 | 7.08E+00 9.49E+01 | 3.14E-02
15 | 2.46E+01 | 4.81E+00 7.92E+01 | 2.13E-02

LPsJ0305-30 | 1 2.71E+00 | 6.87E+01 3.37E-01 | 1.00E+00
2 9.42E+00 | 5.98E+01 2.34E+00 | 8.70E-01
3 1.67E+01 | 4.72E+01 6.25E+00 | 6.87E-01
4 2.21E+01 | 3.50E+01 1.10E+01 | 5.09E-01
5 2.45E+01 | 2.49E+01 1.52E+01 | 3.62E-01
6 2.41E+01 | 1.70E+01 1.80E+01 | 2.48E-01
7 2.17E+01 | 1.13E+01 1.89E+01 | 1.64E-01
8 1.81E+01 | 7.20E+00 1.81E+01 | 1.05E-01
9 1.41E+01 | 4.43E+00 1.58E+01 | 6.44E-02
10 | 1.02E+01 | 2.60E+00 1.27E+01 | 3.78E-02
11 | 6.92E+00 | 1.45E+00 9.46E+00 | 2.12E-02
12 | 4.34E+00 | 7.66E-01 6.47E+00 | 1.12E-02
13 | 2.45E+00 | 3.69E-01 3.96E+00 | 5.36E-03
14 | 1.24E+00 | 1.61E-01 2.15E+00 | 2.34E-03
15 | 5.08E-01 | 5.75E-02 9.48E-01 | 8.37E-04

LPsJ0748+59 | 1 2.94E+00 | 1.04E+02 5.12E-01 | 1.00E+00
2 9.84E+00 | 8.75E+01 3.43E+00 | 8.37E-01
3 1.66E+01 | 6.56E+01 8.68E+00 | 6.28E-01
4 2.03E+01 | 4.50E+01 1.41E+01 | 4.31E-01
5 2.01E+01 | 2.86E+01 1.75E+01 | 2.74E-01
6 1.68E+01 | 1.66E+01 1.76E+01 | 1.59E-01
7 1.21E+01 | 8.81E+00 1.48E+01 | 8.43E-02
8 7.39E+00 | 4.11E+00 1.03E+01 | 3.93E-02
9 3.60E+00 | 1.58E+00 5.65E+00 | 1.52E-02
10 | 1.29E+00 | 4.58E-01 2.24E+00 | 4.39E-03
11 | 2.97E-01 | 8.75E-02 5.70E-01 | 8.38E-04
12 | 4.36E-02 | 1.08E-02 9.10E-02 | 1.03E-04
13 | 442E-03 | 9.32E-04 1.00E-02 | 8.92E-06
14 | 3.99E-04 | 7.25E-05 9.71E-04 | 6.94E-07
15 | 2.91E-05 | 4.60E-06 7.58E-05 | 4.41E-08

LPsJ0846+15 | 1 3.08E+00 | 1.03E+02 5.07E-01 | 1.00E+00
2 1.03E+01 | 8.70E+01 3.41E+00 | 8.41E-01
3 1.75E+01 | 6.54E+01 8.66E+00 | 6.33E-01
4 2.17E+01 | 4.56E+01 1.43E+01 | 4.41E-01
5 2.26E+01 | 3.03E+01 1.86E+01 | 2.93E-01
6 2.08E+01 | 1.94E+01 2.06E+01 | 1.88E-01
7 1.76E+01 | 1.21E+01 2.03E+01 | 1.17E-01
8 1.39E+01 | 7.33E+00 1.84E+01 | 7.09E-02
9 1.03E+01 | 4.30E+00 1.53E+01 | 4.15E-02
10 | 7.17E+00 | 2.41E+00 1.18E+01 | 2.33E-02
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Source ID Jp | S,AV Léo Liine R{J,,.1)
11 | 4.67E+00 | 1.30E+00 8.46E+00 | 1.26E-02
12 | 2.82E+00 | 6.59E-01 5.57TE+00 | 6.37E-03
13 | 1.53E+00 | 3.05E-01 3.28E+00 | 2.95E-03
14 | 7.48E-01 | 1.29E-01 1.72E+00 | 1.24E-03
15 | 3.06E-01 | 4.58E-02 7.55E-01 | 4.43E-04

