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ABSTRACT

Context. Infrared dark clouds (IRDCs) are cold, dense structures that are likely representative of the initial conditions of star formation.
Many studies of IRDCs employ CO to investigate cloud dynamics, but CO can be highly depleted from the gas phase in IRDCs, which
affects its fidelity as tracer. The CO depletion process is also of great interest in astrochemistry because CO ice in dust grain mantles
provides the raw material for the formation of complex organic molecules.

Aims. We study CO depletion towards four IRDCs to investigate its correlation with the H, number density and dust temperature,
calculated from Herschel far-infrared images.

Methods. We used COJ=1—-0and2 — 1 maps to measure the CO depletion factor, fp, across IRDCs G23.46-00.53, G24.49-
00.70, G24.94-00.15, and G25.16-00.28. We also considered a normalised CO depletion factor, f;,, which takes a value of unity, that
is, no depletion, in the outer lower-density and warmer regions of the clouds. We then investigated the dependence of fp and f}, on the
gas density, ny, and dust temperature, Tg,g.

Results. The CO depletion rises as the density increases and reaches maximum values of f}, ~ 10 in some regions with ny 2 3 X
10° cm™, although with significant scatter at a given density. We find a tighter, less scattered relation of f;, with temperature that
rapidly rise for temperatures <18 K. We propose a functional form f}, = exp(To/[Tquse — T1]) with Ty ~ 4 K and T'; =~ 12K to reproduce
this behaviour.

Conclusions. We conclude that CO is strongly depleted from the gas phase in cold, dense regions of IRDCs. This means that if it is
not accounted for, CO depletion can lead to an underestimation of the total cloud masses based on CO line fluxes by factors up to ~5.
These results indicate a dominant role for thermal desorption in setting near equilibrium abundances of gas-phase CO in IRDCs and
provide important constraints for astrochemical models and the chemodynamical history of gas in the early stages of star formation.

Key words. ISM: abundances — ISM: clouds — ISM: kinematics and dynamics — ISM: lines and bands — ISM: molecules

1. Introduction

Infrared dark clouds (IRDCs) are cold (T < 20 K; Pillai et al.
2006), dense (ng 2 10* cm™3; Butler & Tan 2012) and highly
extincted (Ay ~ 10-100 mag) regions of the interstellar medium
(ISM) that are known to harbour the conditions of star and star
cluster formation. First detected as dark features against the mid-
infrared (MIR) Galactic background (Perault et al. 1996; Egan
et al. 1998), IRDCs show low levels of star formation activity,
and their mass surface densities are similar to those of massive
star-forming regions (Tan et al. 2014). Furthermore, IRDCs host
cold, dense, deuterated pre-stellar cores, that is, the earliest phase
of massive star formation (Tan et al. 2013; Kong et al. 2017). For

* Corresponding author: cosentino@iram. fr

all these reasons, IRDCs have long been regarded as the birth
places of massive stars and star clusters (Rathborne et al. 2006;
Foster et al. 2014; Pillai et al. 2019; Moser et al. 2020; Yu et al.
2020).

Despite this importance, the mechanisms that trigger star for-
mation in these objects are still unclear (e.g. Tan 2000; Tan et al.
2014; Hernandez & Tan 2015; Peretto et al. 2016; Retes-Romero
et al. 2020; Morii et al. 2021). Theoretical models and simula-
tions have suggested that star formation can be efficiently ignited
within IRDCs as a consequence of dynamical compression and
gravitational instability of the gas. In current theories, IRDCs
have been proposed to form as the shock-compressed layer in the
collision between pre-existing giant molecular clouds (GMCs;
e.g. Tan 2000; Tasker & Tan 2009; Tan 2010; Suwannajak et al.
2014; Wu et al. 2015, 2017, Li et al. 2018; Fortune-Bashee et al.
2024), with the collision being a consequence of the GMC
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orbital motion in a shearing Galactic disk. Other models also
involve the formation from compressive collisions, but driven
by momentum from stellar feedback (e.g. Inutsuka et al. 2015).
Still other models invoke the IRDCs and dense clump formation
as part of the same processes of hierarchical gravitational col-
lapse that forms the surrounding GMCs (e.g. Vazquez-Semadeni
et al. 2019). All these mechanisms are expected to leave different
imprints on the gas dynamical properties in the formed IRDCs.

