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Molecular gas properties of Q1700-MD94: a massive, main-sequence
galaxy at z ~ 2

Abstract

We use a combination of new NOrthern Extended Millimeter Array (NOEMA) observations
of the pair of [CI] transitions, the CO(7-6) line, and the dust continuum, in addition to an-
cillary CO(1-0) and CO(3-2) data, to study the molecular gas properties of Q1700-MD94, a
massive, main-sequence galaxy at z ~ 2. We find that for a reasonable set of assumptions
for a typical massive star-forming galaxy, the CO(1-0), the [CT](1-0) and the dust continuum
yield molecular gas masses that are consistent within a factor of ~ 2. The global excitation
properties of the molecular gas as traced by the [CI] and CO transitions are similar to those
observed in other massive, star-forming galaxies at z ~ 2. Our large velocity gradient (LVG)
modeling using RADEX of the CO and [CI] spectral line energy distributions (SLEDs) sug-
gests the presence of low-excitation (T, = 34 K, ny, = 3.1 X 103 cm~3) and high-excitation
(Txin = 137 K, ny, = 1.6 x 10* cm—3) molecular gas components. While the former is re-
sponsible for the bulk of the [CI](1-0) and [CI](2-1) line emission, the later dominates the
CO line emission at | 2 4. The galaxy size in the CO(1-0) and CO(7-6) line emission are
comparable, which suggests that the highly-excited molecular gas is distributed throughout
the disk powered by intense star formation activity. To confirm this scenario will require
spatially resolved observations of the CO and [CI] lines which can now be obtained with
NOEMA upgraded capabilities.
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Chapter 1

Introduction

To understand this work, it is necessary to know a key element of the evolution of galaxies:
the interstellar medium (ISM). The ISM is the gas and dust that lies between stars, with Hy-
drogen gas being the main protagonist at 70%, then He at 28% and other heavier elements
at 2% (e.g., Ferriere, 2001). Despite the fact that the ISM only represents 0.5% of the to-
tal mass of the galaxy (Dyson and Williams, 1997), multiple physical processes of micro and
macro scale take place in it, which allows us to elucidate where and when the stars will form.

The ISM is widely distributed throughout the galaxy, but mainly confined to the disk and
is very faint. Because He is present in low quantity and has a low degree of chemical reactiv-
ity, that is, it has little propensity to form molecules and compounds, the gas is categorized
according to Hydrogen gas, which can be found in different phases depending on of its den-
sity and temperature conditions: molecular (Hy), atomic (HI) and ionized (HII), with a wide
range of temperatures (10 — 10° K) and densities (1072 — 10 cm~3) (e.g., Tielens, 2005). We
can find all these phases coexisting in the ISM, organizing themselves in orderly structures
such as clouds and clumps, depending on the environmental conditions.

HII is typically found at the edges of the cloud because the gas in this area is closer to
ionizing radiation from OB spectral stars, and other events such as supernova explosions
(SNe) (e.g., Draine, 2011). The HI regions are found between the ionized and molecular gas
phases. In general, the 21 cm line is used to study the atomic regions, since its emission is
concentrated in the superfine transition of Hydrogen at 1420 MHz. Further inside the cloud,
in the densest zones, we can find the H, clouds. This is where the ideal conditions to form
stars meet and is thought to be the phase immediately preceding star formation (e.g., Leroy
et al., 2008). The H, gas manages to remain non-ionized and suitable to form stars. Due to
its high density, this molecule is able to protect itself from UV photodissociation due to dust
shielding and its own self-shielding (e.g., Lequeux, 2005; Tielens, 2005)

Photodissociation regions (PDR) are another important part of the ISM. They are a tran-
sition zone between ionized and molecular gas. It is in these regions where the photons in
the far-ultraviolet (FUV), produced by massive stars, heat up the gas via the photoelectric
effect on dust grains. A schematic of a typical PDR region is shown in Fig. 1.1. From left to
right, extinction increases and molecules like Hj can coexist with others since they are more
protected due to dust.

