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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 ancillary CO(1-0) and CO(3-2) data, to study the molecular gas properties of Q1700-
MD94. This is 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 [CI](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 modeling using RADEX of the CO and [CI] spectral line
energy distributions suggests the presence of relatively warm (T, = 41K), dense (ng, = 8 X 10° cm™) molecular gas, comparable
to the high-excitation molecular gas component observed in main-sequence star-forming galaxies at z ~ 1. The galaxy size in the
CO(1-0) and CO(7-6) line emission is comparable, which suggests that the highly excited molecular gas is distributed throughout the
disk, powered by intense star formation activity. A confirmation of 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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1. Introduction

Understanding galaxy evolution requires studying the complex
interplay between multiple physical processes. One of the most
important processes is star formation, which is connected to the
reservoir of available molecular gas (H,), and the physical condi-
tions that set the efficiency at which the gas is converted into stars
(e.g., Kennicutt & Evans 2012). Despite its importance, mea-
suring the amount of molecular gas in galaxies across cosmic
time remains a challenge (e.g., Tacconi et al. 2020). The most
common tracer of Hj gas is the first rotational transition of CO
(J = 1-0), which becomes progressively harder to observe as
the redshift of the source increases (e.g., Carilli & Walter 2013).
In addition, to convert the CO(1-0) luminosity into a molecular
gas mass, a conversion factor (@cp) needs to be assumed. This
factor is strongly dependent on the metallicity because in low-
extinction regions, the interstellar radiation field can strongly
photodissociate CO molecules (e.g., Bolatto et al. 2013).

The pair of neutral carbon (C) fine-structure transitions,
[CI](1-0) at 492.161 GHz and [CI](2-1) at 809.344 GHz, has
emerged as an alternative to the use of the CO lines as a tracer
of the molecular gas, in particular for high-redshift galaxies

* Data cubes are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/657/L15

Article published by EDP Sciences

where the [CI] lines shift into the millimeter bands. In contrast to
what is expected from the classical onion-like structure of pho-
todissociation regions (PDRs; e.g., Hollenbach & Tielens 1999),
more recent simulations suggest that neutral carbon emission
appears to be widespread in H, clouds (e.g., Offner et al. 2014;
Glover & Clark 2016; Bisbas et al. 2017). Observations that sup-
port this scenario include large-scale maps of the CO isotopologs
and [CI] lines of star-forming regions in the Small and Large
Magellanic Clouds (Requena-Torres et al. 2016; Okada et al.
2019) and in the p Ophiuchi (Kulesa et al. 2005) and Orion giant
molecular clouds. For the latter, the [CI](1-0) emission is mea-
sured to be optically thin (7;crj ~ 0.1-0.3), and coincident with
the emission of the '2CO line and '3CO(1-0) lines (Ikeda et al.
2002; Shimajiri et al. 2013). In nearby star-forming galaxies and
starbursts, kiloparsec-scale observations suggest that [CI] may
be as good a tracer of the cold H, gas as CO, but it is not supe-
rior to CO (e.g., Israel et al. 2015; Crocker et al. 2019).

With the advent of the Atacama Large Millime-
ter/submillimeter Array (ALMA) and the boosted capabilities
of NOrthern Extended Millimeter Array IRAM/NOEMA, the
number of galaxies at high redshift observed in the [CI] lines is
rapidly increasing (e.g., Bothwell et al. 2017; Harrington et al.
2021; Lee et al. 2021), and observations of the [CI] lines are
no longer restricted to bright quasars or submillimeter galaxies
(e.g., Weill et al. 2003, 2005; Walter et al. 2011). In the first
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Fig. 1. Top: From left to right, [CI](1-0), [CI](2-1), and CO(7-6) spectra of MD94. The dashed black 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), [CI](2-1),

and CO(7-6) emission of MD94. Contours start at 20~ and increase in
corner.

systematic study of the [CI] line emission of main-sequence
galaxies and starbursts at z > 1, Valentino et al. (2018, 2020b)
reported that the [CI](1-0) transition is a good tracer of the
molecular gas mass, similar to low-J CO lines and dust, and that
the gas temperature traced by the [CI] lines does not strongly
vary across galaxy types and redshift.