Since molecular hydrogen H,, the primary constituent of
molecular clouds, is not excited at the low temperatures of
these objects, indirect methods of tracing cloud mass have been
developed. Among these, CO rotational transitions and its iso-
topologues have been used to study the structure and kinematics
of molecular clouds, assuming a certain CO to H, abundance
ratio. For the conditions that typically prevail in IRDCs, how-
ever, CO can be strongly depleted in the gas phase by freeze-out
onto dust grains (e.g. Caselli et al. 1999; Crapsi et al. 2005;
Fontani et al. 2006; Hernandez et al. 2011; Jiménez-Serra et al.
2014; Sabatini et al. 2019; Entekhabi et al. 2022). This may cause
important quantities, such as cloud mass, to be significantly
underestimated.

CO depletion also has major implications for the chemistry
of star-forming regions. For example, if CO is highly depleted
from the gas phase, then the abundance of HyD* can rise, which
leads to high levels of deuteration of the remaining gas-phase
species, such as NoH* and NHj3 (e.g. Dalgarno & Lepp 1984;
Caselli et al. 2002; Fontani et al. 2006; Caselli et al. 2008; Kong
et al. 2015; Sabatini et al. 2020, 2024; Redaelli et al. 2021;
Entekhabi et al. 2022; Redaelli et al. 2022). In addition, the for-
mation of many complex organic molecules (COMs) is expected
to occur within the CO ice mantles of dust grains (e.g. Herbst &
van Dishoeck 2009).

The gas-phase depletion of CO is typically quantified using
the so-called CO depletion factor, fp, that is, the ratio of the
expected CO column density given a CO-independent mea-
sure of the column density of H nuclei, Ny, and assuming the
standard gas-phase CO abundance along a line of sight to the
observed CO column density. Estimates of Ny in molecular
clouds are typically made via dust continuum emission at sub-
millimetre and millimetre wavelengths (e.g. Lim et al. 2016) or
via mid- and near-infrared (NIR) dust extinction measurements
(e.g. Butler & Tan 2012; Kainulainen & Tan 2013).

On the smaller scales of cores (<0.1pc), CO depletion has
been investigated towards low- (e.g. Caselli et al. 1999; Kramer
et al. 1999; Whittet et al. 2010; Ford & Shirley 2011; Christie
et al. 2012) and high-mass (e.g. Fontani et al. 2006; Zhang
et al. 2009; Fontani et al. 2012; Sabatini et al. 2019) examples.
In both cases, high values of CO depletion factors have been
reported. In particular, in high-mass pre-stellar and early-stage
cores, Fontani et al. (2012) estimated values up to fp > 80, while
Zhang et al. (2009) found fp > 100. High angular resolution
observations obtained with the Atacama Large millimeter/sub-
millimeter array (ALMA) of massive clumps and cores from the
ASHES survey by Sabatini et al. (2022) showed CO depletion
factors up to 2100 that did not decrease from the pre-stellar to
the protostellar cores.

On the larger scales of IRDCs, Hernandez et al. (2011) and
Hernandez et al. (2012) used multi-transition single-dish obser-
vations of the C'3O isotope to obtain a parsec-scale CO depletion
map of IRDC G35.39-00.33. Under the assumption of local ther-
modynamic equilibrium (LTE) conditions, they reported values
of fp of up to ~3. Towards the same cloud, Jiménez-Serra et al.
(2014) used the LVG approximation and reported CO depletion
factors of ~5, 8, and 12 in three selected positions. Similar results
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were reported towards IRDC G351.77-0.51 by Sabatini et al.
(2019). Towards IRDC G28.37+00.07, Entekhabi et al. (2022)
reported values of fp up to ~10. Feng et al. (2020) investigated
CO depletion towards a sample of four IRDCs and presented
CO depletion maps with fp values of up to 15. Towards the
Serpens filament, Gong et al. (2021) reported widespread CO
depletion, suggesting that the filament is young and still accret-
ing. On larger scales, Clarke et al. (2024) reported CO depletion
towards the giant molecular filament G214.5—1.8 already at vol-
ume densities 2 x 10° cm™, which translates into a very low
cosmic-ray ionisation rate (/ ~ 2 x 10~'% s71). Similarly, Hirata
et al. (2024) observed parsec-scale CO depletion towards sev-
eral star-forming regions associated with Canis Major OB1. The
authors showed that C'3O(1-0) under-traces dense gas at parsec
scales, although it remains unclear to which extent local tem-
perature conditions affect this behaviour. Finally, Socci et al.
(2024) investigated the large-scale CO depletion across OMC-2
and OMC-3 and reported values that are consistent with previ-
ous measurements obtained in star-forming regions. The authors
also suggested CO depletion as a viable proxy of o-H,D*. All
these studies have confirmed that depletion of CO from the gas
phase is significant not just towards the dense cores and clumps,
but also in the inter-clump regions of IRDCs.

