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ABSTRACT

Context. Deuterated molecules and their molecular D/H-ratios (Rp(D)) are important diagnostic tools with which to study the physi-
cal conditions of star-forming regions. The degree of deuteration, Rp(D), can be significantly enhanced over the elemental D/H-ratio
depending on physical parameters such as temperature, density, and the ionization fraction.

Aims. Within the Cygnus Allscale Survey of Chemistry and Dynamical Environments (CASCADE), we aim to explore the large-scale
distribution of deuterated molecules in the nearby (d ~ 1.5 kpc) Cygnus-X region, a giant molecular cloud complex that hosts multiple
sites of high-mass star formation. We focus on the analysis of large-scale structures of deuterated molecules in the filamentary region
hosting the prominent Hil region DR21 and DR21(OH), a molecular hot core that is in an earlier evolutionary state.

Methods. The DR21 filament has been imaged using the IRAM 30-m telescope in a variety of deuterated molecules and transitions.
Here, we discuss the HCO*, HNC, and HCN molecules and their deuterated isotopologs DCO*, DNC, and DCN, and their observed
line emissions at 3.6, 2, and 1.3 mm.

Results. The spatial distributions of integrated line emissions from DCO*, DNC, and DCN reveal morphological differences. Notably,
DCO™" displays the most extended emission, characterized by several prominent peaks. Likewise, DNC exhibits multiple peaks,
although its emission appears less extended compared to DCO*. In contrast to the extended emission of DCO* and DNC, DCN
appears the least extended, with distinct peaks. Focusing only on the regions where all three molecules are observed, the mean deuter-
ation ratios for each species, Rp, are 0.01 for both DNC and DCN, and = 0.005 for DCO*, respectively. Anticorrelations are found with
deuterated molecules and dust temperature or N(H;).

Conclusions. The strongest anticorrelation is found with Rp(DCO*) and N(H,), with a Pearson correlation coefficient of p = —0.74.
We analyzed the SiO emission as a tracer for shocks and the N(HCO)/N(H®CO™) as a tracer for increased photodissociation by
ultraviolet radiation. It is suggested that the anticorrelation of Rp(DCO*) and N(H,) is a result of a combination of an increased pho-
todissociation degree and shocks. A strong positive correlation between the ratio of integrated intensities of DCN and DNC with their
13C-isotopologs is found in high-column-density regions. The positive relationship between the ratios implies that the D-isotopolog of
the isomers could potentially serve as a tracer for the kinetic gas temperature.

Key words. methods: observational — ISM: clouds — ISM: molecules — ISM: individual objects: DR21

1. Introduction

While an overall understanding has emerged that star forma-
tion occurs in cool, dense molecular clouds, the physical and
chemical conditions during the formation of high-mass stars are
still poorly understood. The chemistry of these clouds evolves
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in complexity, heavily depending on the underlying and evolving
physical conditions (see, for example, McKee & Tan 2002, 2003;
Girichidis et al. 2020; Tielens 2021). Conversely, the presence of
molecules, primarily CO, and also dust grains affects the physi-
cal conditions and the evolution of the clouds, as these coolants
are important to allow their contraction (Hocuk et al. 2014).

In the interstellar medium (ISM), the elemental abun-
dance ratio of deuterium to hydrogen (D/H) is observed to
be approximately 10~ (Linsky 1998; Oliveira et al. 2003,
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Cooke et al. 2018). The earliest phases of star formation begin
when the cloud is cold (7 < 30 K) and dense (n > 10° cm™3)
(e.g. Fontani et al. 2011). During this phase, deuterium chemistry
begins via an ion—molecule reaction involving H3* and HD:

H;* + HD — H,D* + H, + AE (230 K) (1)

enabling the transfer of deuterium from its main reservoir, HD,
to other species (Watson 1974; Wootten 1987). Additionally,
depending on the spin-state of H3", and consequently of the
formed H,D*, the reverse reaction in Eq. (1) is enhanced (Flower
et al. 2006). During the freeze-out onto dust grains, the num-
ber of heavy neutral molecules in the gas phase, such as CO,
decreases. This decreases the destruction of H,D* (Pillai et al.
2012; Sabatini et al. 2020). Therefore, low temperatures lead
to an accumulation of H,D". Reaction (1) is the first forma-
tion route for heavier deuterated molecules, leading to a higher
molecular XD/XH ratio (= Rp(XD), with XD and XH the abun-
dance of the deuterated and H-isotopolog, respectively) that can
reach up to a few percent (Roberts & Millar 2000a; Roberts et al.
2004) in dense, molecular clouds. Simple gas phase chemistry
predicts equilibrium values of Rp(XD) for simple molecules to
be on the order of several times 10 % for Rp(DCO™) (Roberts &
Millar 2000b). At higher temperatures (T ~ 30-80 K), deuter-
ation mainly occurs through the light hydrocarbons, that is,
CH,D* and C,HD* (Millar et al. 1989; Albertsson et al. 2013).
Furthermore, deuterated molecules can also be formed on dust
grain mantles where D-atoms react with ice. As the tempera-
ture drops below ~20 K, the flow of atomic D onto dust grains
increases, and consequently the rate of grain-surface reactions
with H and D increases (Albertsson et al. 2013). This can result
in high XD-XH ratios in complex organic molecules (COMs;
C-bearing molecules containing more than six atoms) of up to
a few times 10% in extreme cases, leading even to multiply
deuterated COMs (Parise et al. 2002). By studying the deuterated
molecules and their main isotopologs, we can gain an insight into
the physical conditions in early-stage star formation, such as the
gas density, temperature, and ionization fraction (Herbst 1982;
Caselli et al. 1998; Favre et al. 2015; Gerner et al. 2015).

In this paper, three deuterated molecules are of particular
interest: DCO*, DNC, and DCN. DCO" is efficiently formed
through H,D* reacting with CO in the low-temperature regime
(Albertsson et al. 2013). An additional formation pathway for
DCO" in the higher-temperature regime (T > 50 K) is thought
to occur from the light hydrocarbon, CH,D* (Favre et al. 2015).
The column density ratio, Rp(DCO™), also depends on the ion-
ization fraction (Caselli et al. 1998), whereby a decreasing ratio
can suggest a higher ionization fraction (Favre et al. 2015). DNC
and DCN show dissimilar behavior in their formation pathways.
DNC is formed from HCND", via H,D*, reacting with CN or
HCN in the lower temperature regime (~20-30 K) or through
CH,D* reacting with N in the higher temperature regime (Turner
2001; Albertsson et al. 2013). On the other hand, DCN is formed
primarily (~66%) through CH,D* via CHD or CH,;D react-
ing with N in conditions typical of translucent and dark clouds
(Turner 2001). A significant, but less efficient formation pathway
of DCN is through DCO* reacting with HCN or HNC forming
HDCN™* or DCNH", respectively. This reaction becomes more
efficient with increasing temperature, forming both DNC and
DCN (Albertsson et al. 2013). Furthermore, the formation of
DNC from HCN is more efficient than the formation of DCN
from HNC (Turner 2001). The abundances of both precursors
H,D" and CH,D™" are temperature-dependent (Albertsson et al.
2013), which leads to the increasingly efficient production of
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DCN with temperature. This means that the formation of DNC is
more efficient at lower temperatures (~30 K) than that of DCN.
As the temperature increases, the efficiency with which DCN is
formed increases, surpassing the production of DNC at higher
temperatures (~80 K).

Gerner et al. (2015) investigated the behavior of deuterated
molecules’ abundances in high-mass star-forming regions, which
they divided into four different evolutionary stages; namely,
infrared dark clouds (IRDC), high-mass protostellar objects
(HMPO), hot molecular cores (HMC), and ultra-compact HII-
regions (UCHII), evolving as IRDC - HMPO — HMC —
UCHII. They show that the column densities, N, of DCO* and
DNC decrease with progressing evolutionary stage of a clump,
whereas N(DCN) peaks in the HMC-stage (Gerner et al. 2015).
In addition, they find that the Rp(DNC) and Rp(DCN) deutera-
tion ratios show a range of values, with an average of 0.02 and
0.005, respectively (Gerner et al. 2015). In the same sources,
Rp(DCO™) was measured to be an order of magnitude lower,
with an average ratio of 0.0025 (Gerner et al. 2015). Toward
two dark cloud sources, L134N and TMC-1, Rp(DCO™) was
found to be 0.18 and 0.02, respectively (Tiné et al. 2000). More
recent observations toward the distant Hil-region W51 star-
forming region showed a core, on the same spatial scales, with a
comparable ratio of 0.02 (Vastel et al. 2017).

The prominent nearby giant molecular cloud or star forma-
tion complex Cygnus-X is a prime target for studying the early
stages of massive star formation. It has a rich environment that
contains recent and ongoing star formation activities. These are
OB associations, Wolf-Rayet stars, numerous HiI-regions, and
dense molecular star-forming clumps (Schneider et al. 2006;
Motte et al. 2007; Reipurth & Schneider 2008). The most active
and dense region within the Cygnus-X region is a filament that
contains, near its southern end, the compact Hii-region DR21
Main (Downes & Rinehart 1966; Immer et al. 2014; Schneider
et al. 2010; Hennemann et al. 2012), which has a rich molecu-
lar envelope with a photodissociation interface (Ossenkopf et al.
2010). The filament is proposed to be the result of interacting
Hi1 flows and molecular clouds (Schneider et al. 2023; Bonne
et al. 2023). The DR21 region is located at a distance of 1.5 kpc
(Rygl et al. 2012), and its dense filamentary structure, also called
the “DR21 ridge”, harbors several dense cores with a gradient
of evolutionary stages (Hennemann et al. 2012). Further north,
a famous active OH, H,0, and CH3OH maser source, the dense
protocluster or hot molecular core DR21(OH) (Mangum et al.
1992) is found and a colder region of infalling gas is located
in the northernmost part of the ridge (Schneider et al. 2010;
Hennemann et al. 2012; Koley et al. 2021). Previous studies of
H,D* north of DR21(OH) using the James Clerk Maxwell Tele-
scope (JCMT) have shown the emission to probe a large-scale
cold, quiescent gas component (Pillai et al. 2012), hinting also at
the presence of cold gas pockets nearby, only slightly offset from
the DR21 filament.

