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ABSTRACT
We utilize multiple-waveband continuum and molecular-line data of CO isotopes to study the
dynamical structure and physical properties of the IRDC G31.97+0.07. We derive the dust
temperature and H2 column density maps of the whole structure by spectral energy distribution
fitting. The total mass is about 2.5 × 105 M� for the whole filamentary structure and about
7.8 × 104 M� for the infrared dark cloud (IRDC). Column density probability distribution
functions (PDFs) produced from the column density map are generally in the power-law
form, suggesting that this part is mainly gravity dominant. The flatter slope of the PDF of
the IRDC implies that it might be compressed by an adjacent, larger H II region. There are
27 clumps identified from the 850 μm continuum located in this filamentary structure. Based
on the average spacing of the fragments in the IRDC, we estimate the age of the IRDC. The
age is about 6.4 Myr, assuming inclination angle i = 30◦. For 18 clumps with relatively
strong CO and 13CO (3–2) emission, we study their line profiles and stabilities. We find five
clumps with blue profiles that indicate gas infall motion and two clumps with red profiles that
indicate outflows or expansion. Only one clump has αvir > 2, suggesting that most clumps
are gravitationally bound and tend to collapse. In the mass–Req diagram, 23 of 27 clumps are
above the threshold for high-mass star formation, suggesting that this region can be a good
place for studying high-mass star forming.
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1 INTRODUCTION

Massive stars (M ≥ 8M�) and massive stellar clusters play an
important role in moulding the galactic environment and determin-
ing the metal enrichment through their ionizing radiation, stellar
winds, outflows, and explosive deaths. However, much remains to
be understood about the formation and protostellar evolution of
high-mass stars. The initial conditions and the earliest evolutionary
stages of massive star formation are still unclear.

Infrared dark clouds (IRDCs) have been proposed to be good
candidates for the birthplaces of massive stars and clusters. IRDCs
were first observed as dark silhouettes against the bright Galactic
background infrared (IR) emission by the Midcourse Space Ex-
periment (MSX; Carey et al. 1998; Egan et al. 1998; Simon et al.
2006), and the Infrared Space Observatory (Hennebelle et al. 2001).
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Previous molecular lines and continuum studies suggested that
IRDCs were cold (< 20 K) and dense (> 105 cm−3) gas collections,
typically arranged in filamentary and/or globular structures with
compact cores. Their masses range from 102 to 105 M� with
a scale of several to tens of pc (Carey et al. 1998; Egan et al.
1998; Rathborne, Jackson & Simon 2006). All of these properties
imply that IRDCs are an excellent mass reservoir for massive star
formation.

The filamentary IRDC can be seen as a self-gravitating gas cylin-
der. Theoretical work predicted that the filament should fragment
into multiple cores with quasi-regular spacing due to the ‘sausage’
instability (Chandrasekhar & Fermi 1953; Nagasawa 1987; In-
utsuka & Miyama 1992; Tomisaka 1995). That was approved
by observational studies showing that many cores/clumps were
embedded in filamentary IRDCs (Rathborne et al. 2006; Wang et al.
2008; Henning et al. 2010; Jackson et al. 2010; Wang et al. 2014). In
addition, recent studies have revealed massive young stellar objects
(YSOs) and cores in IRDCs (Rathborne et al. 2006; Beuther &
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Steinacker 2007; Rathborne, Simon & Jackson 2007; Wang et al.
2008;; Henning et al. 2010; Rathborne et al. 2011), indicating
that IRDCs are active subjects with undergoing massive star
formation.

G31.97+0.07 was first identified by MSX (Simon et al. 2006).
The IR morphology has a long, thin filamentary structure, and
it is located in the west side of an active star-forming complex
containing several (UC)H II regions (see Fig. 1 in Section 2.1).
The central velocity of the IRDC is 96.7 km s−1 given by Simon
et al. (2006). The central velocity and position are well consistent
with the molecular cloud GRSMC G032.09+00.09 (Roman-Duval
et al. 2009). So in this work, we use the distance of GRSMC
G032.09+00.09 for our object. The distance is 7.07 kpc, using
the Clemens rotation curve of the Milky Way (Clemens 1985) and
solving the kinematic distance ambiguity by H I self-absorption
analysis.

