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ABSTRACT

Context. The Cygnus-X complex is a massive (a few 106 M⊙ molecular gas mass), nearby (1.4 kpc) star-forming region with several
OB associations. Of these, Cyg OB2 is the largest, with at least 169 OB stars. DR18 is the largest globule near the OB2 association,
making it a perfect target for investigating the influence of ultraviolet radiation on molecular clouds.
Aims. By analyzing emission from different molecular species, we aim to study the molecular gas structures toward DR18 using high
angular-resolution molecular line observations.
Methods. As part of the Cygnus Allscale Survey of Chemistry and Dynamical Environments (CASCADE) program, we carried out
3.6 millimeter (mm) continuum and spectral line high-resolution observations (∼ 3 – 4′′) toward DR18, covering several molecular
species (e.g., HCN, HNC, H2CO, N2H+, SiO, C2H, deuterated species, etc.) with the Northern Extended Millimeter Array (NOEMA)
and the Institut de Radioastronomie Millimétrique (IRAM) 30 m telescope. In addition, multi-wavelength archival datasets from mid-
infrared (MIR) to centimeter (cm) wavelengths were used to provide a comprehensive analysis of the region.
Results. The spectral index analysis shows significant contamination of the 3.6 mm continuum by free-free emission from ionized
gas. A comparison of the 3.6 mm and 6 cm continuum emission confirms that a B2 star (DR18-05) shapes the cometary Hii region in
the DR18 cavity, with ionized gas escaping toward the OB2 association. On the other hand, the extended 3.6 mm and 6 cm continuum
emission are likely to trace photoevaporating ionized gas from ultraviolet radiation from the Cyg OB2 association – not from DR18-
05. To study the feedback of the B2 star and the OB2 association on surrounding molecular regions, we analyzed the HCO+, HCN,
HNC, N2H+, and SiO emission lines. The shell structure around DR18-05 indicates photodissociation regions (PDRs) formed by the
expanding Hii region and photo-erosion from DR18-05 and OB2 stars. We also identified 18 compact cores with N2H+ emission, half
of which are gravitationally bound (virial parameter, αvir, ≲ 2.0), and mostly located in colder regions (THCN/HNC < 30 K) behind the
PDRs. The SiO emission is found only in PDRs, with narrow-line widths (∼ 0.8 – 2.0 km s−1) and lower abundances (X(SiO)∼ 5 ×
10−11 − 1× 10−10). Comparing with the UV irradiated shock models, we suggest that the SiO emission partially encompassing the Hii
region arises from the molecular gas region, marginally compressed by low-velocity shocks with ∼ 5 km s−1, irradiated by external
UV radiation (G0 ∼ 102 − 103), as they traverse through a medium with nH ∼ 104 to 105 cm−3. These shocks can be generated by the
initial expansion of the Hii region and potentially by stellar winds.

Key words. surveys – ISM:molecules – Hii regions – photon-dominated region

1. Introduction

In the vicinity of massive young stars (> 8 – 10 M⊙), molecular
clouds are exposed to extreme ultraviolet (UV) radiation and ion-

ized gas pressure causing compression between molecular gas
and ionized gas regions (Zinnecker & Yorke 2007). The far ul-
traviolet radiation (FUV, 6 eV< hν< 13.6 eV) of stars, irradiat-
ing the nearby molecular gas creates photodissociation regions
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(PDRs, Tielens & Hollenbach 1985; Tielens 2013). Strong, en-
ergetic injections reshape parental clouds, triggering low (and
intermediate) and high mass star formation (e.g., Hester et al.
1996; Sugitani et al. 2002; Schneider et al. 2021; Comerón et al.
2022) and also contributing to the complexity of the PDR chem-
istry. This makes the immediate neighborhood of OB stars an
important laboratory for studying the formation and destruction
of molecular species.

The creation of substructures at the interface between an ex-
panding Hii region and its native molecular clouds is clear evi-
dence of stellar feedback. Prominent substructures may be com-
prised of pillars resembling column-like features that are still
connected to their natal molecular clouds, with sizes ranging
from 0.5 pc up to a few pc. Unlike pillars, globules are isolated
and have a cometary-like shape with a head-tail morphology
(e.g., Schneider et al. 2016a). These pillars and globules mainly
host low-mass star formation (e.g., Hester et al. 1996; White
et al. 1999), while only a few among them may contain high-
mass or intermediate-mass early B-type stars (e.g., Schneider
et al. 2012; Djupvik et al. 2017; Comerón et al. 2022; Schneider
et al. 2021). (Magneto)-hydrodynamic simulations have demon-
strated that turbulence in UV-irradiated environments plays a
crucial role in the formation of pillars and globules (Gritschneder
et al. 2010; Tremblin et al. 2012a,b).

Schneider et al. (2016a) characterized and classified pillars,
globules, and evaporating gaseous globules (EGGs), which are
in the form of small globules, along with proplyd-like objects
resembling evaporating circumstellar disks, according to their
physical properties determined with the Herschel far-infrared
observations at 70 µm – 500 µm toward the Cygnus OB2 (Cyg
OB2) association, under the Herschel imaging survey of OB
Young Stellar objects (HOBYS) program (Motte et al. 2010).
The Cyg OB2 association significantly affects the surrounding
medium, especially the nearby molecular clouds, by forming
pillars and globules (Schneider et al. 2016a). DR18 is one of
the largest globules in the Cygnus-X region and is located close
to the OB2 association region, which contains 169 primary OB
stars (age ∼ 1–7 Myr, Wright et al. 2015) and it is clearly visible
in the Spitzer/IRAC 8 µm emission shown in Fig. 1. Schneider
et al. (2006) also show that DR18 is associated with the Cygnus-
X region according to the CO observations and, thus, for the
DR18 distance, we adopted a distance of 1.4 kpc determined by
trigonometric parallaxes of 6.7 GHz CH3OH masers (Rygl et al.
2012), which is also consistent with the results of Dzib et al.
(2013) measuring the VLBI parallax toward Cyg OB2 #5. This
globule is exposed to the high-UV radiation field (∼1000 G0

1,
Schneider et al. 2016a). Despite such strong UV radiation, this
region contains several young stellar objects (YSOs) (Wright
et al. 2015; Comerón et al. 2022). In addition, its surround-
ings are filled by low-density ionized gas having filament-like
structures (Piddington & Minnett 1952; Emig et al. 2022; see
Reipurth & Schneider 2008 for an overview). This makes the
DR18 region a perfect laboratory to investigate how stellar feed-
back, such as turbulence and UV radiation, influences the chem-
ical complexity of a molecular cloud and its evolution.

Previous observations of Cygnus-X have mostly focused on
continuum emission from submillimeter (submm) (e.g., Motte
et al. 2007; Schneider et al. 2016a; Cao et al. 2019) to centime-
ter (cm) wavelengths (e.g., Brunthaler et al. 2021; Emig et al.

1 G0 is a measure of the average far-UV (6 – 13.6 eV) interstel-
lar radiation field; G0 = 1 in Habing units corresponds to a flux of
1.86 × 10−3 erg cm−2 s−1 obtained by integrating the interstellar radia-
tion field density between 912 and 2400 Å (Le Petit et al. 2006).

2022). Most of the molecular line observations were done with a
low angular resolution (> 15′′) for this environment, mainly from
CO surveys with single dish telescopes (Schneider et al. 2006;
Gottschalk et al. 2012), except for the [OI] observations with a
better resolution of 6′′ (Schneider et al. 2021). Several high an-
gular resolution interferometric observations targeting molecular
outflows (Duarte-Cabral et al. 2013, 2014; Skretas & Kristensen
2022), 6.7 GHz CH3OH masers (Ortiz-León et al. 2021), and
H2CO absorption line (Gong et al. 2023), the latter two studies
as part of the GLObal view on STAR formation in the Milky
Way (GLOSTAR) survey (Brunthaler et al. 2021). Thus, more
research needs to be carried out on the dense, cold gas compo-
nents of DR18 and Cygnus-X as a whole with high angular res-
olution to fully understand the influence of the stellar feedback
and UV radiation from the OB2 association.

This work makes use of the results of observations made in
the framework of the Cygnus Allscale Survey of Chemistry and
Dynamical Environments (CASCADE; see Beuther et al. 2022
for an overview), which provides a unique view of molecular gas
components toward the Cygnus-X region, with high angular res-
olution millimeter (mm) observations of different molecular gas
tracers. The observations were carried out at wavelengths of 3–4
mm, centered at ≈ 3.6 mm (or frequencies of approximately 70.5
– 78.2 GHz and 85.2 – 93.9 GHz) with unprecedentedly high an-
gular resolutions (3′′–4′′) over an area of 5.1′ × 5.1′. The spatial
resolution is approximately 0.02 – 0.03 pc (or ∼ 4000–6000 au)
at an adopted distance of 1.4 kpc. In Sect. 2, we describe the ob-
servations obtained within the CASCADE program and aspects
related to the data reduction process. Supplementary data sets
for comparisons with our 3.6 mm data and a description of DR18
are presented in Sects. 3. In Section 4, we compare the millime-
ter and centimeter (mm and cm) continuum emission datasets
and present molecular gas structures traced by HCO+, N2H+,
SiO, and NH2D. In that section, we describe compact core iden-
tification and the physical properties of the identified cores. In
Section 5, we discuss the origin of the free-free radiation contri-
bution to the 3.6 mm continuum emission to understand the ion-
ized gas structures toward DR18 and the stellar feedback to the
surrounding dense molecular gas. Furthermore, we investigate
the association between SiO emission and the PDRs of DR18.
Lastly, we summarize our findings and emphasize the main con-
clusions in Section 6.

2. Observation and data reduction

2.1. IRAM 30 m and NOEMA

The observations of the DR18 region were done with the North-
ern Extended Millimeter Array (NOEMA) for high angular
resolution imaging and the Institut de Radioastronomie Mil-
limétrique (IRAM) 30 m telescope for lower angular resolution
imaging. The NOEMA observations comprised one mosaic tile
consisting of 78 pointings in the C and D configurations between
December 2019 and April 2020. The center coordinates of the
covered field of view (FoV) of 5.1′×5.1′ are R.A. 20h35m08.370s

and Dec. +41◦13′30.40′′ (l, b = 080.3622, +00.4479). With the
goal to restore missing fluxes of extended molecular line re-
solved out by the interferometer, we used the IRAM 30 m tele-
scope to cover the 5.1′ × 5.1′ area, in on-the-fly (OTF) mode,
which resulted in typical root mean square (rms) noise values of
∼ 0.1 K on the Tmb scale. A total bandwidth of 16 GHz is covered
in dual polarization, the lower sideband covering 70.4 GHz to
78.2 GHz, and the upper sideband from 85.8 GHz to 93.6 GHz.
The 3.6 mm continuum emission is obtained over the whole
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Fig. 1: Spitzer/IRAC 8 µm emission map (in a flux range of 0 – 98 MJy/sr) of a part of the Cygnus-X complex (Beerer et al. 2010).
The yellow rectangle outlines DR18, which is studied here. The white circle has a radius 12.2 pc (at a distance of 1.4 kpc), with its
center at the position of the trapezium (Cyg OB2 #8, R.A. 20h33m16s and Dec. +41◦18′45′′) of O stars. The cyan and bright green
markers are known members of O- and B-type stars, respectively, in the OB2 association (Wright et al. 2015).

bandwidth with a spectral resolution of 2.0 MHz, equivalent to
a velocity resolution of ∼7.3 km s−1 after masking and discard-
ing portions of the frequency range with emission or absorp-
tion lines. In the NOEMA observations, a number of individual
spectral lines targeted for the CASCADE program were covered
with the higher spectral resolution of 62.5 kHz, yielding velocity
resolutions between 0.26 and 0.19 km s−1, while for the IRAM
30 m observations, the spectral resolution is consistently resam-
pled to ∼ 0.8 km s−1. Since this study uses the NOEMA plus
IRAM 30 m combined data, we note that all analyses for spec-
tral lines are limited to a velocity channel width of 0.8 km s−1.
Table 1 lists all the molecular lines detected toward DR18 and
the spectroscopic parameters of the lines, along with information
on the synthesized beams, as well as noise levels of 1σrms. All
the data reductions, including calibration and imaging, for the
NOEMA and 30 m telescope were performed with the Greno-
ble Image and Line Data Analysis Software (GILDAS) pack-

age (Pety 2005). The further details of the observations with
NOEMA and the IRAM 30 m telescope and data reduction pro-
cedures for the CASCADE program are described in the CAS-
CADE overview paper (see Beuther et al. 2022).

2.2. GBT MUSTANG-2

To complement also the mm continuum data with short-spacing
information, we used the MUSTANG-2 array on the Green Bank
Telescope (GBT). The MUSTANG-2 instrument at GBT has a
4.2′ instantaneous FoV comprised of a 215-element array of
feedhorn-coupled TES bolometers (Dicker et al. 2014). It has
a 30 GHz bandpass with an effective bandpass center near 90
GHz (Ginsburg et al. 2020). Observations for this work were
performed under project GBT22A-280 on 2022 February 20 and
March 14, with 3.7 hours spent on source (spread over multiple
pointings). The data were calibrated and reduced with the MUS-
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Table 1: Molecular transitions detected from the NOEMA+30 m combined data toward DR18.