The Cygnus-X Allscale Survey of Chemistry And Dynami-
cal Environments (CASCADE; Beuther et al. 2022) is a large-
scale survey of the Cygnus-X region carried out with the
NOrthern Extended Millimeter Array (NOEMA) and the Insti-
tut de Radioastronomie Millimétrique (IRAM) 30-m telescope
as a Max Planck Institute and IRAM Observatory large-program
(MIOP). The objective is to connect star formation properties at
large scales probed with the IRAM 30-m telescope to small-scale
dense cores observed by the NOEMA interferometer. In its lower
frequency range of 70-80 GHz, the project covers the ground
state level transitions of several key deuterated species, DCO?,
DNC, and DCN (see Table 1). Higher rotational transitions of the
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Table 1. Frequencies and spectroscopic properties of the deuterated molecules and their corresponding '*C-isotopologs presented in this study
alongside the spectral line properties obtained by averaging over the entire DR21 filament are presented.

Species Transition  Frequency  Ey,/k Ajj Jup Nerit Database Tms UPeak FWHM
(MHz) (K) ) (cm™) (K) (kms™") (kms™")
DCO* J=1-0 72039.312 346 22(-5 3 4.54) CDMS 0.08 +0.01 -27+08 3.0+0.1
DCO* J=3-2 216112582 2074 71(-4) 7 1.0(6) CDMS 0.14 = 0.01 -32+08 34+0.1
H"CO* J=1-0 86754.288 416 39(-5 3 4.5(4) CDMS 0.21 £ 0.01 -3.0+08 34+0.0
DNC J=1-0 76305.727 3.66 16(-5 3 1.1(5) CDMS 0.06 +0.01 -3.0+£0.8 32+0.1
DNC J=2-1 152609.774 1099 1.5(-4) 5 1.0(6) CDMS 0.18+001 -27+408 3.6+0.1
HN'3C J=1-0 87090.850 418 19(-5) 3 1.1(5) CDMS 0.07+ 0.01 -3.0+£0.8 34+0.1
DCN 1{::: 1__(;’(*) 72414.694 348 13(-5) 5 3.0(5) JPL 0.05 +0.01 -31+08 41 +0.1
DCN J=3-2 217238.538 20.85 4.6(-4) 21 1.0(7) CDMS 0.11 = 0.01 -3.8+0.8 41 +0.1
H3CN 1{,:: 12__(1’(*) 86339.921 414 22(-5) 5 3.0(5) JPL 0.11 = 0.01 -3.8+0.8 41 +0.1

Notes. The frequency, upper level energy, E,,/k, Einstein coefficient, A;;, and upper state degeneracy g,,, are given. The critical density, ncq, at
Twin = 20 K, are also listed (Shirley 2015). The rightmost three column give the peak intensity, Typ, central LSR velocity and FWHM of Gaussian
fits to a spectrum representing an average of the emission in the covered area in the DR21 region. The values for A;; and n; are written in the form
of x(—a) = x x 107“. The spectroscopic information is taken, as noted, from the Cologne Database for Molecular Spectroscopy (CDMS; Miiller
et al. 2001) or from the Jet Propulsion Laboratory Spectroscopic catalogue database(Pickett et al. 1998). Denotes the spectroscopic properties of

the strongest HFS component.

deuterated species in the 1.3-mm and 2-mm wavelength bands
were performed with follow-up observations once again using
the IRAM 30-m telescope to constrain the line excitation tem-
peratures that were used to determine reliable molecular column
densities.

The paper is organized as follows: in Sect. 2, we present the
observations and the data reduction; in Sect. 3 we show the inte-
grated intensities and averaged spectra of deuterated molecules
in the DR21 filament, and describe the calculation of molecular
column densities. In Sects. 4 and 5, we analyze and discuss the
molecular D/H ratios and their behavior with the dust tempera-
ture and H, column density. Finally, in Sect. 6, we present our
conclusions.

2. Observations

We carried out on-the-fly (OTF) mapping observations (Project
ID: 145-19 and 031-20; PIs: F. Wyrowski and H. Beuther) at
4 millimeter (mm) wavelength using the IRAM 30-m telescope.
To obtain a large bandwidth, covering all of the deuterated
molecules of interest, the mappings were performed using the
Eight MlIxer Receiver (EMIR)! (Carter et al. 2012) and using
the Fourier Transform Spectrometer backend with 195 kHz chan-
nel spacing (FTS200). A bandwidth of 8 GHz per sideband
(in total, a frequency coverage of 16 GHz) with EMIR E90 in
both polarization was covered. At 72 GHz, the spectral chan-
nel resolution of 195 kHz is equivalent to a velocity resolution
of 0.73 km s~!(smoothed to a spectral resolution of dv =
0.8 km s7!) and the half power beam width (HPBW) of the
IRAM 30-m telescope is 3472

Observations of the DR2I filament were carried out on
May 21 and 22, 2020. The regions with the highest H, column
densities (Motte et al. 2010) were covered in 6 tiles. Figure 1

I http://www.iram.es/IRAMES/mainWiki/
EmirforAstronomers

2 This telescope’s HPBW (in arcseconds) is well repre-
sented by 2460/v (GHz); see https://publicwiki.iram.es/
Iram3OmEfficiencies

shows the DR21 coverage of CASCADE in dashed red lines.
Each tile, of size ~306” x 306", is observed with the OTF map-
ping technique, in two scanning directions, in right ascension
(RA) and in declination (Dec) with a scanning frequency of
~175 s7! and a dump time of ~0.5 s. This results in an over-
sampling of the beam by a factor >3. For each mapping, two
temperature load calibration observations, each of 60s duration,
were done. In order to avoid edge effects, tiles slightly overlap
along the filament.

2.1. Follow-up observations with IRAM 30-m telescope

To complement the lower J-transitions of some of our target
molecules (see Table 1), we performed OTF mapping obser-
vations using the IRAM 30-m telescope over five nights from
July 15 to July 19, 2021 (Project ID: 053-21; PI: 1. Barlach
Christensen). The OTF maps were carried out with the EMIR
E150 and E230 modules in five tiles, each of size of ~120” x
120", outlined by the orange boxes in Fig. 1. For each map-
ping (with two coverages combined in one tile), the scanning
velocities were 575 s~' and 3”8 s™!' for 2-mm and 1.3-mm,
respectively. The HPBW is 17" at 145 GHz and 11" at 230 GHz.

The FTS covered 8 GHz bandwidth in each sideband in both
polarization. To obtain a spectral resolution that is comparable
to the ground-state transition observations, the FTS backend was
used at 195 kHz resolution, which corresponds to 0.38 km s !at
154 GHz and 0.25 km s~! at 231 GHz. The spectra are smoothed
to a spectral resolution of dv = 0.8 km s~!. For the E150 obser-
vations, the receiver was tuned to 150.25 GHz in the upper inner
sideband, to cover the N,D* (2—1) and DNC (2-1) transitions.
The frequency coverage in the 2-mm wavelength band is 132.2—
140 GHz in the lower sideband and 148-155.7 GHz in the upper
sideband. For the E230 observations, the receiver was tuned to
216.75 GHz in the lower outer sideband, to cover the DCO™*
(3-2), DCN (3-2) and N,D* (3-2) transitions. The total E230
frequency coverage is 214.4-222.2 GHz for the lower sideband
and 230.1-237.9 GHz for the upper sideband.
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The angular resolution of the higher J-transition observa-
tions of DCO*, DCN and DNC (for example 6 ~ 12” for DCO*
(3-2), and 8 ~ 16” for DNC (2-1)) is higher than that of
the ground-state transitions (for example, 8 ~ 34" for DCO*
(1-0)). For comparison purposes, the maps of the higher J-
transitions are convolved to a common beam size, namely that
of the ground-state transitions (6 = 34’"). However, for the maps
shown, the native resolution of the respective lines was retained.

2.2. Data processing

The data of both the CASCADE and follow-up observations of
the DR2I filament were processed using the Grenoble Image
and Line Data Analysis Software (GILDAS) package® (Pety 2005,
2018). Using the Continuum and Line Analysis Single-dish Soft-
ware (CLASS) program, we regridded the obtained spectra over
the mapped areas. Using the MAP%LIKE procedure of CLASS, all
images were reprojected to the spatial grid of DCO*, which has
a resolution of 34”. For computing the column densities, the
scale was converted from 7' to main beam brightness temper-
ature Ty, using a forward efficiency of Feg = 0.95 and a beam
efficiency* depending on the frequency of the molecule:

)
where v is the rest frequency of the line emission and c is the
speed of light. This ensures that each line can be resolved and

has the same velocity resolution, as the line widths are typically
FWHM~3—4km s~! (see Table 1).

4 x 7 x0.07v [MHz]
c[kms™]

Ber = 1.2 X 0.69 X exp (— ( 2)

3 http://www.iram.fr/IRAMFR/GILDAS
4 https://web-archives.iram.fr/ARN/feb01/node5.html
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Fig. 1. Maps of dust temperature (left)
and H, column density (right) of the
DR21 filament taken determined by
the HOBYS program (Motte et al.
2010). The stars in both maps indi-
cate the positions of DR21 Main (red)
and DR21(OH) (blue). The dashed red
and orange lines show the coverage of
CASCADE and follow-up observations,
respectively.

