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ABSTRACT

Context. Deuteration has been used as a tracer of the evolutionary phases of low- and high-mass star formation. The APEX Telescope
Large Area Survey (ATLASGAL) provides an important repository for a detailed statistical study of massive star-forming clumps in
the inner Galactic disc at different evolutionary phases.

Aims. We study the amount of deuteration using NH, D in a representative sample of high-mass clumps discovered by the ATLASGAL
survey covering various evolutionary phases of massive star formation. The deuterium fraction of NHj is derived from the NH,D
111—1p; ortho transition at ~86 GHz and NH,D 1,;—1¢,; para line at ~110 GHz. This is refined for the first time by measuring the NH,D
excitation temperature directly with the NH,D 2,,-2, para transition at ~74 GHz. Any variation of NH; deuteration and ortho-to-para
ratio with the evolutionary sequence is analysed.

Methods. Unbiased spectral line surveys at 3 mm were conducted towards ATLASGAL clumps between 85 and 93 GHz with the
Mopra telescope and from 84 to 115 GHz using the IRAM 30m telescope. A subsample was followed up in the NH,D transition at
74 GHz with the IRAM 30m telescope. We determined the deuterium fractionation from the column density ratio of NH,D and NHj;
and measured the NH,D excitation temperature for the first time from the simultaneous modelling of the 74 and 110 GHz line using
MCWeeds. We searched for trends in NH; deuteration with the evolutionary sequence of massive star formation. We derived the
column density ratio from the 86 and 110 GHz transitions as an estimate of the NH,D ortho-to-para ratio.

Results. We find a large range of the NH,D to NH; column density ratio up to 1.6 + 0.7 indicating a high degree of NH; deuteration
in a subsample of the clumps. Our analysis yields a clear difference between NH3 and NH,D rotational temperatures for a fraction. We
therefore advocate observation of the NH,D transitions at 74 and 110 GHz simultaneously to determine the NH,D temperature directly.
We determine a median ortho-to-para column density ratio of 3.7 + 1.2.

Conclusions. The high detection rate of NH,D confirms a high deuteration previously found in massive star-forming clumps. Using
the excitation temperature of NH,D instead of NHj is needed to avoid an overestimation of deuteration. We measure a higher detection
rate of NH,D in sources at early evolutionary stages. The deuterium fractionation shows no correlation with evolutionary tracers such

as the NH; (1,1) line width, or rotational temperature.
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1. Introduction

High-mass stars are known to form in dense clusters. They are
much rarer than low-mass stars according to the stellar initial
mass function (Kroupa et al. 2013) and are therefore located at
greater distances. Massive protostars evolve embedded in dense
cores (~105 - 10% cm™3, Garay & Lizano 1999; Kurtz et al.
2000) within high-mass star-forming complexes. These are more
crowded than low-mass star-forming regions and have a short
evolutionary timescale of ~10° yr (McKee & Tan 2002). These
constraints restrict observations of the early phases of high-mass
star formation. However, a key issue preventing a more complete
understanding of the formation process of massive stars is the
difficulty in revealing their initial conditions.

* Full Tables 2-6, and 9 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/649/A21

The abundance of deuterium bound in molecules is orders
of magnitude higher in cold molecular clouds than the primor-
dial D/H ratio (~107, Oliveira et al. 2003). Rising deuteration is
expected from chemical models even into the gravitational col-
lapse phase of the molecular cloud core (Caselli 2002; Kortgen
et al. 2017). Deuterated molecules can form through reactions
between gaseous species as well as through the depletion of those
onto grains with subsequent deuteration on the surfaces followed
by the evaporation of icy grain mantles by the radiation from pro-
tostars back into the gas. At low temperatures (<20 K) and for
low ortho-to-para H, ratios, deuterium fractionation is primarily
regulated by reactive collisions

Hj + HD —» H,D* + H, + AE. (1)

The production of HyD™ is essential for the deuterium chem-
istry, representing the first stage of deuterium enrichment
(“deuteration”, Roberts & Millar 2000b; Wu & Yang 2005;
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Pillai et al. 2007). Gas-grain models comparing deuteration of
HJ at gas and dust temperatures of 10 and 20K by Sipild et al.
(2015a) lead to a decrease in deuteration at the higher tem-
perature, at which the reaction given in Eq. (1) proceeds more
efficiently in the backward direction. This trend is favoured by a
high ortho-to-para H; ratio as well. Moreover, neutral molecules
such as CO and H; destroy H,D* at temperatures above 25 K and
thus reduce the deuterium fraction (Roberts & Millar 2000b).
According to the gas-grain models from Sipild et al. (2015a), a
total depletion of ammonia from the gas phase also occurs after
~10°yr at a density of 10°cm™ and a temperature of 20K. In
addition to ammonia, various forms of deuterated ammonia are
also depleted onto grain surfaces with deuterium being trapped
onto the surfaces (Sipild et al. 2015b). This leads to HD depletion
and the decrease of the overall gas-phase deuteration efficiency
(Sipild et al. 2015a).

It is known from observations and theory that C-bearing
molecules such as CO freeze out onto dust grains in the cold
and dense environment of molecular cores (Caselli et al. 1999;
Kramer et al. 1999; Tafalla et al. 2002; Flower et al. 2005; Bergin
& Tafalla 2007; Giannetti et al. 2014) and therefore increase the
[H2D+]/[H§’] ratio, which results in an enhanced abundance of
deuterated species in the very early evolutionary phase. Csengeri
et al. (2014) estimated that 25% of the embedded sources in the
ATLASGAL (Schuller et al. 2009) sample with a peak intensity
>5Jy are in the coldest stage of high-mass star formation. Such
dense and cold clumps are therefore ideal targets to investigate
their deuteration.

The amount of deuteration depends on the H, ortho-to-para
ratio as well. If ortho instead of para H, is present, the back-
ward reaction destroying H,D* will be faster because of the
four-times-larger ortho than para H, rate coefficients (Pagani
et al. 1992). In addition, if the abundance of ortho H, is high,
it will efficiently destroy H,D* at low temperatures. A lower Hj
ortho-to-para ratio, as found in cold cores (Pagani et al. 1992),
consequently leads to a higher deuterium enrichment.

NH;D has been detected in low- and high-mass star-forming
regions: it was observed in cold dark clouds by Saito et al.
(2000), in low-mass protostellar cores by Shah & Wootten
(2001), and in low-mass protostars by Hatchell (2003). These
authors measured NHj3 deuteration factors between 0.001 and
0.3 with similar errors of ~25% on average, while interferomet-
ric observations with high angular resolution of NH,D and NHj
by Crapsi et al. (2007) found an enhanced deuterium fractiona-
tion of 0.5 +0.2 at high densities of 10° cm™ in the centre of a
nearby Taurus core. In massive star-forming regions, NH,D was
observed for example in pre- and protocluster clumps by Pillai
et al. (2007) with half of the sample exhibiting a high deuterium
fraction of >13%.

Analysis of the N,D*/N,H™* ratio in low-mass starless cores
and protostars shows the predicted relation of a decreasing deu-
terium fractionation from the youngest objects immediately after
the beginning of collapse to the more advanced evolutionary
state of a Class O protostar (Crapsi et al. 2005; Emprechtinger
et al. 2009). It is suggested that the NH3 deuteration increases in
low-mass cores up to 20 K and is constant at higher temperatures
(Shah & Wootten 2001). However, these authors only observed
a small sample with large errors in the deuteration factors.
Moreover, an enhanced N,D*/N,H* ratio was also measured
at the earliest evolutionary stages of high-mass star formation
and a decline from high-mass starless core candidates to high-
mass protostellar objects and ultracompact (UC) HII regions was
found by Fontani et al. (2011). Busquet et al. (2010) were able to
use the [NH,D]/[NH3] ratio as an evolutionary indicator in the
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environment of an ultracompact HII region (UCHIIR). Fontani
et al. (2015) compared NH3 deuteration in high-mass cores with
the evolutionary sequence and found that the [NH,D]/[NH;3]
ratio determined in massive starless cores, high-mass protostel-
lar objects, and ultracompact HII regions does not decrease
with the evolution of the cores. Two high-resolution studies
(Busquet et al. 2010; Pillai et al. 2011) report that very close to
high-mass protostars and UCHII regions (few 1000 AU), there is
evidence of removal of deuterated NH;. On large scales Fontani
et al. (2015) determined a deuterated fraction of NH3 above 0.1
right up to the most evolved phase of their single-dish sample.
This indicates no evidence of gas-phase removal on the envelope
scales (several 10000 AU) up to the most advanced evolution-
ary stage. Existing single-dish and high-resolution data therefore
suggest that deuteration is becoming inefficient (very little addi-
tional deuteration taking place) on large scales and appears to be
more or less fully removed in the immediate vicinity of protostars
and HII regions.

Previous studies of deuterated ammonia in high-mass star
formation have only focused on small samples or one evolution-
ary stage. In the present paper, we determine the NH3 deuteration
of a representative sample of massive clumps that are detected
by the ATLASGAL survey and observed in NH,D as part of an
unbiased spectral line survey. Our analysis focuses on the influ-
ence of temperature on deuteration. In particular, this sample
covers various phases of high-mass star formation and allows
us to analyse any dependence of the deuterium fractionation on
evolutionary stage.

