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Fig. 1 The multi-wavelength continuum and molecular spectral line image towards the tail of G 011.0970-0.1093. Subfigure (a)

depicts the dust distribution measured by Herschel at 70 um (flux density, F'), with a black circle in the top right corner

indicating a resolution of 10”.2. Subfigure (b) shows a two-color plot presenting the integrated intensities of C'*0 (2-1) and

DCO" (1-0) within the same velocity range (15-45 km - s~!), displayed in red and cyan respectively, with resolutions of 11”.8

and 36”.0; Inside the magenta dashed circle is 70 um bright and C*®O-dominated, outside the magenta dashed circle is 70 pm

weak and DCO*'-dominated. White contours in both subfigures represent the continuum radiation observed by APEX at

870 umpg

], starting from 50 (0 = 5.6 MJy -sr~!) and increasing in steps of 50, with a resolution of 18”.2, 870 um continuum

peaks are marked with a gray ‘x’, while Prisg and Ppoo+ are placed as markers here.
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Table 1 Chemical and observational characteristics of molecular lines towards the 70 pm bright and
dark clouds pair in G 011.0970-0.1093

Mol. Freq./GHz Transition S//g: (E“//IIEB)& / 13:;;_ S OZES:IFS) Beam/"” Telescope
H“¥CN 86.340 J =1-0¢ 26.7 4.1 9.3 1.6-3.5 30.0 TRAM 30 m
DCN 72.415 J=1-04 26.8 3.5 5.5 35.8 TIRAM 30 m
HN3C 87.091 J=1-0 7.3 4.2 1.9 29.8 TIRAM 30 m
DNC 76.306 J=1-0 9.3 3.7 1.7 34.0 TIRAM 30 m
H¥CO* 86.754 J = 1-0° 15.2 4.2 1.4 0.2-0.4 29.9 TRAM 30 m
DCO* 72.039 J = 1-0° 14.5 3.5 2.6 36.0 TIRAM 30 m
N, H* 93.173 J = 1-0¢ 104.0 4.5 1.5 0.1 27.8 TIRAM 30 m
N,D* 77.109 J = 1-0¢ 104.0 3.7 0.5 33.6 TIRAM 30 m
NH, 23.694 1,0a — 1,0s 6.6 23.8 0.1 0.01 34.7 GBT 100 m
NH,D 85.926 1,,0s —15,0a 28.6 20.7 39.0 30.2 TRAM 30 m
C®0 219.560 J=2-1 0.02 15.8 0.01 11.8 TRAM 30 m

* The line strength Su? (Debye?, D?), the upper state energy E,, and the Boltzmann constant kg are given by CDMS

(Cologne Database for Molecular Spectroscopy)[?’&gﬂ or JPL (Jet Propulsion Laboratory

) (38

" The critical density n.,;, for each transition is measured from the corresponding Einstein coefficient A,; and the

collision rates C;; in the temperature range of 10-20 K given by LAMDA (Leiden Atomic and Molecular Database

) (391

The collision rates C; for deuterated lines are assumpted to be the same as those for their hydrogenated counterparts.

“ The effective excitation density is obtained from Shirley[g‘r’] at 10-20 K, with “...” denoting unrecorded values.

4 The hyperfine splittings are resolved in our observations, though, we simply use the sum of Syu? for total column
density calculation for keeping the consistency of the velocity range that different lines integrate.

¢ The hyperfine splittings are recorded in JPL and CDMS but not resolved in our observations, so the sum of Syu? is
used for the rotational transitions to calculate the total column density.

K2°4G 011.0970-0.1093)E % 70 pwm B 5 5 %
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Fig. 2 The beam averaged line profiles towards the 70 pm bright and dark clumps pair in G 011.0970-0.1093. Black lines are
from observations (with a frequency resolution of 200 kHz), and the red lines are from Gaussian profile fits by using the
PySpecKit software package[m]. Two gray vertical dashed lines indicate the velocity ranges that the intensity integrated, i.e,
5-55 km - st (NH3 (1103 — 1105) for covering all the hyperfine structures, and 15-45 km -s~* for the rest lines to reduce the
noise). The blue vertical dashed line indicates the systemic velocity of the source (Ve = 29.8km - s71), Vi, is velocity

relative to the local standard of rest.
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Table 2 Best-fit parameters of molecular lines towards the 70 um bright and dark clumps pair in

G 011.0970-0.1093

Freq.c/ ) PDco+0 Pclﬁo0 f/
Line=" a0 vy [ Tu(v)dv / Av/ [Te@)dv/ (K- Tam-s)
(km-s7')  (K-km-s™) km-s™')  (K-km-s™")