H; does not present a net dipole moment, that is, it does not have rotational lines, making

it impossible to observe in the radio wavelength. Fortunately, clouds contain more elements
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FIGURE 1.1. Typical diagram of a photodissociation region within a cloud. UV radiation comes from massive O-B
like stars producing a first layer of HIl. Further inside, with a greater extinction and more protected from radiation,
are the H2 regions where new stars will be able to form. Image: Hollenbach and Tielens (1997)

in addition to Hydrogen, which is why the second most abundant molecule in molecular
clouds is used, carbon monoxide (CO). Because the required temperature for CO in its first
excited state is only ~5 K, it is easy for it to get excited, even in cold clouds (Carilli and
Walter, 2013), making the CO emission line (J = 1-0) a good tracer of molecular gas.

Since our interest is based on measuring the amount of molecular gas and not CO, we
must do it indirectly through the luminosity of CO and transform it to obtain the mass of
molecular gas. We use a conversion factor apha,, (e.g., Bolatto et al., 2013) that will be dis-
cussed later in the text. Determining the ac( is not easy, it depends on the metallicity of the
cloud, among other things. The enrichment will be greater once the stars end their life and
the elements that were fused inside them are returned to the ISM. This will make the gas
clouds richer in metals.

Molecular clouds at high redshift can show little extinction due to its low metallicity (see
Fig. 1.2), which makes the gas more exposed to radiation and the observation of CO more
difficult due to the photodissociation of this molecule (Bolatto et al., 2013). Due to these un-
certainties, the need arises for another tracer, and atomic carbon ([CI]) has gained popularity.
The advantage of using [CI] as a molecular gas tracer is that the excitation temperature can
be determined directly, only using the transitions [CI] (1-0) at 492.161 GHz and [CI] (2-1) at
809.344 GHz (Stutzki et al., 1997).

Authors such as Valentino et al. (2018, 2020b) have studied high redshift systems, find-
ing that the [CI](1-0) transition is a good tracer of the molecular gas mass, similar to low-]
CO lines and dust. They also find that the gas temperature traced by the [CI] lines do not
strongly vary across galaxy types and redshift. Furthermore, this study supports the coexis-
tence between CO and [CI] because the most extreme relationships for the line ratio of [CI]

!

are similar to the mean relationships of CO (LCO(7_ 6) / L,CO(l—O))'
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FIGURE 1.2. Interaction of H, in light purple, CO in black, C* and C in a clump in a uniform radiation field. Panel
a: Decreasing metallicity with a cloud of constant size. Panel b: Change in cloud size or density while metallicity
remains constant. Image: Bolatto et al. (2013)

In contrast to what is expected of the classical onion-shaped structure of PDRs (e.g., Hol-
lenbach and Tielens, 1999),more recent simulations suggest that neutral carbon emission ap-
pears to be widespread in Hy clouds (e.g., Offner et al., 2014; Glover and Clark, 2016; Bisbas
et al.,, 2017). Observations that support this scenario include large-scale maps of CO iso-
topologues and [CI] lines of star-forming regions in the Small and Large Magellanic Clouds
(Requena-Torres et al., 2016; Okada et al., 2019) , and p Ophiuchi (Kulesa et al., 2005) and
Orion giant molecular clouds. For the latter, the emission of [CI](1-0) is measured to be opti-
cally thin (7jcy ~ 0.1 — 0.3) and coincide with the emission of the 12CO line and the lines of
13CO(l—O) (Ikeda et al., 2002; Shimajiri et al., 2013). On the other hand, in nearby star-forming
galaxies and starbursts, observations at the kiloparsec scale suggest that [CI] may be a good
tracer for cold H2 gas like CO, but not superior (e.g., Israel et al., 2015; Crocker et al., 2019).

In combination with multiple CO transitions, the pair of [CI] lines can be used to con-
strain the physical properties of the molecular gas. Valentino et al. (2020a), based on Large
Velocity Gradient (LVG) modeling of the CO+[CI] spectral line energy distributions (SLEDs),
find that to reproduce the observed SLEDs of z ~ 1 main-sequence galaxies at least two
molecular gas components are necessary: one that is relatively diffuse (1, ~ 10* cm~3,
Tyin ~ 45 K) and one that is dense (1, ~ 10* cm~3, Ty, =~ 45 K). In a similar analysis
of BX610, a massive, main-sequence galaxy at z ~ 2, Brisbin et al. (2019) also find that two
molecular gas components are an option, with the high density one heated either by intense
star formation or low-velocity C-shocks. There is certainly much more work to be done to
constrain the molecular gas properties of galaxies across cosmic time, and the combination
of CO+[CI] SLEDs is one promising tool to achieve this goal. Harrington (2020), according
to their non-LTE radiative transfer model of the [CI] lines for starburst galaxies at peak star
formation, suggests that these lines are optically thin, which is important for reliable calibra-
tions for the column density. of carbon gas and the total molecular gas mass.