075 38M53° 38°

During the observations, we identified a strong narrow spike
at 76304.9 MHz with a frequency shifted by —1 MHz from the
emission line of DNC (v = 76305.727 MHz). We suspect this
spike to be contamination from an automotive long range radar.
In order to minimize the contamination caused by this spike, we
compared the noise in the artifact free spectral velocity range
(<=30km s™! from the central line) with the contaminated chan-
nels (>0 km s~!). If the noise level with the artifact increased by
20%, the spectrum is discarded.

2.3. Ancillary data

Figure 1 presents the dust temperature and H, column density
(Bonne et al. 2023) maps of the DR2I filament first discussed
by Hennemann et al. (2012), which are based on data taken as
part of the Herschel imaging survey of OB Young Stellar objects
(HOBYS) program (Motte et al. 2010).

The CASCADE mapping area is outlined by dashed red lines
in both the maps. The H, column density maps are derived by
Bonne et al. (2023) based on convolved dust brightness tem-
perature distributions at three different wavelengths: 500 pm,
360 pm, and 250 wm. The dust temperature was determined from
the 160 pm/250 um flux density ratio. The resulting H, column
density and dust temperature maps are obtained at an angular res-
olution of approximately ~18". For further analysis, both the H,
column density map and dust temperature maps are convolved to
the angular resolution of the present CASCADE study, which is
0~ 34",

3. Results

Using data from the CASCADE survey, we investigate in detail
the deuteration along the DR21 filament. For this we consider
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Fig. 2. Average spectra of DCO*, DNC, and DCN, and their '*C-isotopologs in the DR21 filament. The black line shows the spectra averaged
over the entire mapped region of the DR21 filament for different molecules with the purple region showing the velocity range used for determining
integrated intensities. The dashed gray line denotes the main velocity of the filament, v; sg = —3 km s~!. The velocities of the un- or only marginally
blended HFS components of DCN and H'*CN are marked in black, with the relative intensity of the hyperfine components marked by the length.
The LSR velocity scale of the DCN and H*CN J = 1-0 spectra corresponds to the strongest HFS component F = 2—1.

three molecular species that are abundant in the ISM: HCO™,
HNC, and HCN and their corresponding deuterated species. As
mentioned in Sect. 1, the three species, and their deuteration,
provide an insight into distinct physical conditions. In general,
HCO™", HNC, and HCN lines are likely to be optically thick in
dense molecular clouds; hence, to estimate the column densities
of these hydrogen-bearing species and to estimate the degree
of deuterium fractionation, we utilized lines of their optically
thin isotopologs; that is, H3CO*, HN'3C and H'*CN. Further-
more, we assume the deuterated isotopologs are optically thin.
Table 1 summarizes the observed molecules and their transi-
tions. Figure 2 shows spectra of the deuterated species and
BC-isotopologs averaged over the entire DR21 filament. For
most of the lines, the hyperfine splitting structure (HFS) was too
small and/or not resolved at the resolution of 0.8 km s~!, except
for the HCN (1-0) '3C and D-isotopolog lines. The line param-
eters used during the analysis account for the unresolved HFSs.
In the case of the ground-state transition of HCN, H'*CN and
DCN, the integration is done only focusing on the central and
strongest line. The emission from this main HFS component is
extracted over the same velocity range as that of the DCO* and
DNC lines. The HFS components of the HCN, H*CN and DCN
lines are not considered to ensure that the extracted line emission
stems from the v gg = —3 km s7! component. In contrast, the
higher velocity DCN HFS component can be affected by a sec-
ondary DR21 velocity component at vysg = 9 km s~ (Dickel
et al. 1978; Nyman 1983). The resultant line parameters of the
deuterated and '*C isotopologs are presented in Table 1.

3.1. Integrated intensity maps of the DR21 filament

To study the spatial distribution of the deuterated molecules in
DR21, we created velocity-integrated intensity maps (see Fig. 3)
over the velocity range from —7 km s~! to +0.5 km s~ (pur-
ple shaded region in Fig. 2). This integration velocity range was

chosen around the peak velocity vpeq + 3.5 km s~1, determined
from a fit to a spectrum that represents an average of the emis-
sion in the covered area in the DR21 region (see Table 1). As
Upeak has a value —3 km s~ for both DCO* and DNC lines and
—3.5 km s~! for the DCN lines, the selected velocity interval
from —7 km s~! to +0.5 km s~! ensures that the chosen integra-
tion ranges are consistent for all the targeted species. Emission
maps of the ground-state transition of the deuterated species and
their '3C-isotopologs are shown in Fig. 3. The ground rotational
transitions of deuterated molecules (i.e., DCO*, DCN, and DNC)
show enhanced emission along the DR21 filament. For compar-
ison, we also created the intensity maps of the corresponding
hydrogenated species shown in Fig. A.1. We note that for species
like HBCN and DCN, that show HFS, the velocity range over
which we integrate includes contributions from the other HFS
lines as well (see Fig. 2). As aresult, the column densities subse-
quently derived for these species from the main HFS component
will be overestimated.

3.2. Noise estimation

For each spectrum per pixel, a baseline was fitted with CLASS
by applying a 1st order polynomial fit to an emission-free
velocity window in the spectrum near the line of interest.
The emission-free range was determined by visual inspec-
tion, aiming for a baseline subtraction in a velocity range
of ~20km s~

We obtain a root mean square (rms) of ~80-100 mK
with spectral resolution at 0.8 km s~'for the deuterated
and the C-isotopologs covered with the CASCADE pro-
gram. With the follow-up observations, we obtain an rms of
~130 mK with the same spectral resolution for the deuterated
species.
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The noise in the integrated maps depends on the number of
channels over which the molecular line of interest is integrated.
The resulting noise map for the integrated intensity maps of
each target line was calculated as 0w = Ochannel X VNchannels-
The number of channels, Ngyannels = Av/dv, where Av is the
line-width and dv is the spectral resolution. In subsequent sec-
tions, the analysis discussed is based on the regions with a signal
>4, for each pixel.
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Fig. 3. Velocity-integrated intensity
maps of deuterated and *C-isotopologs.
Top and middle rows: Ground-state
emission of DCO*, DNC, and DCN
observed with the CASCADE-program
and follow-up mapping with the
IRAM 30-m telescope. Bottom row:
Maps for *C-isotopologs. The inten-
sities in the maps are integrated over
the velocity range —7 km s7! to +0.5
km s~!. HPBWs are displayed by the
filled white circles in the lower left
corner of each panel. For example, the
HPBW beam-size is 34” for the map
showing DNC (2-1), 16” for DCO*
(3-2) and 11”for DCN (3-2). The
white contours are showing levels of
40, 80 and 120-. The stars mark DR21
Main (red) and DR21(OH) (blue). The
locations of the F1 and F3 sub-filament
(Schneider et al. 2010) are indicated
by dashed red and magenta curves,
respectively.
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3.3. Column densities and kinetic gas temperature

Molecular column densities were calculated from the integrated
intensities. The method assumes that the emission is optically
thin and also assumes a common excitation temperature for each
pixel in all transitions considered. We assume that all the lines
considered are emitted under the conditions of local thermal
equilibrium (LTE), which means that Texc = Trot = Tkin: any
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line’s excitation temperature is equal to a molecular rotation tem-
perature, and both are equal to the kinetic gas temperature. Under
LTE, the column densities can be calculated via the Boltzmann
equation (Goldsmith & Langer 1999):

ln(Nup) = ln(NtOt)
Jup Orot
where N, and g, are the population and degeneracy of a transi-
tion’s upper energy level, N,y is the total population in all the
energy levels, and Q;q is the rotational partition function of
each molecule taken from the CDMS or the JPL spectroscopy
database. Eyj, is the upper level energy, and kg is the Boltzmann
constant, and Ty is the rotation temperature. The parameters
used for each molecule are presented in Table 1. We calcu-
lated Ny, for each transition using the integrated intensity maps
presented in Fig 3. Only those pixels with emission above 40
are considered for the analysis. The upper level population of a
transition, N,, was calculated using the expression

f Tmbdl).

Here, v is the line’s frequency, & is the Planck constant, ¢ is the
speed of light and A;; is the Einstein coefficient (see Table 1).
For the high densities of the dense clouds (see Table 1 for the
critical densities of target molecules), the excitation temperature
closely follows the kinetic gas temperature so that LTE can be
assumed. Assuming a depth of the width of the filament (d =
0.34 pc; Hennemann et al. 2012), the column densities, where the

deuterated molecules are detected, are at N(H,) > 3 x 103 cm™2,

and the volume densities are n(H,) > 3 x 10° cm™3.
While Eq. (3) solves for the temperature based on the obser-

vation of multiple molecule transitions, not all positions in the

1 Eup
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20 Fig. 4. Kinetic gas temperature calcu-
lated using the integrated intensity ratio
of HCN and HNC for the lower col-
umn densities and H*CN and HN'C

15 for the higher column densities (left)
and dust temperature in the same region
for comparison (right). The red contour
shows the column density of N(H,) >
1 x 102 cm™. The stars show DR2I

10 Main (red) and DR21(OH) (blue). The

right panel shows the comparison of

RA (J2000) dust temperature in that same region.

map have two detected transitions. Therefore, the kinetic gas
temperature can be determined using several methods. Hacar
et al. (2020) presented a correlation between the kinetic gas
temperature and the integrated intensity ratio of HCN and HNC:

B I(HCN)] . I(HCN)
Tkin[K]—lox[—I(HNC) 1f1§(—I(HNC))S )
Tkm[K]-Sx[I(HNC) 4]+4olf (I(HNC))>4 ©)

Due to the different destruction pathways of these isomers,
at higher temperatures, HNC is destroyed more effectively,
which thus increases the ratio as the temperature increases, in
combination with opacity effects. The gas kinetic temperature
is obtained using this method is used to calculate the col-
umn density maps of the deuterated molecules and the main
isotopologs.