While it is generally known that CO depletion is affected by
density and temperature variations, only a few previous studies
have been dedicated to specific investigation of the dependence
of fp on these properties. In particular, Kramer et al. (1999)
investigated the dependence of CO depletion on the dust tem-
perature towards the dense core IC 5146. They found that their
data were well fitted with the following function:

Jp =Aexp(To/T), (D
with A = 0.418:% and Ty = 14.1 + 0.6 K. We note, however, that

their data covered a relatively modest range of depletion factors,
that is, up to fp ~ 2.5. Furthermore, their dust temperatures were
estimated based on the ratio of 1.2 mm flux to NIR dust extinc-
tion (with equivalent Ay ranging up to about 30 mag, i.e. up to
T ~ 0.13 gcm™2), which is relatively sensitive to the choice of
dust opacity model.

In this work, we explore CO depletion in a sample of four
IRDCs, namely G24.94-00.15, G23.46-00.53, G24.49-00.70,
G25.16-00.28, which are part of a larger sample of 26 clouds
(Butler & Tan 2009, 2012, Cosentino et al., in prep.). This paper
is organised as follows. In Section 2 we present our sample, the
data, and the technical details of our observations. In Section 3,
we describe the method we adopted and the analysis we per-
formed. In Sections 4 and 5, we present and discuss our results.
In Section 6 we draw our conclusions.

2. The IRDC sample

The four IRDCs studied in this work were selected from a larger
sample of 16 clouds (K to Z) that will be presented in a forth-
coming paper (Cosentino et al. in prep.). They extend the sample
of ten IRDCs of Butler & Tan (2009, 2012) (labelled A to J).
These 26 sources were identified as dark features against the dif-
fuse MIR Galactic background. They were selected for being
located relatively nearby (kinematic distance <7 kpc) and for
showing the highest levels of contrast against the diffuse Galac-
tic background emission as observed with Spitzer-IRAC at 8 um
(Churchwell et al. 2009).

We selected the four IRDCs, namely G24.94-00.15
(cloud O), G23.46-00.53 (cloud V), G24.49-0.70 (cloud X),
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Table 1. Noise and background values for the Herschel-derived ¥ and

Tdust~
Cloud Oy  OTdust Zbkg Lbkg
(K)
G24.94-00.15 0.06 2 0.1 2
G23.46-00.53 0.05 2 0.1 2
G24.49-00.70 0.03 2 0.1 2
G25.16-00.28  0.02 2 0.1 2

and G25.16-0.28 (cloud Y) to probe different regimes of the
mass surface density, X, and dust temperature, Tq,s. In addi-
tion, these IRDCs show relatively simple kinematics (Cosentino
et al., in prep.). For the four clouds, ¥ and T4, images were
obtained from multi-wavelength Herschel images using the
method described by Lim et al. (2016). Briefly, Herschel-PACS
and SPIRE images at 160, 250, 350, and 500 um were first re-
gridded to match the poorest angular resolution of the 500 um
image (36”). Next, the Galactic Gaussian method of background
subtraction was used (see Lim et al. 2016). The effect of this is to
remove ~0.1 g cm? and ~2 K from all clouds on average in the =
and Tg4,s images, respectively. After this, the multi-wavelength
emission, re-gridded to a scale of 18" pixels (hires method of
Lim et al. 2016), was fitted using a grey body function, and X and
T qust were estimated. The X and Tqys Herschel-derived images of
the four clouds are shown in Figure 1. For each cloud, the aver-
age subtracted background, average X, and T4, noise values are
reported in Table 1. To the best of our knowledge, no previous
studies have been dedicated to these clouds.

3. Observations and data

In May 2021, we used the 30m single-dish antenna at the Insti-
tuto de Radioastronomia Millimetrica (IRAM 30m; Pico Veleta,
Spain) to map the J = 2 —1 rotational transition of '*CO
(v=220.38 GHz) towards 16 IRDCs as an extension of the A-J
sample of Butler & Tan (2012). The observations were per-
formed in on-the-fly observing mode with an angular separation
in the direction perpendicular to the scanning direction of 6”.
For each cloud, the central map coordinates, the map size, and
the off positions are listed in Table 2. For the observations, we
used the Fast Fourier transform spectrometer (FTS) set to pro-
vide a spectral resolution of 50 kHz, corresponding to a velocity
resolution of 0.13 km s~! at the '*CO(2-1) rest frequency. The
intensities were measured in units of antenna temperature, 77,
and converted into main-beam brightness temperature, T, =
T (Best/ Ferr), using forward and beam efficiencies of Fey and
Be.g of 0.94 and 0.61, respectivelyl. The final data cubes were
created using the CLASS software within the GILDAS? pack-
age and have a spatial resolution of 11” and a pixel size of
5.5"” x 5.5”. The achieved rms per channel per pixel is reported
in Table 2.