We present the NH, D observations of the ~86 and ~110 GHz
lines of ATLASGAL sources and the data reduction in Sect. 2.
We derive the NH, D column density, excitation, and NH3 deuter-
ation in Sect. 3. In addition, we measure the column density ratio
of NH,D at ~86 and ~110 GHz as an estimate of the ortho-to-
para ratio. We compare the NH3; and NH,D temperatures and
analyse any trend of NHj3 deuteration with evolutionary tracers
in Sect. 4. Moreover, we study the dependence of the ortho-
to-para ratio on the NHj deuteration, line width, and rotational
temperature. Our NH,D analysis is summarised in Sect. 5.

2. Observations

The NH,D data were observed within two unbiased spectral-
line follow-up observations of large ATLASGAL subsamples.
The first project covered 8 GHz centred on 89 GHz in the fourth
quadrant with the Mopra telescope (Urquhart et al. 2019) located
near Coonabarabran in Australia at a latitude and longitude of
—31.2678° and 149.0997°. The second survey covered the whole
3 mm band in the first quadrant using the EMIR receiver at the
IRAM 30m telescope' (Csengeri et al. 2016). We summarise the
NH,D and NHj transitions, that are used in this article, with their
spectroscopic properties in Table 1.

2.1. Mopra observations

The Mopra 22m telescope was used to observe a 3mm
molecular-line survey towards an unbiased ATLASGAL sub-
sample of clumps with infrared association and peak fluxes
above 1.75Jy per beam at 870 um as well as cold sources with
peak fluxes above 1.2Jy per beam (Urquhart et al. 2019). We
observed 567 ATLASGAL sources located between [ =300° and
359° and |b| < 1.5° in 2008 and 2009.

1 IRAM is supported by INSU/CNRS (France), MPG (Germany) and
IGN (Spain)



M. Wienen et al.: ATLASGAL — NH; deuteration

Table 1. Properties of the NH,D and NHj transitions.

Molecule Quantum numbers Frequency Upper energy level  Statistical weight Ajj Critical density Reference
(GHz) (K) of upper/lower level ) (cm™3)

NH,D ortho 111—1o 85.926 20.7 27 7.82x107°  6.52x10*@  CDMS ©

NH,D para Ii—1oy 110.154 213 9 1.65x107°  1.38x10°@  CDMS

NH,D para 21220 74.156 50.7 15 592x10°%  6.18x10*@  CDMS

NH; para Lla-11s 23.694 233 6 1.68x 107 1.95x10°®  JPL ©

NH; para 22a22s 23.722 64.4 10 224x1077  2.03x10°®  JPL

Notes. “The de-excitation rate coefficients are taken at 10K from Daniel et al. (2014). ¥ The de-excitation rate coefficients at 15 K from Danby
et al. (1988) are used. )The statistical weight given by CDMS includes a factor three for the rotation quantum number, a factor three for the spin
of the two H atoms, and the N nuclear spin multiplicity of three. On the contrary, JPL does not include the nuclear spin of N.

This article focuses only on observations of the NH,D 1;,—
1o; ortho transition at 85.926 GHz in the fourth quadrant. We
used a 3mm HEMT receiver as frontend. Our measurements
in the 3 mm band range from a frequency of ~85.2GHz to
~93.4 GHz and were centered on 89.3 GHz. The UNSW Mopra
spectrometer (MOPS) from the University of New South Wales
contains four slightly overlapping 2.2 GHz bands leading to an
overall ~8 GHz continuous bandwidth. We used MOPS in a
broadband mode, where each 2.2 GHz wide band has a velocity
resolution of 0.9 km s~!. The Mopra telescope has a beamwidth
(FWHM) of 38" at the frequency of the NH,D line at ~86 GHz.

Pointed observations were conducted in position-switching
mode. We examined the region around each source using
ATLASGAL and infrared continuum maps from the Midcourse
Space Experiment (MSX, Price et al. 2001) and chose an off-
set position that is free of continuum emission at 20 pm, either
+5’ in longitude or latitude. We observed two polarisations of
the NH,D line at 86 GHz simultaneously. The total integration
time for each source was ~15 min, resulting in an rms noise
level of 24 mK on average at a velocity resolution of 0.9km s~!.
The median system temperature was about 200 K. Pointing was
measured each hour with line pointings on SiO masers and
a reference spectrum of G327 and M17 was obtained each
day.

We processed the data initially with the ASAP package,
which consisted of processing of the on-off observing mode,
the time and polarisation averaging, and baseline subtraction.
We converted the data to the T’} temperature scale and exported

the data to the CLASS software from the GILDAS package®
for subsequent analysis. For the calibration from T’ to Tg we
corrected for the beam efficiency of 0.49 (Ladd et al. 2005).

2.2. IRAM 30m observations

The NH;,D 1;; — 1¢; ortho line at 85.926 GHz and the para tran-
sition at 110.154 GHz in the first quadrant were measured as part
of the large molecular line survey of ATLASGAL sources con-
ducted with the IRAM 30m telescope in 2011 and 2012 (Csengeri
et al. 2016). The sample covers a range of evolutionary phases
from the quiescent clumps to actively star-forming clumps host-
ing HII regions. The IRAM sample targeted bright sources, but
also includes infrared-quiet clumps meaning without a detection
at 22 pm corresponding to roughly half of the targeted sources
(see more details in Csengeri et al. 2016). While the Mopra
sample consists of clumps with and without infrared associa-
tion based on MSX data at 21 micron, the IRAM sample used

2 available at http://www.iram. fr/IRAMFR/GILDAS

the WISE 22 micron point-source catalogue with higher resolu-
tion. In a pilot study, 36 sources with the highest submillimetre
(submm) peak flux densities from the ATLASGAL survey were
observed in April 2011 and a second large sample was followed
up in February, March, and October 2012. Using the IRAM 30m
telescope we observed 425 ATLASGAL sources in NH,D within
[=5°-60° and || < 1.5°.

The observations were carried out with the EMIR receiver
E090. The frequency range from ~84 to 115 GHz was divided
into 4 GHz blocks for the pilot study, while the sample in 2012
was observed with a total bandwidth of 16 GHz and in two
setups centred on 88 and 96 GHz. The Fast Fourier Transform
Spectrometer (FFTS) was used with a spectral resolution of
200kHz resulting in a velocity resolution of 0.68km s~! at
~86 GHz and of 0.53 km s™! at ~110 GHz. The half-power beam
width at the NH,D 14, line frequencies at ~86 GHz and
~110GHz is 29” and 22”. The spectra were converted to the
main beam brightness temperature scale for the beam efficiency
of 0.81 at ~86 and 110 GHz as in Csengeri et al. (2016).

The observations were conducted in position switching mode
with a constant offset of 10" in right ascension and declination
with a total integration time of ~4.5 min for each source. Point-
ing and focus were measured regularly. G34.26+0.15 was mostly
used as a spectral line calibrator.

The NH;D 2y, — 2, para transition at 74.156 GHz was
observed toward a subsample of the 24 brightest clumps in
deuterated ammonia that was selected from the NH,D observa-
tions at ~86 GHz covering different evolutionary phases such as
24um dark sources, active clumps in IRDCs, and HII regions.
The EMIR receiver with a frequency range between 71 and
79 GHz was used for position-switching observations toward the
peaks of the clumps. Typical system temperatures were about
180 K. We measure an rms noise level of 15 mK at a velocity
resolution of 0.75km s~!, which is similar to the observations
at ~86 GHz. A total integration time of ~60 min was spent per
source including on and off position.

2.3. Data reduction

The CLASS software was used to reduce the NH,D data. To
remove the baseline from the spectra we subtracted a polyno-
mial baseline of order zero from the spectra, excluding velocity
windows that were placed around the NH;,D lines. The hyper-
fine structure of the NH,D transitions at 86 and 110 GHz was
fitted taking six hyperfine components into account. The fit of
the line at 110 GHz kept the line width as a fixed parameter
using the NH,D line width at 86 GHz assuming that the two
transitions originate from the same gas. This gives the optical
depth of the main line, 7, the radial velocity, v sr, and the line

A21, page 3 of 17


http://www.iram.fr/IRAMFR/GILDAS

A&A 649, A21 (2021)

Table 2. Parameters of the NH,D line at 86 GHz and NHj; rotational temperature (Wienen et al. 2018).