LPsJ1053+60 | 1 2.95E+00 | 1.60E+02 7.83E-01 | 1.00E+00
2 1.07E+01 | 1.44E+02 5.66E+00 | 9.04E-01
3 2.03E+01 | 1.22E+02 1.62E+01 | 7.66E-01
4 2.89E+01 | 9.79E+01 3.07E+01 | 6.13E-01
5 3.40E+01 | 7.36E+01 4.51E+01 | 4.61E-01
6 3.41E+01 | 5.13E+01 5.43E+01 | 3.21E-01
7 2.95E+01 | 3.27E+01 5.48E+01 | 2.04E-01
8 2.17E+01 | 1.84E+01 4.61E+01 | 1.15E-01
9 1.31E+01 | 8.74E+00 3.12E+01 | 5.47E-02
10 | 6.09E+00 | 3.30E+00 1.61E+01 | 2.07E-02
11 | 1.94E+00 | 8.71E-01 5.67E+00 | 5.46E-03
12 | 3.76E-01 | 1.42E-01 1.20E+00 | 8.86E-04
13 | 4.83E-02 | 1.55E-02 1.66E-01 | 9.71E-05
14 | 5.31E-03 | 1.47E-03 1.97E-02 | 9.21E-06
15 | 4.59E-04 | 1.11E-04 1.82E-03 | 6.94E-07

LPsJ1053+05 | 1 1.93E+00 | 7.98E+01 3.91E-01 | 1.00E+00
2 7.36E+00 | 7.59E+01 2.98E+00 | 9.52E-01
3 1.50E+01 | 6.86E+01 9.08E+00 | 8.60E-0O1
4 2.32E+01 | 5.98E+01 1.88E+01 | 7.50E-01
5 3.06E+01 | 5.04E+01 3.09E+01 | 6.32E-01
6 3.58E+01 | 4.11E+01 4.34E+01 | 5.15E-01
7 3.84E+01 | 3.23E+01 5.43E+01 | 4.05E-01
8 3.79E+01 | 2.45E+01 6.13E+01 | 3.07E-01
9 3.47E+01 | 1.77E+01 6.30E+01 | 2.21E-01
10 | 2.92E+01 | 1.20E+01 5.89E+01 | 1.51E-01
11 | 2.26E+01 | 7.70E+00 5.01E+01 | 9.66E-02
12 | 1.57E+01 | 4.50E+00 3.80E+01 | 5.64E-02
13 | 9.40E+00 | 2.30E+00 2.47E+01 | 2.88E-02
14 | 4.75E+00 | 1.00E+00 1.34E+01 | 1.26E-02
15 | 1.80E+00 | 3.31E-01 5.46E+00 | 4.15E-03

LPsJ1127+42 | 1 3.98E+00 | 3.67E+01 1.80E-01 | 1.00E+00
2 1.30E+01 | 3.00E+01 1.18E+00 | 8.18E-01
3 2.10E+01 | 2.15E+01 2.85E+00 | 5.87E-01
4 2.41E+01 | 1.39E+01 4.35E+00 | 3.78E-01
5 2.17E+01 | 7.99E+00 4.89E+00 | 2.18E-01
6 1.54E+01 | 3.94E+00 4.17E+00 | 1.07E-01
7 8.28E+00 | 1.56E+00 2.62E+00 | 4.25E-02
8 3.01E+00 | 4.34E-01 1.09E+00 | 1.18E-02
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9 5.53E-01 | 6.30E-02 2.25E-01 | 1.72E-03
10 | 5.19E-02 | 4.79E-03 2.34E-02 | 1.31E-04
11 | 3.31E-03 | 2.52E-04 1.64E-03 | 6.88E-06
12 | 1.58E-04 | 1.01E-05 8.55E-05 | 2.76E-07
13 | 5.26E-06 | 2.87E-07 3.08E-06 | 7.83E-09
14 | 1.61E-07 | 7.60E-09 1.02E-07 | 2.07E-10
15 | 3.73E-09 | 1.53E-10 2.52E-09 | 4.18E-12

LPsJ1127+46 | 1 4.06E+00 | 1.01E+02 4.95E-01 | 1.00E+00
2 1.35E+01 | 8.41E+01 3.30E+00 | 8.33E-01
3 2.23E+01 | 6.17E+01 8.16E+00 | 6.11E-01
4 2.68E+01 | 4.17E+01 1.31E+01 | 4.13E-01
5 2.71E+01 | 2.70E+01 1.65E+01 | 2.67E-01
6 2.46E+01 | 1.70E+01 1.80E+01 | 1.68E-01
7 2.08E+01 | 1.05E+01 1.77E+01 | 1.04E-01
8 1.66E+01 | 6.46E+00 1.62E+01 | 6.40E-02
9 1.27E+01 | 3.90E+00 1.39E+01 | 3.87E-02
10 | 9.34E+00 | 2.33E+00 1.14E+01 | 2.31E-02
11 | 6.64E+00 | 1.37E+00 8.90E+00 | 1.35E-02
12 | 4.54E+00 | 7.87E-01 6.64E+00 | 7.79E-03
13 | 2.98E+00 | 4.39E-01 4.71E+00 | 4.35E-03
14 | 1.85E+00 | 2.36E-01 3.16E+00 | 2.34E-03
15 | 1.08E+00 | 1.20E-01 1.98E+00 | 1.19E-03