The *CO(2-1) IRAM30m data were complemented using
the *CO(1-0) cubes from the FOREST Unbiased Galactic plane
Imaging survey with the Nobeyama 45-m telescope (FUGIN)
survey (Umemoto et al. 2017). This survey uses the 45m antenna
at the Nobeyama Radio Observatory (Japan) to map the '2CO,
13CO and C'0 J = 1 —0 transitions towards part of the first

! https://publicwiki.iram.es/Iram30mEfficiencies
2 See https://www.iram.fr/IRAMFR/GILDAS

(10° <1 <50° |b| < 1°) and third (198° < [ < 236°, [b| < 1°)
quadrants of the Galaxy. The observations were performed in
on-the-fly mode with a scanning speed of 100”/s. The publicly
available cubes have B.;=0.43, an angular resolution of 20",
a pixel size of 8.5”, a velocity resolution of 0.65 km s~!, and
an rms of 0.65 K per channel per pixel. For a more detailed
description of the survey, we refer to Umemoto et al. (2017).

4. Results and discussion
4.1. Identification of the '3 CO emission velocity

In Figure 2 (left column), we show the 13CO(1-0) (black) and
(2-1) (red) spectra averaged across the full map regions of each
IRDC. Most spectra show multiple velocity components in both
transitions. '*CO is a very abundant species (y ~107® with
respect to H; e.g. Frerking et al. 1982) that probes relatively
low-density molecular material in the ISM (the typical critical
densities of the J=1-0 transition is ~10° cm™3; Yang et al.
2010). We now wish to discern which of these components are
associated with the clouds and which simply arise from emission
along the line of sight. To do this, we visually investigated the
spatial correspondence and overlap between the cloud structure
seen in the Herschel-derived maps (Figure 1) and each velocity
component. From this correspondence, we identified the veloc-
ity ranges of the '3CO emission associated with each cloud to
be in the ranges 40-60 km s~! for G24.94-00.15, 58—68 km s~
for G23.46-00.53, 42-54 km s~! for G24.49-00.70, and
58-68 km s~! for G25.16-00.28. The '3CO(1-0) and (2-1) inte-
grated intensity maps obtained over these velocity ranges are also
shown in Figure 2. These velocity ranges are reported in Table 2,
along with the corresponding integrated noise for both transi-
tions. We note that a more detailed analysis of the gas kinematics
towards these sources will be presented in a forthcoming paper.

4.2. Z13c0 and T.x maps

Following the method described by Hernandez et al. (2011), we
used the *CO(1-0) and (2—1) emission to map the CO depletion
factor across the four clouds. In particular, we re-gridded the
13C0O(2-1) IRAM maps to match the poorer pixel size and the
angular and velocity resolution of the corresponding '*CO(1-0)
FUGIN maps. We then assumed local thermodynamic equilib-
rium (LTE) conditions and used the following Equation (see
Eq. (A4) of Caselli et al. 2002) to estimate the column density of
the species:

dN”CO(”) _ 87TV3 2 Qrot(Tex) Ty
dv Ay gu 1 —exp(=hv/[kTe]) giexp(—E;/[kTex])’
2)

where v is the frequency of the transition, that is, 110.2 GHz
and 220.4 GHz for *CO(1-0) and (2-1) respectively, A, is the
Einstein coefficient for spontaneous emission (6.3324 x 1078 57!
forJ = 1 —0and 6.0745 x 1077 s™! for J = 2 —1), g/ and g, are
the statistical weights of the lower and upper levels, respectively,
Orot 18 the rotational partition function, E; is the energy of the
lower state in the transition, and 7 is the optical depth. All spec-
troscopic parameters were obtained from the catalogue of the
Cologne Database for Molecular Spectroscopy? and are listed in