RA@ Dec @ (1,1)©® ULSR Av Tos T,
Name (J2000) (J2000) (kms™!) (kms™h) (K) (XK)
G10.62-0.42 181036.92 —-195700.86 0.94 (+0.36) —-1.28 (#0.04) 1.13 (x0.03) 0.43(£0.04) 15.7 (x0.8)
G2737-0.17 18415125 —05014271 0.72(x0.18) 9105 (£0.05) 2.85(+0.18) 0.77 (£0.04) 19.5 (+0.7)
G30.42-0.23 18 47 40.32 -022029.49 0.93 (+0.19) 105.61 (20.01) 2.22 (+0.13) 0.74 (0.04) 18.7 (+0.8)
G30.79+0.20 1846 47.69 —-014901.99 0.73 (x0.43)* 81.51 (+0.10) 1.76 (x0.27) 0.36 (x0.04) 18.5(x0.8)
G31.58+0.08 18484195 —-011000.53 0.38 (£1.02)* 95.91 (£0.13) 1.21 (£0.27) 0.13 (£0.04) 23.3 (x1.1)
G34.26+0.15 18 5318.60 +01 145791 0.12 (£0.09)* 57.52 (£0.08) 5.6 (£0.32) 0.28 (x0.01) 24.9 (¢1.9)
G48.99-0.30 19222619 +140637.09 0.21 (£0.19)* 67.92 (x0.07)  2.87 (x0.23) 0.50 (+0.02) 23.0(x0.9)
G49.27-034  192307.06 +1420 1486 015 (£0.64)*  68.44 (+0.12) 3.23 (x0.46) 0.73 (£0.06) 20.7 (+1.0)
G49.40-0.21 19225575 +143049.66 0.80 (£0.25) 48.78 (£0.10) 1.64 (+0.10) 0.49 (£0.04) 14.4 (x0.7)
G58.47+0.43 1938 57.86  +224637.76  0.10 (£0.27)* 36.66 (x0.13) 2.23(x0.24) 0.22(x0.04) 204 (x1.1)
G305.23-0.02 13 113640 —624819.41 058 (£0.77)* —29.48 (+0.15) 1.57 (x0.31) 027 (£0.06) 17.4 (+2.3)
G305.82-0.11 131647.84 —-625036.31 0.10 (x0.88)* —41.87 (£0.22) 2.12(£0.44) 0.24 (£0.04) 13.4 (+1.8)
G309.38-0.13 13472284 -621806.68 0.10 (x0.26)* —=51.14 (x0.47) 2.50 (x1.57) 0.22(x0.04) 16.1 (%1.5)
G310.014039 13513830 —613914.33 286 (+1.82)* —41.18 (+0.26) 1.57 (+0.30) 0.18 (+0.06) 18.6 (+1.7)
G351.74-0.58 17264769 —-361207.56 1.18 (+0.28) —02.81 (£0.06) 1.57 (£0.30) 0.73 (x0.04) 15.2(x0.7)
G351.78-0.52 172639.16 -360804.58 1.43 (+0.28) —-02.61 (£0.05) 1.66 (=0.07) 0.86 (£0.04) 15.1 (£0.5)
G353.41-036 17302687 —344150.53 0.88(2020) 1713 (x0.07) 2.87 (x0.19) 131 (x0.04) 14.7 (+1.3)

Notes. Errors are given in parentheses. The full table is available at CDS. Units of right ascension are hours, minutes, and seconds, and units of
declination are degrees, arcminutes, and arcseconds. YThe smallest optical depth given by the CLASS software is 0.1. Sources without detected
hyperfine structure or no reliable derivation of the optical depth due to low S/N (see Sect. 3.3) are marked by a star.

Table 3. Line parameters of the NH,D transition at 110 GHz with errors noted in parentheses.

RA ) Dec &) ULSR”U AU“Q TMB”O

Name (J2000) (J2000) (kms™h) (kms™!) (K)

G14.33-0.64 18 18 54.59 —1647 41.16 22.72 (+0.09) 3.06 0.49 (£0.05)
G19.88-0.54 1829 14.53 —-115025.67 43.67 (x0.31) 2.27 0.33 (+0.07)
G27.37-0.17 18 41 51.25 —-0501 42.71 90.82 (+0.15) 2.85 0.38 (+0.05)
G30.42-0.23 18474032 -022029.49 106.59 (+0.08) 222 0.36 (+0.04)
G31.41+0.31 18 47 34.23 —011244.67 97.15 (+0.311) 5.12 0.33 (+0.06)
G34.26+0.15 18 53 18.53 01 14 57.90 59.46 (+£0.20) 5.52 0.18 (+£0.02)
G48.99-0.30 192226.19 +14 06 37.09 68.56 (+0.12) 2.87 0.27 (£0.04)
G49.27-0.34 192307.06 +14 20 14.85 69.60 (+£0.22) 3.23 0.25 (£0.05)
G58.47+0.43 1938 57.86  +22 46 37.76 37.0 (£0.27) 2.23 0.11 (+£0.02)

Notes. We made the full table available at CDS. ¢"Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,

arcminutes, and arcseconds.

width, Av, at the full width at half maximum of a Gaussian
profile with their errors as the formal fit errors from CLASS.
As the line width of the transition at 110 GHz is set to a fixed
value, no error is indicated for this parameter in Table 3. The
temperature of the NH,D line was measured from the peak of
the hyperfine structure fit. The minimum optical depth of the
hyperfine structure fit in CLASS is 0.1. Because the hyperfine
structure of some NH,D lines at 86 GHz and of most transitions
at 110 GHz are too weak to be detected, we cannot determine
their optical depth. In these cases, the fit from the CLASS soft-
ware gives an error of the optical depth of greater than 50%.
The 86 GHz-NH,D line parameters with the NHj rotational tem-
perature between the (1,1) and (2,2) inversion transition from
Wienen et al. (2012, 2018) are given in Table 2. We report the
molecular line parameters of the para NH,D transition in Table 3
which lists the line-of-sight velocity of para NH,D, visg,,,. the
line width, Avyjg, and the main beam brightness temperature,
Tmg, -
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3. Results and analysis of the NH,D sample
3.1. NH, D detection rates

We observed 992 ATLASGAL clumps in NH,D 1;,-1g; at
86 GHz in the first and fourth quadrant and detected NH,;D in
390 clumps (39%) corresponding to an S/N > 3. We found
that the NH,D velocities of all detected sources are within
~2.5km s~! of the NHj; velocities.

The hyperfine structure of the NH;,D line at 86 GHz is clearly
visible in 79 clumps in the first and fourth quadrants (20%).
We can determine the optical depth of these sources, which
ranges between 0.34 +0.02 for G15.22—-0.43 and 4.2 +2.0 for
G35.58+0.01 with a median optical depth of the NH,D line at
86 GHz of 1.12 +0.35. A few spectra of the NH,D transition at
86 GHz of these sources and of the clumps, for which the hyper-
fine structure is too weak to obtain an optical depth, are shown
in Fig. 1.
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Fig. 1. Examples of reduced and calibrated spectra of observed NH,D transitions at 86 GHz; the fit is shown in green. The hyperfine structure of
the spectra in the first and second rows are clearly detected, while that of the spectra in the third row is too weak to be visible. Frequencies of the

hyperfine structure components are indicated by straight lines.
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Fig. 2. Examples of reduced and calibrated spectra of observed NH,D lines at 110 GHz; the fit is indicated in green. Frequencies of the hyperfine

structure components are labelled.

The NH,D 1;;-1¢; line at 110 GHz was observed in 373
ATLASGAL sources in the first quadrant of which 65 clumps
are detected (17%) with S/N > 3 and the NH,;D and NH3 veloc-
ities of all detections are within ~2.5km s~'. The hyperfine
structure components of most clumps are blended and we detect
those in only seven sources (2%) with an optical depth between
0.12 +£0.02 for G27.37-0.17 and 3.1 + 1.3 for G23.44-0.18. The
median optical depth of these clumps that show hyperfine struc-
ture is 1.1 +£0.8. Examples of the NH,D transition at 110 GHz
are presented in Fig. 2.

We measured the NH,D transition at 74 GHz in 24 ATLAS-
GAL sources in the first quadrant and 5 sources have S/N > 3.

These detections possess NH, D and NH3 velocities that again lie
close together, within ~2.5 km s~!. The results of the modelling
of five detections are plotted in Fig. 4.

3.2. NH2D line width

We derive the NH;D intrinsic line width from hyperfine struc-
ture fits to the transition at 86 GHz, and find values between 1.1
and 7.7km s~'. Fitting of NH,D lines with a small S/N and an
error in the optical depth of greater than 50% gives optical depths
varying between 0.1 and 2.5, which causes the line width to vary
by ~41%, leading to a systematic error of the same order as the
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Fig. 3. Line width of the NH,D transition at 86 GHz plotted against
the NHj3 (1,1) line width. ATLASGAL sources that have an error in the
NH,D optical depth of less than or greater than 50% are indicated as
red triangles or black points, respectively. The straight line corresponds
to equal line widths.

median error in the line width. In those cases and for an even
larger error in the optical depth the fit would result in a large
uncertainty on the line width. For sources with a smaller error in
the optical depth, thatis <50%, the line width derived from the fit
is reliable. We searched for a counterpart to the NH,D observa-
tions within the NH3 sample of ATLASGAL sources measured
in the fourth quadrant (Wienen et al. 2018) using the Parkes
telescope. This resulted in an ATLASGAL subsample of 264
clumps detected in NH,D and NH3 within a FWHM beamwidth
of the Parkes telescope of 60, slightly larger than the FWHM
beamwidth of the IRAM telescope of 29” at ~86 GHz. The
NH,D line widths are compared with the NH3 (1,1) line widths
obtained from hyperfine structure fits in Fig. 3, where the sources
with an error in the optical depth smaller than 50% are shown as
red triangles and the clumps with an error in the optical depth
larger than 50% as black points. The straight line indicates equal
line widths. The whole sample is distributed equally around the
straight line and this hints at a correlation between the NH,D
and NHj3 line width within the noise. Figure 3 suggests that the
NH,D line at 86 GHz and NHj3 (1,1) line therefore trace simi-
lar regions within a source. Although the critical density of the
NH,;D transition at 86 GHz is about a factor 50 higher than that
of the NHj lines (see Table 1), studies of high-mass star-forming
regions also reveal an approximate spatial correlation between
the emission from the two molecules (Busquet et al. 2010; Pillai
et al. 2011). The median NH,D line width of ~2 km s~! agrees
with the average NHj (1,1) line width measured for the whole
ATLASGAL sample in Wienen et al. (2012). The red contour
lines of the sources with an error in the optical depth of less than
50% indicate slightly smaller NH,D than NHj3 line width.