Rathborne et al. (2006) observed nine dense clumps with masses
ranging from 151 to 1890 M� using the IRAM 30 m single-
dish telescope. Wang et al. (2006) reported water masers in
G31.97+0.07, and Urquhart et al. (2009) identified an H II region
in G31.97+0.07. Battersby et al. (2014) studied G31.97+0.07 in
the NH3 (1,1), (2, 2), and (4,4) transitions with the Very Large Array
(VLA). They identified 11 dense cores less 0.1 pc in size, and found
that those cores were virially unstable to gravitational collapse.
They also reported that turbulence likely set the fragmentation
length scale in the filament. Moreover, they note the existence of
at least three large bubbles around the filament, which are likely
older H II regions. They suggested that those large H II regions may
have compressed the molecular gas to form and/or shape the IRDC
and trigger more recent massive star formation. Using the IRAM
30 m and CSO 10.4 m telescopes, Zhang et al. (2017) performed
observations with HCO+, HCN, N2H+, C18O, DCO+, SiO, and
DCN towards G31.97+0.07. They reported that C18O emission
may be heavily depleted at the peak positions of some cold cores.
And they suggest that some active cores are collapsing while their
envelopes are expanding.

In this work, we utilize multiple wavebands of continuum data
(from Mid-IR to 850 μm), and molecular line data of three CO
isotopes at J = 1 → 0 and J = 3 → 2 transition, to study the
dynamical structure of IRDC G31.97+0.07 and star formation
processes in dense clumps embedded in the structure. The data used
in this work are described in Section 2. We present results of large-
scale cloud and the dust and gas properties derived from continuum
and molecular lines data in Section 3. Further discussion about gas
dynamics and dense clumps properties is given in Section 4. We
summarize our work in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

2.1 IR to sub-millimetre continuum data

We utilized near-IR and mid-IR data from the GLIMPSE and
MIPSGAL survey. The GLIMPSE survey observed the Galactic
plane with four IR bands (3.6, 4.5, 5.8, 8.0 μm) of the IRAC
instrument on the Spitzer Space Telescope, and the sky coverage is
|b| < 1◦ for 10◦ < � < 65◦ (Benjamin et al. 2003; Churchwell et al.
2009). MIPSGAL is a survey of the same area as GLIMPSE, using
MIPS instrument at 24 and 70 μm on Spitzer (Carey et al. 2009).
The point-source catalogue from GLIMPSE (Spitzer Science 2009)
and 24 μm point-source catalogue from MIPSGAL (Gutermuth &
Heyer 2015) have been used to identify YSO candidates.

Far-IR data were obtained from the Hi-GAL survey to investigate
dust properties of our object. Hi-GAL (Herschel Infrared Galactic
Plane Survey; Molinari et al. 2010) is a key project of Herschel
Space Observatory that mapped the entire Galactic plane with
|b| ≤ 1◦. The Hi-GAL data were observed in the fast mode using the
PACS (70 and 160 μm) and SPIRE (250, 350, 500 μm) instruments
in the parallel mode. We used the Herschel Interactive Processing
Environment (HIPE) to download the continuum maps from the
Herschel Science Archive and to reduce the data using standard
pipelines. The effective angular resolution is 10.2, 13.5, 18.1, 24.9,
and 36.4 arcsec at 70, 160, 250, 350, and 500 μm, respectively.
In addition, the 70 μm point-source catalogues from Hi-GAL
(Molinari et al. 2016a) were used to investigate evolutionary stages
of the clumps in our object.

We extracted 850 μm continuum data from the James Clerk
Maxwell Telescope (JCMT) Plane Survey (JPS; Moore et al. 2015;
Eden et al. 2017). JPS is a targeted, yet unbiased, survey of
the inner Galactic plane in the longitude range 7◦ < � < 63◦

and latitude range |b| < 0.8◦ using Sub-millimetre Common-User
Bolometer Array 2 (SCUBA-2; Holland et al. 2013) at 850 μm
with an angular resolution of 14.5 arcsec. The survey observing
strategy is to map six large, regularly spaced fields within the
area. Each individual survey field is sampled using a regular grid
of eleven circular tiles with a uniform diameter of one degree,
observed using the pong3600 mode (Bintley et al. 2014). The data
reduction process removes structures larger than 480 arcsec from
the final maps, which are gridded to 3 arcsec per pixel. The average
smoothed pixel-to-pixel noise is 7.19 mJy beam−1. The JPS 850 μm
compact-source catalogue identified by Eden et al. (2017) using
the FELLWALKER algorithm (Berry 2015) is also adopted in this
study.