The subject of study is Q1700-MD9%4 (hereafter MD94), a massive (M, = 1.5 X 10" Mg),
star-forming (SFR = 271 My yr‘l) system at z = 2.333 (Tacconi et al., 2013) located at the
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FIGURE 1.3. Star formation rate density versus redshift. The top axis shows the lookback time in Gyr. The points
are different observations made in the infrared and ultraviolet range. The peak of star formation is observed at z ~ 2
approximately. Image: Madau and Dickinson (2014)

massive end of the main-sequence of galaxies at z ~ 2 (e.g., Whitaker et al., 2012)

To give some context about MD94, we can revisit the history of cosmic star formation
activity (see Fig. 1.3). Three important periods stand out: From approximately z > 5 on
wards we find an epoch in which galaxies had a large deposit of molecular gas to form stars
so they grow and evolve. At approximately z ~ 2, galaxies reach a star formation peak,
an epoch known as ”galaxy assembly”, where they manage to form more than 50% of the
stars we see today. Then, from z < 2 to z = 0, galaxies experience a decline in their star
formation activity (Madau and Dickinson, 2014). We delve into the molecular gas that helps
to elucidate an important clue of what is happening with this problem.

Depending on the cosmic epoch, galaxies can be classified according to their mass and
star formation rate (see Fig. 1.4). Three areas stand out: The first is the sector of the ”star-
burst” galaxies characterized by galaxies that have a high star formation rate per unit stellar
mass. Then, the “main sequence”, where the production of stars is “normal or typical” as
observed for their respective redshift. Finally, there are the “quiescent galaxies” that almost

do not form stars because they have used up all their fuel (the molecular gas).

Due to ALMA and the improved capabilities of IRAM/NOEMA the number of high
redshift galaxies observed with the [CI] emission lines has been increasing (e.g., Bothwell
et al., 2017; Lee et al., 2021). Observations are no longer restricted to bright quasars or sub-
millimeter galaxies (e.g., Weifs et al., 2003, 2005; Walter et al., 2011). The goal of our work

is to determine the molecular gas properties of MD94 based on the emission of the pair of
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FIGURE 1.4. Solar masses versus star formation rate (SFR) at 1.5 < z < 2.5. Data are different galaxy samples.
The solid black line shows the area of the main sequence, galaxies that have a normal or typical star formation
rate.We can distinguish two other regions: a region of dormant galaxies (below the main sequence) where star
formation stopped and the stellar explosion zone, where galaxies that have a lot of dust and gas are located to form
a large number of new stars. Small box: the same relationship but based on specific SFR. Image: Rodighiero et al.

(2011)

[CT] lines, plus three lines of CO(1-0,3-2,7-6) (Bolatto et al., 2015; Tacconi et al., 2013). Hav-
ing all these transitions represents an advantage to be able to characterize more precisely

the molecular gas of a massive, main-sequence galaxy at the peak of cosmic star formation

activity.
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Observations

We observed MD94 with NOEMA located in the French Alps. On August 31, 2017, we used
the 2 mm band for a total of 7.5 hours to target the [CI](1-0) line located at an observed fre-
quency of Vyps = 147.8 GHz. Then, starting on September 1, 2017, we used the 1 mm band
for a total of 14.3 hours to observe the [CI](2-1) and CO(7-6) lines centered at an observed
frequency of v,,s = 243.0 GHz. All observations were carried out in NOEMA D array con-

figuration, which is the most compact one.

The data were calibrated in CLIC with help from the staff in Grenoble. After calibration,
we used the software MAPPING2! to clean and image the data using natural weighting. For
the [CI](1-0) cube the resulting synthesized beam was 3.0 x 2.2"” (~ 24.9 x 18.2 kpc) and
the noise level was 0.25 mJy beam ™! in 100 km s~!. For the [CI](2-1) and CO(7-6) cube the
resulting beam was 1.7” x 1.3" (~ 14.1 x 10.7 kpc) and the noise level was 0.31 mJy beam !
in 75 km s~1. In the latter cube we detected continuum emission, which was subtracted from

the spectra before any line analysis was done.