3 https://cdms.astro.uni-koeln.de
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Fig. 1. Spitzer 8 pm images (left column), Herschel-derived mass surface density maps (X; middle column) and dust temperature (7y,y; right
column) for the four IRDCs. In the middle and right panels, the £=0.1 g cm~2 black contours highlight the shape of each cloud. The beam size
(bottom left) and 1 pc scale bar (top right) are also indicated.
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Fig. 2. Left column: *CO(1-0) (black) and *CO(2-1) (red) spectra averaged towards the full IRDC maps. The velocity ranges considered for
each cloud are indicated with vertical dotted magenta lines and are reported in Table 2. Middle and left columns: integrated intensity maps of the
13CO(1-0) and *CO(2-1) obtained over the defined velocity ranges. In both sets of panels, the beam sizes and 1 pc scale bar are indicated.
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Table 2. Properties of the four IRDCs and observed maps.

Cloud l b Offpos. Map  rms;_g rms;_ Av A0 Azl dy,  dgc :i—g
®) ®) " (x" (K) (K) (kms™") (Kkms™") (Kkms™") (kpc) (kpc)
G24.94-00.15 2493 -0.15 -757.87 S5x4 0.6 0.20 40-60 25 0.6 3.0 55 53
G23.46-00.53 2348 -0.54 7359 35x%x25 0.6 0.20 58-68 1.3 0.5 3.8 49 49
G24.49-00.70 24.48 -0.70 1050,41 35x3 0.6 0.14 42-54 1.7 0.4 32 54 52
G25.16-00.28 25.16 -0.29 2550,5 4.5x3.5 0.6 0.20 58-68 2.0 0.6 3.8 49 50

Notes. IRDC name, Galactic coordinate, off position, map size, rms per channel per pixel in the *CO(1-0) and '3CO(2—-1) maps in units of the
main-beam temperature, '*CO emission velocity range and corresponding integrated noise, kinematic and galactocentric distances, '2C/'*C ratio.

Table 3. Spectroscopic information for the *CO(1-0) and (2-1)
transitions.

Transition  Frequency Ay Ju E,
(GHz) (1078 571 (K)

B3COo(1-0) 110.201 6.3324 3 0.00

BCco@-1) 220.399 60.745 5 529

Table 3 (except for g;, which cancels out in Eq. (2)). We used the
following expression for Qyy:

Orot = Z(ZJ + Dexp(—E;/[kT)), 3)

J=0

with E; = J(J + 1)hB, where B is the '*CO rotational constant
55101.011 MHz".
The optical depth, 7,, in Eq. (2) was estimated via

h
Tpy = 7 | AT = (Top)] (1 = ™). @)

Here, T, is the main-beam brightness temperature at each
velocity (or frequency), f(T) = [exp(hv/[kT]) — 1]_] ,and Ty =
2.73 K is the background temperature, which we assumed to be
the cosmic microwave background temperature.

In these relations (Equations (2) to (4)), the 13CO column
densities estimated from the two transitions independently need
to be the same. Furthermore, it is necessary to know the exci-
tation temperature, Tex, Which is the same for both transitions
in the adopted LTE conditions. Hence, we estimated T4 at each
1, b, v element of the data cube (also known as voxel) as the value
for which the ratio of the two '3CO column densities converges to
unity, that is, Ry ; = dNsco21/dNico, 10 = 1. We first considered
all the voxels for which both transitions had emission above three
times the rms and calculated their R assuming Tx = 30 K.
Next, we iteratively decreased T until R, converged to unity.
We calculated the two column densities and also accounted for
optical depth. For all voxels in which one or both transitions were
below three times the rms threshold, we estimated T to be the
same as the average of that of the local [, b position, that is, for
a fixed [, b, we averaged all the channels in which T values
were estimated and assigned the obtained mean value to chan-
nels (within the same /, b element) for which an estimate was not
possible. We thus obtained a cube of T that we then used to
estimate the '>*CO column density towards each voxel. For the
subsequent analysis, we used the 3CO column density cubes

4 https://spec.jpl.nasa.gov
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estimated from the 13 CO(2-1) transition. We note, however, that
the '3CO column density cubes estimated from the two transi-
tions for each cloud are consistent within the uncertainty, and
this choice does not affect the validity of our results.