2.2 Molecular line data

13CO (1–0) emission data from the Boston University-Five Col-
lege Radio Astronomy Observatory Galactic Ring Survey (BU-
FCRAO GRS; Jackson et al. 2006) were used to identify large-
scale structures. The survey covered a longitude range of 18◦ <

� < 55.7◦ and a latitude range of |b| < 1◦, using the SEQUOIA
multipixel array on the Five College Radio Astronomy Observatory
14 m telescope. The velocity resolution of the survey is 0.21 km s−1,
and angular resolution is 46 arcsec. The typical rms sensitivity is
σ (T ∗

A ) ∼ 0.13K.
We used CO (3–2) data from the CO High Resolution Survey

(COHRS; Dempsey, Thomas & Currie 2013) to study warm and
high-velocity gas that may be excited by shocks and outflows from
active star-forming regions. This survey covers |b| < 0.5◦ between
10◦ < � < 65◦ using the HARP instrument on the JCMT. The
final data cube were smoothed to the angular resolution of 16.6
arcsec and rebinned to 1 km s−1. The mean rms is about 1 K and a
main-beam efficiency of ηmb = 0.61.

Data from the 13CO/C18O (3–2) Heterodyne Inner Milky-Way
Plane Survey (CHIMPS: Rigby et al. 2016) were used to investigate
the denser part (e.g. clumps embedded in the structure). CHIMPS
was carried out using the HARP on the JCMT, observing 13CO
and C18O (3–2) simultaneously. The survey covers |b| ≤ 0.5◦ and
28◦ � � � 46◦, with an angular resolution of 15 arcsec in 0.5 km s−1.
The mean rms of the data is about 0.6 K and a main-beam efficiency
of ηmb = 0.72.
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Figure 1. The three-colour image for IRDC G31.97+0.07 at large scale, red: JPS 850 μm, green: MIPSGAL 24 μm, blue: GLIMPSE 8 μm. Red dashed lines
mark the filamentary structure. The IRDC displays the extinction feature at near/mid-IR wavebands but emits at sub-millimetre wavelengths. The magenta
dashed circles represent the positions of H II regions identified by Anderson et al. (2014). Green crosses show the positions of the millimetre cores MM1–MM9
identified by Rathborne et al. (2006) and yellow crosses show the positions of 27 JPS compact sources identified by Eden et al. (2017). The IDs of JPS clumps
with signal-noise ratio at 850 μm larger than 10 are labelled.

3 RESULTS

3.1 IR and sub-millimetre continuum emission

Fig. 1 displays the three-colour image (red: JPS 850 μm, green:
MIPSGAL 24 μm, blue: GLIMPSE 8 μm) of the filamentary IRDC
G31.97+0.07 and its adjacent context. The filamentary structure
is marked by the red-dashed line, and H II regions identified by
Anderson et al. (2014) from Wide-field Infrared Survey Explorer
(WISE) data are shown in magenta dashed circles. In Fig. 1, the
filamentary structure is divided into two parts: the eastern near/mid-
IR dominant part and western sub-millimetre dominant part. The
bright 8 μm emission is mainly attributed to polycyclic aromatic
hydrocarbons excited by the UV radiation in the adjacent H II

region (Pomarès et al. 2009). Thus, 8 μm emission can be utilized
to delineate infrared bubbles. The eastern part, located on the rim
of the large H II region G32.11+0.05, contains several 8 μm-bright
H II regions: H II G32.16+0.13, H II G32.11+0.09 (or bubble N55
in Churchwell et al. 2006), and H II G32.06+0.08. This indicates
that the eastern part hosts some young O or B type stars with
strong stellar winds. Two UC H II regions located on the rim of N55
may suggest efficient star-forming in this region. The western part,
mainly consisting of IRDC G31.97+0.07 and some other small
filaments, displays a dark extinction feature. The green crosses
show the positions of 9 cores, MM1–MM9, identified in 1.2 mm
continuum data by Rathborne et al. (2006) using the IRAM 30 m
telescope. The yellow crosses show the positions of 27 JCMT
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compact sources identified by Eden et al. (2017) from JPS 850 μm
data.