In combination with multiple CO transitions, the pair of [CI]
lines can be used to constrain 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), found that to reproduce the observed
SLEDs of z ~ 1 main-sequence galaxies at least two molec-
ular gas components are necessary: one that is relatively dif-
fuse (ny, 102cm™3, Tyin 45K), and another that is
dense (ny, =~ 10*cm™3, Tyin = 45K). In a similar analysis of
BX610, a massive main-sequence galaxy at z ~ 2, Brisbin et al.
(2019) also reported that two molecular gas components are
an option, with the high-density component heated either by
intense star formation or low-velocity C shocks. There is cer-
tainly much more work to be done to constrain the molecular
gas properties of galaxies across cosmic time, and the combi-
nation of CO+[CI] SLEDs is one promising tool to achieve this
goal.

In this Letter, we add to the limited number of studies of the
molecular gas properties of main-sequence galaxies at high red-
shift based on observations of the pair of [CI] lines, CO(1-0) and
some mid-J CO lines. The subject of our study is Q1700-MD9%4
(hereafter MD94), a massive (M, = 1.5 x 10" M) star-forming
(SFR = 271 M yr™!) system at z = 2.333 (Tacconi et al. 2013)
located at the massive end of the main sequence of galaxies at
z ~ 2 (e.g., Whitaker et al. 2012). MD94 is located at a decli-
nation of +64d 11m 24.2s and has previously been observed in
CO(1-0) (Bolatto et al. 2015) and CO(3-2) line emission as part
of the Plateau de Bure high-z Blue Sequence Survey (PHIBBS)
(Tacconi et al. 2013).

~
=~

~
=~
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steps of 1o. The NOEMA-synthesized beam is shown in the lower left

2. Observations

We observed MD94 with NOEMA, wich is 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, wich is located at an
observed frequency of vops = 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, which are cen-
tered at an observed frequency of vops = 243.0 GHz. All observa-
tions were carried out in NOEMA D-array configuration, which
is the most compact configuration.

The data were calibrated in CLIC with help from the staff in
Grenoble. After calibration, we used the software MAPPING?2!
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 18.2kpc) and the noise level was 0.25mJybeam™!
in 100kms~!. For the [CI](2-1) and CO(7-6), cube the result-
ing beam was 1.7 x 1.3” (~14.1 x 10.7kpc) and the noise
level was 0.31 mJybeam™' in 75kms~'. In the latter cube, we
detected continuum emission, which was subtracted from the
spectra before any line analysis was made.

3. Results

3.1. Detection of the [CI](1-0), [CI](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. 1. The
continuum emission detected below 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

! CLIC and MAPPING2 are part of the GILDAS package
(Guilloteau & Lucas 2000). http://www.iram. fr/IRAMFR/GILDAS
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Table 1. Q1700-MD94 derived values.

Line FWHM SAv Reference

[km s~'] [Jy km s7']
[CI](1-0) 482+ 124 0.49+0.13 This work
[C11(2-1) 383+ 75 0.92 +0.15 This work
CO(1-0) 296 + 66 0.14 = 0.01  Bolatto et al. (2015)
CO(3-2) 294 + 49 1.52 +£0.17 Bolatto et al. (2015)
CO(7-6) 518 £ 61 1.67 £0.17 This work
Continuum Flux density

[mJy]

5240(;].12 25+0.8 This work

(rest frame) 240 GHz is 2.5 + 0.8 mJy. 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 pro-
file to each line. The measured line widths (full width at half
maximum, 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 He and CO(3-2) lines by Tacconi et al.
(2013).