The 3D column density cubes obtained with the method
described above were then converted into 2D maps of Ny3co by
summing the contributions at each v channel. Finally, we used
these Nj3co maps to estimate the total mass surface density,
213co using the following equation:

12C

Nizcos )

HH
Zi3c0 oo BC
where yco = 1.4 x 107* is the fiducial CO abundance with
respect to H nuclei (Frerking et al. 1982), uy = 2.34 x 107 g is
the mass per H nucleus, and '>C/'3C=51 is the ratio of these C
isotopes. For this ratio, we adopted the following relation from
Milam et al. (2005), which assumes dgc = 8.0 kpc:

12

% = 6.2(x1.0)(dgc /kpe) + 18.7(£7.4), ©6)
where dgc is the galactocentric distance, estimated from the
kinematic distances of the clouds (Simon et al. 2006). As
reported in Table 2, we found dgc in the range of 4.9-5.5 kpc
and '2C/'3C isotopic ratios between 49 and 52. Because these
values are similar, we assumed for simplicity that all the clouds
had a '2C/'3C isotopic ratio 51, that is, that they corresponded to
the mean of the derived values. We note that from Equation (6),
the uncertainty on the isotopic ratio is ~25%.

The '3CO column density map, T., column density-weighted
map, and '3CO-derived mass surface density map for each
IRDC are shown in Figure 3. Towards all sources, we found
Tex in the range 5-10 K, with average values between 6 and
7 K (see Table 4), Njzco up to 6 x 10'® cm™2, and X3¢0 up
to 0.04 g cm™2. These values are similar to those previously
obtained towards cloud H by Hernandez et al. (2011) using the
same method.

With the above method, we also estimated the optical depth
for each 1*CO transition, 719, and 72;. The two transitions have
optical depths in the range 0.01-3 overall, with an average 7
across the clouds of < 719 >~ 0.3-0.4 and < 75; >~ 0.5-0.7 for
13CO(1-0) and (2-1), respectively. These values are reported in
Table 4.

The uncertainties of the quantities derived above are both
statistical due to measurement noise and systematic. For T, we
assumed its uncertainty to be 1 K at Tex=7 K, which was the level
adopted by Hernandez et al. (2011). This corresponds to a ~15%
uncertainty in the 7 and, in turn, to an uncertainty of ~25%
in the 3CO column densities. To this, we summed in quadra-
ture an additional ~3% uncertainty due to the rms, which thus
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Fig. 3. Maps of the column-density-weighted excitation temperature (left column), '*CO column density (middle column), and '*CO-derived mass
surface density (right column) obtained for the four IRDCs (the top to bottom rows show G24.94-00.15, G23.46-00.53, G24.49-00.70, and G25.16-
00.28). In each panel, the black contour corresponds to the FIR-derived mass surface density of 0.1 g cm™.
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Fig. 5. Left: 13CO-derived mass surface density, X3¢0, as a function of the Herschel-derived mass surface density, Zgr, for all clouds in our
sample (different colours). The dotted line corresponds to the one-to-one line. Right: normalised CO depletion factor, f[',,co, as a function of the

Herschel-derived mass surface density, Zgr, for all clouds in our sample (different colours). The dotted horizontal line corresponds to f[/,’cozl. The

black points represent the average uncertainties in the quantities.

Table 4. Average values extracted for all four IRDCs.

Cloud (Tex) () (t21) B fo Jp
X)

G24.94-00.15 64 0.3 06 37 6 16

G23.46-00.53 5.8 04 06 47 7 15

G24.49-00.70 6.8 04 07 29 5

G25.16-00.28 7.0 0.3 06 43 11 25

Notes. Column density-weighted T.x and 7, fp normalisation fac-
tors, Herschel mass surface density-weighted CO depletion factor, and
normalised CO depletion factor. The average CO depletion factors (nor-
malised and non-normalised) were obtained by considering pixels with
ZFIR >0.1 g cm‘z.

was a very minor contribution, so that the final uncertainty on
the column density was ~25%. Next, we summed in quadrature
the uncertainty arising from the adopted isotopic ratio and other
quantities needed to derive Zi3co, for which we then estimated
a total overall uncertainty of ~35%. The Herschel far-infrared
(FIR)-derived X also has an uncertainty of ~30%, as reported by
Lim et al. (2016).

4.3. CO depletion

In Figure 5, we show a scatter plot of Z{3co versus Zgpg for all the
pixels in the maps of IRDCs O, V, X, and Y. The *CO-derived
mass surface densities are in the range 0.003-0.05 g cm™2.
While X3¢0 increases with Zgg, it remains systematically lower
by factors of ~3-25, and this factor grows towards the high-Z
regime. This discrepancy between X3¢0 and Xgr might be evi-
dence of CO depletion. Alternatively, other factors might cause a
systematic underestimation of X via '3*CO emission or an overes-
timation via FIR dust continuum emission.