The 24 μm continuum emission is mainly contributed by the
thermal radiation of warm dust heated by protostars (Battersby
et al. 2011; Guzmán et al. 2015). H II regions and infrared
bubbles, distributed in the filamentary structure, exhibit strong
emission in their inner regions in the 24 μm waveband. IRDC
31.97+0.07 mostly appears as dark extinction at 24 and 70 μm.
Some of the mm continuum cores identified by Rathborne et al.
(2006) and sub-millimetre compact sources identified by Eden
et al. (2017) do not show 24 μm emission, indicating that they
are cold and dense. Battersby et al. (2014) divided the IRDC
into two parts, the ‘active part’ and the ‘quiescent part’. MM1,
MM2, MM3, MM6, and MM9, belonging to the ‘active part’, are
associated with mid-IR bright point sources. This suggests that
these cores are undergoing star formation and heating the nearby
dust.

Sub-millimetre continuum emission can be a good tracer of the
cold and dense dust. It also can be an effective tool to search
for clumps lacking signs of the star-forming process, or in early
evolutionary stage. The long filament of IRDC G31.97+0.07 can
be easily distinguished in the 850 μm image. The Bubble N55 and
H II G32.06+0.08 are devoid of 850 μm emission, while other H II

regions in the IRDC are associated with bright 850 μm clumps. This
indicates that bubble N55 and H II G32.06+0.08 are more evolved
than other H II regions in the filament. Considering the morphology
in the continuum emission, we suggest that IRDC 31.97+0.07 and
the H II regions on its east side may be one continuous structure,
which is further confirmed by the continuity of velocity (see in
Section 3.2).

3.2 CO molecular line emission

We use GRS 13CO (1–0) molecular line emission to show the gas
distribution of IRDC G31.97+0.07. Fig. 2 shows the 13CO channel
maps overlaid on 8 μm emission in steps of 1 km s−1, between 90
and 101 km s−1. Most 13CO emission is detected in the velocity
interval of 93–99 km s−1, while UC H II regions and the ‘active’
clumps in the IRDC contain high-velocity components that may be
driven by outflows from YSOs. The channel maps also show that
IRDC G31.97+0.07 and the H II regions on its east side belong
to the continuous filamentary structure also implied by continuum
emission data, with a systemic velocity at 96.5 km s−1.

Fig. 3 shows contours of GRS 13CO (1–0) integrated intensity
overlaid on 8 and 850 μm continuum emission. The velocity
interval is between 90 and 101 km s−1, with central velocity
96.5 km s−1. The red dashed line marks the filamentary structure.
The 13CO (1–0) integrated map shows the molecular cloud GRSMC
G032.09+00.09 identified by Rathborne et al. (2009) with central
velocity 96.85 km s−1 (Roman-Duval et al. 2009). The shape of the
dense and gas-rich part of GRSMC G032.09+00.09 is consistent
with the filamentary structure of the continuum. That suggests that
IRDC 31.97+0.07 and the H II regions on its east side are one
continuous structure embedded in the molecular cloud GRSMC
G032.09+00.09, and the distance of the cloud is 7.07 kpc (Roman-
Duval et al. 2009). The length of the whole filamentary structure is
about 20 arcmin and ∼41 pc at this distance. The radii of the JPS
compact sources located in the structure range from 0.2 to 0.8 pc;
hence, they are molecular clumps.

3.3 Spectral energy distribution fitting

To determine the properties of the dust, we fit the spectral energy
distribution (SED) of our object pixel by pixel based on Herschel
data. As the most part of the IRDC is 70 μm dark, we just take
emission at 160, 250, 350, 500 μm into account in our SED fitting.

In order to measure the flux of multiwaveband observations in
different angular resolutions, we convolved our image to a common
angular resolution by a Gaussian kernel with full width at half-

maximum (FWHM) equal to
√

θ2
500 − θ2

λ , where θ500 is FWHM
beam size of Hi-GAL 500 μm band and θλ is the FWHM beam size
of each Hi-GAL band. Then we re-gridded our data to be aligned
pixel by pixel with the same pixel size of 14 arcsec.

