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Mapping the large scale CO-depletion in the
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Abstract. Knowledge of the degree of CO-depletion provides information on the physical con-
ditions occurring in the innermost and the densest regions of molecular clouds. A key parameter
is the radius within which the CO is depleted (R,,,). We present a study of the depletion of CO
in the Infrared Dark Cloud G351.77-0.51 (G351), to derive the depletion across the cloud. We
use the Herschel (Hi-Gal) and LABOCA dust continuum data, combined with APEX C'#0 and
C'70(2-1) line observations. We built a simple model to investigate the size of the CO-depleted
region in G351. The model suggests that R, < 0.15 pc, where we estimate a hydrogen num-
ber density > 2 x 10* cm™3. These results provide crucial information on the spatial scales on
which different chemical processes can operate in high-mass star forming regions.

Key words. Galaxy: depletion of CO — Galaxy: high-mass star-forming processes — Galaxy:
star formation — Galaxy: infrared dark clouds — Galaxy: ISM & chemistry

1. Introduction

Infrared Dark Clouds (IRDCs) are recognized
as the nurseries of massive stars (e.g. Menten
et al. 2005 and |Bergin & Tafallal 2007, here-
after BT07). They are dusty and dense (vol-
ume density n(Hy)> a few x 10* cm™; e.g.
Crapsi et al.|[2005) filamentary structures of

cold molecular gas, where temperatures are
< 20 K (e.g. ICaselli et al.l2008). They appear
in absorption against the background emission
at 8 um, while observations at longer wave-
lengths, tracing the dust continuum emission,
show their internal clumpiness revealing the
cores where star-formation actually takes place
(seelZinnecker & Yorkel2007/for more details).
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If we compare dust continuum and molec-
ular line emission from the same clump, we
notice a discrepancy between the locations at
which the two emissions peak. While the con-
tinuum emission peaks at the center, where we
expect the highest density, the same is not nec-
essarily true for the molecular lines. Nitrogen-
bearing species follow the dust distribution, but
the carbon-bearing species can show a lack
of emission at the dust continuum peak (e.g.
BTO07).

The explanation of this behaviour is the so-
called CO-depletion (e.g. (Caselli et al.l[1999).
After the interaction between a CO molecule
and a dust grain, the molecule can be captured
onto the grain surface with a certain probabil-
ity called sticking coefficient, S. This is what
generates the deficiency of CO in the densest
regions.

The characteristic time scale of this phe-
nomenon is inversely proportional to the stick-
ing coeflicient and the volume density of Hy:

10°
Tdep ~ S ) yI. (1)

Low temperatures and high density favour
the depletion of CO, facilitating also the forma-
tion of complex molecules on the dust grains
via two-body reactions (e.g. [Herbst & van
Dishoeckl2009)).

How much of the CO is depleted onto the
surface of the dust grains is usually character-
ized by the depletion factor, defined as the ra-
tio between the ‘expected’, Xgo , and the ob-
served, X(c)o’ abundance of CO with respect to
H, (e.g. Fontani et al.[2012):

E
X
fo =2 )
Xco
High-mass star-forming regions

(HMSFRs) are potentially more prone to
show large-scale depletion due to the high
volume densities of H, in clumps and in the
surrounding inter-clump medium (Giannetti
et al.|2014).

In different samples of young HMSFRs,
the observed depletion factor is found to vary
between 1 and a few tens, but we should con-
sider that these values are beam- and line-
of-sight-averaged quantities. This means that
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along the line-of-sight there will be regions in
which the CO could be completely in the gas
phase (i.e fp = 1) and others in which the
depletion factor can reach values larger than
those actually observed (fp = 10).

The physical size of the highly depleted re-
gion — the so called depletion radius, Ry, i.e.
the radius within which most of the C-bearing
species, and in particular CO, are locked onto
dust grains — is not known. This parameter is
however important because it defines the spa-
tial scale on which the relative importance of
different chemical processes could change.

2. Observations

We selected the nearest and most massive
source from the ATLASGAL survey (Schuller
et alJ2009; [Li et al.l2016)), the IRDC G351.77-
0.51 (hereafter G351), to derive an estimate of
the magnitude of R,,. This source’s proximity
and shape allow us to investigate the scales on
which CO-depletion is efficient and at the same
time to build an axisymmetric (toy-)model to
compute Ryep.