One potential explanation that was also discussed by
Hernandez et al. (2012) is that a strong negative excitation

temperature gradient from the more diffuse to the denser regions
of the clouds might cause X3¢0 to be underestimated. As shown
in Figure 3, however, we observe no such trend in any of the
IRDC:s. In contrast, we see indications of a rise of Ty towards
the denser regions.

Local fractionation of the '3CO isotope might also explain
the low values of Xj3co. Two possible mechanisms might
account for this: isotope-selective photo-dissociation, and chem-
ical fractionation. For isotope-selective photo-dissociation, how-
ever, the effect is known to be negligible for H volume densities
>10% cm™3 (Szfics et al. 2014), with this limit well below the
average IRDC densities in our clouds. Chemical fractionation,
on the other hand, is predicted to become effective for 2¢O col-
umn densities in the range 10'3-10'7 cm™2. At the considered
12C/13C ratio of 51, this corresponds to '3CO column densities
in the range 2 x 1032 x 10" cm™2. Towards the four IRDCs,
we estimate Nj3co = 10'® cm™3, and while chemical fractiona-
tion might occur to some extent, it is therefore most likely not
the main cause of the low X3¢0 we obtained. Moreover, recent
simulations also suggested new exchange reactions that might
increase the production of '*CO for molecules produced from
atomic C (Colzi et al. 2020).

Finally, the dust opacity assumptions adopted by Lim et al.
(2016) might affect the g estimates. The effects of these
assumptions are already considered in the 30% uncertainty
reported by the authors and can only account for a small fraction
of the Xpr variations. In light of all this, we conclude that the
relatively low values of 3¢ are primarily due to the depletion
of CO from the gas phase onto dust grains.

To quantify CO depletion, following previous studies (e.g.
Caselli et al. 1999; Fontani et al. 2006; Hernandez et al.
2011; Jiménez-Serra et al. 2014), we defined the CO depletion
factor as

_ z:CO,n:xpected z:FIR

Zcoobserved  Z13CO

Jo

@)
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Fig. 6. Corrected CO depletion factors, f}, as a function of gas density (i.e. number density of H nuclei, ny; left panel) and dust temperature (right
panel). We also report the CO depletion values measured by Entekhabi et al. (2022) in Cloud C as orange squares. In both panels, the horizontal
dotted black line corresponds to f;, = 1. In the right panel, we also show the empirical relation reported by Kramer et al. (1999) that was derived in
the low-mass core IC 5146 (blue curve) (see Eq. (1)). We also show our derived IRDC depletion relation (see Eq. (8)) (red curve).

The corresponding CO depletion maps are shown in Figure 4.
In order to take the systematic uncertainties due to the assumed
CO abundance and the Herschel-derived Zgr into account, we
re-normalised fp, so that it was ~1 for T4, =20 K, that is, the
CO freeze-out temperature (Caselli et al. 1999). We note that this
temperature roughly corresponds to a value of £ ~ 0.1 g cm™2 for
all the clouds. We indicate this normalised CO depletion factor
as f, co = Bfp and show the obtained maps in Figure 4. For each
cloud, the normalisation factors, 3, are reported in Table 4, along
with the column-density-weighted mean excitation temperatures.

Figure 4 shows that the CO depletion factor takes values
fp ~ 3-25 or f], ~ 1-9 after normalisation. For an average
cloud kinematic distance of 3 kpc (Table 2), the 8.5 pixel
scale in our maps corresponds to ~0.125 pc and contains
7.4 X (Z13c0/0.1g cm™?) M,,. Hence, several tens of solar masses
per pixel are missed when using CO observations when depletion
is not taken into account.