LPsJ1138+32 | 1 1.91E+00 | 3.96E+01 1.94E-01 | 1.00E+00
2 7.29E+00 | 3.78E+01 1.48E+00 | 9.55E-01
3 1.34E+01 | 3.09E+01 4.09E+00 | 7.80E-01
4 1.80E+01 | 2.34E+01 7.33E+00 | 5.90E-01
5 2.05E+01 | 1.70E+01 1.04E+01 | 4.31E-01
6 2.13E+01 | 1.23E+01 1.30E+01 | 3.10E-01
7 2.11E+01 | 8.95E+00 1.50E+01 | 2.26E-01
8 2.10E+01 | 6.82E+00 1.71E+01 | 1.72E-01
9 2.14E+01 | 5.49E+00 1.96E+01 | 1.39E-01
10 | 2.21E+01 | 4.60E+00 2.25E+01 | 1.16E-01
11 | 2.27E+01 | 3.90E+00 2.54E+01 | 9.86E-02
12 | 2.25E+01 | 3.25E+00 2.7AE+01 | 8.20E-02
13 | 2.12E+01 | 2.61E+00 2.81E+01 | 6.60E-02
14 | 1.87E+01 | 1.98E+00 2.66E+01 | 5.00E-02
15 | 1.55E+01 | 1.43E+00 2.35E+01 | 3.61E-02

LPsJ1139+20 | 1 2.14E+00 | 8.13E+01 3.99E-01 | 1.00E+00
2 7.35E+00 | 6.97E+01 2.73E+00 | 8.57E-01
3 1.28E+01 | 5.40E+01 7.15E+00 | 6.64E-01
4 1.62E+01 | 3.83E+01 1.20E+01 | 4.71E-01
5 1.64E+01 | 2.49E+01 1.52E+01 | 3.06E-01
6 1.37E+01 | 1.44E+01 1.52E+01 | 1.77E-01
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Source ID Jp | S,AV Léo Liine R{J,,.1)
7 9.31E+00 | 7.21E+00 1.21E+01 | 8.86E-02
8 4.92E+00 | 2.92E+00 7.31E+00 | 3.59E-02
9 1.77E+00 | 8.31E-01 2.96E+00 | 1.02E-02
10 | 3.56E-01 | 1.35E-01 6.61E-01 | 1.66E-03
11 | 4.30E-02 | 1.35E-02 8.78E-02 | 1.66E-04
12 | 3.73E-03 | 9.83E-04 8.30E-03 | 1.21E-05
13 | 2.32E-04 | 5.21E-05 5.60E-04 | 6.41E-07
14 | 1.33E-05 | 2.57E-06 3.45E-05 | 3.16E-08
15 | 5.94E-07 | 1.00E-07 1.65E-06 | 1.23E-09

LPsJ1202+53 | 1 4.61E+00 | 1.34E+02 6.55E-01 | 1.00E+00
2 1.51E+01 | 1.10E+02 4.29E+00 | 8.19E-01
3 2.46E+01 | 7.94E+01 1.05E+01 | 5.94E-01
4 2.92E+01 | 5.30E+01 1.66E+01 | 3.96E-01
5 2.89E+01 | 3.35E+01 2.05E+01 | 2.51E-01
6 2.53E+01 | 2.04E+01 2.16E+01 | 1.52E-01
7 2.03E+01 | 1.20E+01 2.02E+01 | 8.98E-02
8 1.51E+01 | 6.85E+00 1.72E+01 | 5.12E-02
9 1.04E+01 | 3.74E+00 1.33E+01 | 2.79E-02
10 | 6.64E+00 | 1.93E+00 9.43E+00 | 1.44E-02
11 | 3.89E+00 | 9.33E-01 6.07E+00 | 6.98E-03
12 | 2.04E+00 | 4.12E-01 3.48E+00 | 3.08E-03
13 | 9.12E-01 | 1.57E-01 1.68E+00 | 1.17E-03
14 | 3.41E-01 | 5.06E-02 6.78E-01 | 3.78E-04
15 | 9.65E-02 | 1.25E-02 2.05E-01 | 9.32E-05