Using the HCN (1-0) and HNC (1-0) intensity maps (see
Fig. A1) and the above equations, we generated a kinetic
temperature map of DR21, shown in Fig. 4. For pixels with
molecular hydrogen column densities N(H,) > 1 x 10?* cm™2,
HCN and HNC could be optically thick (Beuther et al. 2022).
The optical depth of H*CO*, HN'*C and H"*CN can be seen
in Appendix B. The kinetic temperatures of these pixels were
calculated using the intensity ratio of their optically thin iso-
topologs H'>*CN and HN *C (Beuther et al. 2022; Pazukhin et al.
2022). The obtained kinetic temperatures range from 10 to 31 K
with a mean value of 17 K (see Fig. 4). Owing to the large
beam size of our observations, we do not resolve the complex
structures in DR21. Hence, the physical properties determined
only represent an average value. Using Eq. (3), we generated
column density maps of the deuterated molecules as well as
their hydrogenated species. The column densities were deter-
mined pixel-wise using all transitions detected and fit with the
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Python package scipy.optimize.curve_£fit. The excitation
temperature was determined when two transitions were detected;
otherwise, the Ty, derived from HCN/HNC was adopted. The
column density maps of DCO*, DNC, DCN, HCO*, HNC, and
HCN are presented in Fig. C.1. The respective errors obtained
during the fitting are presented in Fig. C.2. Column densities
of the main isotopologs were calculated from their optically
thin *C-isotopologs, assuming that the '3C/!2C isotopic ratio
is constant within the cloud complex. With a Galactocentric
distance, Dgc, of 8 kpc for Cygnus-X, and using the car-
bon isotope gradient versus Galactocentric distance relation
2¢/BC = 7.5Dgc + 7.6 (Wilson & Rood 1994), we find
12C/13C = 68, which we assume in the following analysis. The
gradient recently determined by Jacob et al. (2020) and Yan et al.
(2023), delivers a value of 60, which is similar to the value of 68
adopted for the analysis in this work. In the analysis that fol-
lows, we assume no local variation in the isotopic ratio by, for
example, isotopic fractionation, selective destruction of 12¢ ver-
sus 3C, or ion-molecule exchange reactions (Wilson & Rood
1994, Giannetti et al. 2014; Jacob et al. 2020; Yan et al. 2023).

3.4. Correlations of integrated intensity maps

The number of pixels above 40, in the DCO*, DNC, and
DCN of J = 1-0 emission maps are 148, 115, and 103, respec-
tively. Compared with the other species, DCO* shows the most
extended emission distribution. It is clumpy, with several peaks
detected toward the northern half of the filament. The bright-
est clump is located 2/1 north of DR21(OH). Clumpy DCO*
emission is also present in the southern region. The south-
ern peak is at an offset ~1’2 southeast of DR21 Main. Apart
from the emission along the main filament, an additional bright
clump is seen northwest of the main peak and west of the
DR2I1-filament. The emission coincides with the low density,
low kinetic gas and dust temperature infalling gas, named the F1
sub-filament by Schneider et al. (2010). Furthermore, DCO™* (1-
0) emission is detected toward the most massive F3 sub-filament
(magenta region marked in Fig. 3), which is linked to DR21(OH)
(Schneider et al. 2010). The morphology of the DCO* (3-2)
emission is similar to that of its ground state transition. However,
the peak is ~32” southwest of DR21(OH).

Similar to DCO™, the emission of DNC is also filamentary
and shows several peaks. The emission is not as extended as the
DCO" emission toward the north. The F1 sub-filament, marked
in red in Fig. 3, is also not as bright in DNC as it is in DCO*. The
strongest emission is observed from an =1’ sized N-S elongated
structure that has DR21(OH) at its southern end. A similar-sized
region is seen in the south of the filament with DR21 Main at
its northern end. The map of the DNC (2-1) emission resem-
bles that of the DNC ground-state transition, and the brightest
emission also is found close to DR21(OH).

Conversely, DCN (1-0) shows less extended emission with
a strong peak toward DR21(OH). Likewise, DCN (3-2) is only
detected toward the bright peaks of DCN (1-0). Weaker and
relatively compact emission is seen surrounding DR21 Main.
Emission toward the F1 sub-filament is not detected in DCN.
The DCN (3-2) emission distribution is more compact than that
of the (1-0) line and stronger (factor ~2). Its two peaks are found
toward DR21(OH) and DR21 Main.

To quantify the morphological similarities between DCO*,
DNC and DCN. The cross-correlation, p, of the distributions of
the integrated intensities of pairs of molecules was calculated,
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Fig. 5. Cross-correlations of integrated intensity maps of DCO* (1-0),
DNC (1-0), DCN (1-0), DCO* (3-2), DNC (2-1), and DCN (3-2).

pixel by pixel, as (Guzman et al. 2018; Li et al. 2022)
2, 11l jwij

2
(Zl j 11 Wi 2ij 2Uwu)

P12 = @)

Here, 1,;; and I,;; are the integrated intensities of molecules
one and two in pixel (i, j). w;; is the weight of the line emis-
sion detection. If emission from either molecule one or two is
detected above 407 in pixel (i, j), w;; = 1. If neither molecules
is detected in pixel (i, j), w;; = 0 and is not accounted for in the
cross-correlation. The cross-correlation values are summarized
in Fig. 5. This analysis confirms the result of visual inspection of
Fig. 3, that the morphology of DNC can be considered as “inter-
mediary” between those of DCO* and DCN. For example, the
cross-correlation of DCO* (1-0) and DCN (1-0) is 0.54 whereas
DNC (1-0) shows a stronger correlation with DCO* (1-0) and
DCN (1-0) of p = 0.81 and 0.84, respectively.

DCO* (1-0) seems to originate from gas with different phys-
ical conditions than DNC (1-0) and DCN (1-0). Figure 6 shows
the cumulative distributions of dust temperature and H, col-
umn densities sampled in the pixels where Rp(DCO") (purple),
Rp(DNC) (orange), and Rp(DCN) is detected (>40o). A simple
Kolmogorov-Smirnov (KS) test indicates a similar distribution
for DNC (1-0) and DCN (1-0) (p < 0.05). The mean dust tem-
perature, where DCO* (1-0) is detected, is T4y = 19 K and
N(H)= 5.9 x 10?> cm™2. The dust temperature and column den-
sity in regions in which DNC (1-0) or DCN (1-0) are detected
is higher. For DNC (1-0), Tqus = 20.6 K and N(Hy)= 1.0 x
102 cm™? and for DCN (1-0) Tguy = 21.3 K and N(Hp)= 1.1 x
10> cm™. The mean values are marked in Fig. 6 with the
respective color of the deuterated molecule.

Emission lines from all three deuterated molecules are
observed at positions with column densities of N(H;) > 3 X
10?2 cm~2. The DCO* (1-0) and DNC (1-0) integrated maps
show extended emission features spatially coinciding well with
that of the filamentary structure seen in the H, column density
map.

The morphological similarities and differences observed
between the three molecules suggest local variations in the
formation and excitation of their transitions. These variations
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H, column density where DCO* (purple), DNC (orange), or DCN (blue)
is detected in the DR21 filament. The dust temperatures and H, column
density maps are taken from Bonne et al. (2023). The horizontal dashed
lines marks the mean dust temperature or column density of the sampled
distributions, colorized with the respective detected molecular ratio.

could be influenced by the local density and temperatures of the
emitting gas. The dependencies of each molecule with the col-
umn density and the dust temperatures are analyzed further in
Sect. 4.2.

4. Analysis

In the following sections, we investigate deuteration across the
DR21 filament.

4.1. Fractional abundances of DCO*, DNC, and DCN

The fractional abundance is defined as X(XD)= N(XD)/N(H;)
where N(XD) is the column density of a deuterated molecu-
lar species. The molecular hydrogen column densities, N(H,),
were adopted from the high-resolution HOBYS column densi-
ties described in Sect. 3 and convolved to an angular resolution
of 34” . In order to estimate the fraction of deuteration in DR21,
we use pixel-by-pixel column density estimates, obtained in the
manner described in Sec. 3.3, of the deuterated species presented
in Table 1.

Figure 7 shows the abundance maps of X(DCO™"), X(DNC)
and X(DCN). The abundances of these species are similar,
with median values of X(DCO*) = 5.9{% x 10!, X(DNC) =
6.535 x 107!! and X(DCN) = 6.8}% x 107!, Though the median
abundances of these three molecular species are indistinguish-
able within the interquartile range, their spatial distributions are
different. DCO* shows reduced abundances toward DR21(OH)
and DR21 Main. X(DCO") increases toward the north region

Table 2. Abundances of DCO*, DNC, and DCN toward DR21, TMC-1,
L134N, IRAS 16293-2422 (LM) and G210.82—19.47N (G210).

DR2I  TMC-1 LI34N LM G210
X(DCO*) 5.9 44@ 9@ 150 0370
X(DNC) 6.5 1@  41@ 05 013©
X(DCN) 6.8 37@ 7@ a5 _

Notes. The abundances are written in the form of x, where = x x 107",
@Turner (2001) for TMC-1 and L134N. ®van Dishoeck et al. (1995) for
IRAS 16293-2422, ©Tatematsu et al. (2020) for G210.82-19.47N.

of DR21 and southeast region of DR21 Main. On the contrary,
X(DCN) exhibits a minor rise toward DR21(OH), while main-
taining a relatively constant abundance throughout the DR21
filament.