C'®0 (2-1) 219.560 11.8 2.2+0.1 7.314£0.50 2.340.0 10.8440.51 2.21
H"®¥CO* (1-0)  86.754 29.9 1.840.0 0.854-0.05 2.340.0 1.824-0.06 0.21
DCO* (1 -0) 72.039  36.0 1.3£0.2 0.5040.14 1.540.1 0.5640.11 0.11
HN™C (1 -0) 87.091 29.8 1.6+0.1 0.65+0.08 2.140.0 1.4140.09 0.18
DNC (1 - 0) 76.306  34.0 2.0£0.1 0.5240.08 1.940.1 0.6440.12 0.11
H"CN (1 -0) 86.340  30.0 .8 o =0.80® 3.340.2 2.05+0.10 0.32
DCN (1 -0) 72.415  35.8 .8 o =0.26° 0.8+0.4 0.4140.02 0.12
N,H* (1 -0) 93.173  27.8 1.6+0.0 5.70-0.29 2.240.0 13.2140.66 0.98
N,D* (1 -0) 77.109  33.6 8 o =0.26° .8 o =0.24¢ 0.11
NH; (1,0a — 1,0s)  23.694 34.7 1.040.1 8.42+0.42 1.240.1 15.55+0.78 1.48
NH,D (1,,0s — 1,,0a)  85.926  30.2 .8 o =0.88¢ .8 o =1.01¢ 0.34

 Lines are extracted from images by averaging a beam-sized region centered at Ppco+ and Pgisg. All line images

have the same pixel size, but whose native angular and velocity resolution we kept as in the observations.

" The velocity range for our integrations of NH; (1,0a — 1,0s) is 5-55 km - s~*, the other lines are 15-45 km - s '.

1

“ Rest frequencies are given from the main line of the hyperfine splittings.

d L .
Angular resolution is from observations.

¢ The best-fit parameters line width Av and integrated intensity f Ts(v)dv (T3 is main beam temperature) for lines

in Fig.2 given by PySpecKitM.

' The integrated intensity maps in Fig.3 exhibit the o rms values.

[{3 ]

¢ For a line with < 3¢ emission,
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is given in the line width column, and a ¢ rms is given.

15-45 km - s~ 3 VG 9 B AR R 2115%.
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Fig. 3 The integrated intensity of molecular lines towards the end of G 011.0970-0.1093 molecular cloud. The velocity range

that intensity integrated for each line is given in Figure 2. In each subfigure, the red contour indicates regions S/N > 3, with

the black circle in the top right corner indicating their corresponding angular resolutions (see Table 1), white contours

represent the continuum emission observed by APEX at 870 pm

(28]

, starting from 50 (0 = 5.6 MJy -sr™!) and increasing

in steps of 50, with a resolution of 18”.2, 870 um continuum peaks are marked with a gray ‘x’, while Pqis, and

Ppco+ are placed as markers here.
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Fig. 4 The physical structure of the tail of G 011.0970-0.1093 molecular cloud. Subfigures (a) and (b) show the H, column
density (Ny,) map and the dust temperature (T}, ) map, obtained from SED fit to multi-wavelength continuum, both with an
angular resolution of 36”.4. Subfigures (c) and (d) show the gas temperature (Tj,(p — NH;)) map and the para-NH; (N, yu,)
column density map, from rotation diagram of NH,(J, K) = (1,1) and (2,2) inversion transition lines, both with an angular

resolution of 34”.7. Black contours in each subfigure indicate the continuum from APEX at 870 um[28], starting from 50
(0 =5.6 MJy - sr!) and increasing in steps of 50, with an angular resolution of 18”.2, 870 um continuum peaks are
marked with a gray ‘x’, while Pcisg and P+ are placed as markers here. Only regions with > 30 at 870 pm are

shown in each subfigure, with the angular resolution of each parameter indicated by the black circle in the

top right corner of each subfigure.
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Table 3 Column densities of molecules towards the 70 pm bright and dark clumps

pair in G 011.0970-0.109

Mol.
Region NHNISC ]\/v]:)NCa ]\/le‘gCO‘*’a ]\]DCO‘*’a ']\THI:SCNa ]\[DCNa
/(10" ¢cm™2) /(10" cm™2) /(102 cm™2) /(10 cm™2) /(102 cm™2) /(10" ¢cm™2)
Ppco+ 2.3£0.1 13.94+0.7 1.5£0.1 4.440.2 < 2.6¢ < 7.9¢
Pciso 3.84+0.2 18.7+0.9 2.3£0.1 3.1£0.2 4.51+0.2 14.24+0.7
Mol.
Region Nyyu+” Ny,p+" NP_NHSb N, _nu,n° Ngiso
/(10" ecm~2) /(10" cm—2) /(10*® cm—2) /(10" em—2) /(10*® cm™2)
Prco+ 11.71+0.6 < 5.1° 1.5+£0.9 < 10.9¢ 3.41+0.2
Paiso 19.0£1.0 < 4.8¢ 1.8+0.4 12.6+1.1 4.01+0.2

* The column density derived from the T, ~ T}, from SED fitting with an angular resolution of 36".4.
" The N, _xu, column density is derived from roatation diagram fit to NH;(1,1) and (2, 2) lines with an angular

resolution of 34”.7.