Molecule Transition Rest Frequency θmaj × θmin PA Eu/k Aul ncr 1σrms
(GHz) (′′×′′) (◦) (K) (s−1) (cm−3) (mJy beam−1)

HCO+ J = 1 − 0 89.189 3.33 × 2.65 12.55 4.28 4.19 × 10−5 1.69 × 105 7.416
HCN J = 1 − 0, F = 2 − 1† 88.632 3.35 × 2.67 12.61 4.25 2.41 × 10−5 2.19 × 106 6.595
HNC J = 1 − 0 90.664 3.28 × 2.65 13.44 4.35 2.69 × 10−5 2.76 × 105 7.490
C2H N = 1 − 0, J = 3/2 − 1/2, F = 2 − 1† 87.317 3.40 × 2.74 13.50 4.19 1.53 × 10−6 1.02 × 105 7.725
H2CO JKa ,Kc = 10,1 − 00,0 72.838 4.04 × 3.19 −162.77 3.50 8.15 × 10−6 1.51 × 105 9.469
SiO J = 2 − 1 86.847 3.41 × 2.75 13.62 6.25 2.93 × 10−5 6.38 × 105 6.365
N2H+ J = 1 − 0 93.174 3.20 × 2.54 −165.80 4.47 3.63 × 10−5 1.40 × 105 8.512
HC3N J = 8 − 7 72.784 4.04 × 3.19 −162.77 15.72 2.94 × 10−5 1.10 × 106 9.454
HC3N J = 10 − 9 90.979 3.27 × 2.64 13.42 24.01 5.81 × 10−5 9.48 × 105 6.764
H13CO+ J = 1 − 0 86.754 3.42 × 2.75 16.70 4.16 3.85 × 10−5 1.55 × 105 6.162
H13CN J = 1 − 0, F = 2 − 1 86.340 3.43 × 2.76 13.66 4.14 2.23 × 10−5 2.03 × 106 6.836
HN13C J = 1 − 0 87.091 3.41 × 2.72 12.55 4.18 1.87 × 10−5 1.93 × 105 6.515
13CS J = 2 − 1 92.494 3.22 × 2.56 13.39 6.66 1.41 × 10−5 5.26 × 105 7.572
DCN J = 1 − 0 72.415 4.07 × 3.23 −162.78 3.48 1.32 × 10−5 5.38 × 105 9.920
DNC J = 1 − 0 76.306 3.89 × 3.03 −165.94 3.66 1.60 × 10−5 1.51 × 105 6.781
NH2D JKa,Kc = 11,1 − 10,1, F = 2 − 2 85.926 3.45 × 2.77 13.51 20.68 1.76 × 10−5 3.79 × 106 7.757

Notes. For lines with hyperfine structure (hfs), the dagger (†) marks the frequency of one of the hfs components. The spectroscopic information
on these transitions is taken from Jet Propulsion Laboratory (JPL)a and the Cologne Database for Molecular Spectroscopy (CDMS)b catalogs.
The 1σrms values are determined with a spectral resolution of 0.8 km s−1. The critical densities (ncr) are estimated with the collisional rates at
a temperature of 10 K taken from the Leiden Atomic and Molecular Database (LAMDA) (van der Tak et al. 2020). The collisional rates of
isotopologues and deuterated species are assumed to be the same as their main isotopologue. θmaj and θmin are the major and minor FWHM sizes of
a beam, respectively. PA is the position angle (east of north) of a beam. Finally, Eu and Aul are the energy of the upper state for a chosen transition
and the Einstein coefficient, respectively.

a https://spec.jpl.nasa.gov
b https://cdms.astro.uni-koeln.de

Table 2: Continuum and line emission ancillary data

Data type Frequency/wavelength Reference Telescope Beam [PA] or pixel scale
Continuum 90 GHz† CASCADE GBT 100 m & NOEMA (C + D configurations) 3.32 × 2.66′′ [−165 ◦]
Continuum 4 – 8 GHz GLOSTAR JVLA (B + D configurations) 4′′ × 4′′ [0 ◦]
Continuum & line∗ 8 µm Cygnus-X legacy Spitzer/IRAC 0.6′′
Continuum & line∗ 4.5 µm Cygnus-X legacy Spitzer/IRAC 0.6′′
Continuum & line∗ 3.6 µm Cygnus-X legacy Spitzer/IRAC 0.6′′
Brγ line 2.166 µm Comerón et al. (2022) PANIC Calar Alto 2.2 m 0.45′′
H2 (1–0) S (1) 2.122 µm Comerón et al. (2022) PANIC Calar Alto 2.2 m 0.45′′

Notes. The dagger (†) marks the central frequency used for combining the GBT MUSTANG-2 and NOEMA USB datasets. References for the
GLOSTAR survey and Cygnus-X legacy program are Brunthaler et al. (2021) and Beerer et al. (2010), respectively. The Spitzer/IRAC data of the
Cygnus-X legacy program used in this study is re-processed by the Galactic Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE) teama,
and thus the pixel scale (0.6′′ pixel scale) of the used data is smaller than the initial data (0.86′′ pixel scale) from the Cygnus-X legacy program.

a https://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/overview.html

TANG IDL Data Analysis System (MIDAS), with improvements
in the iterative mapmaking pipeline (e.g., see Appendix C in
Romero et al. 2020, for details of the pipeline). The primary im-
provements are the reduction of ringing, which is inherent in the
reduction pipeline, as well as the improved recovery of larger
scales.

2.3. Merging millimeter continuum emission data obtained
with NOEMA and MUSTANG-2

The bandpass of the MUSTANG-2 camera on the GBT roughly
covers the frequency range between 75 and 109 GHz. With
90 GHz being almost exactly at the center of that, we use for
the combination of the data only the NOEMA USB data that are
centered around 90 GHz as well. We acknowledge that the band-
pass widths of MUSTANG-2 and NOEMA are different (30 ver-
sus 8 GHz), but that the difference is not accounted for in the

combination. Having the same central frequency should make
the two datasets compatible in good approximation. To combine
NOEMA and MUSTANG-2 data, we tried different approaches
employing both the Common Astronomy Software Applications
(CASA) and GILDAS packages. The results obtained by the two
approaches agreed very well. Therefore, in the following, we de-
scribe and use the data combined in GILDAS. The MUSTANG-2
data have a beam size of 9′′ and a pixel size of 1′′. We first repro-
jected the MUSTANG-2 data to the phase center of the NOEMA
data and updated a few MUSTANG header parameters to the
GILDAS format. For example, the rest frequency or beam size
have to be explicitly given in the MUSTANG-2 data header for
proper data combination. The final data combination was then
conducted with the GILDAS task uv_short using a uv trunca-
tion radius of the MUSTANG-2 data of 15 m. The synthesized
beam of the combined data is 3.′′32 × 2.′′66 with a position an-
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Fig. 2: Three-color composite images of DR18 (8 µm in red, 4.5 µm in green, and 3.6 µm in blue) with different maximum flux
levels for three Spitzer/IRAC bands to show the extended emission in a larger FoV (left panel) and the emission details, which are
saturated in the left panel, in a zoom-in view (right panel) covering our 5.1′ × 5.1′ target region (outlined by a white square box in
the large FoV image). In both images, cyan contour lines represent the combined VLA B+D array 6 cm radio continuum emission
from the GLOSTAR survey by levels of 0.35, 0.70, 1.05, 1.40, 1.75, 2.10, 2.45, 2.80, 3.15, and 3.50 mJy/beam. In the zoom-in
image, the different color symbols indicate young stellar objects identified by infrared colors (Comerón et al. 2022): yellow squares
mark Class I YSOs, light blue diamonds for Class II YSOs, red upside-down triangle for a flat spectrum YSO, purple circles for
Class III YSOs, and bright green upside triangles represent transition-disk YSOs. The yellow half-arc line indicates the open shell
or the ear-like feature in the infrared emission image.

gle of −165◦ (E of N). The 1σrms noise of the combined data is
0.07 mJy beam−1.

3. Ancillary and archival data

To better understand the environment of the DR18 region, we
utilized ancillary continuum data from various surveys carried
out at different wavelengths. To trace the ionized gas, we used
the high angular resolution radio continuum emission at 6 cm
wavelength from the GLOSTAR survey2 (Medina et al. 2019;
Brunthaler et al. 2021). The 6 cm radio continuum data were
generated by combining the Karl G. Jansky Very Large Array
(VLA) D- and B-configuration data, which yields a synthetic
beam size, θ, of 4′′ and a sensitivity of ∼0.1 mJy beam−1.

In addition, to investigate the properties of emission from
dust and polycyclic aromatic hydrocarbons (PAHs) tracing
PDRs, we compared the Spitzer Legacy Survey of the Cygnus-
X complex (Cygnus-X; Hora et al. 2007; Beerer et al. 2010),
which mapped a 6◦ × 6◦ area with Spitzer/IRAC four bands (3.6,
4.5, 5.8, and 8.0 µm; Papovich et al. 2016). We also used H2 col-
umn density and dust temperature maps obtained from Bonne
et al. (2023), adopting the methods described in Palmeirim et al.
(2013). The H2 column density is determined with the differ-
ence maps of the convolved maps from 250 µm to 500 µm from
the HOBYS program (Motte et al. 2010) and the dust tempera-
ture map is generated with the 160 µm/250 µm flux ratio. Lastly,
we utilized 2.166 µm Brγ line and 2.122 µm H2 (1–0) S(1) vibra-
tional line obtained from Comerón et al. (2022) to identify PDRs
in DR18 by comparing our NOEMA data and other ancillary

2 https://glostar.mpifr-bonn.mpg.de/glostar/

datasets. Table 2 summarizes the continuum emission datasets
and line ancillary data.

4. Results and analysis

The head of the DR18 globule observed in the CASCADE sur-
vey is visually striking in infrared emission, particularly in the
Spitzer/IRAC 8 µm wavelength band, which is dominated by ra-
diation from PAHs. The head faces the main Cyg OB2 popula-
tion (see Fig. 1) and exhibits excellent spatial alignment between
the highly saturated 8 µm emission and strong 6 cm radio contin-
uum emission obtained from the GLOSTAR survey (as shown in
the larger FoV image in the left panel of Fig. 2). Also, this mid-
infrared emission image reveals an apparent hollow feature, such
as an ear-like shape (delineated by a yellow curved line). In addi-
tion, from the distinct appearance of the infrared emission, sev-
eral YSOs have been identified and classified by Comerón et al.
(2022), indicating active star formation inside of the globule.

A group of Class II and transition-disk YSOs is clearly situ-
ated in the Hii region traced by the 6 cm radio continuum emis-
sion. In the vicinity of the curved illuminated 8 µm emission
(yellow curve line), a Class I YSO (yellow square) and a flat
spectrum YSO (red upside-down triangle) are found, which are
younger than the other YSOs in this region. Further out toward
the tail of the globule, only more evolved YSOs have been found
(e.g., Class III YSOs, purple circles). A recent near-infrared
spectral study conducted by Comerón et al. (2022) found the
spectral type of the transition disk YSO (DR18-05) close to the
6 cm radio continuum emission peak to be a B2 star, which is
thought to have created the cavity in the head of DR18 (Com-
erón & Torra 1999; Comerón et al. 2022). According to Com-
erón et al. (2022), the B star could have required approximately
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3 × 104 years to carve the arc-shape with a radius of 0.22 pc on
the tip of DR18.

4.1. Dust thermal and free-free emission contributions to
3.6 mm continuum emission

Figure 3 shows the 3.6 mm continuum and 6 cm continuum emis-
sion maps from this study and the GLOSTAR survey (from left
to right). While the 3.6 mm and the 6 cm continuum emission
are similarly extended, it is notable that the 6 cm emission ex-
tends more to the west compared to the 3.6 mm emission. On the
other hand, many of the bright, compact features on the 3.6 mm
continuum emission do not have significant 6 cm emission coun-
terparts. The overall emission distributions at these two wave-
lengths imply that the 3.6 mm continuum emission potentially
has significant contributions from free-free emission originating
in the ionized gas, apart from the dust thermal emission.

To examine the contribution of free-free radiation emis-
sion to the 3.6 mm continuum emission, we analyzed spec-
tral indices between 6 cm and 3.6 mm wavelengths using the
6 cm GLOSTAR combined the D+B VLA array continuum im-
age and the 3.6 mm MUSTANG-2+NOEMA combined con-
tinuum image. To compare both datasets, we re-convolved the
MUSTANG-2+NOEMA combined data (3.′′32 × 2.′′66 with a
position angle of −165◦) to the exact angular resolution (4′′) of
the VLA D+B combined data, and then resampled the recon-
volved MUSTANG-2+NOEMA data to match the pixel size of
the VLA data. This spectral index measurement consists of fit-
ting a simple slope to the continuum fluxes at the central frequen-
cies of the two datasets (5.8 GHz for the GLOSTAR survey and
90 GHz for the CASCADE survey) in logarithmic scale, given
by the formula

α90 GHz−5.8 GHz =
log(S 90 GHz/S 5.8 GHz)

log(90 GHz/5.8 GHz)
. (1)

The S 90 GHz and S 5.8 GHz are the continuum flux densities per
pixel. The spectral index uncertainty is the propagating error es-
timated as

σ90 GHz−5.8 GHz =

√
(3σS 90 GHz,rms/S 90 GHz)2 + (3σS 5.8 GHz,rms/S 5.8 GHz)2

log(90 GHz/5.8 GHz)
.