3.3. NH»>D column density

The total column density of ortho and para NH,D is derived
assuming that the energy levels are in LTE, that is, that they
are populated according to a Boltzmann distribution. Non-LTE
conditions are pointed out in Sect. 3.4. To calculate the column
density we distinguish between subsamples with and without
detected hyperfine structure. For clumps without detected hyper-
fine structure we mark the optical depth given in Table 2 with
a star, while we give the optical depth of sources with detected

A21, page 6 of 17

hyperfine structure without a star. For the frequency of the NH,D
line at ~86 GHz we use the Rayleigh-Jeans approximation for a
mean kinetic temperature of our sample at 20 K. We calculate the
source-averaged column density of sources, for which the hyper-
fine structure components are detected and their ratio provides a
measurement of the optical depth. For these clumps, the optical
depth is well determined and the column density is derived from
the lower energy level by

8k
M= 2= R A2 T, @)
ch gy

with the statistical weight of the upper and lower levels, g, and
g1, respectively, the Einstein A coefficient in s~!, the frequency
of the NH,D transition at 86 GHz, v, in GHz, the excitation tem-
perature, T, in K, the optical depth of the NH,D transition, T,
and the NH,D FWHM line width, Av, in km s~'. We use the NH;
kinetic temperature given in Wienen et al. (2012, 2018) as exci-
tation temperature assuming that NH,D and NHj are co-spatial,
as indicated in Fig. 3, and therefore have similar gas tempera-
tures. For sources with detected hyperfine structure we calculate
the total NH,D column density in cm™ from the optical depth
and kinetic temperature, which depend on line ratios, and we
therefore compute a source-averaged quantity by

Nt = 1.94x 10324

ex

! %exp (f—u) TexTAv, 3)

9u

where Q is the partition function and E, the upper energy level in
K (see Table 1). Clumps without detected hyperfine structure and
insufficient S/N to reliably determine an optical depth have opti-
cal depths with an error of greater than 50% in Table 2. We use
the integrated intensity of the NH,D line at 86 GHz, f Tnp dv,
in Kkm s~!, that is a measure derived over the whole beam, to
calculate the beam-averaged column density in the optically thin
case,

Nt = 1.94x 1032471

Tex | Topd
J T vexp(ﬂ)Q(Tex); @

T — 27K T) ¢

we derive Q from a fit to the partition functions measured
for different rotation temperatures in the range between 9 and
300K that was taken from the Cologne Database for Molecular
Spectroscopy (CDMS)3. The measured values of the partition
functions listed on the CDMS are determined from the sum
of the population of the 86 and 110 GHz transitions and take
the spin multiplicity of the N nucleus, g; =3, into account.
The fit yields a total partition function for ortho and para
NH,D of Q=1.04 T1#'. We obtain the statistical weight from
g =gy X g; =27 with the angular momentum J = 1, the N and D*
nuclear spins of 1, and the H nuclear spin of 1/2.

3.4. NH>D excitation

Furthermore, we test the assumption that the NHj3 rotational tem-
perature between the (1,1) and (2,2) inversion transition is equal
to the NH,D excitation temperature using the NH,D 1;1—1¢;
line at 110 GHz and the NH,D 2,,-2(, transition at 74 GHz that
was observed towards a subsample of 24 ATLASGAL sources.
The rotational temperature between the NH,D transitions at

3 Seehttps://cdms.astro.uni-koeln.de/
4 Because we work with the partition function and molecular line
parameters from CDMS, the D nuclear spin is not taken into account.
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Fig. 4. Examples of reduced and calibrated spectra of observed NH,D lines at 110 and 74 GHz. The bright line of G31.41+0.31 and G34.26+0.15
with a frequency close to 74.15 GHz consists of four blended lines of CH;OCHj; their frequencies are labelled as lines in the spectra. Results of
simultaneous modelling of the NH,D transitions at 110 and 74 GHz (see Sect. 3.4) are illustrated in red.

110 and 74 GHz is determined from the simultaneous mod-
elling of the 74 and 110 GHz lines (see Fig. 4) using MCWeeds
(Giannetti et al. 2017). This assumes equal excitation tempera-
tures of the 1;;—1¢; and 2;,—2¢> lines under LTE conditions. This
package is based on WEEDS (Maret et al. 2011) from the CLASS
software and adds Bayesian statistics and fitting algorithms to
Weeds to automatise the simultaneous fitting of the lines of sev-
eral species. Furthermore, errors on the NH,D temperature are
also estimated by MCWeeds. It determines the NH,D rotational

temperature for given starting values of the input parameters, that
is, the NH, D column density, temperature, line width, and source
size. As starting values we used the results from our hyper-
fine structure fitting of the NH,D transition at 110 GHz and the
NH;(1,1) and (2,2) lines. The fit parameters, the radial velocity
of para NH,D at 74 GHz, v sg,,, the line width, Avy4, and the
NH,D temperature, T, , are given in Table 4.

While modelling of the two NH;D lines leads to the NH,D
temperature for sources with a detected NH,D transition at
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Table 4. Parameters of the NH,D line at 74 GHz. Errors are given in parentheses.

RA @ Dec @ ULSR7, Al)74 TTOtNHZ b

Name (J2000) J2000) (kms™) (kms™) (K)
G12.50-0.22 18134149 —-181235.51 36.31 - 17.7
G14.33-0.64 181854.59 —16474116 22.75(*0%) 2.7(*33) 228 (")
G19.88-0.54 1829 14.53 -115025.67 41.87(*327) 4114 20.0 (*19)
G23.21-0.38 1834 55.02 —0849 16.96 77.87 - 58.9
G27.37-0.17 18415125 -050142.71 90.76(*32%) 3.5(*19)  18.7 (¢
G30.85-0.08 18 47 55.54 —01 53 33.38 98.27 - 12.0
G31.41+0.31 18473423 01 1244.67 96.05(*03%) 5.9 (*})) 36.5(*13%
G34.26+0.15 1853 18.53 01 1457.90  59.11(*3%%) 5.7 (*1%) 416 (*138

Notes. The full table is available at CDS. @ Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,

arcminutes, and arcseconds.

25 -

Trotnny (K)

40 60
Trotr,p (K)

Fig. 5. Observed NHj; rotational temperature between the (1,1) and (2,2)
inversion transition is shown against modelled NH,D rotational temper-
ature between the 1;,—1¢; line at 110 GHz and the 2;,—2(, transition
at 74 GHz. Sources with a detected 74 GHz line are marked in red, and
non-detections with an upper limit of the NH, D temperature are labelled
as black arrows. The straight line corresponds to equal temperatures.

74 GHz, we obtained an upper limit to the NH,D temperature
for the non-detections. Comparison of the rotational temperature
between the NH3; (1,1) and (2,2) inversion transition (Wienen
et al. 2012) with the NH,D temperature in Fig. 5 yields a dif-
ference in the NH,D and NHj rotational temperatures for a
subsample of the sources. However, a fraction of the clumps
exhibit larger NH; than NH,D rotational temperatures, in some
cases supported by upper limits to the NH,D temperature. We
note that the critical density is proportional to the FEinstein
A-coefficient, which in turn is proportional to v*. A factor 4.6
higher frequency of NH,D at 110 GHz than of the NH3(1,1) and
(2,2) lines leads to a much higher critical density of NH,D than
NHj; (see Table 1).

In addition to our assumption of the same excitation tem-
perature for the 74 and 110 GHz lines as there would be
for LTE, we also run a non-LTE modelling using RADEX
(van der Tak et al. 2007) with a fixed kinetic temperature of
20 K and a fixed NH,D column density of 1.6x 10" cm™
corresponding to the mean values of our ATLASGAL sample.
We use the recent calculations by Daniel et al. (2014) for the
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collisional rates with the H, molecule for our non-LTE cal-
culations. This resulted in similar excitation temperatures of
the 74 and 110 GHz NH;D lines at high densities (>10%cm™).
The five detections at 74 GHz from our sample are classified as
young stellar objects (YSOs), hot cores, or HII regions. Urquhart
et al. (in prep.) determined volume densities of ~10® cm™= based
on the dust continuum from the ATLASGAL survey for these
sources, which are also consistent with the typical density of
YSOs probed in NH,D by Pillai et al. (2011).

We compared NH;D column densities using the NHj3 rota-
tional temperature and NH,D temperature as excitation temper-
ature for sources with detections at 74 and 110 GHz. This shows
that for the subsample with larger NH3 rotational temperatures
than NH,D temperatures we overestimate the NH; deuteration
by 47%. Similarly, we underestimate the NH; deuteration by
~32% for the subsample with lower NH; rotational tempera-
ture than the NH,D temperature. We cannot exclude subthermal
excitation due to densities below the NH,D line critical densities
that lead to lower temperatures.

3.5. NH3 deuteration

We determine the fractionation ratio by the total column den-
sity of ortho and para NH,D (see Sect. 3.3) to the NH3 column
density ratio assuming that the two molecules originate from the
same gas. The source-averaged NH3 column density was calcu-
lated for ATLASGAL sources in the first quadrant in Wienen
et al. (2012) and for clumps in the fourth quadrant in Wienen
et al. (2018). To account for the different column density deter-
minations of NH;,D (see Sect. 3.3 source- vs. beam-averaged) we
derive the NH; deuteration in two ways. We divide the source-
averaged NH;,D and NHj3 column densities for the NH,D sources
with detected hyperfine structure. In the optically thin case we
correct the NH, D column density for the beam dilution using the
beam filling factor derived from NHj; observations (see Sect. 4.5
in Wienen et al. 2012) to estimate the source-averaged NH,D to
NHj; column density ratio. Table 5 shows the source-averaged
NH; column density, the beam filling factor, the NH,D column
density, the NH,D to NH3 column density ratio, and the inte-
grated intensity of the NH,D line at 86 GHz, f Tmp do, with their
errors. We measure [NH,D]/[NH;] ratios between 0.007 and 1.6.
The distribution of the deuterium fraction of NH; is shown as
a function of the rotational temperature in the upper panel of
Fig. 6. Optically thin fits result in lower limits, because the NH,D
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Table 5. Source-averaged NH; and ortho NH,D column densities and deuteration.