The bottom panels of Fig. 1 show the integrated inten-
sity 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”x0.7"” and 1.2 x0.61” for the [CI](2-1) and CO(7-
6) lines, respectively. These sizes are comparable to the decon-
volved 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 & Vanden Bout (2005). For the luminosity
distance and other physical parameters, we used a standard cos-
mology (Hy = 67.4kms™ ' Mpc™!, Qu = 0.315, Q) = 0.685
Planck Collaboration VI 2020).

3.2. The molecular gas mass of MD94

The molecular gas mass of MD94 can be measured from avail-
able 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 parameter-
ization in Genzel etal. (2015), MD94 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) metallicity-dependent conver-
sion factor is aco = 4.5 My (K km s™'pc?)~! (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
MD%4 is Mo = 1.7 x 10" M.

Alternatively, the interstellar medium (ISM) gas mass can
be estimated from the single dust continuum measurement at
(rest frame) 240 GHz (see Table 1). Following Eq. (15) in
Scoville et al. (2016), we measure a gas mass in MD94 of
Mism = 7 % 1019 M2 This total gas mass is within factor of ~2

2 This calculation assumes a dust-to-gas ratio appropriate for mas-
sive, star-forming galaxies, and includes a Rayleigh—Jeans correction

of 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, for instance Weil3 et al. (2005):

1 236 s
Mcyy = 5.706 x 10_4Q(Tex)§emL[c1](1—0) Mo, (D
where T is the excitation temperature and Q(Te) = 1 +
3e T1/Tex 4 5e7T2/Tex s the partition function. Here T, = 23.6K
and T, = 62.5 K are the energies above ground state.

The advantage of having detected the pair of [CI] lines in
MD94 is that we can use their brightness ratio to directly mea-
sure the excitation temperature T in the optically thin limit. In
MD94 we measure a [CI] line ratio of R = LECI](Z—I)/ LECI](I_O) =
0.7. Following Stutzki et al. (1997), the excitation temperature
in MD9%4 is

-1
Tex =38.8 X In (%) ~35K. 2)
This value is close to the average [CI] excitation temperature
of Tex ~ 30K measured in the sample of dusty starbursts and
quasi-stellar objects in Walter et al. (2011), and about ~10K
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 temper-
ature. In the case of MD94, the [CI]-based T is comparable to
the typical dust temperature of T4, = 32 K measured in massive
(M, ~ 10"'=10"5 M), main-sequence star-forming galaxies at
z ~ 2 (Magnelli et al. 2014; Genzel et al. 2015; Schreiber et al.
2018).

From Eq. (1) and the excitation temperature in Eq. (2), the
resulting atomic carbon mass in MD94 is Mcy = 9.2 X 10° M,
To convert this quantity into a molecular gas mass, we need to
assume an atomic carbon abundance relative to H,, that is, X¢ =
Mc1/6My,. A wide range of X¢; values has been indirectly mea-
sured 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-J CO,
and [CI](1-0) line observations, reported that X¢y 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 107> in nearby galaxies (we
note that the My, values in Valentino et al. 2018 do not include
the helium contribution). When we compare the atomic carbon
mass to the average molecular gas mass from the CO(1-0) line
and dust continuum estimates, we find Xcimposa = 1.3 X 107
for MD94. This value is within the range of abundances derived
by Valentino et al. (2018) and is comparable to the typically
assumed abundance for massive, high-redshift systems of X¢1 =
3x 1073 (e.g., WeiB et al. 2005; Alaghband-Zadeh et al. 2013;
Popping et al. 2017). In summary, for reasonable assumptions
for acp, dust-to-gas ratio, and X¢y for a massive galaxy with
near solar metallicity such as 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 that this
galaxy has a molecular gas fraction of y = My /M. =~ 1 and

calculated for a dust temperature of 7 = 35K. 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., Magnelli et al. 2014;
Genzel et al. 2015; Schreiber et al. 2018).
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Fig. 2. CO (left) and [CI] (right) SLEDs of MD94 (black) and other nearby and high-redshift systems. We indicate (when available) the SFR
surface density in terms of the value measured in MD94 (Zgpg = 2 M, 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; Aravena et al. 2014), 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 gray line shows

constant brightness temperature on the Rayleigh-Jeans scale (S oc v?).