ICLIC and MAPPING2 are part of the GILDAS package (Guilloteau and Lucas, 2000).
http:/ /www.iram.fr/IRAMFR/GILDAS
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Results

3.1 Detection of the [Ci](1-0), [C1](2-1) and CO(7-6) transitions

and the dust continuum

The spectra of the [CI](1-0), [CI](2-1) and CO(7-6) lines observed in MD94 are shown in the
top panel of Fig. 3.1. The continuum emission detected under the [CI](2-1) and CO(7-6) lines
was determined and subtracted based on the emission from the frequency channels below
and above the CO(7-6) and [CI](2-1) lines, respectively. The continuum flux measured at
(rest-frame) 240 GHz is 2.5 £ 0.8 m]y. The [CI](1-0), [CI](2-1) and CO(7-6) lines are detected
with signal-to-noise ratios of S/N =~ 4, 6 and 10, respectively. We fit a single Gaussian
profile to each line. The measured linewidths (FWHM) and integrated fluxes are listed in
Table 1. The redshift of the source derived from the central frequency of the Gaussian fit is
similar to the value of z = 2.33 measured from observations of the Ha and CO(3-2) lines by
Tacconi et al. (2013).

The bottom panels of Fig. 3.1 show the integrated intensity maps. We (barely) spatially
resolve MD94 in the [CI](2-1) and CO(7-6) line emission. Similar to the spatial distribution
observed in the CO(1-0) line emission by Bolatto et al. (2015), the source is elongated in the
N-S direction. The deconvolved sizes are 1.4” x 0.7 and 1.2"” x 0.61" for the [CI](2-1) and
CO(7-6) lines, respectively. These sizes are comparable to the deconvolved source size of
1.3"” x 1.0"” measured from the CO(1-0) line emission (Bolatto et al., 2015).

We calculated the luminosities of the [CI] and CO lines following Solomon and Vanden
Bout (2005). For the luminosity distance and other physical parameters we use a standard
cosmology (Hy = 67.4 km s~! Mpc~!, O = 0.315, Q5 = 0.685 Planck Collaboration et al.,
2020).

TABLE 3.1. Q1700-MD94 derived values

Line FWHM SAv Reference
[km s™1] [Jy kms™1]

[CI](1-0) 482 +124 0.49 +0.13 This work

[CI](2-1) 383+ 75 0.924+0.15 This work

CO(1-0)  296+66  0.14+0.01 Bolatto etal. (2015)
CO(3-2) 294449 1524017 Bolatto etal. (2015)

CO(7-6) 518 £ 61 1.67 £0.17 This work
Continuum Flux density
[mJy]

8240 GHz 25+0.8 This work
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FIGURE 3.1. (Top) From left to right, [CI](1-0), [Cl](2-1), and CO(7-6) spectra of MD94. The black-dashed lines
show the single Gaussian fit to the spectra. The FWHM and integrated fluxes are listed in Table 1. (Bottom) From
left to right, integrated intensity maps of the [CI](1-0), [Cl](2-1), and CO(7-6) emission of MD94. Contours start at
20 and increase in steps of 1o. The NOEMA synthesized beam is shown in the lower left corner.

3.2 The molecular gas mass of MD94

The molecular gas mass of MD94 can be measured from available observations of the CO(1-
0) line (Bolatto et al., 2015), the dust continuum, and the pair of [CI] lines (this work). In all
cases it is necessary to make assumptions about the abundance of the tracer to convert the
luminosity into a molecular gas mass.

According to the mass-metallicity relation and parameterization in Genzel et al. (2015),
MD9%4 has a metallicity of 12 + log(O/H) = 8.64, which is roughly the solar value (Asplund
et al., 2004). Following Tacconi et al. (2018), for the metallicity of MD94 the CO(1-0) metal-
licity dependent conversion factor is aco = 4.5 M (K km s_lpcz)_1 (this includes the 1.36
helium correction factor). Based on this, and the CO(1-0) luminosity in Bolatto et al. (2015),
the molecular gas mass in MD9%4 is My, = 1.7 X 101 M.

Alternatively, the interstellar medium (ISM) gas mass can be estimated from the single
dust continuum measurement at (rest-frame) 240 GHz (see Table 3.1). Following Eq. (15) in
Scoville et al. (2016), we measure a gas mass in MD9%4 of Mgy =~ 7 X 1010 M, . This total
gas mass is a factor of ~ 2 lower than the CO-based molecular gas mass, which is expected
given the multiple assumptions both methods require.