NNH3 n NNHZD (86 GHZ) [NH2D]/[NH3] f Tmb dv (86 GHZ)
Name (10" cm™2) (103 cm™2) (Kkm s
G10.62-0.42 2.33(x£0.16) 0.13 (£0.02)  59.95 (+23.91) 0.26 (+£0.10) 1.5 (£0.1)
G27.37-0.17 3.21 (£0.15)  0.17 (£0.01)  172.19 (+46.32) 0.53 (+£0.15) 4.9 (£0.1)
G30.42-0.23  3.72(x0.19)  0.14 (£0.01)  160.16 (£36.57)  0.43 (x0.10) 4.3 (£0.1)
G30.79+0.20  3.87 (x0.16) 0.2 (x0.01)  2.38 (x0.33) 0.05 (+0.08) 1.6 (x0.1)
G31.58+0.08 1.99 (£0.21) 0.1 (+0.01) 0.74 (£0.25) 0.04 (£0.02) 0.4 (x0.1)
G34.26+0.15  4.28 (+0.47) 0.16 (0.13)  3.94 (+0.87) 0.03 (£0.02) 2.1 (£0.1)
G48.99-0.30  2.89 (+0.20) 0.12(x0.01)  5.15 (+0.56) 0.15 (x0.02) 2.9 (+0.1)
G49.27-0.34  3.43 (£0.20) 0.15 (+0.01) 7.1 (£0.97) 0.14 (+0.02) 4.4 (+£0.2)
G49.40-0.21  1.86 (£0.14) 017 (£0.02)  64.67 (£21.92)  0.35 (x0.12) 2.3 (x0.1)
G58.47+0.43  1.45(+0.15) 0.15(x0.02)  1.73 (+0.33) 0.08 (£0.02) 1.1 (x0.1)
G305.23-0.02  2.04 (+0.64) 0.02 (+0.01) 1.14 (+0.56) 0.25 (£0.18) 0.8 (+0.3)
G305.82-0.11  1.69 (£0.35) 0.05(x0.01)  1.69 (+0.71) 0.22 (£0.12) 1.2 (20.2)
G309.38-0.13  1.79 (0.39)  0.05 (£0.01)  1.46 (+0.45) 0.17 (+0.08) 1.0 (£0.2)
G310.01+0.39  1.86 (+0.43) 0.03 (+0.01) 1.68 (+0.57) 0.36 (+0.19) 1.1 (+0.3)
G351.74-0.58  3.85(x0.17) 0.2 (£0.01)  98.78 (£31.59)  0.25 (£0.08) 3.5 (x0.2)
G351.78-0.52  3.66 (+0.11) 0.19 (£0.01) 125.34 (+26.70)  0.35 (+£0.07) 4.4 (x£0.2)
G353.41-0.36  1.91 (+0.09) 0.19 (£0.02) 128.84 (+39.46)  0.68 (+0.21) 8.6 (+£0.2)

Notes. Errors are given in parentheses. The full table is available at the CDS.

optical depth is not known for sources without detected hyperfine
structure and we cannot exclude a considerable optical depth.
We might therefore underestimate the column density by using
Eq. (4) in the optically thin case. However, there is still a range
of one order of magnitude in the fractionation ratio. We consider
only measurements with relative errors on the presented NH,D
line parameters of less than ~50% for the correlation plots. In
109 out of the 264 clumps detected in NH,D and NH3 (41%)
with reliable hyperfine structure fits we determine high deutera-
tion (>0.16) with 0.16 being the lowest deuteration in this sample.
Of those, 18 sources exhibit errors in the [NH,D]/[NH3] ratio of
greater than 50%.

3.6. The ortho-to-para ratio of NH,D

For a subsample of 113 ATLASGAL sources we detect the
NH,D ortho line at 86 and para line at 110 GHz. We calculate
the ortho-to-para column density ratio assuming the same beam
filling for the two transitions, as expected for unresolved, clumpy
structure observed within molecular clouds that fill the beam
(Stutzki & Guesten 1990; Perault et al. 1985). We distinguish
between three different cases depending on the optical depth
of the source: We divide the source-averaged column densities
derived from the transition at 86 and 110 GHz as given in Eq. (3)
with the molecular line parameters listed in Table 1 for sources
with detected hyperfine structure in ortho and para NH,D. Here,
Q is determined from separate fits to the partition functions of
ortho and para NH,D at 86 and 110 GHz against rotation tem-
peratures from 3 to 300 K published on the CDMS. These result
in 0=0.59 T.* for the ortho line and Q=0.19 T.* for the
para line. The ortho and para partition functions differ by a fac-
tor three, which results from the spin multiplicity. Our fit of the
two partition functions yields an exponent of 3/2, as expected for
slightly asymmetric top molecules (Mangum & Shirley 2015).
For sources without detected hyperfine structure in ortho and
para NH,D we derive the beam-averaged NH,D column densi-
ties using Eq. (4) with the observed intensities and molecular line
parameters for the transitions at 86 and 110 GHz given in Table 1

and separate ortho and para partition functions. To correct the
NH,D column densities for the beam dilution we divide the two
by the beam filling factor; they cancel out in the computation of
the ortho-to-para ratio from the column density ratio.

As we cannot detect the hyperfine structure of the NH,D
line at 110 GHz for the majority of sources, we cannot measure
the optical depth at 110 GHz directly. To derive the ortho-to-
para ratio for the subsample with detected hyperfine structure
in ortho NH,D we calculated the column density of para NH,D
in the optically thin approximation from Eq. (4) using the molec-
ular line parameters at 110 GHz and the para partition function.
We get an estimate of the optical depth at 110 GHz iteratively
from the known optical depth at 86 GHz: We start with an
ortho-to-para ratio of three as expected from their statistical val-
ues, calculate the optical depth at 110 GHz by the ratio of the
optical depth at 86 GHz to the ortho-to-para ratio, and com-
pute the column density ratio determined from the lines at 86
and 110 GHz. This is used subsequently as the ortho-to-para
ratio in the calculation of the optical depth at 110 GHz until the
ortho-to-para ratio converges. With the resulting optical depth at
110 GHz we multiply the column density of para NH,D by the
factor /(1 — exp(—7")) with 7/ =0.679 %' | which corrects
for the optical depth of the line at 110 GHz (Stutzki et al. 1989),
and divide by the beam filling factor. The ortho-to-para ratio is
then determined from the source-averaged ortho and para col-
umn densities. We also tested if the ortho-to-para ratio depends
on the initial value chosen for this ratio. We therefore varied this
from 3 to 1 and 5, but the iteratively determined ortho-to-para
ratios of the whole sample did not change statistically.

Using an initial ortho-to-para ratio of 3 we obtain the dis-
tribution of the iteratively derived ortho-to-para ratios shown
by the black histogram in Fig. 7 with a median ortho-to-para
ratio of 3.7 and a standard deviation of 1.2. Our ortho-to-para
ratio is close to the value expected from the nuclear statistical
weights of 3 and 1 for the ortho and para NH,D species, respec-
tively. The column density derived from the NH,D transition at
110 GHz and the ortho-to-para ratio with their errors are given in
Table 6.
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Fig. 6. NH,D to NHj3 column density ratio compared with the NHj3
rotational temperature, line width, and the MSX 21 um flux for the
ATLASGAL sources; clumps with and without detected hyperfine
structure are shown with red triangles and black points, respectively.

4. Discussion
4.1. NH; and NH>D rotational temperature

The NH; rotational temperature between the (1,1) and (2,2)
inversion transition is compared with the rotational temperature
between the NH,D transitions at 110 and 74 GHz in Fig. 5. This
comparison reveals a large range of variation in temperature; two
clumps, G31.414+0.31 and G34.26+0.15, exhibit extremely high
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#ATLASGAL sources

N(ortho—NH,D)/N(para—NH,D)

Fig. 7. Number distribution of the column density ratio derived from
the ortho and para NH,D transitions shown in black for the subsam-
ple detected in NH,D with a NHj counterpart, as dashed red line for
ATLASGAL sources with a NH3 deuteration <0.2 and as dotted blue
line for a deuterated factor >0.2.

Table 6. Column density derived from the NH,D line at 110 GHz and
ortho-to-para ratio.

Nnu,p (110GHz)  Norno (86 GHz)/Npyara(110 GHz)

Name (103 cm™2)

G10.21-0.30 0.19 (+0.10) 6.0 (¢£3.3)
G10.67-0.22  0.37 (+0.10) 3.0 (£0.9)
G11.92-0.61 0.82 (x0.14) 4.3 (x1.9)
G11.94-0.61 059 (+0.13) 3.9 (+1.8)
G12.50-0.22 0.78 (£0.13) 3.2 (x1.2)
G13.90-0.51 0.60 (£0.12) 4.4 (x1.3)
G14.18-0.53 1.70 (+0.31) 1.3 (x0.4)
G14.23-0.51 1.73 (20.19) 2.9 (x0.4)
G14.25+0.07 0.48 (=0.17) 3.9 (¢1.6)
G16.58-0.05 0.43 (+0.13) 3.5(x1.3)
G17.65+0.17 0.68 (+0.17) 3.4 (x1.4)
G22.04+0.22 0.55 (£0.17) 3.2 (x1.2)
G30.42-023 1.4 (20.16) 49 (+1.3)
G48.99-0.30 1.28 (£0.17) 3.0 (£0.5)
G49.27-0.34 1.32 (£0.21) 4.0 (+0.8)
G58.47+0.43 0.36 (+0.09) 3.5 (x1.1)

Notes. Errors are given in parentheses. The full table is available at the
CDS.