(2)

The σS 90 GHz and σS 5.8 GHz are the continuum flux uncertainties cor-
responding to the frequencies. Instead of using 1σrms obser-
vational uncertainty for the spectral index uncertainty, we ap-
plied 3σrms threshold because the GLOSTAR continuum emis-
sion data used for the spectral index does not include the total-
power emission data, which is more sensitive to extended emis-
sion structures. This concerns missing fluxes for faint, extended
emission in the outer regions of the cm continuum emission im-
age. To mitigate this, we restricted our analysis to regions with
emission above 3σrms at 5.8 and 90 GHz, respectively.

The determined spectral index in large parts is consistent
with free-free emission close to a spectral index of α = −0.1
with several compact regions that show a clear dust thermal con-
tribution with positive spectral indices. While the western edge
shows slightly more negative values than those values expected
from dust thermal emission and free-free emission regions, these
parts also have larger uncertainties approaching 0.2. Further-
more, these values must be taken cautiously because of uncer-
tainties introduced by different UV coverages of both observa-
tions. In general, the spectral index is between −0.1 and 2.0

for typical Hii regions and in a range of 2.0 < α < 4.0 for
sources with pure dust thermal emission (e.g., Sánchez-Monge
et al. 2017). We note that the compact regions with thermal emis-
sion are found exclusively east of the B2 star, while the western
part of the emission, which faces the OB2 association, is domi-
nated by free-free emission.

4.2. Molecular line profiles and emission distributions

The CASCADE observations have provided, for the first time,
a high angular resolution view of spectral line emission in the
DR18 region, allowing for detailed investigations of its molecu-
lar gas content to be undertaken on physical scales of ∼ 0.02 –
0.03 pc. Figure 5 shows the velocity-integrated maps of HCO+,
N2H+, SiO, and NH2D emission lines with the overlaid mm con-
tinuum emission in black contours. The intensity maps of the
other species detected in this region are presented in Figs. A.1
and A.2. The HCO+ intensity integrated over a velocity range
from 6 km s−1 to 15.6 km s−1 shows an extended distribution and
exhibits the arc-shape morphology resembling the bright 8 µm
emission feature indicated by a yellow arc line in the right panel
of Fig. 2. In addition, weaker HCO+ emission extends toward the
tail of the DR18 visible in the infrared emission. Such spatially
widespread emission distributions are also found in the intensity
maps of CCH, H2CO, HCN, and HNC exhibited in Fig. A.1. The
outline of HCO+ line emission follows the morphology of the
extended 3.6 mm and 6 cm continuum emission regions. Such
spatial coincidence features between molecular gas and free-free
emission are also found toward the pillars in other OB associa-
tion regions, such as the elephant trunks in M16 (Sofue 2020),
as well as toward an ultracompact Hii region Mon R2 (Treviño-
Morales et al. 2016). The bright HCO+ emission peaks spa-
tially match with the 3.6 mm compact continuum emission fea-
tures, which also coincide significantly with bright features in
the N2H+ and NH2D maps.

In contrast, N2H+ line emission better coincides with the
compact mm continuum emission (see the upper right panel
in Fig. 5) rather than with pure free-free emission found at cm
wavelengths. This supports that the continuum emission fea-
tures traced by dense molecular tracers (ncr > 105 cm−3) repre-
sent dust thermal emission rather than free-free emission. These
dense gas regions also have counterparts in the emission from
other molecular lines (as shown in Fig. A.2), including lines from
deuterated species; for example, from NH2D in the right bot-
tom panel in Fig. 5. Interestingly, some of the compact emission
components are aligned as a “crown-like" feature, indicated by
the magenta-dotted curve opening toward the northern direction
in the N2H+ intensity map. The feature is also pronounced in
the HNC, HN13, HC3N, and H13CO+ emission maps. The east-
ern portion of the crown-like feature does not show any con-
tinuum emission counterpart and only appears in those species.
NH2D, DCN, and DNC shown in Figs. 5 and A.2 are also de-
tected toward the dense molecular gas regions. However, DCN
shows weaker emission and is spatially less matched with DNC
and NH2D emission.

The left bottom panel of Fig. 5 displays the SiO emission in-
tegrated over a velocity range from 8 km s−1 to 10 km s−1. The
SiO emission has a remarkably narrow linewidth, considering
that SiO emission is often used as a tracer of shocked gas and this
type of emission has very broad line wings (e.g., Martin-Pintado
et al. 1992; Bachiller & Pérez Gutiérrez 1997; Codella et al.
1999; Csengeri et al. 2016). Not only does SiO have a narrow
linewidth, but its emission shows clumpy distributions concen-
trated in spatially compact regions around the Hii region of D18-
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Fig. 3: Millimeter (left) and centimeter (right) continuum emission maps. The mm continuum emission map represents the com-
bination of the GBT MUSTANG2 and NOEMA data sets, whereas the cm continuum emission map is generated by combining
the VLA D and B configuration observations. The FWHM synthetic beams of these maps are displayed in the lower left corners.
The contour levels of the mm continuum emission are 0.46, 0.96, 1.38, 1.80, 4.14, 5.33, and 6.51 mJy beam−1, whereas for the cm
emission, the levels are 0.35, 0.70, 1.05, 1.40, 1.75, 2.10, 2.45, 2.80, 3.15, and 3.50 mJy beam−1. The star symbol indicates the
position of the B2 star.
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Fig. 4: 90 GHz – 5.8 GHz spectral index map in the left panel and its spectral index error map in the right panel. The higher frequency
data are smoothed to the beam size of the lower frequency data to achieve a common resolution of 4′′. The star symbol indicates
the position of the B2 star. The black contours are the 3.6 mm continuum flux, and their levels are the same as in the left panel of
Fig. 3, and the blue contours are the 6 cm continuum emission with the same contour levels shown in the right panel.

05. Compared to other molecules, the distribution of SiO emis-
sion is distinct and spatially separated from that of other dense
gas tracers. The SiO emission peaks do not coincide with 3.6 mm
continuum emission peaks or the bright N2H+ emission com-
ponents and appear in regions without dense gas, unlike other
dense gas-tracing molecular lines, which are preferably detected
toward the mm continuum emission peaks. There are only a few

weak SiO detections toward the compact mm features. The north
of the Hii region shows slightly more extended SiO emission.
Figure 6 shows the intensity ratio map of SiO over N2H+ lines.
It clearly shows that the intensity ratios increase outwards of the
N2H+ emission regions (close to the black contours), indicating
the relatively weaker N2H+ and brighter SiO in the regions. On
the other hand, in the inward parts of the N2H+ emission regions,
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Fig. 5: Velocity-integrated intensity maps of HCO+ (6 km s−1 to 15.6 km s−1), N2H+ (−1.2 km s−1 to 17.2 km s−1 spanning all the hfs
transitions) in the upper row and SiO (8 km s−1 to 10 km s−1) and NH2D (0 km s−1 to 15.2 km s−1 covering all the hfs transitions) in
the lower row. The black contours represent the GBT+NOEMA combined 3.6 mm continuum emission, and the bright green marker
indicates the position of the ionizing source, DR18-05. The contour levels of the mm continuum are the same as shown in Fig. 3.
The horizontal white scale bar has a size of 0.1 pc at a given distance of 1.4 kpc. The beam of the maps of each species is displayed
on the left corner of each image panel.

the ratios decrease. This pattern appears consistently in all the ar-
eas having detections of both species. We explore the origin of
this narrow line SiO emission in Section 5.2.

4.3. Gas temperature distribution

Based on the dust temperature map (shown in the upper panel
of Fig. 7) taken from Bonne et al. (2023), we know that toward
the interior Hii region of DR18 the dust temperatures are higher
than 23 K and can reach up to 28 K. However, due to the larger
angular resolution of 18′′ (Bonne et al. 2023) than the NOEMA
synthesized beams, it is difficult to investigate the temperature
structure toward the N2H+ cores. However, it is still evident that
the cores are relatively colder than the interior of the Hii region,
given the large spatial resolution. As these cores are expected to
be denser, colder parts in the DR18 region, we expect that they
have lower gas temperatures than those obtained from the dust
temperature map. To determine the temperature distributions of
extended and dense molecular gas components, we used the line

emission ratios of HCN (1–0) and HNC (1–0) and their isotopo-
logues, as suggested by Hacar et al. (2020). The authors show
that the ratio of these ground state transitions of the two species
for values from 1 to 4 (corresponding to temperatures between
10 and 40 K) provides a good approximation of gas kinetic tem-
perature, as derived from the NH3 inversion line data toward
the Orion molecular cloud. Unlike other molecular transitions,
the HCN and HNC lines have similar distributions as the HCO+
emission and ridge structures in the N(H2) map, with N(H2) >
a few ×1022 cm−2. To generate HCN/HNC 1–0 ratio maps, we
smoothed HCN, HNC, and HN13C maps with the beam size of
H13CN, which has the largest beam size among these lines. Af-
ter the spatial smoothing, we sequentially performed regridding
all the smoothed data to the same pixel size and coordinates of
H13CN. From the HCN/HNC and H13CN/HN13C maps, we gen-
erated gas temperature maps following equations presented in
Hacar et al. (2020):

THCN/HNC (K) = 10 ×
[

I(HCN)
I(HNC)

]
if

I(HCN)
I(HNC)

≤ 4, (3)
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Fig. 6: Intensity ratio map of SiO/N2H+ in color scale for the
overlapping areas of both molecular species. The black and pink
contours represent the 5σ level of N2H+ velocity-integrated in-
tensity and a 3σ level of SiO velocity-integrated intensity, re-
spectively. The bright green star indicates DR18-05, the ionizing
source in DR18.

THCN/HNC (K) = 3 ×
[

I(HCN)
I(HNC)

− 4
]
+ 40 if

I(HCN)
I(HNC)

> 4. (4)

The bottom panel of Fig. 7 displays a map of the gas tem-
peratures in high angular resolution (∼ 3 ′′) obtained by com-
bining both gas kinetic temperature maps (see Fig. B.1) deter-
mined with the HCN/HNC and H13CN/HN13C line ratios. The
combination was performed by substituting the temperatures of
HCN/HNC with those of H13CN/HN13C. The study by Hacar
et al. (2020) mentions that the expected uncertainty with this
method is ∆THCN/HNC ≈ 5 K for temperatures ranging from
10 < THCN/HNC < 40 K and ∆THCN/HNC ≈ 10 K for tempera-
tures above 40 K. The effect of optical depth for HCN and HNC
can be ignored because the highest column density of hydrogen
molecules toward the DR18 region is not above 4.2× 1022 cm−2,
which corresponds to a visual extinction, AV, of 42 mag calcu-
lated using the AV = N(H2)/9.4×1020 cm−2. The study by Hacar
et al. (2020) states that for regions with up to Av ≈ 100, their
method provides HCN/HNC line ratios that are still acceptable.
Nevertheless, toward higher H2 column density regions, we es-
timated the gas kinetic temperatures using H13CN and HN13C
emission lines, whose optical depths are smaller than 0.2–0.3.

Figure 7 shows the kinetic temperature map determined from
HCN/HNC and H13CN/HN13C ratios. In the THCN/HNC map, the
east of the Hii region and the crown-like structure appearing
in the N2H+ intensity map (Fig. 5) show colder temperatures
5 K ≲ THCN/HNC ≲ 25 K, whereas the Tdust map shows slightly
higher temperatures of 25 – 27 K. In contrast to the dense re-
gions, the extended molecular gas regions show higher temper-
atures as high as above 40 K in the THCN/HNC map compared
with those ∼ 22 K – 26 K in the Tdust map. This temperature
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Fig. 7: Dust and gas temperature maps. Top: Dust tempera-
ture map obtained from Bonne et al. (2023) generated with the
160 µm/250µm flux density ratio as described in the work by
Palmeirim et al. (2013). Bottom: Gas kinetic temperature map
combined temperature maps derived from the HCN/HNC and
H13CN/HN13C emission line ratios. The black contours repre-
sent the 3.6 mm continuum emission. The bright green star indi-
cates the position of the B2-type star D18-05. The beams for the
Tdust and THCN/HNC maps are 18′′ and 3.43×2.76 with a position
angle of 13.66 ◦ displayed in the lower left corner.

difference occurs because the far-infrared wavelengths between
160 µm and 500 µm used for determining the dust temperature
map are not sensitive to warmer gas above 40 K. In addition,
higher gas temperatures have been observed toward the extended
features and between the N2H+ cores, which are considered to
be the lower gas density regions and highly UV-illuminated re-
gions as seen in Fig. 2. Thus, in such regions, dust and gas could
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be decoupled as observed in other Hii and photodissociation re-
gions (e.g., Koumpia et al. 2015; Salgado et al. 2016). However,
as mentioned above, in these regions with THCN/HNC > 40 K,
the uncertainties are higher about 10 K. Nevertheless, the high-
temperature values in the THCN/HNC map could be unlikely to be
artifacts and might imply an interaction between the ionized gas
and molecular gas, with careful considerations of the absolute
gas temperature values.
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Fig. 8: N2H+ velocity-integrated intensity over all the hfs tran-
sitions. The leaf structures identified by the Dendrogram algo-
rithm are shown in black contours, and schematic structures of
the extracted cores computed from the intensity-weighted sec-
ond moment (e.g., variance) of intensities in the plane of the
sky are marked as blue ellipses. The white contours are 3σrms
(0.146 Jy beam−1 km s−1) of the intensity map integrated over a
velocity range of 18 km s−1. All the identified cores are labeled
the same as in Table 3. The synthesized beam size for N2H+
emission is displayed in the lower left corner.