Finally, the atomic carbon mass based on the [CI](1-0) line can be calculated following,
e.g., Weifs et al. (2005):

_4 1 26
Mcy = 5.706 x 10 Q(Tex)ge Tex Lieqy(1-0) Mo, (3.1)
where Tey is the excitation temperature and Q(Tex) = 1+ 3e~T1/Tex 4 5e~T2/Tex ig the parti-
tion function. Here T7 = 23.6 Kand T; = 62.5 K are the energies above ground state.

IThis calculation assumes a dust-to-gas ratio appropriate for massive, star-forming galaxies, and includes a
Rayleigh-Jeans correction calculated for a dust temperature of T = 35 K. This temperature is consistent with the
gas temperature derived from the ratio of the [CI] lines in MD94, and also the typical dust temperature measured
in massive, main-sequence galaxies at z ~ 2 (e.g., ?Genzel et al., 2015; Schreiber et al., 2018)
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The advantage of having detected the pair of [CI] lines in MD94, is that we can use their
brightness ratio to directly measure the excitation temperature Tex in the optically thin limit.

In MD94 we measure a [CI] line ratio of R = L,[ )= 0.7. Following Stutzki

-1/ Liena-o
et al. (1997), the excitation temperature in MD%4 is

-1

Tex = 38.8 X In <2I11> ~ 35K. (3.2)
This value is close to the average [CI] excitation temperature of Tex ~ 30 K measured in the
sample of dusty starbursts and QSOs in Walter et al. (2011), and about ~10 K warmer than
the average excitation temperature measured in main-sequence galaxies at z ~ 1 (Valentino
et al., 2020b). In the absence of one of the two [CI] lines, it is a common approach to assume
the dust temperature as a proxy for the excitation temperature. In the case of MD%4, the
[CI]-based Tex is comparable to the typical dust temperature of Ty,st ~ 32 K measured in
massive (M, =~ 10! — 101 M), main-sequence star-forming galaxies at z ~ 2 (?Genzel
et al., 2015; Schreiber et al., 2018).

From Eq. (1), and the excitation temperature in Eq. (2), the resulting atomic carbon mass
in MD9%4 is M[cy) = 9.2 X 10° M. To convert this quantity into a molecular gas mass we
need to assume an atomic carbon abundance relative to Hy, i.e.,, Xc; = Mci/6My,. There
is a wide range of Xy values indirectly measured or assumed for different galaxy types
and cosmic epochs. Valentino et al. (2018), using a homogenized method to compare the
molecular gas masses derived from archival dust, low-] CO, and [CI](1-0) line observations,
find that Xcj varies from ~ 1 —3 x 107 in z ~ 1 main-sequence galaxies, ~ 3 — 8 x 107> in
SMGs at z ~ 2, and ~ 3 — 10 x 10~° in nearby galaxies (note that My, values in Valentino
et al. (2018) do not include the helium contribution). For MD94, if we compare the atomic
carbon mass to the average molecular gas mass from the CO(1-0) line and dust continuum
estimates, we find Xcympos ~ 1.3 X 10~5. This value is within the range of abundances
derived by Valentino et al. (2018), and comparable to the typically assumed abundance for
massive, high redshift systems of Xc; ~ 3 x 107° (e.g., Weif8 et al., 2005; Alaghband-Zadeh
et al., 2013; Popping et al., 2017). In summary, for reasonable assumptions on xcp, dust-
to-gas ratio, and Xcj for a massive, near solar metallicity galaxy like MD94, we find that
the molecular gas mass measurements based on the CO(1-0), dust continuum, and [CI](1-0)
transitions are comparable (e.g., within a factor of ~ 2).

Finally, the molecular gas mass in MD94 implies this galaxy has a molecular gas frac-
tion of 4 = Mo/ Mx =~ 1 and a molecular gas depletion timescale of tgep = Mol /SFR ~
0.5 Gyr. Both quantities are characteristic of massive, main-sequence galaxies at z ~ 2 (Tac-
coni et al., 2018).

