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Abstract: Using ALMA observations of the "> CN and DCN lines in the massive star-forming region
(G33.9240.11A, we investigate the CN/HCN abundance ratio, which serves as a tracer of photodissociation
chemistry, over the whole observed region. Even considering the uncertainties in calculating the abundance
ratio, we find high ratios (>>1) in large parts of the source, especially in the outer regions of star-forming
clumps Al, A2, and A5. Regions with high CN/HCN ratios coincide with the inflows of accreted gas
suggested by Liu et al. (2015). We conclude that we found strong evidence for interaction between the
dense gas clumps and the accreted ambient gas which may have sequentially triggered the star formation

in these clumps.
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1. INTRODUCTION

High-mass star formation is one of the key factors that
govern the overall evolution of galaxies. Their early-
phase evolutionary processes, however, are not well con-
strained because of the complex phenomena associated
with energetic young stars forming in groups/clusters
which evolve rapidly (e.g., Zinnecker & Yorke 2007;
Reipurth & Yan 2008). Therefore, these massive star-
forming clouds are often observed to consist of compli-
cated sub-regions with a large variety of physical and
chemical conditions. Chemical diagnostics is a powerful
tool for investigating the nature of the source deeply
embedded within a very dense molecular cloud (e.g.,
for G33.92+0.11, Liu et al. 2012, 2015, 2019; Minh
et al. 2016, 2018). In this paper, we investigate the
CN/HCN abundance ratio estimated from observations
of the 13CN and DCN lines in the massive star-forming
region G33.92+0.11, to probe the photodissociation re-
gion (PDR) associated with star formation. We expect
that this ratio will provide information important for
understanding the cloud kinematics and the early stage
of star formation.

HCN is commonly used as a tracer of dense molecu-
lar gas (with densities ng, > 10* ecm=3). CN is another
tracer of dense gas with a lower (by a factor of five)
critical density than HCN (e.g., Pérez-Beaupuits et al.
2007). Both species are known to be abundant in pho-
todissociation regions (PDRs). A CN/HCN abundance
ratio > 1 has been suggested to be characteristic for
PDRs because CN is chemically linked to HCN and can
be formed by the direct photodissociation of HCN (e.g.,
Lafont et al. 1982; Huggins et al. 1984; Thi et al. 2004;
Fuente et al. 2005). Chemical models of PDRs predict
that the CN/HCN abundance ratio can be enhanced
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by several orders of magnitude near the ionization front
(Sternberg & Dalgarno 1995; Jansen et al. 1995). The
abundance ratio has been found to be enhanced substan-
tially (up to a few) towards various sources influenced by
photochemistry or shocks, as opposed to quiet regions
having ratios in the range ~ 0.01 — 0.1 (e.g., Fuente et
al. 1993, 1996, 2005; van Zadelhoff et al. 2001; Thi et al.
2004; Jgrgensen et al. 2004; Oberg et al. 2010; Minh et
al. 2014).

We investigate the CN/HCN abundance ratio in the
massive star-forming cloud G33.92+0.11 which is located
at a distance of ~7.1 kpc (Fish et al. 2003) and viewed
nearly face-on (Liu et al. 2012). The central parsec of
the cloud (a region referred to as G33.924+0.11A) hosts
several dense clumps, identified by their dust continuum
emission at 1.3 mm (Liu et al. 2015) and associated
with active star formation. These clumps consist of sub-
pc-scale features with chemical properties very different
from each other (Minh et al. 2016, 2018). The chemical
complexity found in this region is thought to largely
arise from different physical and chemical evolutionary
time scales associated with massive star formation. In
addition, ambient gas is still being accreted into the
cloud; accordingly, the observed chemical complexity
may reflect the different chemistry of ambient clouds.
Gas inflows are observed as filamentary and/or arm-like
features connected to the dense cores of gas clumps (Liu
et al. 2015). We suspect that the accreted gas plays an
important role in the very early phase of star formation.