NH,D temperatures of 37 and 42 K. The high excitation temper-
ature points to the hot molecular core as the main origin of the
deuterated ammonia in these sources. We found little deuterium
fractionation for G31.41+0.31 of 0.15 and for G34.26+0.15 of
0.02 as expected at the high temperatures of hot cores and close
to the values reached by models of hot molecular cores.

High-resolution observations of high-mass star-forming
regions in NH,D have shown that while NH,D shows an excel-
lent correlation with dust continuum in high-mass cold cores,
deuterated ammonia avoids the dense peaks close to very lumi-
nous protostars (Busquet et al. 2010; Pillai et al. 2011). While
this might be a temperature effect in regions with complex
dynamics, without further high-angular-resolution observations,
we are unable to confirm that the major contributing factor is
deuteration.
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Table 7. Comparison of the NH; deuteration from ATLASGAL with other samples.

Sample selection Sample size detection rate in NH,D (%) [NH,D]/[NH;3] Reference
High-mass ATLASGAL clumps 992 39 0.007-1.6 This article
UCHIIR starless cores 7 100 <0.06-0.8 Busquet et al. (2010)
Pre/protocluster clumps 32 69 0.004-0.67 Pillai et al. (2007)
Pre-stellar core L 1544 1 100 0.5 Crapsi et al. (2007)®
Perseus protostellar cores 7 100 0.17-0.33 Hatchell (2003)
Dense cores 2 100 0.02, 0.1 Tiné et al. (2000)
Low-mass protostellar cores 32 70 0.003-0.13 Shah & Wootten (2001) )
Dark molecular cloud cores 16 50 0.025-0.18 Saito et al. (2000)

Notes. “’Samples using non-LTE models for the determination of the NH,D column density.

4.2. Comparison of NH3z deuteration in ATLASGAL sources
with other samples

We derive a deuterium fraction between 0.007 and 1.6 in
Sect. 3.5, sources without detected hyperfine structure exhibit
low [NH,D]/[NH3] ratios with a median of 0.05+0.01, and
clumps with detected hyperfine structure in NH,D and NH;j
have a higher deuteration with a median of 0.4 +0.05. The
[NH,D]/[NH3] ratios of approximately 1 are among the high-
est given in the literature so far. Other high average deuteration
factors were estimated to be 0.8 for starless cores associated with
the UCHIIR IRAS 2029343952 (Busquet et al. 2010), 0.66 was
derived for a small sample of clumps embedded in infrared-dark
clouds by Pillai et al. (2007), and 0.5 in the low-mass starless
core L1544 in Taurus (Crapsi et al. 2007).

A lower deuteration of 0.33 was obtained by Hatchell (2003)
towards low-mass protostellar cores in Perseus, where optical
depth could be measured and [NH,D]/[NH3] ratios best deter-
mined, and a deuteration of 0.1 was found in dark clouds by Tiné
et al. (2000). Shah & Wootten (2001) observed NH,D in low-
mass and quiescent protostellar cores and measured a deuteration
factor between 0.003 and 0.13, and Saito et al. (2000) determined
a similar range in deuteration in dark cloud cores located mostly
in the Taurus and Ophiuchus regions. A comparison of the deu-
terium fraction of NH3 towards the low-mass samples shows that
Saito et al. (2000) and Shah & Wootten (2001) estimated lower
values on average than Hatchell (2003). This latter author sug-
gested an increase in deuteration from larger to smaller scales
towards protostellar cores as reason for the low [NH,D]/[NH3]
ratio obtained by Shah & Wootten (2001) and Saito et al. (2000),
who measured NH,D with a larger beam width than Hatchell
(2003) or with an offset from the dust peak. We summarise
the deuterium fractionation of the different samples from the
literature in Table 7 with the source number, the NH,D detec-
tion rate, the NH,D to NH; column density ratio, and reference.
Most of these studies calculated the NH,D column density under
the assumption of LTE; only Crapsi et al. (2007) and Shah &
Wootten (2001) used non-LTE models.

For comparison of the NH3 deuteration in the ATLASGAL
sample other studies with similar beamwidth as our NH; and
NH,D measurements are available in the literature: Fontani et al.
(2015) observed the two molecules in dense cores associated
with different evolutionary phases of high-mass star forma-
tion and determined a deuterium fraction of NH3 between 0.21
and 0.34. Pillai et al. (2007) found a deuterium fractionation
from 0.004 to 0.7 that is similar for most clumps embedded
in infrared-dark clouds. These [NH,;D]/[NH;3] ratios are con-
sistent with those of the ATLASGAL sources, although we

estimate an even higher deuteration than Pillai et al. (2007),
up to 1.6 in a few ATLASGAL clumps. Recently, Sipild et al.
(2019) compared two approaches to model deuterium fraction-
ation that differ in their mechanism to describe ion-molecule
proton-donation reactions. The full scrambling model comprises
multiple interchanges of atoms including for example proton hop
and proton exchange (Oka 2004). The time evolution of their
full scrambling model (Sipild et al. 2015b) leads to a deuter-
ation of the order of 10~' over one phase, similar to models
of earlier studies (Roberts & Millar 2000b; Millar 2002). To
reach such a high rate as measured towards the ATLASGAL
sample we speculate that each of several clumps within the
beam goes through a cycle of enrichment consisting of freeze-
out and evaporation during a dense and cold phase. The high
deuterium fractionation of our sample might then result from
the accumulation of [NH,D]/[NHj3] ratios of individual clumps
within the beam. NH3 deuteration as high as our observed val-
ues is obtained by the model of Sipili et al. (2019), which limits
proton-donation reactions to proceed only through proton hop
(cf. Hily-Blant et al. 2018). This model predicts a [NH,D]/[NH3]
ratio exceeding 1 for a density of 10® cm™ after one phase that
lasts ~103 yr.

A comparison of the [NH,D]/[NH3] ratio of the ATLASGAL
sources with that of low-mass star-forming samples, for example
0.02-0.1 by Tiné et al. (2000), 0.025-0.18 by Saito et al. (2000),
and 1073-107! by Shah & Wootten (2001), indicates at least sim-
ilar deuteration in high-mass star-forming regions. Kauffmann
et al. (2010) found that at a certain radius cluster-forming clouds
have more mass and therefore a higher density than their counter-
parts without cluster formation. As the timescale of deuteration
has been found to be shorter with increasing density (Kortgen
et al. 2017), we expect an enhanced deuterium fractionation of
ATLASGAL sources resulting from the higher density of this
high-mass star-forming sample.

4.3. Does the deuterium fraction of NH3 trace the evolution
of ATLASGAL clumps?

Deuteration as an evolutionary tracer of low- and high-
mass star formation. Busquet et al. (2010) detected NH,D
emission in a few starless cores, while it is not associated
with YSOs in a high-mass star-forming region. The deuterium
fraction of NH; therefore allowed them to distinguish between
the pre-protostellar and protostellar phase. Fontani et al. (2011)
obtained differences in the deuteration of about 30 cores at
various evolutionary phases of high-mass star formation from
the derivation of the [N,D*]/[N,H"] ratio. These latter authors
found a decrease in the deuterium fraction from high-mass cores
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without stars to the evolutionary stages after the formation of
protostars. In addition, they obtained a slight decrease of the
fractionation with temperature and NoH* line width. Kang et al.
(2015) also found the narrowest line widths for the youngest
Class 0 protostars in Orion with the largest amount of deuteration
in H,CO, which hints at early stages of star formation. However,
they did not find a clear correlation of the [HDCO]/[H,CO] ratio
and the mass-to-luminosity ratio as a tracer of the evolutionary
phase. Shah & Wootten (2001) claimed to have found a trend
of increasing NH; deuteration with decreasing temperature.
However, the sample of these latter authors contains only a
few low-mass cores, which introduces a large statistical error.
Emprechtinger et al. (2009) determined the [N,D*]/N,H*] ratio
for 20 protostellar cores in low-mass star-forming regions,
which also yields an anticorrelation of deuteration with
temperature.

While previous studies of deuteration focused on low-mass
star-forming samples, molecules different from NH,D, such as
N,D*, and small source samples, in this section, we examine
whether or not the deuterium fraction of NH;3 is an indicator
of the evolution in a large sample of high-mass star-forming
regions. Because we obtained a statistically significant correla-
tion between the NHj3 (1,1) line width and rotational temperature
of ATLASGAL sources with the evolutionary phase in Wienen
et al. (2012), we use these properties to investigate a dependence
of the NH; deuteration on the evolution.