3.3 [Ci] and CO Spectral Line Energy Distributions

The analysis of the SLED of the pair of [CI] and CO lines can provide valuable insights
into the physical conditions of the molecular gas. Fig. 3.2 shows the CO and [CI] SLEDs
of MD94 compared to other nearby and high-redshift galaxies. Given the strong link ob-
served between the shape of the SLED and the SFR surface density Xgpr (e.g., Narayanan
and Krumholz, 2014), we include galaxies that have Xgpr values that range from ~ 1x
(e.g., BX610, mean BzK z ~ 1.5 galaxies) to ~ 150x (e.g., Cloverleaf quasar) that of MD94
(Xspr &~ 2 Mg yr’l kpc’z; Tacconi et al., 2013).
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FIGURE 3.2. CO (left) and [Cl] (right) SLEDs of MD94 (black), and other nearby and high-redshift systems. We indi-
cate (when available) the SFR surface density in terms of the value measured in MD94 (Zger =~ 2 Mc, yr—! kpc=2).
The references for the ancillary data shown are the following: Mrk 231 (van der Werf et al., 2010), M82 (Kamenetzky
et al., 2012), and Cloverleaf (Barvainis et al., 1997). In addition to these, we added BX610 (Brisbin et al., 2019),
average values for (U)LIRGs and starbursts (Israel et al., 2015), and the mean value for main-sequence galaxies at
z ~ 1 (Valentino et al., 2020b), and BzK main-sequence galaxies at z ~ 1.5 (Daddi et al., 2015). The dashed dark
grey line shows constant brightness temperature on the Rayleigh—Jeans scale (S o 12).

The integrated flux (ScoAv) ratio between the | = 3 —2 and | = 1 —0 in MD9%4 is
~ 10 (Bolatto et al., 2015), which is consistent with its high levels of star formation activity,
similar to the examples of M82 (in the figure) and NGC253 (Bradford et al., 2003). It is also
consistent with the high integrated line ratios observed in AGN galaxies, such as Mrk 231
and the Cloverleaf quasar (in the figure). It is important to note that, from the observed
broad Ha line profile (Erb et al., 2006), MD94 could host an AGN possibly accompanied by
an outflow.

The inclusion of the CO(7-6) line is key to further differentiate the gas excitation con-
ditions in MD94 from other systems, and also to search for an additional denser and/or
warmer component of molecular gas present. In that sense, the (partially complete) SLED
of MD94 from | = 1 to | = 7 better resembles the shape of the SLED of nearby AGN galaxy
Mrk 231 (Zgpr ~ 30 X Xgpr Mpo4), than the nearby starburst M82 (Xgpr ~ 10 X Xgpr MDo4)
that peaks at | = 4 and then declines. It is also similar to the SLED of BX610, another mas-
sive, main-sequence galaxy at z ~ 2 with a comparable value of Yggr and showing no or
weak signs of AGN activity (Bolatto et al., 2015; Brisbin et al., 2019). For the latter, LVG
models suggest that at least a second, higher-density PDR component or a low-velocity C
shock heated component is needed to better reproduce the CO+[CI] SLED (Brisbin et al.,
2019).

The right panel of Fig. 3.2 shows the [CI] SLED of MD9%4. We also include most of the
systems in the left panel plus the average [CI] SLED observed in main-sequence galaxies at
z ~ 1 (Valentino et al., 2018) and nearby starbursts and (U)LIRGs (Israel et al., 2015). MD94
has a [CI](2-1)/[CI](1-0) integrated flux ratio of ~ 1.9, similar to the typical value found in
nearby starbursts (Israel et al., 2015), and slightly higher than BX610 (Brisbin et al., 2019).
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FIGURE 3.3. LVG RADEX modeling of the CO (left) and [CI] (right) SLEDs. The blue line shows the best RADEX
single-component model (T = 41 K, ny, = 8.5 x 10% cm—3). The orange line shows the best two-component model,
which is the combination of a low- (T = 34 K, ny, = 3.1 x 10%> cm~3; green) and a high-excitation (T = 137 K,
np, = 1.6 x 10* em~3; red) components.

The fact that MD94 shows a [CI] SLED that is more excited than, for instance, the Cloverleaf
QSO (Xgpr ~ 150 X Xgrr MDo4), reveals the complexity of the molecular gas in these systems
in terms of excitation properties and structure. It also suggests that the molecular gas com-
ponent dominating the mid- and high-J CO emission is different from that powering the [CI]
line emission. We further investigate the shape of the CO+[CI] SLEDs in the next section.