So far, the gas inflows have not received much at-
tention mainly because of their low densities and larger
spatial extensions compared to the active dense star-
forming cores. In addition, the face-on projection of
the cloud makes it difficult to study the dynamics of
the accretion flow. In this paper, we therefore investi-
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gate signatures of interacting gas using the CN/HCN
abundance ratio toward the extended features associated
with star-forming cores. In Section 2, we summarize the
ALMA data used for deriving this ratio and observed
transitions of DCN and '3CN. Section 3 includes subsec-
tions on the observed emission distributions (Section 3.1)
and abundance derivations, conversion to CN and HCN
abundance from the observed values (Section 3.2), and
the CN/HCN abundance ratios (Section 3.3). The sum-
mary is given in Section 4.

2. DATA

We used the ALMA data (ADS/JAO.ALMA#2012.1.
00387.S) taken with the 12 m array on 2014 May 4
for the DCN 3 — 2 (v=217.23863 GHz) and 3CN
N =2 —1 (v=217.46715 GHz) transitions observed
toward G33.92+0.11. The same data set has been used
previously by Liu et al. (2015); Minh et al. (2016, 2018).
The pointing and phase referencing center was (v, d) y2000
= (18252m503272, 00°55'297604). The frequency set-
tings took into account a velocity of the local standard
of rest of v, = 107.6 km s~—!. Four spectral windows,
two of width 234.4 MHz and two of width 1875.0 MHz,
were used with channel spacings of 61 kHz and 488 kHz,
respectively. The resulting angular resolution (6) was
about 0.65” (the uv sampling range was 13 — 430 k).
The system temperatures were in range 60 — 150 K and
the spectral flux uncertainties of the observed lines were
about 20 — 50 mK (1o). Unlike the molecular line data,
the dust continuum image was taken by the ALMA 12 m
+ ACA array (6 ~ 0.67” x 0.47”) and included into our
analysis after subtracting the estimated contribution by
free-free emission. Further observational details can be
found in Liu et al. (2015).

The '3CN N = 2 —1 transition splits into hyperfine
transition levels, and we used the hyperfine components
at 217.46715 GHz (Fy - F, =352, FF - F=3—>2
and Fj - F», =3 - 2, F/ - F =4 — 3) and at
217.469156 GHz (F§ - F, =3 =2 F' - F=2—1).
The 217.46715 GHz and 217.469156 GHz components
are responsible for 27.7% and 6.0% of the total N =
2 — 1 emission, respectively (Flower & Hily-Blant 2015),
separated by Av = —2.76 km s~ 1.

3. RESULTS AND DISCUSSION
3.1. Spatial Distribution of Emission

(G33.9240.11A consists of several dense clumps contain-
ing massive star-forming cores. Figure 1 shows the
dust emission distribution in the G33.92+0.11A region,
which roughly traces the total gas density of the region
weighted by the dust temperature. The physical condi-
tions of these cores have been studied in detail by Liu
et al. (2015, 2019). The most prominent gas clumps are
associated with the dust emission peaks A1, A2, and A5
where massive stars are forming (e.g., Liu et al. 2012,
2015; Minh et al. 2016). The Al clump is associated
with an ultra-compact (UC) HII region originating from
the massive star cluster formed which was part of the
first generation of stars formed in the cloud. The most
recent star formation is observed to occur in the A5
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Figure 1. Continuum map at 1.3mm (after subtracting a
free-free emission model, Liu et al. 2015). The intensity scale
at the top is in units of Jy beam™'. The white contour line
marks a continuum emission strength of 3 mJy beam™'. Al,
A2, and A5 indicate the clumps containing the dust emission
peaks number 1, 2, and 5 of G33.92+0.11A, respectively (Liu
et al. 2012). The black cross denotes the position of the UC
Hir region.

clump, as indicated by the existence of multiple SiO
outflows and hot cores (Minh et al. 2016).