NH; rotational temperature. The [NH,D]/[NH;3] ratio is
plotted against the NH; rotational temperature between the (1,1)
and (2,2) inversion transitions in the upper panel of Fig. 6. The
rotational temperature of the ATLASGAL sources detected in
NH,D ranges between 10 and 24 K and NH; column densities
between 1.6 x 10! and 10'® cm™2 (see Wienen et al. 2012). One
expects the largest deuterium fraction of NHj3 at temperatures
lower than 20 K resulting from collisions between H} and HD
producing H,D" and increasing the [H,D*]/[H]] ratio (Flower
et al. 2004; Roberts & Millar 2000a). H,D* is an important
molecule in deuterium chemistry in cold clouds and enhances
the deuteration of several other molecules. However, H,D" is
destroyed by neutral molecules such as CO at temperatures above
~25K and by ortho-H, at temperatures below that as well.
Freeze-out of CO onto dust grains increases the abundance of
deuterated molecules at low temperatures and high densities.
However, the deuteration of the ATLASGAL sample does not
show an anticorrelation with temperature. This agrees with pre-
vious results from Pillai et al. (2011) and Fontani et al. (2015). A
small sample of IRDCs show no trend between [NH,D]/[NH3]
ratio and temperature (Pillai et al. 2011) and the NH3 deutera-
tion does not rise with decreasing temperature for their sample
of about 30 dense cores in different evolutionary phases of
high-mass star formation (Fontani et al. 2015).

Production of NH,D begins during the early pre-protostellar
phase. During the evolution of the ATLASGAL sample, an inter-
nal heating source forms in the innermost part of the clump
and leads to a higher rotational temperature, while NH,D is
constantly accumulated in the still cold outer envelope. We spec-
ulate that this process might have the consequence of a constant
deuteration for a rising rotational temperature. Alternatively, the
luminosity of forming protostars within the clumps, for example
G31.41+0.31 or G34.26+0.15, leads to an increase of tempera-
ture and evaporation and a subsequent increase of molecules
whose deuteration has enhanced on grain surfaces resulting in an
enhanced deuteration in the gas phase. The presence of clumps
in a range of evolutionary phases within the beam that contain
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gas components with varying temperatures might also hide the
dependence of increasing NH3 deuteration on temperature.

NH; line width. We compared the fractionation ratio with
the NH3 line width as another evolutionary tracer in the mid-
dle panel of Fig. 6. The line widths range between 0.8 and
6.4km s~!; there is no anticorrelation between deuteration and
line width. This is in agreement with the deuteration of dense
cores in massive star-forming regions (Fontani et al. 2015),
which does not depend on the line width either.

MSX 21um flux. ATLASGAL sources without any star for-
mation yet are not or only weakly detected at mid-infrared (MIR)
or far-infrared (FIR) wavelengths, while clumps in a later evolu-
tionary phase associated with a heating source emit at 21 pm.
We therefore also compare the [NH,D]/[NH3] ratio with the
MSX 21um flux to investigate any trend of the NH3 deuteration
with evolution. However, the lower panel of Fig. 6 shows a flat
distribution of the MSX flux with the fractionation ratio.

In summary, Fig. 6 illustrates that high-mass star-forming
regions might be too complex to show a trend of decreasing
NHj; deuteration with increasing rotational temperature or line
width. At the large distances of the ATLASGAL sample with a
median distance of 4 kpc (Wienen et al. 2015) a clump likely
harbours several cores at different evolutionary stages. The pres-
ence of multiple evolutionary phases within one source was also
found by Urquhart et al. (2014). While observations of nearby
low-mass star-forming samples have a much higher spatial res-
olution and therefore focus on individual cores, the temperature
and line width of an ATLASGAL clump results from an aver-
age of these properties over the beam width. An ATLASGAL
source might therefore host cores with a large amount of NHj3
deuteration, low temperatures, and narrow line widths as well as
warm, turbulent cores with broad line widths. However, averag-
ing over the beam width results then in a high deuterium fraction
of NHj at relatively high temperatures and broad line widths, and
an overall constant distribution of the [NH,D]/[NH3] ratio over
the range of NHj3 line parameter values.

4.4. NH»D detections and non-detections

We divide the ATLASGAL sources observed in NH,D into
two subsamples: one that shows NH,D emission, and another
for which NH,D is not detected. Figure 8 shows histograms
of the NHj (1,1) line width, NH3; column density, and rota-
tional temperature for non-detections in black and for detections
in red. There is no difference in the line width, column den-
sity, or temperature between the two subsamples; they have a
peak at ~2.5km s7!, ~2 x 10'> cm~2, and 17 K respectively. The
lower panel has a smaller number of sources detected in NH,D
than non-detections at rotational temperatures higher than 22 K.
Because HII regions have an enhancement in the rotational tem-
perature distribution around 20K (see Wienen et al. 2012), the
lower panel of Fig. 8 suggests that the NH,D detection rate is
low in HII regions.

4.5. NH3 deuteration at different evolutionary phases

To distinguish various evolutionary stages of ATLASGAL
sources detected in NH,D we followed the classification intro-
duced in Konig et al. (2017) for the TOP100 sample which covers
the whole evolutionary sequence. Based on the brightness of
these sources at infrared wavelengths and their radio contin-
uum flux, four classes are separated. Adapting this classification,
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Fig. 8. Distribution of ATLASGAL sources with the NH; (1,1) line
width, rotational temperature, and NH;3 column density are plotted for
NH,D detections in red and non-detections in black.

Urquhart et al. (2018) identified the evolutionary stage of the
majority of ATLASGAL sources, which we used for association
with our NH,D detections. This results in the following:

— an ATLASGAL sample of 19 clumps that are 70 pm weak:
These sources have no pointlike or only a weak counterpart
in the Hi-GAL data at 70 pm. This sample is supposed to
represent a starless phase or about the earliest stage of high-
mass star formation.

— 32 MIR-weak sources: This sample shows compact 70 um
emission, but is not detected at MIR wavelengths or emits
only a weak 24 um flux below the limit of 2.6Jy that
corresponds to an 8 M, star at 4 kpc.

— 152 MIR-bright clumps: These are identified by their bright
compact emission at 8 and 24 um. These sources show signs
of star formation activity such as infall or outflows.

— 37 compact HII regions: These objects are characterized by
a strong MIR and radio continuum flux. They are the latest
evolutionary stage, where high-mass protostars emit ultra-
violet radiation, and thus heat and ionise their remaining
molecular cloud forming compact HII regions.

We summarise the identification of the various evolutionary
phases of the ATLASGAL sample detected in NH,D in Table 8.
This gives the fraction of sources in each evolutionary stage for
the whole sample and shows that most NH, D detections are MIR
bright, that the number of MIR-weak sources and compact HII
regions are similar, and that the lowest number of NH,D detec-
tions are 70 um-weak clumps. Comparison of the [NH,D]/[NH3]
ratio with the NHj3 (1,1) line width and rotational tempera-
ture (see Fig. A.1) shows that the 70 um-weak sample exhibits
the narrowest line widths (<2.5km s~!) and smallest rotational
temperatures (<17.2 K). The MIR-weak and MIR-bright sources
cover a large range around the mean line width of 2.2km s~!
and mean rotational temperature of 17.3 K. Large line widths up
to 6.4 km s~! and high rotational temperatures up to 23 K are
found for the compact HII regions. However, the subsamples in
the various evolutionary phases do not differ with regard to NHj3
deuteration and the [NH,D]/[NH3] ratios do not show any trend
with the evolutionary sequence.

We performed a Kolmogorov—Smirnov (KS) test with the
subsamples at the different evolutionary stages to analyse
whether or not they differ significantly in NH; deuteration. The
distributions of the 70 um-weak sources, the MIR-weak sources,
and compact HII regions do not contradict the idea that they are
drawn from the same parent population. The cumulative distri-
bution plot in Fig. 9 yields a higher NHj3 deuteration for clumps
with weak or bright MIR emission. The NH,D/NHj ratio is low
for the 70 pm-weak phase, rises for the MIR-weak/MIR-bright
sources, and decreases again for the compact HII regions. Com-
pared to low-mass star formation, where deuteration decreases
with rising temperature (Crapsi et al. 2005; Emprechtinger et al.
2009), we find a shift of the maximum deuterated NH3 of
ATLASGAL sources to a later evolutionary phase. The initial
conditions to form NH,D and to increase the deuterium frac-
tionation is sensitive to (low) temperature and (high) density.
While the 70 pm-weak clump might be cold, it is unclear that it
is sufficiently dense. There is evidence from some recent obser-
vations that high-mass 70 um-weak clumps are likely to contain
modest sub-structure in dense cores, and that the clump mass
reservoir is dominated by low density material (Pillai et al. 2019).
During the MIR-weak phase, the density is likely to be high
enough while the overall temperatures remain low enough to
result in deuterium enhancement. During the MIR-bright phase,
the NH,D/NHj3 ratio is likely to reach the peak. Protostellar
heating raises the temperature, but affects deuteration only in
the immediate vicinity of the core so that the decrease of the
deuterium fractionation might be undetectable in single-dish
observations. This might be different when zooming into these
cores at a resolution of less than a few thousand AU, where the
direct heating from the protostar is efficient and would reveal
the effect of deuteration (Pillai et al. 2011). The continued star
formation during the compact HII region phase is expected to
result in a decrease in deuteration that makes it undetectable. The
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Table 8. Number and fraction of ATLASGAL sources detected in
NH,D at different evolutionary stages of high-mass star formation.

Sample Number Fraction (%)
70 pm-weak 19 7
MIR-weak 32 12
MIR-bright 152 58
Compact HII regions 37 14

70 um weak
Mid—IR weak

0.5 - .
HIl region

Cumulative Distribution

0.01 0.1 1

N(ortho—NH,D) /N(NH;)

Fig. 9. Cumulative distribution functions display [NH,D]/[NHj3] ratios
for the subsamples in Table 8. The distribution of 70 um-weak sources
is marked as a solid red line, the MIR-weak clumps are shown as a
dashed blue curve, the MIR-bright phase as a dotted green line, and
the compact HII regions as a dashed-dotted black curve. A deuterium
fraction of NH3 > 1 might result from passing through several dense
and cold phases (see Sect. 4.2). A systematic error of the NH; deuter-
ation is given by the difference between the NH; and NH,D excitation
temperature.

exact nature of deuterium enhancement with evolution can only
be constrained by high-resolution observations in a single star-
forming region that hosts cores at all these various evolutionary
stages.