4.4. Compact core identification

We utilized the N2H+ intensity map, integrated over a veloc-
ity range encompassing all the hyperfine structure (hfs) tran-
sitions, to extract compact cores that trace the dense gas re-
gions. To identify substructures (e.g., cores) in DR18, we used
the astrodendro package 3 which applies the Dendrogram
algorithm (Rosolowsky et al. 2008). Among the substructures
classified by astrodendro, "leaves" are the smallest substruc-
tures referred to here as compact cores. Three input parame-
ters were required for the astrodendro package: min_value,
min_delta, and min_npix. We applied a 5σ threshold value to
min_value, where the 1σrms noise (0.049 Jy beam−1 km s−1) is
measured from the velocity-integrated intensity map. Addition-
ally, we chose min_delta for the significance of a leaf compared
with its neighboring leaf or branch features to be equal to 1σrms.
Lastly, we used min_npix as the minimum number of pixels to
identify a leaf, set as 45 pixels, the number of pixels covered
by the beam for N2H+ emission. The leaf structures are defined
as brighter than the five σrms level and larger than the beam
size. With these input parameters, we identify 18 leaf substruc-

3 https://dendrograms.readthedocs.io/en/stable

0

1

2

3
C1
model
leaf1

0

1

2
C2
model
leaf2

0.0

0.5

1.0 C3
model
leaf3

0

1

2 C4
model
leaf4

0

2

C5
model
leaf5

93164 93166 93168 93170 93172 93174 93176
Frequency (MHz)

0

1

2

3
T m

b (
K)

C6
model
leaf6

N2H +

Fig. 9: N2H+ spectral lines (black curves) extracted over the
circular regions of the compact cores, overlapped with N2H+
spectral lines (red dotted curves) extracted over the leaf struc-
tures from the astrodendro and the XCLASS modeled spectra
(green curves) in a Tmb scale.

tures that we hereafter consider as cores. In Fig. 8, the black
contours indicate the substructures, and the blue ellipses show
their schematic structures, which are not extracted source sizes.
The central coordinates of the structures are their mean positions
in the x and y directions and are listed in the second and third
columns of Table 3.

4.5. Derivation of the core physical parameters

Here, we determine the physical quantities of the N2H+ cores
identified in the previous section. The effective core radius is de-
rived as Rcore =

√
A/π, where A is the area of the leaves on the

plane of the sky and adopting a distance of 1.4 kpc. The aver-
age radius of the cores is 0.025 pc. The obtained core radius in
pc and its diameter in arcseconds are listed in Table 3. With the
given core radius, we extracted the N2H+ spectra toward the 18
compact cores to derive N2H+ column densities and to determine
line parameters (e.g., linewidths).

To deconvolve the hyperfine structure of the N2H+ 1–0 line,
we utilized the eXtended CASA Line Analysis Software Suite
(XCLASS4, Möller et al. 2017) by solving the one-dimensional
(1D) radiative transfer equation. Here, we assume an isothermal

4 https://xclass.astro.uni-koeln.de
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Table 3: Summary of the extracted N2H+ cores and physical properties.

Cores R.A. (J2000) Dec. (J2000) θcore Rcore υN2H+ ∆υN2H+ Tex N(N2H+)a THCN/HNC N(N2H+)b Mcore Mvir αvir
(hh:mm:ss) (dd:mm:ss) (′′) (pc) (km s−1) (km s−1) (K) (1013 cm−2) (K) (1013 cm−2) (M⊙) (M⊙)

C1 20:35:07.60 +41:12:35.76 5.98 0.020 7.4 0.9 26 2.45 19 2.73 1.72 3.40 2.0
C2 20:35:13.77 +41:12:36.90 3.66 0.012 10.7 0.8 15 1.16 27 2.11 0.29 1.61 5.5
C3 20:35:13.33 +41:12:43.25 5.59 0.019 10.4 0.9 25 1.12 29 1.60 0.71 3.23 4.5
C4 20:35:09.42 +41:12:50.77 6.12 0.021 8.4 0.9 26 1.87 17 1.76 1.45 3.57 2.5
C5 20:35:08.67 +41:12:54.95 8.51 0.029 8.3 0.9 28 3.15 18 3.44 4.66 4.93 1.1
C6 20:35:10.66 +41:13:06.86 16.41 0.056 8.5 1.1 19 2.56 22 3.62 14.12 14.23 1.0
C7 20:35:09.08 +41:13:02.40 3.10 0.011 8.2 1.1 21 2.23 22 2.99 0.47 2.8 5.9
C8 20:35:10.74 +41:13:25.48 10.73 0.036 8.8 1.1 20 2.69 23 3.81 6.13 9.15 1.5
C9 20:35:09.39 +41:13:24.59 5.45 0.018 8.0 1.1 22 1.23 21 1.52 0.70 4.57 6.5

C10 20:35:09.71 +41:13:44.15 8.36 0.028 8.6 1.0 20 2.64 17 3.04 3.64 5.88 1.6
C11 20:35:08.89 +41:13:42.15 5.17 0.018 8.8 0.9 23 3.16 19 3.56 1.80 3.06 1.7
C12 20:35:12.34 +41:13:47.83 5.43 0.018 7.7 1.0 24 0.96 24 1.23 0.55 3.78 6.9
C13 20:35:08.42 +41:13:50.27 9.73 0.033 8.6 1.1 20 4.93 16 6.07 9.44 8.39 0.9
C14 20:35:09.34 +41:13:53.28 4.27 0.015 8.5 0.9 27 1.53 23 1.66 0.61 2.55 4.2
C15 20:35:07.47 +41:14:01.69 13.51 0.046 8.5 1.2 17 5.90 15 7.95 21.96 13.91 0.6
C16 20:35:11.16 +41:13:58.54 9.58 0.032 8.4 0.8 30 1.99 17 1.61 3.58 4.3 1.2
C17 20:35:11.37 +41:14:12.11 4.06 0.014 8.7 0.8 24 1.28 19 1.30 0.44 1.88 4.3
C18 20:35:07.15 +41:14:21.94 6.04 0.021 9.6 0.9 20 1.98 25 2.95 1.54 3.57 2.3

Notes. θcore is the angular diameter of a core and estimated from the area of the astrodendro leaf. Heree, N(N2H+)a is the N2H+ column density
derived with the fitted N2H+ excitation temperature, while N(N2H+)b is obtained with the fixed temperature using THCN/HNC.

source under the assumption of local thermodynamic equilib-
rium (LTE). To model and generate synthetic spectra for fitting
spectral lines extracted toward the cores and for creating a ve-
locity field map, the myXCLASSFit and myXCLASSMapFit func-
tions were used, respectively. These functions compute a syn-
thetic spectrum for each pixel or an input spectrum by fitting an
observed spectrum with Gaussian profiles, assuring that opacity
effects on the line shapes are appropriately taken into account.
The optimization package MAGIX (Möller et al. 2013) was used
to perform the fit. This software acts as an interface between
the input codes and an iterating engine. The aim is to mini-
mize the deviation (χ2 values) between the modeled outputs and
the observational data. An embedded SQLite database was used
to acquire molecular properties, such as Einstein A coefficients
and partition functions. This database contains entries from the
Cologne Database for Molecular Spectroscopy (CDMS, Müller
et al. 2005) in its Virtual Atomic and Molecular Data Center
(VAMDC, Endres et al. 2016) implementation. Additionally, an
extended set of partition function calculations is also available.
The initial parameter set for fitting each emission line component
comprises the excitation temperature (Tex), the total column den-
sity (Ntot), the line width (∆3), and the velocity offset (3off) from
the systemic velocity. The column density is related to the opti-
cal depth, τ, by

N =
8πν3

c3

Q(Tex)
guAul

exp(Eu/kTex)
exp(hν/kTex) − 1

τ d3 cm−2, (5)

where Eu and gu are the energy of the upper state for the selected
transition and its degeneracy, respectively; ν is the rest frequency
of a selected molecular transition, c is the speed of light, and h is
Planck constant. The quantity Aul is the Einstein coefficient for
spontaneous emission, and Q(Tex) and k are the rotational parti-
tion function and the Boltzmann constant, respectively. For the
excitation temperature of the N2H+ components, we set a prior
with a minimum Tex of 5 K and a maximum Tex of 30 K. To ac-
quire the best-fit output parameters by minimizing the χ2 value,
we used the Levenberg-Marquardt (LM) algorithm. In the fitting
procedure, all the hfs transitions (F1 = 1 − 1, F1 = 2 − 1, and
F1 = 0−1) of N2H+ are considered, and thus the output parame-
ters of the fitting are the hfs deconvolved values. To improve the
signal-to-noise level, we separately fitted spectral lines extracted

from the areas of cores. Thus, we fixed the core size to the core
diameter to fit the individual spectra. Figures 9 and C.1 display
the XCLASS modeled spectra and the input spectra, extracted
over the core size, in a main beam temperature scale (Tmb). The
average values of the decomposed line widths and the column
density of N2H+ are 1 km s−1 and 2.4 × 1013 cm−2, respectively.
In addition, we also estimate N(N2H+) with a fixed temperature
using the THCN/HNC averaged over an individual core size. The
derived column densities are consistent with the results obtained
with Tex(N2H+) and, thus, we use the N(N2H+) values obtained
with Tex(N2H+).

With the fitted line parameters and the astrodendro output
results, we can examine the physical properties of the identified
cores and derive the core mass as:

Mcore = µH2 mHπN(H2)R2
core M⊙, (6)

by integrating N(H2) over the core size, where µH2 = 2.8 is
the mean molecular weight, and mH is the mass of a hydrogen
atom. Here, N(H2) is the H2 column density and it is deter-
mined by adopting the relative N2H+ abundance to be 4 × 10−10

to H2 because this is the average value between the abun-
dances of 3.0×10−10 in low-mass molecular cloud cores (Caselli
et al. 2002) and 5.2 × 10−10 in high-mass molecular cloud cores
(Pirogov et al. 2003). This abundance assumption is reasonable
at the given N2H+ core sizes with the average radius of 0.025 pc,
based on the 1D prestellar core model presented in Fig. 5 of
Redaelli et al. (2019) showing X(N2H+) between 10−10 and 10−9

for core radius of 0.02 – 0.03 pc. The median and maximum H2
column densities are 5.27 × 1022 cm−2 and 1.48 × 1023 cm−2, re-
spectively.The mean and median values of Mcore are 4.10 M⊙ and
1.63 M⊙. With the determined core masses, to address whether
the cores are gravitationally bound or unbound, we calculate the
virial mass (Mvir) and the virial parameter (αvir) using the N2H+
line widths. The virial mass of an equivalent homogeneous den-
sity sphere (Caselli et al. 2002) is derived as

Mvir = 210
(

Rcore

pc

) (
∆υ

km s−1

)2

M⊙. (7)

Thus, the mean and median values of Mvir are 5.27 M⊙ and
3.68 M⊙. The virial parameter (Bertoldi & McKee 1992) is de-
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Fig. 10: Velocity channel maps of HCO+ from 6.5 km s−1 until 14.5 km s−1. The velocity difference between the channel maps
is 1 km s−1. Each channel map has different color scales and shows emission stronger than a 10σrms. The flux scale per velocity
channel map is varied to better highlight the individual emission features. The black and white contours are the mm and cm
continuum emission, respectively, and the contour levels are the same as in Fig. 3. The pink sold lines and dashed lines at velocities
from 6.5 km s−1 to 10.5 km s−1 show the outlines of the cavity created by the Hii region of DR18-05. The blue ellipses marked at
velocities from 10.5 km s−1 to 12.5 km s−1 and the red ellipses marked at velocities of 11.5 km s−1 – 14.5 km s−1 are indicated to
blue and red-shifted lobes of the potential outflow (or jet) candidate, respectively. In the 12.5 km s−1 channel map, the blue cross
symbols mark the positions of the extracted HCO+ and H13CO+ spectral lines (shown in Fig. 11) toward compact features.

fined as the ratio of the virial mass and the actual core mass,

αvir =
Mvir

Mcore
, (8)

and can be used to evaluate the stability of a core against gravi-
tational collapse. This simplified measurement assumes the core
is isolated and does not interchange mass, momentum, or energy
with its surrounding medium. Kauffmann et al. (2013) shows

that αvir ≲ 2 means that a core is gravitationally bound, while
if αvir ≳ 2, a core is unbound as random turbulent gas motions
create significant support against collapse. In addition, αvir = 1
indicates that a core is in virial equilibrium, and for the case
with αvir ∼ 2, a core is marginally gravitationally bound. Based
on the determined virial parameters, 50 % (9/18) of the cores are
unbound, while the other half of the cores are bound. This virial
parameter could change with the abundance of N2H+, which can
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Fig. 11: HCO+ (black) and H13CO+ (green) spectral lines ex-
tracted over an area with a diameter of 2 × θbeam toward pro-
nounced bright knot features marked on the velocity channel
map at 12.5 km s−1 in Fig. 10. The blue dashed-vertical lines in-
dicate the systemic velocity of DR18, and the red dashed lines
have a velocity of 12.5 km s−1. The gray filled areas indicate
±1σrms (= 7.15 mJy beam−1) for HCO+.

vary in different physical environments. If the N2H+ abundance
were higher, ∼ 4 × 10−9 (as found toward star-forming clumps;
e.g., Sanhueza et al. 2012) than the assumption (∼ 4 × 10−10),
we would obtain smaller core mass as N(H2) becomes smaller
(∼ 5 × 1021 cm−2). Consequently the virial parameters of all the
cores are derived to be much larger, 6 – 69, indicating a grav-
itationally unbound nature. According to the 1D prestellar core
model presented by Redaelli et al. (2019), the N2H+ abundances
are lower, about 10−10, in the inner core regions where a core ra-
dius is smaller than 0.03 pc; while the abundance peaks to 10−8

at a core radius of 0.05 pc. Thus, the virial parameters obtained
with ∼ 4× 10−10 are reasonable as the N2H+ abundances toward
the clumps (e.g., Sanhueza et al. 2012) were derived from larger
physical scales compared to the cores analyzed in this study. We
will discuss the distribution of these bound and unbound cores
in connection with stellar feedback in Sect. 5.