LPsJ1322+09 | 1 1.87E+00 | 4.04E+01 1.98E-01 | 1.00E+00
2 6.27E+00 | 3.39E+01 1.33E+00 | 8.40E-01
3 1.04E+01 | 2.50E+01 3.30E+00 | 6.18E-01
4 1.25E+01 | 1.69E+01 5.31E+00 | 4.19E-01
5 1.26E+01 | 1.10E+01 6.71E+00 | 2.71E-01
6 1.14E+01 | 6.88E+00 7.28E+00 | 1.70E-01
7 9.57TE+00 | 4.23E+00 7.11E+00 | 1.05E-01
8 7.57E+00 | 2.56E+00 6.42E+00 | 6.34E-02
9 5.70E+00 | 1.52E+00 5.44E+00 | 3.77E-02
10 | 4.11E+00 | 8.92E-01 4.36E+00 | 2.21E-02
11 | 2.86E+00 | 5.13E-01 3.34E+00 | 1.27E-02
12 | 1.91E+00 | 2.88E-01 2.43E+00 | 7.12E-03
13 | 1.22E+00 | 1.57E-01 1.68E+00 | 3.87E-03
14 | 7.41E-01 | 8.20E-02 1.10E+00 | 2.03E-03
15 | 4.21E-01 | 4.06E-02 6.69E-01 | 1.00E-03

LPsJ1323+55 | 1 3.19E+00 | 9.09E+01 4.46E-01 | 1.00E+00
2 1.11E+01 | 7.88E+01 3.09E+00 | 8.66E-01
3 1.91E+01 | 6.06E+01 8.02E+00 | 6.66E-01
4 2.44E+01 | 4.34E+01 1.36E+01 | 4.78E-01
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Source ID Yup | S,AV Lco Liine R(J,,,1)
5 2.63E+01 | 3.00E+01 1.84E+01 | 3.30E-01
6 2.56E+01 | 2.03E+01 2.15E+01 | 2.23E-01
7 2.33E+01 | 1.35E+01 2.27E+01 | 1.49E-01
8 2.01E+01 | 8.94E+00 2.24E+01 | 9.83E-02
9 1.66E+01 | 5.84E+00 2.08E+01 | 6.42E-02
10 | 1.32E+01 | 3.78E+00 1.85E+01 | 4.15E-02
11 1.02E+01 | 2.41E+00 1.57E+01 | 2.65E-02
12 | 7.67E+00 | 1.52E+00 1.28E+01 | 1.67E-02
13 | 5.52E+00 | 9.33E-01 1.00E+01 | 1.03E-02
14 | 3.81E+00 | 5.55E-01 7.44E+00 | 6.11E-03
15 | 2.49E+00 | 3.16E-01 5.20E+00 | 3.47E-03

LPsJ1326+33 | 1 2.10E+00 | 8.42E+01 4.13E-01 | 1.00E+00
2 6.88E+00 | 6.88E+01 2.70E+00 | 8.17E-01
3 1.12E+01 | 4.98E+01 6.59E+00 | 5.92E-01
4 1.31E+01 | 3.28E+01 1.03E+01 | 3.90E-01
5 1.27E+01 | 2.03E+01 1.24E+01 | 2.41E-01
6 1.07E+01 | 1.19E+01 1.26E+01 | 1.42E-01
7 8.28E+00 | 6.76E+00 1.14E+01 | 8.03E-02
8 5.92E+00 | 3.70E+00 9.28E+00 | 4.40E-02
9 3.93E+00 | 1.94E+00 6.93E+00 | 2.31E-02
10 | 2.41E+00 | 9.65E-01 4.72E+00 | 1.15E-02
11 | 1.36E+00 | 4.52E-01 2.94E+00 | 5.37E-03
12 | 6.97E-01 | 1.94E-01 1.64E+00 | 2.30E-03
13 | 3.08E-01 | 7.31E-02 7.85E-01 | 8.68E-04
14 | 1.19E-01 | 2.43E-02 3.25E-01 | 2.88E-04
15 | 3.69E-02 | 6.58E-03 1.08E-01 | 7.82E-05