4.6. The integrated intensity ratio of ortho and para NH,D

In addition to the calculation of the ortho-to-para ratio given in
Sect. 3.6, we also determined the velocity integrated intensity
ratio, r, of the ortho and para NH,D transition to compare with
other studies. The integrated intensity of the ortho line, para line,
and the ratio of the two is reported in Table 9. This resulted in
a mean r of 2.6 +0.8 which confirms the results from previous
studies using smaller samples. Fontani et al. (2015) obtained a
ratio r of 2.6 + 0.6 for high-mass star-forming samples covering
different evolutionary phases, which is in agreement with our
result. In addition, our values are similar to the integrated line
intensity ratios derived by Pillai et al. (2007) for clumps embed-
ded in infrared-dark clouds. Shah & Wootten (2001) give a range
in N;ot(86 GHz)/N;:(110 GHz) for low-mass protostellar cores of
between approximately 2 and 6, which is in agreement with our
values for r.

We investigate whether or not there is a correlation of the
ortho-to-para ratio computed in Sect. 3.6 with NH3; deutera-
tion, NH3 (1,1) line width, and rotational temperature in Figs. 10
and 11. ATLASGAL sources, whose hyperfine structure is not
detected in ortho or para NH,D, are indicated as black points.
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Fig. 10. NH; deuteration is compared with the ortho-to-para ratio.
ATLASGAL sources without hyperfine structure in NH,D at 86 or
110 GHz are illustrated as black points and clumps with detected
hyperfine structure in both lines as red triangles.
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Fig. 11. Ortho-to-para ratio against NH; (1,1) line width (upper panel)
and against rotational temperature (lower panel). ATLASGAL clumps,
which have no detected hyperfine structure in NH,D at 86 or 110 GHz
are displayed as black points and sources with detected hyperfine
structure in both transitions as red triangles.

There are only two clumps with detected hyperfine structure in
NH;D at 86 and 110 GHz, which are shown as red triangles.
However, Fig. 10 and 11 do not show a correlation between the
ortho-to-para ratio and any of the NHs; parameters. This yields
therefore no evolutionary trend of the ortho-to-para ratio.
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Table 9. Velocity integrated intensity derived from the NH,D line at 86 GHz, from the line at 110 GHz, and the ratio of both integrated intensities.

[ Tupdv 86GHz) [ Tinp dv (110GHz) [ Ty dv (86 GHz)/ [ Ty dv (110 GHz)
Name (Kkms™h) (Kkms™) (Kkm s
G10.21-0.30 1.1 (+0.1) 0.2 (+0.1) 4.8 (£2.4)
G10.67-0.22 1.1 (x0.1) 0.5 (+0.1) 2.3 (+0.6)
G12.89+0.49 2.4 (£0.2) 0.9 (+0.1) 2.8 (£0.4)
G12.50-0.22 2.3 (£0.1) 1.0 (+0.1) 2.2 (£0.3)
G12.90-0.03 2.1 (x0.2) 0.6 (+0.2) 3.7 (+1.0)
G11.92-0.61 2.5 (+0.2) 1.0 (+0.2) 2.5 (+£0.4)
G11.94-0.61 1.6 (+0.2) 0.7 (£0.2) 2.4 (+0.6)
G12.91-0.26 2.9 (+0.1) 0.9 (+0.1) 2.8 (+0.4)
G13.12-0.09 1.3 (x0.2) 1.1 (£0.2) 1.2 (0.3)
G13.90-0.51 2.4 (£0.1) 0.8 (+0.1) 3.1 (+0.5)
G14.25+0.07 1.8 (+0.2) 0.6 (+0.2) 3.0 (+1.0)
G17.65+0.17 2.0 (£0.2) 0.9 (+£0.2) 2.3 (£0.5)
G27.37-0.17 4.9 (£0.1) 1.9 (+0.2) 2.5 (x0.2)
G29.91-0.04 1.7 (+0.1) 1.0 (+0.1) 1.8 (+0.3)

Nostes. Errors are given in parentheses. The full table is available at CDS.

5. Conclusions

Using the Mopra telescope and the IRAM 30m telescope,
the 86 GHz NH,D lines were observed toward 992 dust
condensations identified in the ATLASGAL survey. In the first
quadrant of the Galaxy, 373 sources were also observed in the
110GHz para line with the IRAM 30m telescope. They are
located within a Galactic longitude from 8° to 60° and between
300° and 359° and latitude of +1.5°. We summarise our main
results in this section.

1. The detection rate of NH,D towards the ATLASGAL sample
is high and therefore yields a large NHj3 deuteration of these
sources.

2. We calculate the total NH,D column density to determine
the NH,;D-to-NH3 column density ratio. This results in a
large range of NH3 deuteration from 0.007 to 1.6. The deu-
terium fraction of NH3 in ATLASGAL clumps is higher than
the [NH,D]/[NH3] ratios derived for low-mass star-forming
samples and in agreement with those obtained in other high-
mass star-forming regions. We measure the highest NH;
deuteration reported in the literature so far.

3. The excitation of NH,;D was studied using the transitions
at 74 and 110 GHz for the first time to our knowledge. This
shows a clear difference between the NH,D and NHj rota-
tional temperatures for a subsample of the sources. In cases
where NH, D temperatures are lower than NH; temperatures,
deuteration would be overestimated, suggesting non-LTE
conditions. To determine the NH,D temperature directly,
the NH,D lines at 74 and 110 GHz should be observed
simultaneously.

4. Comparison of NH,D detections and non-detections sug-
gests that the fraction of sources detected in NH,D is higher
for the earlier evolutionary phases.

5. We analyse whether or not there is a trend of NHj3 deuter-
ation with evolutionary tracers. While the [NH,D]/[NHj3]
ratio is expected to decrease with rising rotational tempera-
ture (Roberts & Millar 2000b; Sipili et al. 2015a), we obtain
a flat distribution of the deuterium fractionation with the
NH; (1,1) line width, rotational temperature, and the MSX
21 pm flux. Observations of ATLASGAL clumps with a
high [NH,D]/[NH3] ratio within a large beam width might

also include cores of large line widths and temperatures. An
average over the beam width would lead to an increase of
these NH; properties with an enhanced NHj3 deuteration.
Future interferometric follow-up observations could resolve
this issue.

6. We divide the ATLASGAL sample into different evolu-
tionary phases, but do not find any correlation between
these and NHj3 deuteration. The NH,D/NHj5 ratio is maxi-
mum during the MIR bright phase and is therefore reached
at a later evolutionary stage compared to low-mass star
formation.

7. We estimate the ratio of the ortho-to-para NH,D column
density ratio. This results in a median ortho-to-para ratio of
3.7 close to the expected value of 3. The ortho-to-para col-
umn density ratios are in agreement with those of other low-
and high-mass star-forming samples.
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Appendix A: NH; deuteration and evolutionary
tracers

We associated our NH,D detections with the ATLASGAL
sources classified in Urquhart et al. (2018). The [NH,D]/[NH;3]
ratio of the different subsamples is plotted against the NHj
rotational temperature and (1,1) line width in Fig. A.1.
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Fig. A.1. NH; deuteration as a function of NH; (1,1) line width and
rotational temperature between the (1,1) and (2,2) inversion transition.
ATLASGAL clumps that are 70 pum weak are illustrated as black points,
MIR-weak sources as red points, MIR-bright clumps as green triangles,
and compact HII regions as blue triangles.

Appendix B: Do NH,D clumps with and without
detected hyperfine structure differ?

After not seeing any trend in the NH; deuteration with the evolu-
tion of our ATLASGAL subsample, we searched for differences
of ATLASGAL sources with or without detected hyperfine struc-
ture in NH,D. We cannot distinguish these two categories based
on the rotational temperature, NH; line width, or MSX 21pum
flux of the ATLASGAL clumps as indicated by Fig. 6. We com-
pared the [NH,D]/[NH3] ratio with the NH; column density in
Fig. B.1 to examine whether or not the largest column densi-
ties are related to the high deuteration of clumps with detected
hyperfine structure and the sources without detected hyperfine
structure and with low deuteration exhibit the lowest column
densities. However, we find no difference in the column den-
sity of ATLASGAL clumps with or without detected hyperfine
structure. Because Fig. B.1 might present a decreasing trend in
the deuterium fraction of NHj of sources with detected hyper-
fine structure and rising NH; column density, we performed a
t-test to examine whether or not the slope of the distribution
is equal to zero. Because the t-test yields a p-value of 0.02,
which is below the assumed significance level of 0.05, we can
reject the hypothesis that the distribution can be fitted by a
function with a slope of zero. The fractionation ratio of the
sources with detected hyperfine structure will therefore become
lower if the NH3 column density increases and can be fitted by
[NH,DJ/[NH3] =—0.3910g0(Niot (NH3)) + 6.5.
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Fig. B.1. Dependence of NH; deuteration on NHj3 column density. A
linear fit is illustrated by the straight line. ATLASGAL clumps without
detected hyperfine structure in NH,D are illustrated as black points and
sources with detected hyperfine structure as red triangles.
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