Herschel observations in four different
bands are available for this source and can be
combined with the LArge APEX BOlometer
CAmera (LABOCA) map of the 870 um dust
continuum emission. We performed a pixel-
by-pixel fit to the spectral energy distribution
to construct the dust temperature map (fol-
lowing [Leurini et al/2019, hereafter L19). In
the brightest clump of G351 (labeled ‘1’ in
Fig. 1)), the Herschel observations were satu-
rated, so we masked the region of this hot-core.
Following L19, we assumed an opacity law as
defined inHildebrand! (1983)), and from the sur-
face density of dust, we generate the map of
the column density of H,, N(H;), assuming a
gas-to-dust mass ratio of 120 (Giannetti et al.
2017a).

Pointed observations of the (2-1) transi-
tions of two CO isotopologues, C!’O and
C!80Q, are also available, as well as an on-the-
fly map of the same transition of C'30. We
generated the map of the column density of
C'30, N(C'®0), assuming that its excitation
temperature is proportional to the dust temper-
ature (Giannetti et alJ2017b). We then applied
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Fig. 1. Depletion factor (f;) map obtained by taking the ratio between the expected and observed N(C'30).
We assumed a canonical abundance of 2.1x1077 of N(C'®0) relative to N(H,). The grey contours mark the
3,9, 27 and 810 levels of the integrated emission of the APEX C'80 J(2-1) line, where 30 = 0.9 Kkm s~!.
The white contours are defined at fp = 1.5, 2, 3, 4 and 5. Black rectangular regions (i.e. C5, C7 and F1)
show where the models discussed in Sect. @] were applied to estimate the size of Ry,,. The plot is adapted

from [Sabatini et al.l (2019) and reprinted with permission.

the classical approach described in [Kramer &
(1991), taking into account possi-
ble opacity effects. We derived tcisg from the
ratio of the main-beam brightness temperatures
of the isotopologues and assuming their abun-
dance ratio, @, to be equal to 4 (e.g.[Wouterloof|
let alJ2008).

3. Large-scale CO-depletion map

The final depletion map is shown in Fig. [ It
was generated by taking )(glg o = 2.1x 1077 (see

Giannetti et al.l2017a). The clump@:I (labels 1,
2,3, 5 and 7) defined by [Leurini et all
appear well-pronounced along the main fila-
mentary structure, which in L19 is labelled the
“main-body”.

In this cloud, the depletion factor ranges
between 1 and 6, reaching its highest values
along the main-body of G351. In Fig. [l we see
that CO-depletion affects not only the densest
regions of the clumps but also the less promi-
nent and filamentary structures that surround

! We show only the clumps for which data on
both the CO isotopologues are available.
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Fig. 2. Pixel-by-pixel scatter plot of the whole
structure detected in Fig. [Il Circles represent the
pixels of the main body, the squares those of the
branches. The plot is adapted from [Sabatini et al.
(2019) and reprinted with permission.

them, as shown for the first time by [Hernandez
et al.| (2012) in the IRDC G035.30-00.33.

This behaviour is also visible in Fig.
where a scatter plot shows how the final values
of fp vary as a function of n(H;), and the dust
temperature, 7, (seelSabatini et al.l2019| for
more details on how the maps were generated):
circles and squares, respectively, are used to
distinguish the pixels of the main-body from
those of the sub-filamentary structures, here-
after “branches”.

Along the branches, temperatures are
<15 K, while the highest values (~30 K) are
reached around the hot-core in clump-1, as ex-
pected from the intense star formation activity
itharbors (e.g.|\Leurini et al.[2011a;|Konig et al.
2017; |Giannetti et al.|2017b). Around the hot-
core, fp < 1.5. In Fig. [2l we see that, when
the temperature decreases, the value of fp in-
creases with N(H,), because, for the same tem-
perature, the depletion is more efficient at large
n(H,) (see eq. [ and also [Caselli et _al.l[1999
for more details). This result confirms the hy-
pothesis that HMSFRs are more prone to show
large-scale CO-depletion.
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4. Depletion modeling

To compute the size of the depleted area, we
built a simple 1D radial model and we applied
it for three separate regions along the main-
body, viz. regions C5, C7 and F1, associated,
respectively, with clump-5, -7 and the filamen-
tary region between them (see Fig. [I). We as-
sumed a Plummer-like profile for the H, num-
ber density profile, as follows:

R a1-p/2
1+ s 3
(Rflaf) ] )

up to a maximum distance R, ~ 0.2 pc,
where n(Ho spine) is the central volume den-
sity of H, with respect to which we normalize
the theoretical profiles to match the observa-
tions, and Ry, is the distance relative to the
spine within which the density profile remains
roughly flat (1e n(Hz,Rﬂa,) = n(Hz,sp,-ne)/2 if
p = 2). The profile described in eq.[3 has four
free parameters: the two power-law indices (@
and p), the normalization factor for the n(H;)
profile and the position of R 4.