¢ An upper limit is given when the detected molecule lines show < 3o.
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Fig. 5 The relative abundance ratio maps between the deuterated and hydrogenated species and the C'®*Q depletion map. In
subfigures (a) to (e), pixels with integrated intensities < 30 (see Table 1 for sigma rms for each line) are masked out. In

subfigure (d) only the region with 870 um continuum emission > 3¢ is shown. Black contours in each subfigure represent the

continuum emission observed by APEX at 870 um[28

], starting from 50 (0 = 5.6 MJy - sr™!) and increasing in steps of 5o, with

an angular resolution of 18”.2. 870 pm continuum peaks are marked with a gray ‘x’, while Pcisg and Ppoo+ are placed as markers

here. The angular resolution for each parameter is 36”.4, indicated by the black circle in the top right corner of each subfigure.
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Table 4 Physical properties, C'*0O depletion, and differential deuterium fraction of various molecules
towards the 70 pm bright and dark clumps pair in G 011.0970-0.1093

Properties
Region
Ny, /(10 em™?) T /K Tn(p — NH;)" /K fo(CP0)*
Ppco+ 4.3+0.4 12.7£0.7 12.5+0.5 6.8+£0.5
Peaiso 3.5+0.3 16.7£0.7 14.6+0.7 5.1£0.2
Properties
Region
DHco+d DHNCd DHCNd DN2H+ DNH3
Ppoo+ 0.7%+0.1% 1.4%+0.1% <0.6%° <4.6%° <0.5%¢
Pauso 0.3%40.0% 1.1%+0.1% 0.7%40.1% <2.5%¢ 0.5%40.1%

* Thus: and Ny, are derived from SED fitting with a resolution of 36”.4.
P T (p — NH,) is derived from rotation diagram fit to NH;(1, 1) and (2, 2) lines with an angular resolution of 34”.7.

¢ C'®0 depletion is given by assuming the expected abundance with respect to H, as N (see in Section 3.4) and

assuming a gas-to-dust mass ratio v, lg(y) = 0.087R¢c (kpc) + 1.4457,

4 Deuterium fraction is given from the target lines list in Table 1, by assuming that they are optically thin, have the

same beam filling toward each pixel, and have a constant fraction of Rizc;13076.1Rgc (kpe) + 14.3%4,

¢ Lower limit is given when the deuterated molecular lines show < 3¢ emission.
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The Differentiation in Molecular Deuteration and CO Depletion
towards the Infrared Dark Cloud G 011.0970-0.1093

SHI Kun-peng FENG Si-yi LIN Shu-ting GAO Le-han
(Department of Astronomy, College of Physical Science and Technology, Xiamen University, Xiamen 361005)

Asstract Using the IRAM (Institut de Radioastronomie Millimétrique) 30 m for a molecular line
imaging survey at 1.3-4.0 mm, in conjuntion with archival dust contiunuum images spanning 70—
870 pm, and NH;(J,K) = (1,1) and (2,2) images from GBT (Green Bank Telescope), a pair of
neighboring clumps within the tail of filamentary molecular cloud G 011.0970-0.1093 is studied. While
both clumps coincide spatially with the dust continuum emission peak at 870 pum, they exhibit
contrasting brightnesses at 70 pm. Comparative analysis of these two clumps reveals: (1) The gas and
dust temperatures are tightly coupled within this extremely young high-mass star-forming region.
(2) Gas-dust temperatures of the 70 um bright clump decrease from the center (~ 17 K) to the
envelope edge, suggesting the initiation of protostellar activities within the clump; conversely, the
central region of the 70 pm dark cloud clump is colder (~ 11 K) and denser (~ 5 x 10**cm™?)
compared to its periphery, with a strong anti-correlation between the H, column density and dust

24-16


https://doi.org/10.3847/0004-637X/828/1/32
https://doi.org/10.3847/1538-4357/aa6c67
https://doi.org/10.1086/524299
https://doi.org/10.1088/0004-637X/739/2/63
https://doi.org/10.1088/1538-3873/129/972/025003
https://doi.org/10.1088/0067-0049/207/2/27
https://doi.org/10.1093/mnras/stu1089
https://doi.org/10.3847/1538-4365/ad0e6f
https://doi.org/10.3847/1538-4357/aaad6c

66 & T RS 4 4ME =G 011.0970-0.1093 1) % Fi 4 F AL 38 = 2 7 M 5K B COFER 3 11

temperature pixel by pixel, indicating dominant external heating shaping the temperature profile of this
clump. (3) A strong positive correlation exists between the gaseous C'*O depletion (fp(C'*0O)) and the
deuterium fraction of HCO™ at pc scales, with f,(C'®0) reaching up to 7 in the cold and dense DCO™
dominated region. (4) With gas-dust temperatures ranging from 10 K to 20 K and H, column densities
ranging from 10*2cm™2 to 10®cm~2, HCO", N,H", and HNC exhibit significant deuteration
enhancements towards the colder and denser clump, while HCN shows greater deuteration enhancement
in slightly warmer and 70 pm brighter clumps, and NH; deuteration shows no significant change. These
deuteration differentiation among species are likely related to their gas-dust forming pathways.

Key words stars: formation, ISM: clouds, ISM: lines and bands, ISM: molecules, submillimeter: ISM
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