4.6. Gas kinematics toward DR18

To investigate the structures and kinematics of the molecular
gas, we generated velocity-channel maps of the HCO+ line for
the velocity range from 6.5 km s−1 to 14.5 km s−1, with a chan-
nel spacing, ∆υ, of 0.8 km s−1. As shown in Fig. 10, we de-
tected both compact and extended emission distributions. The
peak velocity of the H13CO+ spectrum over the observed en-
tire area peaks at the systemic velocity, 8.4 km s−1, of DR18 and
this velocity component gas is widespread in the Cygnus-X re-
gion (e.g., Schneider et al. 2023, 2016b). At velocities from 7.5
– 9.5 km s−1, close to the systemic velocity, the compact sub-
structures appear, and they show clear emission counterparts
in the mm continuum emission and N2H+ integrated emission
maps. The emission morphologies at velocities ranging from
6.5 km s−1 to 8.5 km s−1 spatially overlap with the cometary
head of the radio continuum emission, indicated by the magenta
solid arc lines. The redshifted emission components, which are
visible at velocities between 10.5 and 11.5 km s−1, are consis-
tently aligned with the extended mm and cm continuum emission
and more concave against the inner cometary Hii region, as indi-
cated by the dotted magenta curves. In addition, there are several
bright emission knots that prevail even at higher redshifted ve-
locities, reaching up to 14.5 km s−1.

In the channel maps from 10.5 km s−1 to 14.5 km s−1, we no-
tice spatially elongated features as indicated by blue and red el-
lipses. Unlike other red-shifted features, the locations of these
emission components appear to be devoid of cm radio con-
tinuum emission; only the northern one (blue ellipse) shows
the weak mm continuum. In particular, the southeastern feature
clearly shows bullet-like shapes, as are often found in protostel-
lar jets (e.g., Tafalla et al. 2017). The jet-like red-shifted fea-
tures seem to be originating from the region where C2 and C3
are located, but not from YSO counterparts, which were identi-
fied by Comerón et al. (2022). On the other hand, their possible
blue-shifted counterparts might be the features elongated toward
the northwest direction marked with blue ellipses at velocities
of 10.5 km s−1 – 12.5 km s−1. Their bent shapes could be due to
an interaction with the ambient gas components surrounding the
Hii region. A detailed discussion of these features is beyond the
scope of this work.

Apart from the jet-like features, we also identified knot-
like features with red-shifted velocities in a range of 11.5 –
14.5 km s−1, which are distributed along the northeast edges of
the extended radio continuum emission. These knot-like features
are certainly compact but not associated with any mm continuum
emission features or N2H+ emission. Also, these features are not
bright compared with the N2H+ cores in the HCO+ intensity map
(Fig. 5). To investigate the knots seen in the HCO+ emission, we
extracted HCO+ and H13CO+ spectra over a twice larger area
than the average beam size at the locations of six conspicuous
knot-like features selected by visual inspection on the channel
maps. In the 12.5 km s−1 channel map, the blue crosses indi-
cate the locations of the extracted HCO+ and H13CO+ spectra.
The spectra shown in Fig. 11 correspond to the positions of the
markers, numbered 1 to 6, with decreasing declination. Most of
the knots display double-peak profiles, except for Knot 1, which
only shows the red-shifted component. The lower velocity com-
ponent is at the systemic velocity of 8.4 km s−1 (shown by the
blue dashed line), while the other component is red-shifted (ap-
proximately 12.5 km s−1) relative to the systemic velocity. We
also compared the HCO+ spectra with H13CO+ spectra shown in
green (scaled up by a factor of 5). The gray filled area indicates
the rms noise level (not scaled up). H13CO+ emission is only de-
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Fig. 12: Different emission distributions toward DR18. Left: Three-color composite image of DR18; HCO+ emission in red, 8 µm
emission in green, and the GLOSTAR 6 cm radio continuum emission in blue. The 6 cm emission represents a combination VLA D-
and B-configuration data from the GLOSTAR survey. The synthesized beam size of the GLOSTAR data is 4′′, comparable to that of
NOEMA data (∼ 3−4′′). The pixel size, of the Spitzer/IRAC 8 µm data is 0.′′6. The black dashed lines indicate the cuts for intensity
profiles of different emission tracers, presented in Fig. 15. The white rectangles represent the areas of the East and North shells,
as well as the Ridge. Right: Flux difference image of Brγ and H2 1–0 S (1) emission lines obtained from Comerón et al. (2022).
The black and yellow contours show the 5σ level of N2H+ velocity-integrated intensity and a 3.0σ level of SiO velocity-integrated
intensity, respectively. In both images, the bright green star indicates DR18-05, the ionizing source in DR18.

tected toward knot 5, at the systemic velocity. On the other hand,
the other positions are not detected at our noise level. Thus, the
double-peak profiles of the main-isotopologue spectra cannot be
attributed to self-absorption as no optical thin emission is seen at
their peak velocities. We observe two kinematic components to-
ward these features, likely associated with the extended free-free
radiation detected in the mm and cm continuum emission based
on the morphologies of the continuum emission as well as the
systemic gas.

5. Discussion

5.1. Ionized gas and molecular gas emission in DR18

In the 3.6 mm and 6 cm radio continuum emission maps (Fig. 3),
the morphology of the continuum emission around the DR18-
05 star shows a cometary head pointing toward the dense gas
regions. On the other hand, the extended continuum emission
has a cometary shape heading toward the Cyg OB2 association,
which is the opposite direction of the arc-like dense molecular
gas distribution. To investigate whether the continuum emission
at 6 cm and 3.6 mm wavelengths is primarily due to DR18-05
or whether there is an additional contribution from the external
OB2 association, we estimated its Lyman continuum photon flux
(Ni), namely, the number of ionizing photons emitted by a star, to
define the spectral type of an ionizing source, with the following
equation (e.g., Carpenter et al. 1990),(

Ni

photons−1

)
= 9 × 1043


∫

S ν
mJy

 (
D

kpc

)2 (
ν

5 GHz

)0.1
. (9)

Here,
∫

S ν is the integrated radio flux density estimated at a fre-
quency of ν, while D is the distance to DR18. The equation as-
sumes that the Hii region is optically thin. This is consistent with
our spectral index analysis discussed above and is to be expected
for the DR18 Hii region as it has an extended morphology and is
not deeply embedded in molecular clouds, for instance, ultra-
compact or hyper-compact Hii regions (see, e.g., Kurtz et al.
1994).

Considering the flux over the entire 6 cm radio continuum
emission obtained from the GLOSTAR, we obtain a Lyman pho-
ton continuum flux of 2.4×1049 s−1, corresponding to the spec-
tral type of an O5.5 star by following the relation between Ly-
man continuum photons and zero-age main sequence (ZAMS)
spectral type presented in Panagia (1973). Hence, the estimated
Lyman continuum photon rate is nearly five orders of magni-
tude larger than that of a typical B2-type star (i.e., 4.5×1044 s−1).
However, if we only consider the continuum flux within the in-
terior Hii region exhibited as blue-green color in the three-color
composite image in the left panel of Fig. 12, we obtained ZAMS
spectral types of B0 – B0.5 (6.9×1046 s−1), which are reasonably
consistent with the one (B2 type) from the optical spectral anal-
ysis carried out by Comerón et al. (2022). In addition, using the
3.6 mm continuum emission toward the Hii region by assuming
that the mm continuum emission from the Hii region is mainly
free-free emission, we obtained a very similar Lyman photon
continuum flux (i.e., 7.4 × 1046 s−1). The ionized gas along the
ridge cannot be formed by DR18-05 because the molecular gas
seems to block the UV radiation emitted from the B2 star as the
PDR layer traced by the PAH 8 µm and H2 (1–0) S (1) emission
lines are located between the ridge and the DR18-05 Hii region.
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Thus, the ionization of the gas on the ridge must have another
origin. This suggests that DR18-05 cannot itself excite the en-
tire volume of ionized gas associated with the globule. Thus,
the ionization by the external OB stars of the OB2 association
likely contributes to the free-free emission observed at 6 cm and
3.6 mm to a significant extent, as discovered in another globule
in the Cygnus-X region (Schneider et al. 2021).

In the left panel of Fig. 12, the three-color composite image
of HCO+, 8 µm, and 6 cm radio continuum emission shows that
strong radio continuum emission is extended toward the west
within the eroded cavity delineated by the PAH and molecular
emission. This feature is visible in the flux difference map of Brγ
and H2 (1–0) S (1) emission lines, as shown in the right panel of
Figure 12. The 2.12 µm H2 (1–0) S (1) emission line is emitted
in a cascade after absorbing UV photons (10 eV< hν < 13.6 eV)
and it is thus an excellent tracer of the photodissociation inter-
faces, where FUV radiation (6 eV < hν < 13.6 eV) is absorbed in
the cold molecular cloud (Black & van Dishoeck 1987). In ad-
dition, the 2.17 µm Brγ emission line is a recombination line of
hydrogen coming from an Hii region or ionized plasma region
(e.g., Djupvik et al. 2017; Carlsten & Hartigan 2018). In the dif-
ference map, negative values indicate strong H2 emission, im-
plying the FUV absorbing surface of the molecular cloud, while
positive values indicate an ionized gas region. In the image, as
expected, the bright Brγ emission closely resembles the 6 cm ra-
dio continuum emission (blue color in the three-color image).

Except for the ionized gas originating from the Hii region
of DR18-05, we notice widespread ionized gas emission along
the rim-brightened edges of DR18, which stretches toward the
north of the Hii region cavity. The intensities of 6 cm radio con-
tinuum, 8 µm, and the H2 (1–0) S (1) emission are lower toward
the rim-brightened ridge evident in the three-color image, com-
pared to values close to the Hii region. However, the distribu-
tions of 6 cm, 8 µm, H2 (1–0) S (1), and HCO+ toward the ridge
show the well-aligned paralleled geometric structure of an ion-
ization front (traced by the 6 cm continuum), a photodissociation
layer (in the 8 µm emission), and a molecular gas layer (indi-
cated by the HCO+ emission), from west to east. As shown in
Fig. 1, the surface of DR18 is irradiated directly by external O/B
star members of the OB2 association, ionizing the low-density
gas on its surface. This suggests that the ionized gas in the ridge
is likely photoevaporating, which is consistent with the analysis
with 3.6 mm and 6 cm continuum emission. Such photoevapo-
rating ionized gas surfaces are found in intense radiation regions
in the Cygnus-X complex (Emig et al. 2022; Carlsten & Harti-
gan 2018) and the M16 region (Sofue 2020). Such cases show-
ing both an internal PDR caused by embedded stars and exter-
nal PDRs due to OB associations have been found in infrared
spectroscopic observations of Brγ and H2 (1–0) S (1) lines (e.g.,
Djupvik et al. 2017) and PDR tracers, such as the 158 µm [CII]
line (e.g., Schneider et al. 2012).