Figures 2 and 3 show the spatial distributions of the
DCN 3 —2 and '3CN N = 2 — 1 emission, respectively,
smoothed to a resolution of about 1” resolution, i.e.
roughly the half-power size of the identified sub-cores
(Minh et al. 2018). We included a sample spectrum in
each figure taken toward the peak emission position,
taken at the same spatial resolution of 1”. The line
parameters are listed in Table 1.

The DCN emission in Figure 2 shows a good corre-
lation with the dust emission in Figure 1 as previously
noted by Liu et al. (2015). DCN is deuterated hydrogen
cyanide (HCN) which is thought to control the nitrogen
chemistry in the gas phase, its deuterium fractionation is
known to proceed efficiently in dense gas (e.g., Rodgers
& Charnley 2001; Gerlich et al. 2002). As discussed
by Minh et al. (2018), DCN can form efficiently not
only in cold gas through typical gas phase deuteration
reactions initiated by HoDT, but also in the warm dense
core either by evaporation of the depleted DCN from
ice grain mantles or by lukewarm gas phase deuterium
fractionation of HCN associated with CH,;D*. This
seems to explain why DCN is observed allover massive
star-forming regions with relatively constant abundances
over the observed regions (a few x10710 — 107! e.g.,
Roberts et al. 2002; Parise et al. 2009; Ginard et al.
2012; Ren et al. 2012).

However, the '3CN emission in Figure 3 shows a
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Figure 2. Map of the integrated intensity of DCN 3 — 2. The
intensity scale (in units of Jy beam™" km s™') is shown at
the top. The white contour outlines the continuum emission
shown in Figure 1. The black cross marks the position of the
UC Hit region. A sample spectrum taken at the position of
the emission peak («, §)j2000 = (18}‘52‘“50'?427 00°55'26"66)
is shown in the inset in the top-right corner. Its abscissa
shows vy, (in km s™') and its ordinate shows the flux density
(in K).

distribution very different from that of the DCN emission
and also from those of other molecules such as, for
example, CS, SiO, CH30H, etc., reported previously
(e.g., Liu et al. 2015; Minh et al. 2016, 2018). We think
that this difference results from the PDR chemistry of
CN, which is largely different from the chemistry related
to other species including HCN. As the abundance ratio
of CN and HCN is thought to be a good tracer of PDRs,
we expect that this ratio will provide an interesting
information for the cloud kinematics associated with the
activities of massive star formation.

3.2. Abundances

We first calculated the DCN and '*CN abundances from
the data assuming optically thin emission and local
thermodynamic equilibrium (LTE). These values were
converted to HCN and CN abundances by applying
the estimated D/H and '2C/**C abundance ratio, re-
spectively. For the derivation of the DCN and '3CN
abundances we used the relation

Neolumn = (QWVQk/hCBqu) /TEdV (1)

(cf. Trvine et al. 1987), where v is the line frequency, k is
the Boltzmann constant, [ T dv is the integrated bright-
ness temperature of the line, h is the Planck constant,
c is the speed of light, f, is the fractional population
of the upper level of the line, and A is the Einstein
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Figure 3. Same as Figure 2 but for 3 CN N = 2 — 1. The
emission peak is located at (o, 6)j2000 = (18}‘52“‘50?02,
00°55'28712).

coefficient of the line. For calculationg the fractional
population f,, we used rotational temperatures in the
range Ty = 20...50 K, estimated from our previous
works (Liu et al. 2012, 2019; Minh et al. 2016). The
total uncertainties resulted from the Ty, range and the
observed spectral root-mean-squared errors (30) were
added in quadrature and listed in the last column of
Table 1 as percentage of the total column density.