We simulate the depletion effect in-
side/outside the depletion radius with a simple
step-function where, for R < Ry, fp = 10 or
co and xcis0 = Xgusg/fo, While for R > Ryep,
Jp = 1and xcis0 = Xwg: For R < Ry, the
lower limit of fp = 10 is motivated by the ob-
servational constraints for high-mass clumps,
which in most cases show depletion values be-
tween 1 and 10 (beam- and l.o.s.-averaged; see
Sect. [I). Instead, the choice of extending the
model until reaching the theoretical condition
of full depletion (i.e., fp = o0) is made to study
the effect that such a drastic variation of fp has
on the size of Ry),.

For reasons of space, here we will only
show the results for clump-5. The complete de-
scription of the results can be found in|Sabatini
et _al. (2019). However, we note that the re-
sults for the other regions, the derived Ry, are
within a factor of 1.5 of those shown here.

In the best-fit model, we assumed p = 2
and eq. (3) takes the functional form described
by Tafalla et al. (2002), while & = 1.9 and
Ria=5.5x1073 pc, as result of the fit. The
value of @ was found by exploring the parame-
ter space defined by the results of Beuther et al.

n(Hy) = n(HZ,spine)
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(2002)), i.e. 1.1< @ <2.1. In Fig. Bl (i) and (ii),
we show the best-fitting mean radial column
density profiles of N(H;) and N (C10), respec-
tively, as a function of the projected distance
from the centre (R) of clump-5. As dashed
lines, we show the column density profiles be-
fore convolution with the telescope beam and,
as solid lines, the profiles convolved with the
Herschel beam at 500 um (i.e. 36 arcsec). The
observed data are plotted as black points. In
Fig. 3| (iii), we report the depletion factor as a
function of R, assuming fp = 10 for R < Ry,
(dashed line), or fp = oo (solid line).

The estimated R, ranges between a min-
imum of ~0.07 pc and a maximum of ~0.10
pc. At these distances, the volume densities of
H, are 5.7 x 10* cm™ and 3.1 x 10* cm™3, if
fp = oo or 10 for R< Ry, respectively.

If we assume an axisymmetric distribution
of the gas in the main-body and we take into
account the width of the filament estimated
from the C'*0(2-1) map (i.e. 0.37 + 0.06 pc;
L19), this result suggests that in ~1/4 of the
whole structure of G351 about 90% of CO
(fp = 10) or more, could be depleted.

5. Conclusion

We presented results of a study on the large-
scale CO-depletion factor fp and its vari-
ation in the IRDC G351.77-0.51. We used
Herschel and LABOCA dust continuum data
together with APEX J=(2-1) line observations
of C'%0 and C'70, taking into account opacity
and saturation effects on the data to derive the
Jfp map (Fig. [[). The depletion factor reaches
values as high as ~6 along the main-body and
close to clump-3, whereas in lower density,
higher temperatures structures fp is close to 1
as expected. In many regions of the spine and
the branches, the derived fp makes it clear that,
even in the less prominent structures, the de-
pletion of CO can start to occur, showing val-
ues larger than ~2.5.

We constructed a simple 1D (toy-)model
to estimate the size of the depletion radius
Rgep, reproducing observed fp profiles in two
clumps along the main ridge and along the
filament itself. The model suggests that Rg,
ranges between 0.10 and 0.07 pc, by chang-
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Fig. 3. Column densities N(H,) and N(C'80) are
plotted in panel (i) and (ii), respectively, as a func-
tion of the the projected distance from the centre
(R) of clump-5. In panel (iii) we show the mean
fp profile in C5. Dashed-profiles show: the l.o.s.-
integrated profiles of eq. [3 (panel i) and same for
N(C™0) assuming fp = 10 for R< Ry, (panel
ii), while the R, position corresponds to the cusp;
solid-drawn curves are the profiles convolved with
the Herschel beam at 500um (FWHM: grey-shaded
area). Dashed- and solid-profiles in panel (iii), show
the modeled fp profiles. Black points are the ob-
served values. The plots are adapted from |[Sabatini
et al. (2019) and reprinted with permission.
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ing the depletion degree from 10 to the full de-
pletion state for R < Ry,. Assuming a cylin-
drically symmetric main-body, with a width of
0.37 + 0.06 pc (L19), this result suggests that
in ~1/4 of the volume of G351, about 90% of
CO or more could be depleted.

For the future, higher resolution data will
be important to test a family of the curves de-
scribing less drastic variation compared to the
C'30/H, profiles assumed in this work and to
put stronger constraints on the estimated Ry,
(seelSabatini et al.[2019).
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