3.4 Large Velocity Gradient modeling

To look deeper into the physical conditions of the gas that produce the CO and [CI] line
emission in MD94, we use a set of LVG models generated by the one-dimensional, non-LTE
radiative transfer code RADEX (van der Tak et al., 2007). RADEX models mainly depend on
three input parameters: gas kinetic temperature (Tx), molecular hydrogen density (1111,), and
the CO (or C) column density per unit velocity gradient (N(CO)/dV or N(C)/dV). To model
the CO+[CI] SLED of MD94 we generated a grid of models varying the H, density from
nyg, = 102 to 10° cm 3, and the kinetic temperature from Ty;, = 10 to 200 K. Following the
LVG modeling of Israel et al. (2015), and to avoid overfitting the limited CO SLED of MD9%4,
we fixed the CO gradient to N(CO)/dV = 107 em~2 (kms™!)~!, but note that varying
N(CO)/dV in the range 10'7 — 10'® (km s~')~1 only changes the results by less than 20%.
We also assumed an abundance ratio of C:CO of 1:4, consistent with abundance ratios found
in nearby star-forming galaxies (Crocker et al., 2019) and the z ~ 2 main-sequence galaxy
BX610 (Brisbin et al., 2019). The background temperature was set to 2.73 x (1+2.33) =9 K.

We simultaneously compare the CO and [CI] SLEDs of MD94 with the set of RADEX
models, calculating the goodness of the fit based on the reduced-x? value. We started with
models based on a single molecular gas component. Of these, the one that best reproduce the
data (reduced-x? ~ 3) has a gas density of nyy, = 8.5 x 103 cm~3 and a temperature of Ty, =
41 K. Next, we fitted the CO+[CI] SLEDs of MD94 using a two-component model. This is not
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FIGURE 3.4. Kinetic temperature and molecular gas density from the best RADEX LVG one-component (blue circle)
and two-component model (red and green circles) fitted to the CO and [Cl] SLEDs of MD94. We also show the
derived values for lensed ULIRGs at z ~ 2 — 3 (Yang et al., 2017; Canameras et al., 2018) (triangles), and the
average value for main-sequence galaxies at z ~ 1 (Valentino et al., 2020a) (squares).

uncommon for nearby galaxies and high redshift systems (e.g., Mashian et al., 2015; Daddi
et al., 2015; Cafiameras et al., 2018; Valentino et al., 2020a), where a combination of a low-
excitation (or cold) and a high-excitation (or warm) component are needed to reproduce
the observed SLEDs. We find that MD94 is not the exception, and that a two component
model with a low (Tig, = 34 K, npy, = 3.1 x 10°> cm ™) and a high (Tyy, = 137 K, nyy, =
1.6 x 10* cm~3) excitation component produces the best overall fit, with a reduced-x? ~ 2.

Fig. 3.3 shows the best one- and two-component RADEX LVG models overplotted on the
CO+[CI] SLED of MD9%4. The best single-component model is shown as a blue dotted-dashed
line and peaks at ] = 5. Unfortunately, we do not have observational constraints around this
peak. The best two-component model is shown as a green and red dashed curves, for the low
and high excitation component, respectively. In this case, the fraction of the [CI] emission
contributed by the low-excitation component is dominant (~ 80%), similar to what is found
in nearby star-forming galaxies (Crocker et al., 2019). For CO, there is a steady increase
in the contribution from the high-excitation component, becoming dominant at | > 4. As
expected, the contribution from the low-excitation component to the | = 7 line is minimal
(S 5%).