~
=~

a molecular gas depletion timescale of 4o, = Mpo/SFR
0.5 Gyr. Both quantities are characteristic of massive, main-

sequence galaxies at z ~ 2 (Tacconi 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. Figure 2 shows the CO and [CI] SLEDs of MD94
compared to other nearby and high-redshift galaxies. Based on
the strong link observed between the shape of the SLED and the
SFR surface density Xgpr (e.g., Narayanan & Krumholz 2014),
we include galaxies that have Zgpg values that range from ~1x
(e.g., BX610, mean BzK z ~ 1.5 galaxies) to ~150x (e.g.,
Cloverleaf quasar) that of MD9%4 (Zspr = 2 Mg yr’1 kpc’z;
Tacconi et al. 2013).

The integrated flux (S coAv) ratio between the J = 3-2 and
J = 1-0in MD9%4 is ~10 (Bolatto et al. 2015), which is consis-
tent 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 based on the
observed broad Ha line profile (Erb et al. 2006), MD94 could
host an AGN that might be accompanied by an outflow.

The inclusion of the CO(7-6) line is key to further differenti-
ate the gas excitation conditions in MD94 from that of other sys-
tems, and also to search for an additional denser and/or warmer
component of molecular gas present. In this sense, the (partially
complete) SLED of MD94 from J = 1 to J = 7 better resem-
bles the shape of the SLED of nearby AGN galaxy Mrk 231
(Zspr ~ 30 X Xspr Mpos) than that of the nearby starburst M82
(Zsrr ~ 10X Zspr Mpo4), Which peaks at J = 4 and then declines.
It is also similar to the SLED of BX610, another massive main-
sequence galaxy at z = 2 with a comparable value of Zgpr that
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shows no or weak signs of AGN activity (Aravena et al. 2014;
Bolatto et al. 2015; Brisbin et al. 2019). For the latter, LVG mod-
els 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. 2 shows the [CI] SLED of MD94.
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 that of
BX610 (Brisbin et al. 2019). The fact that MD94 shows a [CI]
SLED that is more excited than, for instance, the Cloverleaf
quasar (Zspr ~ 150 X Xgpr Mpo4) reveals the complexity of the
molecular gas in these systems in terms of excitation properties
and structure. It also suggests that the molecular gas component
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 study the physical conditions of the gas that produce the CO
and [CI] line emission in MD94 in more detail, we used a set of
LVG models generated by the one-dimensional non-LTE radia-
tive transfer code RADEX (van der Tak et al. 2007). RADEX
models mainly depend on three input parameters: the gas kinetic
temperature (Tx), the molecular hydrogen density (ny;), 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 MD9%4, we gen-
erated a grid of models varying the H, density from ny, = 102
to 10° cm™ 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 MD94, we fixed
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the CO gradient to N(CO)/dV = 107 cm™2 (kms™")~!, but we
note that varying N(CO)/dV in the range 10'7—10'® (kms™!)~!
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) = 9K.

We simultaneously compared the CO and [CI] SLEDs of
MD94 with the set of RADEX models, calculating the good-
ness of the fit based on the reduced-y? value. We find that
the model that best reproduces the data has (reduced-y> ~ 3)
a gas density of ny, = 8.5 x 10°cm™ and a temperature of
Txin = 41K. Figure 3 shows this best-fit single-component
model (dot-dashed blue line) overplotted on the CO+[CI] SLED
of MD94. The model peaks between J = 4 — 6, which means
that future observations of the CO(4-3) or CO(5-4) transitions
with NOEMA/Band 2, or CO(6-5) with NOEMA/Band 3, can
be particularly helpful to better constrain the CO SLED model.