LPsJ1329+22 | 1 6.31E+00 | 1.33E+02 6.54E-01 | 1.00E+00
2 2.86E+01 | 1.51E+02 5.92E+00 | 1.13E+00
3 5.97E+01 | 1.40E+02 1.85E+01 | 1.05E+00
4 9.30E+01 | 1.23E+02 3.85E+01 | 9.21E-01
5 1.23E+02 | 1.04E+02 6.39E+01 | 7.83E-01
6 1.47E+02 | 8.62E+01 9.12E+01 | 6.46E-01
7 1.60E+02 | 6.92E+01 1.16E+02 | 5.19E-01
8 1.63E+02 | 5.40E+01 1.35E+02 | 4.05E-01
9 1.56E+02 | 4.08E+01 1.46E+02 | 3.06E-01
10 | 1.40E+02 | 2.96E+01 1.45E+02 | 2.22E-01
11 | 1.18E+02 | 2.06E+01 1.34E+02 | 1.55E-01
12 | 9.20E+01 | 1.35E+01 1.14E+02 | 1.01E-01
13 | 6.48E+01 | 8.13E+00 8.72E+01 | 6.09E-02
14 | 4.02E+01 | 4.35E+00 5.82E+01 | 3.26E-02
15 | 2.01E+01 | 1.90E+00 3.12E+01 | 1.42E-02

LPsJ1336+49 | 1 2.83E+00 | 1.33E+02 6.53E-01 | 1.00E+00
2 1.01E+01 | 1.19E+02 4.66E+00 | 8.92E-01
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Source ID Jp | S,AV Léo Liine R{J,,.1)
3 1.82E+01 | 9.50E+01 1.26E+01 | 7.12E-01
4 2.41E+01 | 7.09E+01 2.22E+01 | 5.31E-01
5 2.70E+01 | 5.08E+01 3.11E+01 | 3.81E-01
6 2.71E+01 | 3.55E+01 3.75E+01 | 2.66E-01
7 2.54E+01 | 2.44E+01 4.10E+01 | 1.83E-01
8 2.26E+01 | 1.66E+01 4.17E+01 | 1.25E-01
9 1.92E+01 | 1.12E+01 3.99E+01 | 8.39E-02
10 | 1.58E+01 | 7.45E+00 3.64E+01 | 5.59E-02
11 1.26E+01 | 4.91E+00 3.20E+01 | 3.68E-02
12 | 9.75E+00 | 3.19E+00 2.70E+01 | 2.39E-02
13 | 7.29E+00 | 2.03E+00 2.18E+01 | 1.52E-02
14 | 5.22E+00 | 1.26E+00 1.68E+01 | 9.42E-03
15 | 3.56E+00 | 7.45E-01 1.23E+01 | 5.59E-03

LPsJ1428+35 | 1 1.29E+00 | 1.23E+01 6.02E-02 | 1.00E+00
2 4.62E+00 | 1.10E+01 4.31E-01 | 8.95E-01
3 8.64E+00 | 9.13E+00 1.21E+00 | 7.43E-01
4 1.19E+01 | 7.08E+00 2.22E+00 | 5.76E-01
5 1.34E+01 | 5.09E+00 3.12E+00 | 4.14E-01
6 1.25E+01 | 3.31E+00 3.50E+00 | 2.69E-01
7 9.69E+00 | 1.88E+00 3.16E+00 | 1.53E-01
8 5.86E+00 | 8.72E-01 2.18E+00 | 7.09E-02
9 2.36E+00 | 2.78E-01 9.90E-01 | 2.26E-02
10 | 4.50E-01 | 4.29E-02 2.10E-01 | 3.49E-03
11 | 4.65E-02 | 3.66E-03 2.38E-02 | 2.98E-04
12 | 3.51E-03 | 2.32E-04 1.96E-03 | 1.89E-05
13 | 1.99E-04 | 1.12E-05 1.21E-04 | 9.15E-07
14 | 1.04E-05 | 5.09E-07 6.82E-06 | 4.14E-08
15 | 4.58E-07 | 1.94E-08 3.20E-07 | 1.58E-09