For the derivation of the CN/HCN abundance ra-
tio, we converted the observed abundances of 13CN and
DCN to those of CN and HCN by applying the expected
isotope ratio of 12C/13C and D/H to the observed re-
sults, respectively. The cosmic value of the 2C/!3C
abundance ratio is 89, but the molecular abundance
ratios between the species containing '2C and '*C have
been found to be in the range 10 — 80 depending on the
source (e.g., Wilson & Rood 1994; Bakker & Lambert
1998; Roueff et al. 2015; Ritchey et al. 2018). We ap-
plied a 2CN/*¥CN abundance ratio of 40 to derive the
CN abundance from the '*CN results. In addition to
the 20 — 30% uncertainty of the '3CN abundance listed
in Table 1, we expect that the isotope conversion will
provide an additional uncertainty of a few tens % of
the 2CN abundance. This estimate applies similarly to
the final HCN abundance discussed below. Therefore,
the final abundance ratio of CN/HCN will be uncer-
tain by a factor of a few. For this reason, instead of
discussing the accurate value of this ratio, we focus on
the relative abundance ratio distribution over the whole
observed region to distinguish the properties associated
with massive star formation.

For estimating the HCN abundance, we applied the
expected DCN/HCN abundance ratio to the DCN abun-
dance. The cosmic D/H abundance ratio is about 10~°
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Table 1
Line parameters for the spectra in Figures 2 and 3 and abundances
Molecule Vi, ok Av (HPW)? JTdv rms (lo) NS
(km s™1) (K) (km s™1) (K km s71) (mK) (cm™2)
DCN 107.7 6.7 2.8 21.9 34 2.4 x 10" £15%
13CN 107.9°/105.6° 0.50°/0.13¢ 1.7°/2.6° 1.5 29 4.6 x 10" £27%

2From fitting Gaussian profiles.

bFor the hyperfine components F) 5 F,=3-2F - F=3-22&F,—+F,=3—-2F — F=4—3at 217.46715 GHz.
°For the hyperfine components F, = F» =3 — 2, F/ — F =2 — 1 at 217.469156 GHz. The vy, value is calculated with respect to the

rest frequency of the strongest component which is 217.46715 GHz.

dColumn density uncertainties are given in percentages, using the rotational temperature range 20 — 50 K and the spectral rms value

(30) which were added in quadrature.
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Figure 4. Column density ratio of CN/HCN derived from
3CN and DCN intensities. The color bar at the top shows
the range of abundance ratios. The white cross marks the
position of the UC Hir region. The white contour is the 0.02
Jy beam™! km s™! strength of the CN N = 2 line emission
in Figure 3.

but efficient deuterium fractionation occurs in dense
molecular clouds (e.g., Linsky et al. 1993; Oliveira et
al. 2003). Especially, HCN shows a high degree of deu-
terium fractionation in warm gas, as described in the
introduction (and the references in Minh et al. 2018).
The DCN/HCN abundance ratio has been found to be
in the range 0.02—0.1 from observations towards various
different sources and also from chemical modelling (e.g.,
Roberts et al. 2002; Oberg et al. 2010; Gerner et al.
2015). We used a DCN/HCN abundance ratio of 0.05 to
derive the HCN abundance from that of DCN. Although
most of the uncertainties of the *CN and DCN data
will cancel out when deriving the abundance ratios since
the lines were taken simultaneously and have similar fre-
quencies, we expect that the resulting abundance ratios
will still have large uncertainties up to a factor of a few,
as mentioned above.

3.3. The CN/HCN Abundance Ratio

Even though large uncertainties in the final CN/HCN
abundance ratio are likely to persist, it is apparent that
the ratio is >1 over a significant part of the source, as
shown in Figure 4. The ratio was calculated only for
map pixels which have both a positive CN flux and a
DCN intensity >20 mJy beam™! km s~!. Considering
the uncertainties, the values < 10 near the dense star-
forming cores are up for debate. However, for the regions
with ratios >10 we can say for sure that their CN/HCN
ratios are enhanced compared to quiet regions. The
regions with high ratios are located outside of dense
clumps and coincide with the postulated accretion flow
filaments.