The CO depletion values shown in Figure 4 are consis-
tent with those reported by previous studies of IRDCs within
the sample by Butler & Tan (2012). Hernandez et al. (2011)
reported normalised CO depletion factors up to 5 towards IRDC
G035.39-00.33 (cloud H in Butler & Tan 2012), using C'80
emission. Towards the same source, Jiménez-Serra et al. (2014)
obtained fp up to 12 from a non-LTE analysis of the '*CO emis-
sion. Entekhabi et al. (2022) used astrochemical models to infer
the CO depletion factors towards ten massive clumps in IRDC
G028.37 (cloud C in Butler & Tan 2012). For these regions,
Entekhabi et al. (2022) reported fp up to 10, which is slightly
higher than the values reported here. The dust temperatures in
the ten clumps we studied in cloud C are colder, however, as
discussed further below. Sabatini et al. (2019) reported fp < 6
towards IRDC G351.77-0.51, which is similar to our f}, values.
Our normalised CO depletion estimates are also consistent with
those measured towards high-mass star-forming clumps by Feng
et al. (2020) (up to 15) and Fontani et al. (2012), that is, <10 for a
sub-sample of clumps located at distances similar to our sources.
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We also investigated how the CO depletion factor varied
as a function of the cloud properties of H number density and
dust temperature, as shown in Figure 6. Here, we also included
the fp values measured by Entekhabi et al. (2022) in IRDC
G28.37 (Cloud C). The H number densities shown in Figure 6
were obtained by applying the machine-learning denoising dif-
fusion probabilistic model described by Xu et al. (2023) to
the Herschel-derived mass surface density maps. For a detailed
description of the method, we refer to Xu et al. (2023). As shown
in Figure 6, the CO depletion factor exhibits clear trends as a
function of ny and Tg,. In particular, denser and colder regions
show higher levels of CO depletion. The scatter in the relation
of fp with density is relatively high, especially if the cloud C
were also considered. On the other hand, the relation of CO
depletion with temperature follows a monotonic relation more
tightly.

The correlation between the large-scale CO depletion in
IRDCs and the cloud properties was considered in previous
works (e.g. Kramer et al. 1999; Fontani et al. 2011; Sabatini et al.
2019). These studies generally reported evidence of a correlation
between ny and fp that is broadly consistent with our results.
Only Fontani et al. (2011) observed a slight anti-correlation
between the two quantities, but also suggested this might be due
to beam-dilution effects. Kramer et al. (1999) and Sabatini et al.
(2019) also investigated the relation between fp and Ty for low-
mass star-forming regions and IRDCs, respectively, and reported
qualitatively similar trends to our results.

In the right panel of Figure 6, we show the functional form
of fp(Tqus) derived by Kramer et al. (1999) (see Eq. (1)). It does
not track the rapid rise of fp, which occurs at Tguse < 18 K. This
might reflect real differences in the molecular cloud environ-
ments between the low-mass core IC 5146 and our IRDC sample:
especially the range of £ in the low-mass core is much smaller,
that is, X 5 0.1 g cm~2, than our IRDCs, where 0.1 gcm‘2 <
2 <507 gcm‘z. Alternatively, as mentioned in §1, systematic
uncertainties in measurement of 7,5 might be at play.



Cosentino, G., et al.: A&A, 705, A72 (2026)

In Figure 6, we also present a new functional form for
Sfh(Taust) that is a better description of IRDC conditions (taking
the uncertainties on f’p and Ty, into account),

, _ To
fD B exp[ (Tdust - Tl)} (8)

The example curve shown in Fig. 6 has Tp = 4K and T} = 12K.
The validity in the temperature range is ~15 K < T4y < 30K.
The main feature of the relation is the rapid rise of the depletion
factor at temperatures <18 K.

These results suggest overall that the dust temperature and
not the density is the most important variable in controlling the
CO depletion factor. In addition, the relatively small amount
of scatter seen in the f},(Tqus) relation might indicate than CO
depletion has reached a near equilibrium value, that is, a bal-
ance in the rates of freeze-out and desorption, with the latter
being dominated by thermal desorption and not by non-thermal
(e.g. cosmic-ray induced) desorption processes. We anticipate
that these results will be important constraints for astrochemi-
cal models of molecular clouds (see also Entekhabi et al. 2022)
and for their chemodynamical history (e.g. Hsu et al. 2023).

5. Conclusions

We have used '*CO(1-0) and (2-1) observations to infer the
levels of CO depletion towards a sample of four IRDCs. We
found normalised CO depletion factors up to 10 that cannot be
explained by systematic uncertainties in our analysis or chemi-
cal effects alone. We found that CO depletion generally increases
with increasing cloud density, although with significant scatter.
There is a tighter correlation with the dust temperature, with
CO depletion rising rapidly for Tgue < 18 K. To capture this
behaviour, we proposed a functional form for the normalised CO
depletion factor of f], = A exp(To/[Taust — T1]) with values of
the coefficients Ty ~ 4K and 7| ~ 12 K. These results indicate
overall that the dust temperature is the most important vari-
able in controlling the CO depletion factor. The relatively small
amount of scatter might indicate that the level of gas-phase CO
has reached near equilibrium values, with thermal desorption
playing a dominant role in balancing freeze-out. These results
provide important constraints for astrochemical models and for
the chemodynamical history of gas during the early stages of star
formation.
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