LPsJ1449+22 | 1 1.43E+00 | 3.34E+01 1.64E-01 1.00E+00
2 5.17E+00 | 3.01E+01 1.18E+00 | 9.01E-01
3 9.80E+00 | 2.54E+01 3.36E+00 | 7.60E-01
4 1.39E+01 | 2.02E+01 6.33E+00 | 6.05E-01
5 1.63E+01 | 1.51E+01 9.28E+00 | 4.54E-01
6 1.64E+01 | 1.06E+01 1.12E+01 | 3.18E-01
7 1.45E+01 | 6.88E+00 1.16E+01 | 2.06E-01
8 1.11E+01 | 4.03E+00 1.01E+01 | 1.21E-01
9 7.04E+00 | 2.03E+00 7.23E+00 | 6.07E-02
10 | 3.49E+00 | 8.14E-01 3.98E+00 | 2.44E-02
11 | 1.21E+00 | 2.33E-01 1.52E+00 | 6.99E-03
12 | 2.45E-01 | 3.97E-02 3.35E-01 | 1.19E-03
13 | 3.07E-02 | 4.23E-03 4.54E-02 | 1.27E-04
14 | 3.22E-03 | 3.84E-04 5.14E-03 | 1.15E-05
15 | 2.72E-04 | 2.82E-05 4.65E-04 | 8.46E-07
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Source ID Yup | S,AV Lco Liine R(J,,,1)
LPsJ1544+50 | 1 3.11E+00 | 1.00E+02 4.92E-01 | 1.00E+00
2 9.44E+00 | 7.62E+01 2.99E+00 | 7.59E-01
3 1.36E+01 | 4.88E+01 6.46E+00 | 4.87E-01
4 1.36E+01 | 2.75E+01 8.63E+00 | 2.74E-01
5 1.09E+01 | 1.41E+01 8.61E+00 | 1.40E-01
6 7.30E+00 | 6.55E+00 6.93E+00 | 6.53E-02
7 4.22E+00 | 2.78E+00 4.67E+00 | 2.77E-02
8 2.07E+00 | 1.05E+00 2.62E+00 | 1.04E-02
9 8.27E-01 | 3.30E-01 1.18E+00 | 3.29E-03
10 | 2.51E-01 | 8.11E-02 3.97E-01 | 8.08E-04
11 | 5.35E-02 | 1.43E-02 9.31E-02 | 1.43E-04
12 | 7.70E-03 | 1.73E-03 1.46E-02 | 1.72E-05
13 | 7.76E-04 | 1.48E-04 1.59E-03 | 1.48E-06
14 | 6.89E-05 | 1.14E-05 1.52E-04 | 1.13E-07
15 | 491E-06 | 7.07E-07 1.16E-05 | 7.05E-09
LPsJ1607+73 | 1 1.05E+00 | 1.24E+01 6.09E-02 | 1.00E+00
2 3.87E+00 | 1.14E+01 4.47E-01 | 9.19E-01
3 7.53E+00 | 9.86E+00 1.30E+00 | 7.94E-01
4 1.10E+01 | 8.08E+00 2.53E+00 | 6.51E-01
5 1.33E+01 | 6.26E+00 3.83E+00 | 5.04E-01
6 1.38E+01 | 4.52E+00 4.78E+00 | 3.64E-01
7 1.25E+01 | 3.01E+00 5.05E+00 | 2.42E-01
8 9.70E+00 | 1.79E+00 4.48E+00 | 1.44E-01
9 6.18E+00 | 9.01E-01 3.21E+00 | 7.26E-02
10 | 2.95E+00 | 3.48E-01 1.70E+00 | 2.80E-02
11 | 8.75E-01 | 8.54E-02 5.56E-01 | 6.88E-03
12 | 1.49E-01 | 1.22E-02 1.03E-01 | 9.84E-04
13 | 1.70E-02 | 1.19E-03 1.27E-02 | 9.56E-05
14 | 1.66E-03 | 1.00E-04 1.34E-03 | 8.07E-06
15 | 1.31E-04 | 6.89E-06 1.13E-04 | 5.55E-07
LPsJ1609+45 | 1 4.60E+00 | 2.16E+02 1.06E+00 | 1.00E+00
2 1.60E+01 | 1.88E+02 7.38E+00 | 8.69E-01
3 2.81E+01 | 1.47E+02 1.94E+01 | 6.79E-01
4 3.63E+01 | 1.07E+02 3.35E+01 | 4.93E-01
5 3.94E+01 | 7.42E+01 4.55E+01 | 3.43E-01
6 3.84E+01 | 5.02E+01 5.32E+01 | 2.32E-01
7 3.48E+01 | 3.35E+01 5.62E+01 | 1.55E-01
8 2.99E+01 | 2.20E+01 5.52E+01 | 1.02E-01
9 2.47E+01 | 1.43E+01 5.12E+01 | 6.63E-02
10 | 1.96E+01 | 9.23E+00 4.52E+01 | 4.26E-02
11 | 1.51E+01 | 5.88E+00 3.83E+01 | 2.72E-02
12 | 1.12E+01 | 3.68E+00 3.11E+01 | 1.70E-02
13 | 8.07E+00 | 2.25E+00 2.42E+01 | 1.04E-02




A.2 Spectra and Best-fit models

Table A.2 continued from previous page

Source ID Jp | S,AV Léo Liine R{J,,.1)
14 | 5.55E+00 | 1.34E+00 1.79E+01 | 6.17E-03
15 | 3.61E+00 | 7.57E-01 1.25E+01 | 3.50E-03
1 3.00E+00 | 7.33E+01 3.59E-01 | 1.00E+00