As summarized in Section 1 for the CN/HCN ratio,
the major formation routes of CN are thought to be
either photodissociation of HCN or photochemistry in-
volving atomic C and N. However, G33.92+0.11A is the
central part of a larger molecular cloud and is unlikely
to be affected by photons from the interstellar radia-
tion field. The newly formed stars are also embedded
deeply in the dense cores. Therefore, along with the
morphology of the region having a high CN/HCN ratio
(Figure 4), we expect that strong shocks caused by the
interaction of accreted gas and the existing clumps gen-
erate the photons and physical conditions necessary for
the enhancement of the CN/HCN ratio, although the
shocks or phases of elevated temperatures or densities
only last for a short time — with the relaxation time scale
being of the order of hundred years. This argument can
also be applied to the high value of the abundance ratio
in the outer region of a protoplanetary disk (e.g., Thi et
al. 2004).

The most prominent feature in our map is an arc-
like gas filament pointing south from the clump Al.
This filament is likely to be gas accreted toward Al
from the ambient medium (Liu et al. 2015). Since the
total column density of this filamentary feature is low
compared to other dense regions, as estimated from the
dust emission (Figure 1), we suppose that the enhanced
CN abundance and also the CN/HCN ratio along this
component result from shocks formed in the accretion
process which may have triggered the first star formation
in the Al clump.

This first star formation has formed the UC Hi
region marked by a cross in our figures. PDRs may have
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been formed by the young stellar objects associated
with the UC Hii region. The CN/HCN ratio is, however,
found to be low near this region. Since this UC Hi1
region is embedded in the dense gas cloud, we expect
that there may exist a shallow PDR of which the total
CN column density may not be large enough compared
to the DCN abundance in the line of sights. The DCN
abundance could have been enhanced in warm dense gas
compared to the ambient region (Minh et al. 2018). On
the other hand, CN appears to be more abundant in
relatively extended and less dense gas as seen in Figure 3.

We also found a high abundance ratio in the north-
ern part of the A2 clump. The region showing a high
ratio is located outside of the dense core where star
formation is taking place (Minh et al. 2016). We expect
that the accreted gas is falling toward A2, as suggested
by Liu et al. (2015), and is interacting with A2. The
large abundance ratio compared to the A5 clump, espe-
cially in the northern part of this clump, is thought to
result mainly from the interaction between the accreted
gas and the star-forming core where star formation is
taking place, as indicated by strong multiple SiO out-
flows and the existence of hot cores (Minh et al. 2016). It
is also possible that the star formation in A5 is triggered
by recent accretion of gas from the northern direction
(Liu et al. 2015; Minh et al. 2016).

The regions with high abundance ratios coincide
with the flows of accreted gas described by Liu et al.
(2015, Figure 15). Because of the almost face-on ori-
entation of the source, there is no clear evidence for
accreted gas which would be extended and less dense
than the star-forming cores. Given the difficulties of
tracing cloud-cloud interactions or the triggering pro-
cesses of star formation, we consider the CN/HCN ratio
a good tracer of the environment of PDRs. Information
on interactions between dense cores and ambient gas
can be important to understand the early phase of cloud
formation and the sequential formation of massive stars
in the associated dense gas clumps.

4. SUMMARY

Using '*CN and DCN ALMA line maps, we investi-
gated the CN/HCN abundance ratio, which serves as a
tracer of photodissociation chemistry, in G33.924+0.11A.
Despite large uncertainties, large ratios (>10), which
clearly suggest enhanced CN/HCN ratios relative to the
quiet dense gas, have been found in the outer regions of
the star-forming clumps A1, A2, and A5. These regions
coincide with the expected flows of accreted gas toward
the dense clumps (Liu et al. 2015) and PDRs may have
formed during the accretion process. This is evidence
for accreted gas—cloud interactions which may also have
triggered the star formation in the gas clumps.
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