Table 2 summarizes the abundances of deuterated species
in DR21 compared with values determined for various other
sources. This includes the extensively studied Taurus Molecular
Cloud 1 (TMC-1), which is a quiescent dark cloud contain-
ing starless cores (Pratap et al. 1997), as well as another dark
cloud, L134N (Dickens et al. 2000), which shares similar tem-
perature (Tgus < 15 K, Gratier et al. 2016) and density (n(H,) ~
10% cm™3, Turner 2001) characteristics to the DR21 filament.
However, the primary distinction between these dark clouds
lies in their chemical composition: the TMC-1 position is that
of the clouds’ cyanopolyyne peak, whose chemistry is rich in
carbon-chain molecules, while L134N is abundant in smaller
molecules and oxygen-bearing species (Dickens et al. 2000, and
references therein). G210.82—19.47N is a solar-mass star-forming
core (Tatematsu et al. 2020) and IRAS 16293-2422 is a low-
mass class O binary protostar with a rich molecular inventory
surrounding a hot corino (Girart et al. 2014; Murillo et al. 2018;
Kahle et al. 2023).

Compared to DR21, the abundances of most of the deuter-
ated species studied here, are significantly higher in the dark
clouds, but also in the translucent clouds. Both dark clouds
have X(DCO") that is comparable to that of DR21, but higher
X(DNC), whereas X(DCN) is comparable in DR21 and TMC-1,
but much lower than in L134N. The generally higher degrees of
deuteration observed in TMC-1 and L134N relative to DR21 is
a consequence of the lower gas temperatures (T, = 10 K) that
characterize these regions (Turner 2001), which, as is discussed
in Sect. 1, facilitates the deuterium enrichment.

In the low-mass star-forming regions IRAS 16293-2422
and G210.82-19.47N, the abundances are approximately an
order of magnitude lower than the abundances measured in
the DR21 filament. It is important to point out that accu-
rate abundances rely on a reliable reference for N(H,). The
challenge of comparing abundances is compounded by the
absence of a singular approach to determining column densities
of H2 .

To summarize: we find similar abundances (indistinguish-
able within the interquartile range) only for DCO™" in the DR21
filament as for the dark clouds and even for IRAS 16293-2422.
Both TMC-1 and L134N have lower dust temperatures com-
pared to the DR21 filament. The molecular cloud TMC-1 lacks,
contrary to DR21, newly formed OB stars and also has a high
extinction, resulting in an absence of ultraviolet (UV) radiation
inside of it. Our findings for the DR21 filament indicate that, in
terms of the abundances of deuterated molecules, it comprises
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Fig. 8. Left to right: Rp(DCO™), Rp(DNC), and Rp(DCN) in the DR21 filament. The stars show DR21 Main (red) and DR21(OH) (blue). The white
contours show the pixels, for which Rp could be determined for all three species.

an intermediate stage between the low-mass star-forming regions
and the large-scale structure of dark clouds.

4.2. Deuteration degree in the DR21 filament

In this section, we estimate the degree of deuteration (or sim-
ply deuteration) in the DR21 filament. Deuteration is defined as
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Rp(D) = N(XD)/N(XH), where N(XD) and N(XH) are the col-
umn densities of the D-bearing isotopolog and the H-bearing
(main) isotopolog, respectively. The column density maps and
the respective relative error maps are shown in Figs. C.1 and
C.2. The distributions of Rp(DCO*), Rp(DNC), and Rp(DCN)
are presented in Fig. 8. For further analysis, the pixel-by-pixel
Rp values obtained from these maps were used.
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Table 3. Mean deuteration fraction of each molecule and the range of
deuteration in the DR21-filament (where detected >40 level) and the
overlapping region, where all three J = 1-0-transitions of the deuterated
molecules are observed.

Entire DR21 Overlapping
D/H Mean Range Mean
Rp(DCO*) 0.012 £ 0.003 0.002-0.043  0.006 + 0.001
Rp(DNC)  0.014 £ 0.003  0.006-0.056 0.014 + 0.003
Rp(DCN)  0.010 £ 0.002  0.005-0.031 0.010 + 0.002

The deuteration in all three species shows smooth distri-
butions, with average values of 0.012 + 0.003, 0.014 + 0.003
and = 0.010 = 0.002, for Rp(DCO™"), Rp(DNC), and Rp(DCN),
respectively. Thus the overall degree of deuteration in the DR21
filament is ~1%. Similarly, Yang et al. (2024) finds compara-
ble deuteration between Rp(DCO™), Rp(DNC), and Rp(DCN)
toward the deuterated peaks, despite different detection rates.
While significant amounts of Rp(DCO™") are measured across
the entire filament spanning N(H,) between 2.1 x 10> cm~2 and
1.2x 10?* cm2, deuteration is particularly enriched in regions of
lower H, column densities. This is consistent with the increase
in X(DCO™") toward dark clouds and translucent clouds.

The median H, column density for which DCO™ is detected,
is N(H,) = 5.9 10?> cm~2, whereas DNC and DCN are detected
at higher H, column densities (N(H,) = 1.1 X 10% cm™?). This
further illustrates that DCO* samples regions that are less dense
in comparison to that probed by DCN and DNC (see also Fig. 6),
as a consequence of the lower critical densities (see Table 1).
Taniguchi et al. (2024) found that at lower N(DCN)/N(DCO")
(~4-7, comparable to what we find in DR21, see Fig. D.1) favor
models with higher densities.

In the overlapping region (see Fig. 8), where all three deuter-
ated molecules are detected, the highest deuteration is seen
for DNC with Rp(DNC) = 0.014 + 0.003, which is compa-
rable to Rp(DCN)= 0.010 + 0.002. In contrast, Rp(DCO%) is
a factor ~2 lower (= 0.006 + 0.001) in this region (summa-
rized in Table 3). The overlapping region, in which emission
from all three molecules is detected has elevated column den-
sities. Neither Rp(DNC) nor Rp(DCN) are detected in the region
that shows the highest Rp(DCO™"). This region coincides with
lower dust temperatures and higher H, column densities (see the
northern region in Fig. 1 for reference).

To understand the differences in morphology, we compare
the spatial variations in deuteration with the distributions of dust
temperatures, molecular hydrogen column densities and kinetic
gas temperatures along the DR21 filament. The resulting com-
parisons are presented in Fig. 9. The surroundings of DR21 Main
and DR21(OH) are marked in their respective colors from Fig. 3.
The surroundings of DR21 Main and DR21(OH) in this work are
34" x 34", corresponding to 4 pixels, based on the spatial reso-
lution comparable to the surroundings examined by Koley et al.
(2021). The molecular D/H-ratios show clear differences in their
correlations with the dust temperature and H, column density.

Figure 10 presents an overview of the Pearson correlation
coefficients between Rp(DCO"), Rp(DNC), and Rp(DCN), and
Taust» N(Hy) and Tyj,. We note the strongest anticorrelations
(Ir] = 0.70) between Rp(DCO™) with H, column density and
kinetic gas temperature. At Tgys < 22 K, the trend for Rp(DCO™)
strongly decreases, whereas at Tg, > 22 K, the dependence
of Rp(DCO") on Ty flattens. Similar to the dependence on
T dqust, Ro(DCO™) shows a decreasing trend at Ty, < 22 K, which

flattens out beyond Tyi, = 22 K. However, the limited number
of data points present in this regime prevents us from making
definitive conclusions about this correlation. Both Rp(DNC) and
Rp(DCN) display moderate to weak anticorrelations with Tgyg
and N(H,) and Tyi,, where the trends with Rp(DCN) are particu-
larly flatter (see the right-hand panel Fig. 9). This is unsurprising
because the DCN emission is detected toward a more compact
region and hence shows a smaller range of deuteration.

Gerner et al. (2015) conducted a similar study on deuter-
ation in these species for 59 high mass star-forming regions.
These authors determined that luminosity (as a proxy for tem-
perature) and H, column density did not show a significant
correlation with any of the three ratios. On average Gerner et al.
(2015) reported a deuteration of 0.0025 for Rp(DCO™), 0.005 for
Rp(DNC) and 0.02 for Rp(DCN). These estimates are a factor of
~4 and ~2 lower than our estimates of Rp(DCO*) and Rp(DNC)
while that for Rp(DCN) is a factor ~2 higher than our estimates
in DR21. Unlike the high mass star-forming regions studied by
Gerner et al. (2015), the DR21 filament shows a stronger anti-
correlation with H, column density and Rp(DCO™). However,
we note that there are key differences between both studies; we
compute Rp using mapping observations whereas Gerner et al.
(2015) performed pointed observations toward their sample of
star forming regions. Hence, the D/H-ratios derived by these
authors probe only the average properties of the targets stud-
ied. Moreover, these authors computed the column densities of
these deuterated species using fixed values for the Tex.(= Tior)
based on their evolutionary stages’. Among these evolution-
ary stages, the IRDCs have temperatures most similar to DR21
among these evolutionary stages, Ty, = 15 K. The typical val-
ues for Rp(DCO"), Rp(DNC) and Rp(DCN) derived by Gerner
et al. (2015) for the subset of sources classified as IRDCs in their
sample are 0.007, 0.008 and 0.015, respectively. These values
are comparable to the mean values of the DR21 filament within
the errors. Hennemann et al. (2012) investigated the evolutionary
stages along the DR21 filament, where they found an increase in
evolutionary gradient from the northern region of DR21 toward
the DR21(OH). The deuteration fraction along the filament fol-
lows a trend of higher deuteration toward the younger region, but
a detailed analysis will be done in a forthcoming paper.

5. Discussion

The analysis presented thus far reveals that the strongest depen-
dencies found are between the different physical parameters
and Rp(DCO™"), while much weaker correlations were found for
Rp(DNC) and Rp(DCN). Therefore, in the following sections,
we explore the impact of the physical conditions, if any, on the
chemistry of these species.

5.1. Impact of physical conditions on Rp(DCO").

We investigate the influence of different physical parameters and,
in particular, N(H,) on the Rp(DCO™"). We summarize here the
underlying chemistry for the formation of DCO™.