In nearby galaxies and high redshift systems, it is not uncom-
mon that a two-component model, consisting of the combina-
tion of low-excitation (or cold) and high-excitation (or warm)
gas, is needed to fully reproduce the observed SLEDs (e.g.,
Mashian et al. 2015; Daddi et al. 2015; Cafiameras et al. 2018;
Valentino et al. 2020a; Harrington et al. 2021). In the case of
MD94, we are limited by the number of observed line transitions
(only five) therefore so a proper fit based on a two-component
model is beyond our reach. However, if for instructive purposes
we fit the CO+[CI] SLED with a two-component model, we find
that the best model consists of a low-excitation component with
Tiin = 34K, ny, = 3.1 x 10’ cm™ and a high-excitation com-
ponent with Ty, = 137K, ng, = 1.6 x 10*cm™. This two-
component model is shown in Fig. 3 as a combination of solid,
dotted, and dashed gray lines.

3.5. Comparison of the physical properties of the molecular
gas of MD94 to other galaxies at z~ 1-2

=~

There are two other main-sequence galaxies at z 2 with a
similar stellar mass as MD94 (~10'' M) that have been stud-
ied 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 first shares the

34K, ng, = 3.1 x 10> cm™; green) and

2 . 2 .
high-excitation (T = 137K, ny, = 1.6 X
Jup 10* cm™3; red) components.
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Fig. 4. Kinetic temperature and molecular gas density from the best
RADEX LVG one-component (red circle) and two-component model
(dark gray and light gray circles) fitted to the CO and [CI] SLEDs of
MD94. We also show the derived values for lensed ULIRGs at z ~ 2—-3
(Yang et al. 2017; Cafameras et al. 2018) (triangles) and the average
value for main-sequence galaxies at z ~ 1 (Valentino et al. 2020a)
(squares).

average molecular gas properties of main-sequence galaxies at
Z ~ 2 (Tacconi et al. 2018), the second shows a very short deple-
tion time (fgep = 100Myr), compact structure (R, =~ 2kpc),
a powerful AGN-driven outflow (e.g., Forster Schreiber et al.
2014; Genzel et al. 2014; Davies et al. 2020), and 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 quies-
cent galaxies with stellar masses similar to MD94 increases from
~20% at z ~ 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, MD94 is closer to BX610 than GS30274,
and it does not show evident signatures for quenching of its
star formation activity. This might be a result of the poor spa-
tial 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 dense (~8 x 103 cm™) gas similar to
that observed in GS30274. As Fig. 4 shows, the gas temperature
and density in MD94 is comparable to the high-excitation gas
component in main-sequence galaxies at z ~ 1 (Valentino et al.
2020a), and as dense as the molecular gas detected in highly
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lensed starbursts at z ~ 2 (Yang et al. 2017; Cafiameras 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 emission 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 the upgraded NOEMA capabilities (e.g., baseline extension),
could provide an answer in the near future.

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-MD94 at z ~ 2.3. Combined with ancillary
observations of the CO(1-0) (Bolatto et al. 2015) and the CO(3-
2) (Tacconi et al. 2013) lines, we have characterized the molec-
ular gas properties of MD94. We highlight the following points:

— We find that for a reasonable set of assumptions for a mas-
sive 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 those of BX610, another massive galaxy at z ~ 2 with a
comparable SFR surface density (Zspr ~ 2 Mo yr~! kpe™2).
Compared to nearby systems, the CO SLED shape is closer
to that of Mrk231 (Zsgg =~ 30 X 2SFR MD94) than M82
(Zsrr = 10 X Zgpr Mpo4), perhaps because MD94 also hosts
an AGN. The [CI] SLED of MD9%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 model that best repro-
duced the data has a gas density of ny, = 8.5%10° cm™ and a
temperature of Ty;, = 41 K. These gas properties are similar
to those observed in the high-excitation, dense molecular gas
in main-sequence galaxies at z ~ 1 (Valentino et al. 2020a).

— MD94 exhibits molecular gas properties (e.g., foas = 1,
faep ® 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
is not concentrated in a compact central region. Future obser-
vations that can spatially resolve the molecular gas properties
of MD94 are needed to further confirm this scenario.
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