To investigate whether ionizing radiation from the Hii re-
gion is eroding the globule and affecting the surrounding am-
bient molecular gas, we must estimate its physical properties.
First, we estimated the propagation velocity, υexp., of the eroding
front, using the following equation for its propagation velocity
(Comerón et al. 2005), assuming that the ionized gas from the
molecular cloud is free to flow away from the cloud:

υexp =
Ni

4π(n0)r2 km s−1, (10)

where n0 is 2nH2 , the initial molecular gas density. This assump-
tion is acceptable as the ionized gas is traced by the 6 cm radio
continuum, and the Brγ line emission is extended outward from

DR18-05. The derived range of υexp is ≃ 19.8 – 24.2 km s−1, by
adopting Ni of 6.9×1046 s−1 obtained from the 6 cm radio con-
tinuum emission from the volume of the shell, a molecular gas
density of 2 × 103 cm−3 toward DR18, derived from Herschel
far-infrared observations from 70 µm to 500 µm (Schneider et al.
2016a), and a distance from DR18-05 of ∼ 0.24 – 0.27 pc. As
mentioned by Comerón et al. (2005), the velocities derived from
the above formula stand as upper limits because the ionizing flux
impinging on the molecular gas is diminished by ionization of
the region between the molecular gas and the ionizing star and
also because the real distance from the ionizing star DR18-05
can be larger than the projected distance. The propagation ve-
locities determined here are typical velocities found toward ex-
panding Hii regions from radio recombination lines (e.g., Kim
et al. 2017). The structure of the radio continuum emission dis-
plays a cometary head pointing toward the molecular gas regions
and a tail extending toward the OB2 association. This could be
explained by the motion of the DR18-05 star and the expan-
sion of ionized gas in a champagne flow (Churchwell 1999).
This explanation is also consistent with the results of Comerón
& Torra (1999). However, we also notice a bow shock-like fea-
ture around the cometary head. Massive stars such as O/B type
stars develop strong stellar winds, injecting their mechanical en-
ergy into the ambient gas. Thus, winds can play a significant role
in the dynamical evolution of an ionized gas region along with
the uniform expansion and the moving star (e.g., hybrid model;
Cyganowski et al. 2003; Veena et al. 2017). The shell radius is
described by the following equation (Castor et al. 1975),

Rsh = 0.042
(

Lw

1036 ergs s−1

)1/5 ( n0

105 cm−3

)−1/5
(

t
103 yr

)3/5

pc,

(11)

where Lw is the mechanical luminosity of the wind. The shell
expansion velocity is

Vsh = 24.7
(

Lw

1036 ergs s−1

)1/5 ( n0

105 cm−3

)−1/5
(

t
103 yr

)−2/5

km s−1.

(12)

We adopted a distance of 0.2 pc between the ionizing star and
the shell, a velocity of 5 km s−1 for the shell velocity due to the
stellar wind, and an ambient gas density of 2×103 cm−3 (Schnei-
der et al. 2016a). The shell velocity is defined using the HCO+
emission (Fig. 10). The determined mechanical luminosity and
the shell expansion time are 3.9 × 1033 ergs s−1 and 2.4 × 104 yr,
respectively. Since DR18 is nearly in the plane of the sky, we
also estimated a case with a shell velocity of 10 km s−1, and ob-
tained Lw of 3.1 × 1034 ergs s−1 and a shell expansion time of
1.2×104 yr. To investigate whether the wind is dynamically more
important for forming the shell than the expansion driven by the
difference in pressure between the ionized and surrounding gas,
we compare the relation between the mechanical luminosity, Ni,
and n0 (Shull 1980; Garay et al. 1994), for the case that the wind
is more important than the expansion. For this to apply, the fol-
lowing relation must be satisfied,(

Lw

1036 ergs s−1

)
> 0.33

( Ni

1049 s−1

)2/3 ( n0

105 cm−3

)−1/3
. (13)

The derived wind mechanical luminosity (for a case with a shell
velocity of 5 km s−1, 3.9 × 1033 erg s−1, and, for a case with
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10 km s−1, 3.1 × 1034 erg s−1) is at best comparable to (and pos-
sibly only a small fraction of) the luminosity of the ionized gas,
4.4×1034 ergs s−1. This implies that the stellar wind alone cannot
produce the shell. Hence, it is likely that the cavity of DR18 is
shaped by the ionized gas produced by DR18-05, with a minor
contribution from its stellar wind and also by the influence of the
OB2 association. The cavity is open toward the OB2 association
and is photoionized by its combined UV radiation. In addition,
along with DR18-05, other YSOs located in DR18 could con-
tribute to forming the shell as well. Located around the shell,
there are four compact N2H+ cores (C1, C4, C7, and C9) close
to the Hii region and, interestingly, these cores are gravitationally
unbound, with αvir ≳ 2.0. This may imply that they are affected
by the expansion of the Hii region toward ambient gas associ-
ated with these unbound cores. The majority of the gravitation-
ally bound cores showing αvir ≲ 2.0 (6 out of 8 cores; C6, C8,
C10, C11, C13, and C15) have compact NH3 core counterparts
(Zhang et al. 2024), which were observed with a comparable
spatial resolution (∼ 0.02 pc) with to CASCADE observations
(∼ 0.02 – 0.03 pc). In addition, these bound cores partially over-
lap with the 8 µm and H2 emission, as depicted in Fig. 12. This
suggests that these bound cores are located in cold molecular
gas regions behind the PDR and the core fragmentation might
be influenced by the Hii region.

5.2. Association between SiO emission and the internal PDR

As mentioned in Section 4.2, the SiO emission has a dis-
tinct spatial distribution compared with that of other species
and is concentrated between the cold molecular gas and ion-
ized gas regions (see Fig. 5). Figure 13 shows the SiO spectral
lines extracted from the NOEMA+30 m combined data (black
curves) and NOEMA-only data (red curves). The NOEMA-only
data has a better velocity resolution of 0.25 km s−1 than the
NOEMA+30 m combined data used for this study, but we only
use this data for presenting the SiO spectra. These spectral lines
are extremely narrow and weak (∼ 0.8 – 2.0 km s−1 and a peak
intensity ∼ 0.05 Jy beam−1).

In previous studies, SiO emission has been mainly associated
with shocks in outflows of embedded YSOs (e.g., Schilke et al.
1997; Gusdorf et al. 2008; Sánchez-Monge et al. 2013; Duarte-
Cabral et al. 2014; Csengeri et al. 2016). Lines from SiO associ-
ated with outflows typically exhibit broad velocity components
> 8 km s−1 and its abundance in outflows relative to H2, X(SiO)
is approximately 10−6 – 10−9 (e.g., Martin-Pintado et al. 1992;
Sánchez-Monge et al. 2013; Duarte-Cabral et al. 2014; Csen-
geri et al. 2016). On the other hand, SiO detected in this study
shows extremely narrow line widths υFWHM ∼ 0.8 − 2.0 km s−1,
which are much narrower than the typical line widths originat-
ing from outflows. Nevertheless, if the axes of the outflows are
on the plane of the sky, the Doppler width of outflow compo-
nents can be quite modest. Thus, we compared the distributions
of SiO emission in DR18 with that of the known YSOs iden-
tified by Comerón et al. (2022), as displayed in the SiO ve-
locity field map in the upper panel of Fig. 14. However, there
is only one Class I YSO (indicated by a black square marker
in Fig. 14), which is likely to drive an outflow (e.g., Bontemps
et al. 1996), located at the gap between the east shell and the
north shell of the Hii region. We can distinguish separate blue-
and red-shifted emission regions, none of which appear to be as-
sociated with any YSO; this would contradict an outflow-based
interpretation. Toward the east shell region, the SiO emission is
red-shifted toward the Hii region, whereas the SiO emission, to-
ward the N2H+, is blue-shifted. This gradient is the opposite of
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Fig. 13: SiO spectral lines extracted from the NOEMA+30 m
combined data (black curves) and the NOEAM-alone data (red
curves). The combined data has a channel width of 0.8 km s−1

while the NOEMA-only data provides a narrower channel width
of 0.25 km s−1. The coordinates of each extracted position on the
SiO intensity map are individually displayed on each panel.

the velocity gradient seen in N2H+ (bottom panel of Fig. 14),
showing that the further components from the Hii region show
red-shifted velocities. In the north shell region, N2H+ and SiO
emission lines show more complicated velocity gradient fea-
tures. In addition, we determined N(SiO) over areas twice big-
ger than the SiO beam size, using 1.8 × 1012

∫
Tmb dυ cm−2,

with a Tex of 10 K, taken from Csengeri et al. (2016). SiO col-
umn densities toward different positions along the east and north
shells are ∼ 1.8 − 2.0 × 1012 cm−2. Using H2 column densities
(1.8−3.8×1022 cm−2) obtained from Bonne et al. (2023), the de-
rived X(SiO) values are ∼ 5×10−11−1.0×10−10. The abundances
are much lower than the typical abundances from outflows
and closer to the values (∼ 10−10 − 10−11) found toward low-
velocity shocked gas regions experiencing global infall, converg-
ing flows, or cloud-cloud collisions toward star-forming molecu-
lar clouds (e.g., Jiménez-Serra et al. 2010; Nguyen-Lu’o’ng et al.
2013; Duarte-Cabral et al. 2014; Csengeri et al. 2016; Cosentino
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Fig. 14: Velocity field maps of SiO (top) and N2H+ (bottom). The
black contours are the 3.6 mm continuum emission. The N2H+
velocity field map is generated by fitting hyperfine structure lines
of N2H+ per pixel using XCLASS while the SiO velocity map is
the intensity-weighted velocity of the spectral line (i.e., moment
1 map). The black symbols are YSOs, and they are the same as
presented in Fig. 2. The velocity ranges in the color bars for both
maps are fixed as the same.

et al. 2018, 2019, 2020; Kim et al. 2023), along with (∼ 10−11)
determined toward the Orion bar region and the S 140 PDR (i.e.,
Schilke et al. 2001). Thus, this SiO emission is unlikely related
to any potential outflows associated with the Class I YSO source.

Intriguingly, the SiO emission is significantly confined to
narrow regions and spatially overlaps well with strong vibra-
tional H2 line emission, evident in the negative values in the flux
difference map in the right image of Fig. 12. The H2 (1–0) S (1)
emission line is enhanced in the vicinity of the Hii region where
SiO emission is also detected. The excellent spatial agreement
with the enhanced H2 v = 1 − 0 S (1), narrow line widths, and
lower abundances of SiO emission suggest that both trace PDR
material around the Hii region. H2 lines can be excited by ab-
sorbing FUV radiation, followed by fluorescence (Black & van
Dishoeck 1987). Finally, SiO molecules can enter the gas phase

via the photo-desorption of the icy mantles of dust grains (Walm-
sley et al. 1999; Schilke et al. 2001).

However, it is hard to discard a shock origin for SiO and
H2 1–0 S (1) emission because H2 can also be excited by colli-
sions due to shock heating of H2 molecules (Burton et al. 1989).
Thus, to investigate whether SiO and H2 are associated with
PDRs or shocked regions, we compared their emission with in-
frared emission in the 4.5 µm and 3.6 µm Spitzer/IRAC bands.
Toward star-forming regions, especially infrared dark clouds,
4.5 µm emission is found to be enhanced and extended, known
as green fuzzies5 (Chambers et al. 2009) or extended green ob-
jects (EGOs) (Cyganowski et al. 2008). This enhancement is
likely due to shock excited line emission, either from the H2
0–0 S (9) line at 4.69 µm or CO v = 1 − 0 rovibrational band-
head at 4.3–5.2 µm (Noriega-Crespo et al. 2004; Ray et al. 2023).
Consequently, green fuzzies mostly mark outflows (e.g., Beuther
et al. 2005; Cyganowski et al. 2011). In addition, unlike other
IRAC bands, this band does not cover PAH lines and is con-
sidered a “PAH-free” band. On the other hand, the 3.6 µm band
includes 3.3 µm features from neutral PAHs, while the 5.8 µm
and 8µm bands include emission from cationic PAHs (PAH+)
(Bakes et al. 2001a,b; Benjamin et al. 2003). Comparing the
emission in the 4.5 µm band with that from these other bands
can help to determine the contributions of H2 excited by shocks
and by UV radiation, which is at the origin of the fluorescent
IR emission from PAHs. It may also help elucidate the ori-
gin of the enhanced 2.12 µm H2 emission and the narrow SiO
emission. However, the [4.5 µm]/[3.6 µm] ratios toward the re-
gions with the SiO detections and strong H2 emission are re-
markably lower ([4.5 µm]/[3.6 µm]< 0.65) than the color criteria
value ([4.5 µm]/[3.6 µm]≥ 1.8) for EGOs (Chambers et al. 2009)
(see Fig. D.1). Such low ratios might be due to either a lack of
only a very small contribution from shock-excited H2 and/or CO
lines to the 4.5 µm band or strong PAH features at 3.6 µm band,
or both. The study of van den Ancker et al. (2000b,a) reported
that H2 lines of embedded sources are due to shocks, while to-
ward more evolved objects (e.g., the shell of DR18), such lines
mainly originate from a PDR as the envelopes disperse; mean-
while, the PDR components become dominant compared to the
shock-excited emission.