LPsJ2313+01 | 2 9.55E+00 | 5.84E+01 2.29E+00 | 7.96E-01
3 1.50E+01 | 4.06E+01 5.38E+00 | 5.55E-01
4 1.69E+01 | 2.58E+01 8.10E+00 | 3.52E-01
5 1.59E+01 | 1.56E+01 9.53E+00 | 2.12E-01
6 1.33E+01 | 9.04E+00 9.56E+00 | 1.23E-01
7 1.02E+01 | 5.10E+00 8.57E+00 | 6.97E-02
8 7.33E+00 | 2.80E+00 7.02E+00 | 3.82E-02
9 4.90E+00 | 1.48E+00 5.27E+00 | 2.02E-02
10 | 3.03E+00 | 7.41E-01 3.62E+00 | 1.01E-02
11 | 1.73E+00 | 3.50E-01 2.28E+00 | 4.78E-03
12 | 8.93E-01 | 1.52E-01 1.28E+00 | 2.07E-03
13 | 3.99E-01 | 5.77E-02 6.20E-01 | 7.88E-04
14 | 1.53E-01 | 1.91E-02 2.56E-01 | 2.61E-04
15 | 4.65E-02 | 5.06E-03 8.34E-02 | 6.91E-05

Table A.2: Best-fit CO excitation ladders,as determined from the best model solution in the top 1% of the best
)(2 solutions. The model error for each value is of order 5% based on the dispersion of best-fit values within the

top solutions.

A.2 Spectra and Best-fit models

The following figures are the combined set of observations and model-fits for the observed and
modelled spectral lines.
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Figure A.1: LPsJO116. Top: Apparent flux density versus velocity for the CO and [CI] line detections. We also
model the CO(3-2) line measurement presented in Berman et al. (in prep). Middle: Best-fit, minimum- Xz
model solution for the Turbulence model for the dust SED, CO and [CI] velocity-integrated line fluxes. For
clarity, different dashed-colored curves denote the representative contributions to the density PDF for the
molecular gas densities of log(n(H,)) = 2 (yellow), 3 (blue), 4 (purple), 5 (green) and 6 (pink) cm™. The
gray-dashed lines represent the remaining LVG calculations (from the 50 total samples) which sample the gas
density PDF. For the Turbulence model, these individual density contributions have a y-axis scaled by a factor 5
for both the dust and line SED to facilitate interpretation of the dominant gas density. All observed data are
shown as red diamonds. The best-fit [CI] line fluxes are plotted over the observed data. Solid red lines denote
the total best-fit, minimum- Xz model. Bottom: 2-component model: lower excitation component (black dotted)
and higher-excitation component (black dashed). The best-fit [CI] line flux from the lower-excitation component
and higher-excitation component are a downward-facing or upward-facing gray triangle, respectively.
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Figure A.2: LPsJ0209. These CO(1-0), CO(5-4) and CO(8-7) line spectra are also presented in

(2019). The CO(3-2) line measurement is also presented in[Harrington et al|(2016)), yet here we use the
updated calibration of the original LMT spectra, consistent with that reported in[Rivera et al] (2019). We also

model the CO(4-3) line emission reported in|Geach et al[ (20T8).
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A.2 Spectra and Best-fit models
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Figure A.4: LPsJ0226. We also model the CO(3-2) line measurement presented in Berman et al. (in prep).
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Figure A.5: LPsJ0305. We also model the CO(3-2) line measurement presented in Berman et al. (in prep).
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Figure A.6: LPsJ0748. We also model the CO(3-2) line measurement presented in Berman et al. (in prep).
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Figure A.7: LPsJ0846. We also model the CO(3-2) line measurement presented in Berman et al. (in prep).
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Figure A.8: LPsJ105322. We also model the CO(3-2) and CO(4-3) line measurements presented in Berman et al.
(in prep), in addition to the [CI](1-0) and CO(6-5) line measurement from [Nesvadba et al| (2019); [Cafiameras)|

Eral] Z0TSH),
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Figure A.9: LPsJ105353. We also model the CO(1-0) and CO(3-2) line measurements presented in
et al.| (2018] 2016), in addition to the CO(4-3), CO(10-9) and CO(11-10) line measurement from [Caflameras)|
(20TY).
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Figure A.10: LPsJ105353 continued.
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Figure A.11: LPsJ112713. We also model the CO(2-1) line measurements presented in Berman et al