The formation of DCO* and HCO* are most efficient in
the lower temperature regime (7T, < 20 K). The primary for-
mation pathway of DCO" is the following gas phase reaction
(Albertsson et al. 2013):

H,D* + CO — DCO* + H,. ®)

5 T =15K for IRDCs, T = 50 K for HMPOs, T = 100 K for HMCs
and T = 100 K for UCHII.
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The formation pathway of the main isotopolog also requires CO:

H3+ +CO — HCO™" + H,. )

In the low temperature (Tq,y < 20 K) and high density regime
(n > 10* cm™), where CO is frozen onto the dust grains, the
sparse amounts of CO available in the gas phase reacts with
H,D*. As CO is sublimated from the ices, CO reacts with
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H;", depleting the reservoir to form H,D* from H;*. Conse-
quently, Rp(DCO*) peaks in Tys < 20 K and decreases with
increasing temperature (Aikawa et al. 2012). The formation of
DCO" and HCO" decreases as H3* is destroyed before forming
H,D* (Albertsson et al. 2013). Using a time-dependent chemical
model, Albertsson et al. (2013) showed a thermal dependence of
DCO" in the lower temperature regime (~30 K). Once the crit-
ical temperature for DCO* formation is reached, the Rp(DCO™)
begins to decrease to the elemental abundance of D/H-ratio
(~1073) (Cooke et al. 2018). A simple thermal dependence of
Rp(DCO*) in low ionization fraction regions, following the
temperature dependence of its precursors, has been established
(Herbst 1982; Anderson et al. 1999).

Elevated temperatures driven by shocks can cause the non-
thermal sublimation or sputtering of CO from dust grains. As
a result, shocks can also suppress the formation of DCO®, dis-
cussed in depth in Sect. 5.1.1. Within the DR21 filament, an
environment teeming with varied degrees of star formation activ-
ity along its structure (Schneider et al. 2010; Hennemann et al.
2012), regions like DR21 Main and DR21(OH) stand out, as
is discussed in Sect. 3. The HII region in DR21 Main, from
which the prominent bipolar-shaped outflow originates, drives
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shock chemistry in its surroundings (see, for example, Skretas
et al. 2023). The latter region, DR21(OH), where the lowest
Rp(DCO") value is observed, also exhibits clear signatures of
shock chemistry (see Godard et al. 2012). Therefore, the shocks
present in the vicinity of these HII regions may play a vital role
in the chemistry of Rp(DCO™).

For a complete understanding of the chemistry of DCO™*
in DR2I, one must, in addition to the environment specific
effects suppress its formation, also take into account the rele-
vant destruction pathways. The primary pathway leading to the
destruction of DCO* and HCO" is dissociative recombination:

DCO*+e¢~ - CO+D (10)
and
HCO* +e¢~ — CO +H. (11)

As aresult, a higher electron fraction accelerates the destruction
of HCO* more rapidly than that of DCO*, thereby influencing
the molecular isotopic ratio (Albertsson et al. 2013).

In the following sections, we discuss in more detail the
influence of shocks and photodissociation on the chemistry of
Rp(DCO*) within the DR21 filament.

5.1.1. Effect of shocks

In this section, we investigate the impact of shocks on the chem-
istry of Rp(DCO™). As was discussed above, the release of CO
into the gas phase readily destroys H3* and, in turn, suppresses

ties. The stars show DR21 Main (red)
and DR21(OH) (blue).

the formation of H,D* and DCO* (see Egs. (8) and (9)). The
dominant pathway leading to the desorption of CO from dust
grains at lower temperatures is via nonthermal desorption driven
by shocks.

Multiple sources of shocks are found in DR21, for example
outflows, star-forming regions, and cloud-cloud interactions. The
DR21 filament harbors one of the most extreme outflow, by mass
and size, in our Milky Way namely DR21 Main (Skretas et al.
2023). Furthermore, the DR21 filament was proposed to be the
result of cloud-cloud collisions (Dickel et al. 1978; Dobashi et al.
2019). Recent observations of ionized carbon (Schneider et al.
2023; Bonne et al. 2023) have refined this scenario, revealing
this region to be more complex with several molecular clouds
and their HI envelopes interacting.

A commonly used molecular tracer of shocks is SiO, formed
by the nonthermal sputtering of Si from dust which reacts with
gas phase O (Martin-Pintado et al. 1997). The specific use of SiO
as a shock tracer has been demonstrated through observations
and models. Observations show an increase in SiO abundances
from quiescent, previously shocked, regions to dense, active
regions as the center of our Milky Way (Amo-Baladrén et al.
2011; Rybarczyk et al. 2023). Theoretical models by Kelly et al.
(2017) show the abundance of SiO to increase significantly
(often by an order of magnitude) in regions where it encoun-
ters both slow and fast shocks. In various environments, these
studies demonstrate that the presence or enhancement of the SiO
molecule serves as an indicator of shock chemistry.

Given that CO is sputtered from the dust grain mantles
alongside SiO, the detection of significant amounts of SiO in
the gas phase indirectly traces the source of HD* suppression.
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While it is nontrivial to infer the properties of the shocks in
DR21, such as shock velocity and shock age, through abundance
measurements of SiO, we compare the spatial extent of SiO
emission in DR21 to decipher the role of shocks in Rp(DCO*)
chemistry.

Figure 11 shows the spatial distribution of the integrated
intensity map of SiO (2-1), obtained with CASCADE, and
Rp(DCO™), alongside N(H,) between 3 x 10> cm™2 and 1 X
10%* cm~? overlaid in gray scale. The increased SiO (2—1) emis-
sion suggests that it coincides with the regions of decreased
Rp(DCO™). The regions with the highest values of N(H,) (>8 x
1022 cm‘z) correspond to that of the massive dense cores, DR21
Main and DR21(OH) (see Fig. 11) which coincides with the
regions where the SiO (2-1) emission is the strongest. More
importantly, from this comparison it is clear that the regions
where the SiO (2-1) emission dominates is also spatially coin-
cident with the regions where we estimate the lowest values for
Rp(DCO™). This lends credence to our hypothesis that shocks
in the vicinity of DR21 Main and DR21(OH) play an impor-
tant role in regulating the chemistry and hence the deuteration
present in DCO*. In addition, the attenuation of cosmic-rays in
dense region such as DR21(Main) and DR21(OH) might dimin-
ish the abundance of H3*, thus decreasing the HCO* and DCO™*
abundances in these regions. Testing the importance of cosmic-
rays in regulating the Rp(DCO™"), however, is beyond the scope
of this paper.

In the top two panels of Fig. 12, we examine variations in
SiO abundance with N(H,). We find a similar trend as for APEX
Telescope LArge Survey of Galaxy (ATLASGAL; Schuller et al.
2009) sources SiO measurements by Csengeri et al. (2016), and
the SiO J = 1-0 survey toward massive SFRs (Kim et al. 2023).
These authors find that the embedded HII regions show a higher
abundance compared with that of younger sources, where the
shock conditions change with the massive clumps or with the
age of the clump. Similarly, we find abundances of SiO in the
DR21 filament as in the shocked ATLASGAL sources and SFRs
at similar H, column densities.

We find that the regions toward which we detect SiO (2—
1) emission at rms noise levels > 40 correspond those regions
with consistently low values of Rp(DCO™) (< 0.03). The sec-
ond panel in Fig. 12 shows a decreasing trend of Rp(DCO™)
with the abundance of SiO. However, this decrease occurs due to
H; column density, as the SiO abundance is independent of the
H; column density in the DR21 filament. The Pearson correla-
tion coefficient of Rp(DCO*) with H, column density and Ty,
where SiO is detected, is r = —0.51 and r = —0.54, respectively.
While a definitive conclusion regarding the state of shocked gas
in DR21 cannot be reached, the spatial correlation between the
shock tracer and the decreased Rp(DCO™) strongly suggests that
the shocks are influencing the chemistry of Rp(DCO™).

5.1.2. Effects of photodissociation by ultraviolet radiation

In this section, we investigate the impact of photodissociation
on the chemistry of Rp(DCO"). The interface in the ISM, in
which the chemistry is primarily influenced by UV photons,
is known as a photodissociation region (PDR; Hollenbach &
Tielens 1997). At the forefront of a PDR, H, molecules undergo
photodissociation. As the H, column density increases (toward
regions with higher extinction), the low column density (N(H)
<2 x 10%° cm™?), ionized medium transitions to the molecular,
high density (N(H) > 2 x 10?2 cm~2) medium. Despite only hav-
ing modest abundances in the ISM, HCO is efficiently formed in
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Fig. 12. Abundance of SiO with H, column density in the DR21 fila-
ment and ATLASGAL sources (Csengeri et al. 2016) and SFRs (Kim
et al. 2023), and Rp(DCO™") with the abundance of SiO in the DR21 fil-
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mark the surroundings of DR21 Main and DR21(OH), respectively.

PDRs via FUV (Schilke et al. 2001; Gerin et al. 2009):

H,CO + photon - HCO + H (12)
and
O+ CH, - HCO +H, (13)
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where the abundance of this rare molecular species becomes
comparable with that of H'3CO*. Furthermore, a high abun-
dance of HCO in the gas phase can be attained by releasing HCO
from grain mantles before larger molecules form there; for exam-
ple, H,CO, CH30H and other COMs (Gerin et al. 2009). This
early release of HCO to the gas phase can occur in regions with
lower N(H;) that are exposed FUV radiation. Photodissociation
is an obvious process associated with the well-studied HII-region
DR21 Main and DR21(OH). The outer parts of DR21 dominantly
affected by the interstellar UV radiation (Yamagishi et al. 2018).

The column density ratio of HCO and H'3CO* and the abun-
dance of the latter, have been found to be increased in HII regions
when compared to regions devoid of HII regions or showing
minimal signs of star formation activity (Schilke et al. 2001;
Gerin et al. 2009; Kim et al. 2020). N(HCO)/N(H"*CO*) > 1
and X(HCO) > 10710 reflects high degrees of photodissociation,
and is indicative of ongoing FUV chemistry (Gerin et al. 2009;
Kim et al. 2020).