Figure 15 shows normalized intensity profiles of N2H+, SiO,
8 µm, and 6 cm radio continuum emission along different cuts
(black dashed lines in Fig. 12) toward the east and north shells.
In many cases, the SiO (indicated by pink curves) is enhanced
at offset positions with enhanced 2.12 µm H2 emission, evident
by negative values on the Brγ − 2.12 µm H2 map (blue curves),
toward the east and north shell regions. Overall, these two trac-
ers show substantial correlation over most of the six cuts of
those shells. Interestingly, the north and middle cutouts of the
east shell show that SiO emission is spatially detected between
peaks of N2H+ emission (black curves), a dense gas tracer, and
8 µm emission (bright green curves), which traces PDRs. To-
ward the middle and south cutouts in the east shell, we rec-
ognize that some peaks of SiO and N2H+ are situated close to
6 cm continuum emission peaks tracing the position of DR18-
05. These N2H+ peaks correspond to the gravitationally unbound
cores (i.e., C9 and C4) and one bound core (i.e., C5). For the SiO
peaks in the south cutout, the SiO emission is slightly red-shifted
(υoffset > 8.8 km s−1, while the N2H+ emission is relatively blue-
shifted, ∼ υoffset < 8.4 km s−1. Thus, these two tracers do not
trace the same molecular gas regions. All the spatial distributions

5 The commonly employed three color code (red, green, and blue) used
green for the 4.5 µm band.
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Fig. 15: Intensity profiles of different tracers (see legend in the top left panel) along different cuts through the eastern shell (left
column) and the northern shell (right column). All the molecular line intensities were extracted from their velocity-integrated
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Brγ-H2 intensity profiles are shifted by −0.8, while the SiO profiles are moved by +0.2 along the y-axis. The vertical dashed lines
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Table 4: Input parameters of the Paris-Durham low-velocity
shock models.

Fixed parameters
Magnetic parameter (b) 1
Cosmic ray ionization rate ζ (s−1) 1 × 10−17

PAHs abundance 1 × 10−8

Initial extinction 0.1
Free parameters

Shock velocity (3s in km s−1) 5, 10, 20
Radiation field (G0 in Mathis unit) 0.1, 10, 102, 103

Pre-shock proton density (nH in cm−3) 102, 103, 104, 105

Notes. The UV interstellar radiation field is in Mathis units; 1 Mathis
unit corresponds to a flux of 1.92×10−3 ergs cm−2s−1 integrated between
912 and 2400 Å, and the ratio relative to 1 Habing is 1.02.

and intensity profiles for different tracers indicate that the SiO
emission toward DR18 seems conspicuously associated with the
PDR surrounding the Hii region of DR18-05.

To investigate the origin of SiO, we analyzed irradiated low-
velocity shock models (project ID: shockgrid_110_q1m8_2022)
using the Paris-Durham shock code (version 1.1.0, revision 115)

obtained from the InterStellar Medium DataBase (ISMDB)6.
The detailed concept of irradiated shock models using the Paris-
Durham shock code is described in Godard et al. (2019) and the
descriptions for this grid of shock models used here are pre-
sented and explained in Kristensen et al. (2023). The grid of
shock models covers low-velocity shocks propagating through
molecular gas environments with various external UV radiation
intensities. Table 4 lists the fixed and free parameters used in
the Paris-Durham low-velocity shock models we studied in this
work. We examined shock velocities (3S) ranging from 5 km s−1

to 20 km s−1, initial density (nH = n(H) + 2n(H2)) in the range
of 102 cm−3 to 105 cm−3, and UV radiation field intensities (G0)
from 0.1 to 103 in Mathis unit (Mathis et al. 1983). However, the
magnetic parameter, b is fixed to 1, corresponding to a C-type
shock. The initial transverse magnetic field and the magnetic pa-

rameter are expressed as B0
1 µG = b ×

(
nH

1cm−3

)0.5
. In addition, the

fractional abundance of PAHs relative to nH is fixed to 10−8. In
particular, the initial fractional elemental abundances (nx/nH) of
silicon (Si) are 3× 10−6 in the gas-phase, as Si+, and 3.37× 10−5

in grain cores. This grid only considers gas-phase chemistry and
does not include grain-grain interactions or ice mantles on the

6 https://app.ism.obspm.fr/ismdb/
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Fig. 16: Fractional abundances, N(X)/N(H2), of SiO and N2H+ relative to H2, calculated across shocks propagating at 5 (left panels),
10 (middle panels), and 20 (right panels) km s−1 in the initial media density nH = 102 (red squares), 103 (green circles), 104 (cyan
diamonds), and 105 (blue triangles) cm−3, as function of irradiating radiation field G0 in Mathis unit. In the upper panels for SiO,
the filled gray areas indicate the observed SiO abundances (5 × 10−11 − 1 × 10−10) toward DR18.

grains (see Kristensen et al. 2023 for details). However, grain
erosion resulting in the release of elemental Si, Fe, and others
into the gas phase is taken into account. Thus, in cases with
low-velocity shocks, the final SiO abundance greatly depends
on the initial abundance of Si+ and formation routes of silicon-
contained molecules in different physical conditions.

Figure 16 presents SiO and N2H+ abundances calculated
across irradiated shocks propagating in different media, as a
function of radiation field intensities. For all the models, X(SiO)
and X(N2H+) decrease as radiation field intensities increase. In
these models, the maximum values of the fractional abundances
relative to H2, N(X)/N(H2) are approximately close to the ini-
tial fractional abundance (nx/nH) of the gas-phase Si (i.e., Si+).
Overall, the computed SiO abundances for all the input shock ve-
locities in high-density environments are several orders of mag-
nitude greater than those in low-density cases. In the middle and
right panels, for shock velocities of 10 km s−1 and 20 km s−1, the
abundances of X(SiO) can still be produced at higher levels in
the UV-irradiated environments (G0 ≳ 100) than the observed
values if the initial densities are ∼ 103 − 105 cm−3. According to
Schneider et al. (2016a), the measured UV radiation field in the
region is about G0 ∼ 103. However, the initial external UV ra-
diation might be lower than G0 ∼ 103 determined from the Her-
schel 70 µm and 160 µm fluxes because the DR18 region may
be less exposed to the OB association and the external UV ra-
diation field in the Hii region may be smaller. Considering that
SiO emission is only detected toward the molecular shells where
dense molecular cores are closely located, it is likely that the
initial density is higher than 103 cm−3. Therefore, the shock ve-
locity creating the SiO emission in DR18 is likely slower than
10 km s−1.

In the left panels of Fig. 16, the 5 km s−1 shock model irra-
diated by UV radiation of G0 = 103 and with an initial density

of 105 cm−3 demonstrates a strong agreement with the observed
SiO abundances and the physical conditions of the DR18 region.
Godard et al. (2019) found that only low-velocity C-type shocks
(3s ≤ 5 km s−1) can exist in typical PDRs (nH ∼ 104 cm−3 and
G0 ∼ 100). Low-velocity shocks in highly UV-illuminated re-
gions (G0 = 104) only cause a slight compression of gas, which
increases its thermal pressure and changes its interaction with the
external UV field (Godard et al. 2019). The DR18 region likely
falls between typical PDRs and the extremely irradiated regions.
The SiO emission observed in DR18 is evidently associated with
gas regions that have been compressed by low-velocity shocks
(∼ 5 km s−1) propagating within an initial medium density rang-
ing between 104 and 105 cm−3. These shocks are further influ-
enced by external UV radiation (G0 ∼ 100 − 103). In addition,
the X(N2H+) values for all the irradiated shock models are sig-
nificantly lower than the expected values, ∼ 10−10−10−9 and un-
detectable. This possibly explains spatial and velocity discrepan-
cies between SiO and N2H+ toward the east and north shells. By
comparing the different shock models, we suggest that the SiO
emission in the DR18 region originates from the compressed gas
layers resulting from low-velocity shocks, which are likely pro-
duced by the initial expansion of the Hii region (e.g., Liu et al.
2024) and stellar winds, irradiated by external UV radiation.

6. Summary

We carried out 3.6 mm wavelength observations with the IRAM
30 m telescope and NOEMA toward DR18 to analyze the con-
tinuum radiation emission and selected spectral emission lines
from various molecular species. This study addresses the com-
plex molecular gas substructures inside DR18 for the first time.
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– We detected ground- or near ground state emission lines
from HCO+, HCN, HNC, C2H, H2CO, SiO, N2H+,
and HC3N, along with the rare isotopologues H13CO+,
H13CN, and HN13C, and 13CS. In addition, we also detected
three deuterated species, DCN, DNC, and NH2D. HCO+,
HCN, HNC, C2H, and H2CO show extended molecular gas
distributions, whereas the emission from isotopologues and
the three deuterated molecules arise from dense, compact re-
gions. Interestingly, SiO emission shows a spatial distribu-
tion different from that of any other species.

– The 3.6 mm continuum emission comprises a significant
contribution from free-free radiation, as extrapolated from
the 6 cm radio continuum emission. The range of spectral
types (B0 – B0.5) of a star emitting the free-free radiation
from the continuum emission approximately matches that of
the B2 type star DR18-05. The cometary Hii region located
in a cavity of the DR18 globule is likely formed by a cham-
pagne flow. Additionally, the shell structure seen in the cm
continuum emission surrounding this Hii region is probably
the result of expansion driven by the Hii region, as well as
photoionization from DR18-05 and externally coming from
stars in the OB2 association. The spatially extended ionized
gas encompassing the entire DR18 globule is attributed to
photoevaporation from the external OB stars in the Cyg OB2
association.

– Using the velocity-integrated intensity map of N2H+, we
identified 18 compact cores that are all located around
the Hii region of DR18-05. The average size determined
via source extraction is 0.03 pc. These cores are relatively
colder (THCN/HNC < 30 K) than their surrounding regions
(THCN/HNC > 30 K). Half of the cores (9 out of 18) are grav-
itationally bound and most of them are located behind PDRs
surrounding the Hii region of DR18-05. This might suggest
that these cores form as a result of stellar feedback that has
triggered star formation.

– We found emission from SiO with narrow line widths (∼0.8
– 2.0 km s−1) and low abundance (∼ 5 × 10−11 − 1 × 10−10).
This SiO emission is not spatially coincident with that of
other dense gas tracers, and its velocities show that it is
not associated with the N2H+ cores that trace the densest
gas. On the other hand, the SiO emission shows an excel-
lent spatial agreement with PDRs located between the N2H+
cores and the Hii region of DR18-05. The PDRs also show
stronger H2 emission. In addition, the ratios of emission
of the [4.5]/[3.6] IRAC bands toward the SiO emitting re-
gions do not show any evidence of shocks, as the values are
much smaller ([4.5 µm]/[3.6 µm]< 0.65) than typical ratios
found toward shocked regions ([4.5 µm]/[3.6 µm]≥ 1.8). In
comparison to the irradiated shock models, we suggest that
the SiO emission encompassing the Hii region indicates that
the molecular gas regions are slightly compressed by low-
velocity shocks (with ∼ 5 km s−1) irradiated by external UV
radiation (with intensities ranging from 100 to 1000), as they
propagate through the medium with nH ∼ 104 to 105 cm−3.
These shocks are presumably generated by the initial Hii re-
gion expansion and possibly by stellar winds as well.

Acknowledgements. This work is based on observations made with the In-
stitut de Radioastronomie Millimétrique (IRAM) 30 m telescope and the
Northern Extended Millimeter Array (NOEMA). W.-J. K. was supported
by DLR/Verbundforschung Astronomie und Astrophysik Grant 50 OR 2007.
A.S.-M. acknowledges support from the RyC2021-032892-I grant funded by
MCIN/AEI/10.13039/501100011033 and by the European Union ‘Next Gen-
erationEU’/PRTR, as well as the program Unidad de Excelencia María de
Maeztu CEX2020-001058-M, and support from the PID2020-117710GB-I00
(MCI-AEI-FEDER, UE). S.A.D. acknowledges the M2FINDERS project from

the European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (grant No 101018682). D. S. ac-
knowledges support from the European Research Council under the Horizon
2020 Framework Program via the ERC Advanced Grant Origins 83 24 28 (PI:
Th. Henning). W.-J. K., N. S, and P. S. acknowledge support by the Deutsche
Forschungsgemeinschaft via the collaborative research center SFB 1601 (project
ID 500700252), subprojects A2 and B2.

References
Bachiller, R. & Pérez Gutiérrez, M. 1997, ApJ, 487, L93
Bakes, E. L. O., Tielens, A. G. G. M., & Bauschlicher, Charles W., J. 2001a,

ApJ, 556, 501
Bakes, E. L. O., Tielens, A. G. G. M., Bauschlicher, Charles W., J., Hudgins,

D. M., & Allamandola, L. J. 2001b, ApJ, 560, 261
Beerer, I. M., Koenig, X. P., Hora, J. L., et al. 2010, ApJ, 720, 679
Benjamin, R. A., Churchwell, E., Babler, B. L., et al. 2003, PASP, 115, 953
Bertoldi, F. & McKee, C. F. 1992, ApJ, 395, 140
Beuther, H., Sridharan, T. K., & Saito, M. 2005, ApJ, 634, L185
Beuther, H., Wyrowski, F., Menten, K. M., et al. 2022, A&A, 665, A63
Black, J. H. & van Dishoeck, E. F. 1987, ApJ, 322, 412
Bonne, L., Bontemps, S., Schneider, N., et al. 2023, ApJ, 951, 39
Bontemps, S., Andre, P., Terebey, S., & Cabrit, S. 1996, A&A, 311, 858
Brunthaler, A., Menten, K. M., Dzib, S. A., et al. 2021, A&A, 651, A85
Burton, M. G., Brand, P. W. J. L., Geballe, T. R., & Webster, A. S. 1989, MN-

RAS, 236, 409
Cao, Y., Qiu, K., Zhang, Q., et al. 2019, ApJS, 241, 1
Carlsten, S. G. & Hartigan, P. M. 2018, ApJ, 869, 77
Carpenter, J. M., Snell, R. L., & Schloerb, F. P. 1990, ApJ, 362, 147
Caselli, P., Benson, P. J., Myers, P. C., & Tafalla, M. 2002, ApJ, 572, 238
Castor, J. I., Abbott, D. C., & Klein, R. I. 1975, ApJ, 195, 157
Chambers, E. T., Jackson, J. M., Rathborne, J. M., & Simon, R. 2009, ApJS, 181,

360
Churchwell, E. 1999, in NATO Advanced Study Institute (ASI) Series C, Vol.

540, The Origin of Stars and Planetary Systems, ed. C. J. Lada & N. D. Ky-
lafis, 515

Codella, C., Bachiller, R., & Reipurth, B. 1999, A&A, 343, 585
Comerón, F., Schneider, N., & Djupvik, A. A. 2022, A&A, 660, A106
Comerón, F., Schneider, N., & Russeil, D. 2005, A&A, 433, 955
Comerón, F. & Torra, J. 1999, A&A, 349, 605
Cosentino, G., Jiménez-Serra, I., Caselli, P., et al. 2019, ApJ, 881, L42
Cosentino, G., Jiménez-Serra, I., Henshaw, J. D., et al. 2018, MNRAS, 474, 3760
Cosentino, G., Jiménez-Serra, I., Henshaw, J. D., et al. 2020, MNRAS, 499, 1666
Csengeri, T., Leurini, S., Wyrowski, F., et al. 2016, A&A, 586, A149
Cyganowski, C. J., Brogan, C. L., Hunter, T. R., Churchwell, E., & Zhang, Q.