. (in prep.).
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Figure A.12: LPsJ112714. We also model the CO(1-0) and CO(3-2) line measurements presented in
et al.| (2018] [2016)), in addition to the [CI](1-0) and CO(6-5) line measurements from [Nesvadba et al | (2019));
Canameras et al.| (2018b).
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Figure A.13: LPsJ1138. We also model the CO(2-1) and CO(3-2) line measurements presented in Berman et al.
(in prep.).
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Figure A.14: LPsJ1139. We also model the CO(3-2) line measurements presented in Berman et al. (in prep.), in
addition to the previously reported [CI](2-1) line (Nesvadba et al] 2019) and the CO(5-4) and CO(7-6) line

measurements from [Cafiameras et al.| 2013b)).
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Figure A.15: LPsJ1202. We also model the CO(1-0) and CO(3-2) line measurements presented in [Harrington|

Eal] GOTS) 20TS)
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Figure A.16: LPsJ1322. We also model the CO(2-1) and CO(3-2) line measurements presented in Berman et al.

(in prep).
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Figure A.17: LPsJ1323. We also model the CO(1-0) and CO(3-2) line measurements presented in [Harrington|

@ @p, in addition to the CO(8-7) line measurement reported in [Cafiameras et al.| (2018b).
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Figure A.18: LPsJ1326. We also model the CO(3-2) line measurement presented in Berman et al. (in prep.).
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Figure A.19: LPsJ1329. These CO(1-0), [CI](1-0) and CO(4-3) spectra are also presented in (Dannerbauer
@). We also model the CO(2-1) line measurement presented in Berman et al. (in prep.).
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Figure A.20: LPsJ1336. We also model the CO(3-2) and CO(4-3) line measurements presented in Berman et al.
(in prep.).
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Figure A.21: LPsJ1336 continued.
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Figure A.22: LPsJ1428. The CO(1-0) and CO(2-1) spectra are also presented in[Harrington et al| (2018} [2016).
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Figure A.23: LPsJ1449. We also model the CO(3-2) line measurement presented in Berman et al. (in prep.).
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Figure A.24: LPsJ1544. We also model the CO(3-2) line measurement presented in Berman et al. (in prep.), in
addition to the CO(5-4) and CO(7-6) line measurements from [Canameras et al] (2018b), and the [CI](1-0) and

[CI](2-1) line measurements from[Nesvadba et al|(2019).
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Figure A.25: LPsJ1607. The CO(1-0) and CO(2-1) spectra are also presented in[Harrington et al| (2018} [2016).
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Figure A.26: LPsJ1609. The CO(1-0) and CO(2-1) spectra are also presented in|Harrington et al.| (2018} [2016).
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Figure A.27: LPsJ1609 continued.
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Figure A.28: LPsJ2313. We also model the CO(3-2) line measurement presented in Berman et al. (in prep.).
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§4.6). For the Turbulence model, these individual density contributions have a y-axis
scaled by a factor 5 for both the dust and line SED to facilitate interpretation of the
dominant gas density. All observed data are shown as red diamonds. The best-fit
[CI] line fluxes are plotted over the observed data. All solid red lines indicate the
total best-fit, minimum- )(2 model. Bottom: 2-component model curves for the lower
excitation component (black dotted) and higher-excitation component (black dashed).
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4.8 Left:Relative [CI](1-0) and [CI](2-1) line flux densities for component 1 versus
the combined line flux densities for both components in the 2-component model.
The red-square indicates that both [CI] lines predominantly arize from the denser
component, i.e. component 2. Right: For each of the LPs we plot (log-log-scale) the
relative contribution to the total [CI](1-0) line flux derived in the Turbulence model,
from the 50 individual [CI](1-0) line fluxes corresponding to the 50 H, densities
which sample the density PDF. . . . . . . . .. ... ... ... ... .. ...,
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LPsJO116. Top: Apparent flux density versus velocity for the CO and [CI] line
detections. We also model the CO(3-2) line measurement presented in Berman et
al. (in prep). Middle: Best-fit, minimum- )(2 model solution for the Turbulence
model for the dust SED, CO and [CI] velocity-integrated line fluxes. For clarity,
different dashed-colored curves denote the representative contributions to the density
PDF for the molecular gas densities of log(n(H,)) = 2 (yellow), 3 (blue), 4 (purple),
5 (green) and 6 (pink) cm™>. The gray-dashed lines represent the remaining LVG
calculations (from the 50 total samples) which sample the gas density PDF. For the
Turbulence model, these individual density contributions have a y-axis scaled by a
factor 5 for both the dust and line SED to facilitate interpretation of the dominant gas
density. All observed data are shown as red diamonds. The best-fit [CI] line fluxes are
plotted over the observed data. Solid red lines denote the total best-fit, minimum- )(2
model. Bottom: 2-component model: lower excitation component (black dotted)
and higher-excitation component (black dashed). The best-fit [CI] line flux from the
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