In Fig. 13, we investigate the variation in FUV radiation
fields by examining the column density ratio of N(HCO) and
N(H"®CO") in the DR21 filament. The emission maps and col-
umn densities of HCO are described in depth in Appendix A. In
all panels of Fig. 13, the surroundings of DR21(OH) is marked
with a blue star. Unfortunately, we did not detect HCO, HBCOo",
and DCO" in any of the surroundings of DR21 Main, and we
only detected one pixel with the three molecules simultane-
ously detected in the vicinity of DR21(OH). The upper panel
of Fig. 13 shows a decreasing trend of the N(HCO)/N(H'*CO")
ratio with H, column density in the DR21 filament compared
with values of this ratio determined for molecular clumps found
in ATLASGAL, taken from (Kim et al. 2020). The observed
trend is mainly driven by the decreasing abundance of HCO as
a function of increasing H, column density. The middle panel
of Fig. 13 shows no variation in N(HCO)/N(H'*CO") with dust
temperature neither in DR21 nor the ATLASGAL clumps. No
correlation between N(HCO)/N(H'*CO™) and T4, implies that
thermal desorption does not play a role in the formation of HCO
(Kim et al. 2020).

The lower panel of Fig. 13 shows a correlation between
N(HCO)/N(H"3CO") and Rp(DCO*) with a Pearson correlation
coefficient of r = 0.77. This increasing trend of Rp(DCO™) with
N(HCO)/N(H'"CO") starts at the point at which the abundances
of DCO* and HCO start to decrease; that is, where FUV driven
chemistry commences (Gerin et al. 2009; Kim et al. 2020).
These conditions can be found as the photodissociation degree
decreases. As the H, column density increases, H, self-shielding
becomes effective resulting in the decrease in the HCO* destruc-
tion (see Eq. (11)). The decreasing trend of Rp(DCO™) with
N(H,) is caused by the decrease in the HCO* destruction.

To summarize the discussion on the influence of shocks
and ionization, the two physical processes affect Rp(DCO™*) in
different ways. HCO* is destroyed faster than DCO* through
dissociative recombination. The regions of Rp(DCO™) with col-
umn density, where HCO and/or SiO are present, are marked
with green in Fig. 14. We find a Pearson correlation coeffi-
cient r = —0.79 of Rp(DCO*) with H, column density where
HCO is detected in Sect. 5.1.2. These are found at the lower
H, column densities. On the contrary, at higher H, column
densities, where SiO is detected, we find a Pearson correlation
coefficient r = —0.51 of Rp(DCO*) with H, column density
in Sect. 5.1.1. As CO reacts with H3*, the production of H,D*
is halted, successively decreasing the formation of DCO*. This
suggests that FUV-chemistry affects the lower column densi-
ties and shock-chemistry affects the higher column densities
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Fig. 13. N(HCO)/N(H"®CO") vs. N(H,) (top panel) and dust tem-
perature (middle panel). The bottom panel shows the correlation of
N(HCO)/N(H"®CO") with Rp(DCO"). The purple points represent pix-
els in the DR21 filament above 40 and the gray point shows the
ATLASGAL sources from Kim et al. (2020). The black vertical line rep-
resents the indicator of ongoing FUV chemistry >1 (Gerin et al. 2009;
Kim et al. 2020). The blue star mark the surroundings of DR21(OH),
where HCO, HCO™* and DCO* are detected.

in DR21, overall resulting in the strong decrease in Rp(DCO™)
(r=0.74).

5.2. Impact of physical conditions on DNC and DCN

In Sect. 4.2, it is observed that DNC and DCN are indicative
of different physical conditions compared to DCO™. Specifically,
they are detected in warmer and denser regions within the DR21
filament. Figure 6 illustrates that these isomers trace similar gas
distributions. In this section, we aim to investigate the influence
of temperature on the ratio of DNC to DCN.

Figure 9 shows that Rp(DNC) and Rp(DCN) have distinct
dependencies on Tg4,s. The formation pathways of these iso-
mers have significant differences in their thermal dependence.
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stars mark the surroundings of DR21 Main and DR21(OH), respectively.

In the lower temperature regime (74,5 < 30 K), DNC is predom-
inantly formed at a higher rate through deuterium reacting with
the primary isotopologs, HCN and HNC. Surprisingly, in this
temperature range, DCN formation occurs through the deuterium
transfer of HNC (Turner 2001). Conversely, DNC and DCN effi-
ciently form with deuterated light hydrocarbons, such as CH,D*,
at higher temperatures (~80 K; Albertsson et al. 2013). At lower
gas temperatures (Tg,s < 30 K), DCN exhibits lower formation
efficiency, as it is formed through CH,D*, compared to DNC,
formed through H,D* (Turner 2001; Roueff et al. 2007). As for
DNC, its formation efficiency decreases with increasing temper-
ature since the O-atom becomes more effective in destroying
this isomer (Gerner et al. 2015). However, the current study
does not explore these higher temperatures as the maximum dust
temperature and kinetic gas temperature measured were <31 K.

HCN and HNC, the primary isotopologs of these isomers,
have demonstrated an ability to trace the kinetic gas temperature
(see Sect. 3.3). The ratio of /(HCN)/I(HNC) at gas temperatures
T < 200 K is controlled by the selective destruction of HNC
(Hacar et al. 2020):

HNC+H —- HCN+H (14)
and,
HNC + O —» NH + CO. (15)

The inter-conversion between HCN and HNC becomes efficient
at T > 40 K. At low temperatures, HCN and HNC are formed
through ion-molecule chemistry with almost equal probability
(Herbst et al. 2000; Albertsson et al. 2013). A similar effect may
occur for DCN and DNC, where an increase in Ty, iS necessary
to initiate the conversion of DNC to DCN through reactions with
free atomic D in the gas.

Figure 15 shows the intensity ratio comparisons of
I(DCN)/I(DNC) with I(H"*CN)/I(HN'3C). In the optically thin
regime of these ratios, I(H"*CN)/I(HN'3C) is a proxy for the
kinetic gas temperature (Beuther et al. 2022; Pazukhin et al.
2022). The optical depth of each molecule is presented in
Fig. B.1, which is consistent with the optically thin assump-
tion. The intensities were used to ensure independent ratio
comparison, as the column densities are inherently dependent
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Fig. 15. Integrated intensity ratio of DCN and DNC with the ratio of
H'*CN and HN'3C of optically thin region (orange), as a proxy for the
kinetic gas temperature following Hacar et al. (2020) with a Pearson
correlation of r = 0.72.
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Fig. 16. Dust temperature as a function of integrated intensity ratio of
DCN and DNC with a Pearson correlation of » = 0.58.

on the temperature calculated using I(HCN)/I(HN3C). The
D-isotopologs I(H"*CN)/I(HN'C) with a slope a = +0.9*21
and intercept of b = —0.4’:8:%. The temperature indicator repre-
sented by I/(H'3CN)/I(HN'3C) exhibits a moderate correlation
with I/(DCN)/I(DNC), implying that /(DCN)/I(DNC) is also a
potential tracer of kinetic gas temperature.

Figure 16 shows a plot of dust temperature as a function of
I(DCN)/I(DNC), which displays a moderate correlation between
the dust temperature and the velocity-integrated intensity ratio
of DCN and DNC. We find a slope a = +10 and intercept
of b = +6 between the dust temperature and /(DCN)/I(DNC).
This correlation implies a kinetic gas temperature of Tgyug =
10 x (DCN/DNC) + 6. Hacar et al. (2020) reported a one-to-one
correlation between dust temperature and the kinetic temperature
derived from the intensity ratio of HCN to HNC. By applying
the same approach to obtain kinetic gas temperature (Eq. (5)),
but using the intensity ratio of DCN to DNC instead and multi-
plying it by ten, we establish a one-to-one relationship between
the kinetic gas temperature (7y;,) derived from DCN/DNC and
the dust temperature in DR21.

6. Conclusions

In this paper, we have investigated the distribution of deuterated
molecules in DR21 as part of the Cygnus-X Allscale Survey of
Chemistry And Dynamical Environment. Using the IRAM 30-
m telescope, observations of the ground-state of DCO*, DNC,
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and DCN at 3-4 mm and follow-up observations of higher J-
transitions at 2 and 1.3 mm wavelengths were carried out. The
main results are summarized below:

1. The emission maps of DCO*, DNC, and DCN show clear
morphological differences along the DR21 filament. DCO*
shows the most extended emission along the DR21 ridge,
with several peaks along its structure. DNC is also observed
to have several peaks but less extended emission than DCO*.
DCN shows relatively compact emission toward the DR21
Main and DR21(OH) star-forming clumps. The morpho-
logical differences of these three molecules suggest local
variations in physical parameters.

2. The column densities derived from the optically thin lines
from DCO™, DNC, and DCN, as well H3CO™*, HN!3C, and
HI3CN, together with the Herschel-based H, column den-
sity, indicate similar mean abundances of the deuterated
molecules, on the order of X(D) ~ 6-9 x 10~!'. All three
molecules are observed toward higher H, column densities.

3. The deuteration degrees, Rp, of all three species have similar

values, between 0.010 and 0.014. Rp(DCO™) and Rp(DNC)
shows a strong anticorrelation with dust temperature (r <
—0.5) and all three shows strong anticorrelation with kinetic
gas temperature, the highest value of which (r = —0.70) is
found for Rp(DCO").
The three ratios between the deuterated molecules,
N(DCO")/N(DNC) and N(DCO*)/N(DCN), show anticor-
relations with the dust temperatures in the regime in which
CO is not yet sublimated (Tquse < 22 K). On the contrary,
N(DCN)/N(DNC) shows an increasing correlation at Tgys <
22 K. After the onset of thermal CO-sublimation, all three
ratios are constant with dust temperature.