3.41 How does the physical properties of the molecular gas of MD9%4
compare to other galaxiesatz ~ 1 —2

There are two other main-sequence galaxies at z ~ 2 with similar stellar mass as MD9%4
(~ 10" M.,) that have been studied based on the combination of the [CI] and CO lines and
the dust continuum. These galaxies are BX610 (Tacconi et al., 2013; Bolatto et al., 2015; Brisbin
et al., 2019) and GS30274 (Popping et al., 2017; Talia et al., 2018). While the former share the
average molecular gas properties of main-sequence galaxies at z ~ 2 (Tacconi et al., 2018), the
latter shows a very short depletion time (fgep ~ 100 Myr), compact structure (r. = 2 kpc), a
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powerful AGN-driven outflow (e.g., Forster Schreiber et al., 2014; Genzel et al., 2014; Davies
et al., 2020), and it is considered to be in the process of quenching (Popping et al., 2017).
Massive, main-sequence galaxies at z ~ 2 are expected to experience star formation
quenching as the fraction of quiescent galaxies with stellar masses similar to MD94 increases
from ~ 20% atz ~ 2 — 3 to ~ 70% at z ~ 1 (e.g. Muzzin et al.,, 2013). From the standpoint
of the global molecular gas fraction and depletion timescale, MD%4 is closer to BX610 than
(GS30274, and does not show evident signatures for quenching of its star formation activ-
ity. This could be, of course, a result of the poor spatial resolution of our observations that
washes out any evidence of quenching mechanisms operating in the central region around
the AGN. The only similarity we find between MD94 and the quenching galaxy GS30274
is that the LVG modeling of MD94 suggests the presence of warm (~ 130 K) and dense
(~ 10* cm~3) gas similar to that observed in GS30274. As Fig. 3.4 shows, the high-excitation
gas component in MD94 is comparable in density, but warmer, to the main high-excitation
component in main-sequence galaxies at z ~ 1 (Valentino et al., 2020a). It is also similar in
temperature, but denser, than the high-excitation component detected in highly-lensed star-
bursts at z ~ 2 (Yang et al., 2017; Canameras et al., 2018). For MD94, this could be the result
of highly-excited gas in the central region as a result, for example, of a compaction event.
However, the fact that the deconvolved sizes of MD94 in the CO(1-0) and CO(7-6) line emis-
sion are comparable, suggests that the dense gas excited by intense star formation activity
is well mixed with cold and diffuse molecular gas throughout the disk. Only high-spatial
resolution observations of the molecular gas in multiple transitions, which can be achieved
for example by NOEMA upgraded capabilities (e.g., baseline extension), could provide an

answer in the near future.
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Chapter 4

Conclusions

We present new NOEMA observations of the [CI](1-0), [CI](2-1) and CO(7-6) transitions of
the massive, main-sequence galaxy Q1700-MD9%4 at z ~ 2.3. Combined with ancillary ob-
servations of the CO(1-0) (Bolatto et al., 2015) and the CO(3-2) (Tacconi et al., 2013) lines,
we have characterized the molecular gas properties of MD94. We highlight the following

points:

We find that for a reasonable set of assumptions for a massive galaxy such as MD94, the
molecular gas mass estimates from the dust continuum, the CO(1-0), and the [CI](1-0)
line are consistent within a factor of ~ 2. At least for this system, our analysis shows
that the [CI](1-0) transition is a reliable alternative to the CO(1-0) line to study the
molecular gas properties of the low-excitation gas.

The CO SLED of MD94 shows excitation properties similar to BX610, another massive
galaxy at z = 2 with a comparable SFR surface density (Xgrr ~ 2 Mo yr’1 kpc’z).
Compared to nearby systems, the CO SLED shape is closer to that of Mrk231 (Xgpr ~
30 x Xgpr Mpoa) than M82 (Xgpr ~ 10 X Xgpr Mpo4), perhaps because MD94 also hosts
an AGN. The [CI] SLED of MD%4 is also comparable to that of BX610 and the mean
[CI] SLED of nearby starburst galaxies (Israel et al., 2015).

Based on LVG models from RADEX, we simultaneously fit the CO and [CI] SLEDs of
MD94. The best model involves a low-excitation (Ty;, = 34 K, ny, = 3.1 x 103 cm™3)
and a high-excitation (Ty;, = 137 K, ny, = 1.6 X 10* cm™3) component. We observed
that the [CI] SLED of MD94 is dominated by the low-excitation component, while in
the CO SLED the contribution from the high-excitation component steadily increases
and dominates the CO(7-6) line emission.

MD9%4 exhibits molecular gas properties (e.g., fgas & 1, tgep ~ 0.5 Gyr) similar to those
observed in main-sequence star-forming galaxies at z ~ 2 (e.g. Tacconi et al., 2018). The
fact that the deconvolved sizes of the disk in the CO(7-6) and CO(1-0) line emission
are comparable, suggests that the star formation activity that heat the gas is widely
distributed, and not concentrated in a compact central region. Future observations
that can spatially resolve the molecular gas properties of MD94 are needed to further
confirm this scenario.
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