2011, ApJ, 729, 124
Cyganowski, C. J., Reid, M. J., Fish, V. L., & Ho, P. T. P. 2003, ApJ, 596, 344
Cyganowski, C. J., Whitney, B. A., Holden, E., et al. 2008, AJ, 136, 2391
Dicker, S. R., Ade, P. A. R., Aguirre, J., et al. 2014, Journal of Low Temperature

Physics, 176, 808
Djupvik, A. A., Comerón, F., & Schneider, N. 2017, A&A, 599, A37
Duarte-Cabral, A., Bontemps, S., Motte, F., et al. 2014, A&A, 570, A1
Duarte-Cabral, A., Bontemps, S., Motte, F., et al. 2013, A&A, 558, A125
Dzib, S. A., Rodríguez, L. F., Loinard, L., et al. 2013, ApJ, 763, 139
Emig, K. L., White, G. J., Salas, P., et al. 2022, A&A, 664, A88
Endres, C. P., Schlemmer, S., Schilke, P., Stutzki, J., & Müller, H. S. P. 2016,

Journal of Molecular Spectroscopy, 327, 95
Garay, G., Lizano, S., & Gomez, Y. 1994, ApJ, 429, 268
Ginsburg, A., Anderson, L. D., Dicker, S., et al. 2020, ApJS, 248, 24
Godard, B., Pineau des Forêts, G., Lesaffre, P., et al. 2019, A&A, 622, A100
Gong, Y., Ortiz-León, G. N., Rugel, M. R., et al. 2023, A&A, 678, A130
Gottschalk, M., Kothes, R., Matthews, H. E., Landecker, T. L., & Dent, W. R. F.

2012, A&A, 541, A79
Gritschneder, M., Burkert, A., Naab, T., & Walch, S. 2010, ApJ, 723, 971
Gusdorf, A., Pineau Des Forêts, G., Cabrit, S., & Flower, D. R. 2008, A&A, 490,

695
Hacar, A., Bosman, A. D., & van Dishoeck, E. F. 2020, A&A, 635, A4
Hester, J. J., Scowen, P. A., Sankrit, R., et al. 1996, AJ, 111, 2349
Hora, J., Bontemps, S., Megeath, T., et al. 2007, A Spitzer Legacy Survey of the

Cygnus-X Complex, Spitzer Proposal ID #40184
Jiménez-Serra, I., Caselli, P., Tan, J. C., et al. 2010, MNRAS, 406, 187
Kauffmann, J., Pillai, T., & Goldsmith, P. F. 2013, ApJ, 779, 185
Kim, W. J., Urquhart, J. S., Veena, V. S., et al. 2023, A&A, 679, A123
Kim, W. J., Wyrowski, F., Urquhart, J. S., Menten, K. M., & Csengeri, T. 2017,

A&A, 602, A37
Koumpia, E., Harvey, P. M., Ossenkopf, V., et al. 2015, A&A, 580, A68
Kristensen, L. E., Godard, B., Guillard, P., Gusdorf, A., & Pineau des Forêts, G.

2023, A&A, 675, A86

Article number, page 20 of 25



W.-J. Kim et al.: Unveiling the hidden structures in DR18

Kurtz, S., Churchwell, E., & Wood, D. O. S. 1994, ApJS, 91, 659
Le Petit, F., Nehmé, C., Le Bourlot, J., & Roueff, E. 2006, ApJS, 164, 506
Liu, R., Liu, T., Jiménez-Serra, I., et al. 2024, arXiv e-prints, arXiv:2411.19489
Martin-Pintado, J., Bachiller, R., & Fuente, A. 1992, A&A, 254, 315
Mathis, J. S., Mezger, P. G., & Panagia, N. 1983, A&A, 128, 212
Medina, S. N. X., Urquhart, J. S., Dzib, S. A., et al. 2019, A&A, 627, A175
Möller, T., Bernst, I., Panoglou, D., et al. 2013, A&A, 549, A21
Möller, T., Endres, C., & Schilke, P. 2017, A&A, 598, A7
Motte, F., Bontemps, S., Schilke, P., et al. 2007, A&A, 476, 1243
Motte, F., Zavagno, A., Bontemps, S., et al. 2010, A&A, 518, L77
Müller, H. S. P., Schlöder, F., Stutzki, J., & Winnewisser, G. 2005, Journal of

Molecular Structure, 742, 215
Nguyen-Lu’o’ng, Q., Motte, F., Carlhoff, P., et al. 2013, ApJ, 775, 88
Noriega-Crespo, A., Morris, P., Marleau, F. R., et al. 2004, ApJS, 154, 352
Ortiz-León, G. N., Menten, K. M., Brunthaler, A., et al. 2021, A&A, 651, A87
Palmeirim, P., André, P., Kirk, J., et al. 2013, A&A, 550, A38
Panagia, N. 1973, AJ, 78, 929
Papovich, C., Shipley, H. V., Mehrtens, N., et al. 2016, ApJS, 224, 28
Pety, J. 2005, in SF2A-2005: Semaine de l’Astrophysique Francaise, ed. F. Ca-

soli, T. Contini, J. M. Hameury, & L. Pagani, 721
Piddington, J. H. & Minnett, H. C. 1952, Australian Journal of Scientific Re-

search A Physical Sciences, 5, 17
Pirogov, L., Zinchenko, I., Caselli, P., Johansson, L. E. B., & Myers, P. C. 2003,

A&A, 405, 639
Ray, T. P., McCaughrean, M. J., Caratti o Garatti, A., et al. 2023, Nature, 622,

48
Redaelli, E., Bizzocchi, L., Caselli, P., et al. 2019, A&A, 629, A15
Reipurth, B. & Schneider, N. 2008, in Handbook of Star Forming Regions, Vol-

ume I, ed. B. Reipurth, Vol. 4, 36
Romero, C. E., Sievers, J., Ghirardini, V., et al. 2020, ApJ, 891, 90
Rosolowsky, E. W., Pineda, J. E., Kauffmann, J., & Goodman, A. A. 2008, ApJ,

679, 1338
Rygl, K. L. J., Brunthaler, A., Sanna, A., et al. 2012, A&A, 539, A79
Salgado, F., Berné, O., Adams, J. D., et al. 2016, ApJ, 830, 118
Sánchez-Monge, Á., López-Sepulcre, A., Cesaroni, R., et al. 2013, A&A, 557,

A94
Sánchez-Monge, Á., Schilke, P., Schmiedeke, A., et al. 2017, A&A, 604, A6
Sanhueza, P., Jackson, J. M., Foster, J. B., et al. 2012, ApJ, 756, 60
Schilke, P., Pineau des Forêts, G., Walmsley, C. M., & Martín-Pintado, J. 2001,

A&A, 372, 291
Schilke, P., Walmsley, C. M., Pineau des Forets, G., & Flower, D. R. 1997, A&A,

321, 293
Schneider, N., Bonne, L., Bontemps, S., et al. 2023, Nature Astronomy, 7, 546
Schneider, N., Bontemps, S., Motte, F., et al. 2016a, A&A, 591, A40
Schneider, N., Bontemps, S., Motte, F., et al. 2016b, A&A, 587, A74
Schneider, N., Bontemps, S., Simon, R., et al. 2006, A&A, 458, 855
Schneider, N., Güsten, R., Tremblin, P., et al. 2012, A&A, 542, L18
Schneider, N., Röllig, M., Polehampton, E. T., et al. 2021, A&A, 653, A108
Shull, J. M. 1980, ApJ, 238, 860
Skretas, I. M. & Kristensen, L. E. 2022, A&A, 660, A39
Sofue, Y. 2020, MNRAS, 492, 5966
Sugitani, K., Tamura, M., Nakajima, Y., et al. 2002, ApJ, 565, L25
Tafalla, M., Su, Y. N., Shang, H., et al. 2017, A&A, 597, A119
Tielens, A. G. G. M. 2013, Reviews of Modern Physics, 85, 1021
Tielens, A. G. G. M. & Hollenbach, D. 1985, ApJ, 291, 722
Tremblin, P., Audit, E., Minier, V., Schmidt, W., & Schneider, N. 2012a, A&A,

546, A33
Tremblin, P., Audit, E., Minier, V., & Schneider, N. 2012b, A&A, 538, A31
Treviño-Morales, S. P., Fuente, A., Sánchez-Monge, Á., et al. 2016, A&A, 593,

L12
van den Ancker, M., Wesselius, P. R., & Tielens, A. G. G. M. 2000a, in Molecular

Hydrogen in Space, ed. F. Combes & G. Pineau Des Forets, 139
van den Ancker, M. E., Tielens, A. G. G. M., & Wesselius, P. R. 2000b, A&A,

358, 1035
van der Tak, F. F. S., Lique, F., Faure, A., Black, J. H., & van Dishoeck, E. F.

2020, Atoms, 8, 15
Veena, V. S., Vig, S., Tej, A., Kantharia, N. G., & Ghosh, S. K. 2017, MNRAS,

465, 4219
Walmsley, C. M., Pineau des Forêts, G., & Flower, D. R. 1999, A&A, 342, 542
White, G. J., Nelson, R. P., Holland, W. S., et al. 1999, A&A, 342, 233
Wright, N. J., Drew, J. E., & Mohr-Smith, M. 2015, MNRAS, 449, 741
Zhang, X., Qiu, K., Zhang, Q., et al. 2024, arXiv e-prints, arXiv:2403.03845
Zinnecker, H. & Yorke, H. W. 2007, ARA&A, 45, 481

Article number, page 21 of 25



A&A proofs: manuscript no. aa51998-24corr

Appendix A: Velocity-integrated intensity maps
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Fig. A.1: Velocity-integrated intensity maps of CCH (integrated from 6 km s−1 to 14 km s−1), H2CO (6 km s−1 to 11.6 km s−1),
HCN (−0.4 km s−1to 18.8 km s−1, including all the hfs transitions), HNC (7 km s−1 to 13.5 km s−1), H13CN (0 km s−1 to 16.4 km s−1

including all the hfs transitions), and HN13C (6.8 km s−1 to 10.8 km s−1) from top to bottom. The star symbol and contours are the
same as in Fig. 5.
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Fig. A.2: Velocity-integrated intensity maps of H13CO+ (6.8 km s−1 to 11.6 km s−1), HC3N (J = 10−9) (7.6 km s−1 to 10.8 km s−1),
HC3N (J = 8 − 7) (7.6 km s−1 to 10.8 km s−1), DCN (5 km s−1 to 17 km s−1 spanning all the hfs transitions), DNC (7 km s−1 to
10 km s−1), and 13CS (7 km s−1 to 10 km s−1) from top to bottom. The star symbol and contours are the same as in Fig. 5.
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Appendix B: THCN/HNC and TH13CN/HN13C maps
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Fig. B.1: Gas kinetic temperature map separately derived by using the ratios of the HCN/HNC and H13CN/HN13C emission lines.
The black contours represent the 3.6 mm continuum emission. The beams for the THCN/HNC and TH13CN/HN13C maps are displayed in
the lower left corner.

Appendix C: N2H+ spectral lines extracted toward the identified compact cores.
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Fig. C.1: N2H+ spectral lines (black curves) extracted over the circular regions of the compact cores, overlapped with N2H+ spectral
lines (red dotted curves) extracted over the leaf structures from the astrodendro and the XCLASS modeled spectra (green curves)
in a Tmb scale

.
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Appendix D: Flux ratio map of Spitzer/IRAC 4.5µm and 3.6µm bands.
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Fig. D.1: Ratio map of 4.5 µm over 3.6 µm fluxes. The magenta and black contours for SiO and N2H+, respectively, are the same as
the right image of Fig. 12.
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