4. Rp(DCO") decreases with H, column density. We attempted
to explain this decrease with ionization and shocks. At
lower column densities, FUV chemistry, as traced by
N(HCO)/N(H"CO"), is likely causing the rapid decrease by
effectively destroying HCO* faster than DCO*. Rp(DCO™")
decreases with an increasing column density of SiO, a well-
known shock tracer. Ionization, shocks, and the initial ortho-
to-para H ratio, although the latter is not quantified, appear
to have an effect on the decrease in Rp(DCO*). The rela-
tive influence of the degree of ionization or shocks affecting
the decreasing Rp(DCO™) is hard to discern solely based on
the molecular content, as DR2I is a dynamic and complex
filament with a powerful Hil-region, a substantial outflow,
several star-forming regions in different evolutionary stages,
and cloud-cloud interactions.

5. The DCN/DNC-ratio was investigated as a possible kinetic
gas temperature tracer. At higher N(H,), with the HN'3C
and H'3CN lines being optically thin, a strong correlation
is found. The obtained correlation is I(DCN)/I(DNC) =
0.9 x I(HCN)/I(HN'3C) - 0.4.
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Appendix A: CASCADE emission maps

Velocity-integrated intensity maps of the strong and extended
emission of the main isotopologs HCN and HNC can be seen
in two leftmost panels of Fig. A.1. The emission in both species
peak toward DR21 Main and DR21(OH). The intensity ratio
between these two molecules is used for kinetic temperature
determinations, as is described in Sect. 3.3.

The three right panels show the integrated intensity distri-
butions of the three HCO HFS components of this molecule’s
Nk,x. = log — Opp rotational line. These are the J = 3/2 -
1/2,F=2-1,J=3/2-1/2,F=1-0andJ =1/2-1/2,F =
1 — 1 lines. Spectroscopic information for the HCO HFS lines is
presented in Table A.1.

Spectroscopic information for the SiO (2 — 1) lines is pre-
sented in Table A.1. SiO (2-1) is covered as part of the CAS-
CADE program. The integrated intensity map of SiO (2-1) is
shown in Fig. 11.

Appendix B: Optical depth

The '2C-bearing main isotopolog lines of the molecules studied
by us are optically thick and even the opacities of the !3C-bearing
isotopologs are expected to be non-negligible. The determination
of the optical depth of the lines from each molecule relies on the
ratio of its '>C-bearing isotopolog to its '3C-bearing one. Under
the assumption that the beam filling factor, f, of each pixel is
equal for both lines, the ratio of the main beam brightness tem-

perature of a line from the main isotopolog, Tll,ig, to that of the

less common '*C-bearing isotopolog, T]\];g, is given by
Tyg - (TaC = To)(1 = exp(-7,)
e V) = £ (B.1)

Mo (TeC = Top)(1 —exp(-1,)
where Ty, is the temperature of the cosmic microwave back-
ground (2.73 K). Further assuming that the frequencies and the
excitation temperatures, Tex, of both lines are the same, results
in an isotopic ratio of 68 for Cygnus-X (see Sect. 3.3) and the
“C Jine being optically thin (so that (1 — exp(~7, ) ~ 7, €). This
simplifies to

1 - exp(—687.C)  TyS

MB

0 TG e W) (B.2)
T, Tys

From the roots of this equation, we can determine T,ljc using the

Python package scipy.optimize.newton_krylov. Fig. B.1
presents the pixel-by-pixel opacity map of the DR21 filament.

Appendix C: Column density maps

The distribution of the column densities derived in Sec. 3.3
is shown in Fig. C.1. The column densities were determined
using the scipy.optimize.curve_fit, in which each fitting
of Eq. 3 results in the best fit of N,/g, and the respective fit
error. The column density maps for DCO*, DNC, and DCN,
and the respective main isotopologs HCO*, HNC, and HCN are
presented in Fig. C.1, with the relative error maps presented in
Fig. C.2. The column density for the main isotopologs were cal-
culated using the optically thin '*C-isotopologs and assuming
12C/BC = 68.

Appendix D: N(XD)/N(YD)

The dust temperature, H, column density and kinetic gas
temperature dependence of the N(XD)/N(YD) ratios are pre-
sented in Fig. D.1. The comparison of column density ratios
with Ty, are presented in the left plots. Blue data points
with T4y below 22 K exhibit considerable temperature depen-
dencies; r = —0.61 for log(N(DCO*)/N(DCN)) and r =
—0.56 for log(N(DCO*)/N(DNC)). A negligible dependence
on log(N(DCN)/N(DNC)) with temperature was found (r =
+0.46). On the contrary, all three ratios show no correlation
with dust temperature in the higher temperature regime (22 K <
Tawst < 31 K). The Pearson correlation coefficients of the
higher temperatures are r = +0.14 for log(N(DCO*)/N(DCN)),
r = +0.45 for log(N(DCO*)/N(DNC)), and r = +0.28 for
log(N(DCN)/N(DNC))) with p > 0.05.

The N(XD)/N(YD) trends with H, column den-
sity are r = -0.55 for log(N(DCO*)/N(DCN)), r =
-0.69 for log(N(DCO*)/N(DNC)) and r = +0.12 for
log(N(DCN)/N(DNC)). This strong dependence is also
reflected in the Rp(DCO*) and Rp(DNC) ratio seen in the top
left and middle of Fig. 9, respectively. The strong anticorrelation
of Rp(DCO") is discussed further in Sect. 5.1.

log(N(DCO™")/N(DNC)) and log(N(DCN)/N(DNC)) show
strong correlations with kinetic gas temperature. An anticorrela-
tion with log(N(DCO™")/N(DNC)) is found, r = —0.63 and a neg-
ligible r = —0.48 with log(N(DCO*)/N(DCN)). On the contrary,
a positive correlation is found between log(N(DCN)/N(DNC))
with a Pearson correlation coefficient of r = +0.66. It should be
noted that the kinetic gas temperature was used to determine the
column densities. This reflects on the formation pathway depen-
dencies on temperature, in which the production of DCO™ is
highest at the lowest temperature, less for DNC, and least for
DCN.
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Fig. A.1: Ground-state emission of HCN, HNC, and HCO observed with the CASCADE program. The white contours show the 40, 80, and 120
levels. The stars show DR21 Main (red) and DR21(OH) (blue), with the F1 and F3 sub-filaments marked in dashed red and magenta curves.

Table A.1: Spectroscopic information for the HCO and SiO lines covered by CASCADE.

Species Transition Frequency Eyp/k Aj gup Database
[MHz] (K] [s']

HCO Nk, k. =101 =000,/ =3/2-1/2,F=2-1 8667076 418 4.67(-06) 5 JPL

HCO Nk, k. =101 —000,J=3/2-1/2,F=1-0 8670836 416 4.60(-06) 3 JPL

HCO Nk, k. =101 =000, J=1/2-1/2,F=1-1 8677746 418 4.60(-06) 3 JPL

SiO, v=0-10 2-1 86846985 6.25 293(-05) 5 CDMS

Notes. The frequency, upper energy (E,,/k), Einstein coefficient (A;) and upper state degeneracy (g,,) are marked. The values for A;; are written
in the form of x(—a) = x X 107¢. The molecular are properties are from the JPL (Pickett et al. 1998) and CDMS (Miiller et al. 2001) spectroscopic
catalogues, as noted.
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Fig. B.1: Left to right: Opacity maps of H*CO*, HN'*C and H!3CN. The stars mark the positions of DR21 Main (red) and DR21(OH) (blue).
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Fig. C.1: Top panel, left to right: Column density distribution maps of DCO*, DNC, and DCN and their main isotopologs HCO*, HNC, and HCN
(bottom panel). The stars mark the positions of DR21 Main (red) and DR21(OH) (blue).

A215, page 22 of 24



Ny (DCO )

42°27'3

0h39mQ7s  38M53%
RA (J2000)

r10.24

0.10

Barlach Christensen, 1., et al.: A&A, 688, A215 (2024)

NITO' ( N )

42°27'3

0h39mQ75  38M53°
RA (J2000)

r10.24

0.10

42°27'3S

NITO' ( C )

r10.24

0.10

0h39mQ75  38M53%
RA (2000)

b {0.22 bt 0.22 bt 0.22
0.20 0.20 0.20
S 24 24' 24'
) 0.18 0.18 0.18 =
S
35 =z
a
0.16 0.16 0.16
21' 21' 21'
0.14 0.14 0.14
0.12 0.12
18'8 18'8 18'8
2039m075  3gms3s 010 2039m075  3gms3s 010 20"39m07s  3gms3s 010
RA (J2000) RA (J2000) RA (J2000)
NPI'I'OI' ( HCO * ) M’l’l‘()l’ ( H NC) M‘,l‘l‘()l’ ( H CN )
£10.24 10.24 10.24
42°27'% 1 42°27'% 105 42°27'% 105
0.20 0.20 0.20
g 24'% 24'% 24'%
1S) 0.18 0.18 0.18 =
S
3 z
a
0.16 0.16 0.16
21' 21' 8 21'
0.14 0.14 0.14
0.12 0.12 0.12
18'8 18'8 18'8

Fig. C.2: Top panel, left to right: Relative column density error distributions for DCO*, DNC, and DCN and their main isotopologs HCO*, HNC,
and HCN (bottom panel). The stars mark the positions of DR21 Main (red) and DR21(OH) (blue).
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Fig. D.1: Deuterated molecular ratios with respect to the dust temperature (left) and column density (center) and kinetic gas temperature (right) of

N(DCO*)/N(DCN) (top), N(DCO*)/N(DNC) (middle) and N(DCN)/N(DNC) (bottom). An onset of CO sublimation from grains is expected from
Tause ~ 22 K, with blue data points showing the CO freeze-out regime.
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