We used the smoothed data to fit the SED for each pixel by using
a grey-body model:

Iν = Bν(Td )(1 − e−τν ), (1)

where Iν is the monochromatic intensity, Bν(Td) is the Planck
function, and τ ν , the optical depth at frequency ν, is given by

τν = μH2 mHκνNH2 /GDR. (2)

Here, μH2 = 2.8 is the mean molecular weight of molecular
hydrogen (Kauffmann et al. 2008), mH is the mass of a hydrogen
atom, NH2 is the column density of H2, GDR is the gas-to-dust
ratio by mass and is assumed to be 100. The dust opacity κν can be
approximated by a power law,

κν = κν0

(
ν

ν0

)β

, (3)

where ν0 = 600 GHz, β fixed to be 2.0 is the dust emissivity index,
and κν0 = 3.33 cm2 g−1 (from column 5 of table 1 in Ossenkopf &
Henning 1994), but scaled down by a factor of 1.5 as suggested in
Kauffmann et al. (2010).

The fitting is performed by using CURVE FIT in the PYTHON

package SCIPY.OPTIMIZATION.1 For pixels with intensity in 160 μm
lower than 60 MJy sr−1 (about 3σ ), we found that the fitting result
was not so reliable. So, for those pixels, only 250, 350, 500 μm data
were used in fitting.

The dust temperature and column density maps produced by
SED fitting are presented in Fig. 4. The dust temperature of the
whole filamentary structure ranges from 10 to 30 K, and the column
density ranges from 0.5 × 1022 to 1023 cm−2. Most of the IRDC is
cold (lower than 18 K) with relatively high column density (above
2 × 1022 cm−2), while the H II and UC H II regions have higher dust
temperature and lower column density.

We find that the contour of 1.1 × 1022 cm−2 is similar to the CO
integrated map of the cloud, and the contour of 1.8 × 1022 cm−2 is
consistent with the morphology of the IRDC G31.97+0.07 in IR
maps. So, choosing those values as thresholds, we derive that the
mass of the whole structure is ∼2.5 × 105 M� and the mass of the
IRDC is ∼7.8 × 104 M�.

The clump mass and dust temperature can be directly derived
from the SED fitting result:

Mclump = μH2 mHd2
pix

∑
NH2 , (4)

here, d = 7.07 kpc is the distance of the filament structure, 
pix is
solid angular size of one pixel and

∑
NH2 is the sum of the column

density value for all the pixels in the clump.

1https://docs.scipy.org/doc/scipy/reference/tutorial/optimize.html
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Figure 2. GRS 13CO (1–0) channel maps in steps of 1 km s−1. The background is Spitzer-IRAC 8 μm continuum emission. Central velocities are shown in
each map.

The source average H2 column densities are calculated as

NH2 =
∑

NH2 /Nsour, (5)

where Nsour is the number of pixels located in the clump. The average
H2 volume densities are derived via

nH2 = Mclump

(4/3)πr3
eq μH2 mH

, (6)

and the mass surface densities are given by

�mass = Mclump

πr2
eq

, (7)

where req is the equivalent radius.
We also determined the integrated intensity in the SED fitting

process, so luminosities of sources are derived from

Lclump = 4πd2
pix

∑
Iint, (8)

where
∑

Iint is the sum of the frequency-integrated intensity(Iint =∫
Iν dν) for each pixel in the clump. And the luminosity–mass ratio

is given by

L/M ratio = Lclump/Mclump. (9)

Table 1 lists the resulting dust temperature, column density,
volume density, mass surface density, mass, luminosity, and
luminosity–mass ratio of each source.

3.4 Distribution of YSOs

We selected sources with 3.6, 4.5, 5.8, 8.0 μm emission from
the GLIMPSE I point-source catalogue (Spitzer Science 2009)
to identify YSOs. Classification was performed using the method
given in appendix A of Gutermuth et al. (2009). In brief, the method
uses flux ratios or colours to classify YSO candidates into Classes
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Figure 3. Contours of the GRS 13CO (1–0) integrated map overlaid on Spitzer 8 μm emission map(left) and JCMT 850 μm emission map (right). The
integrated velocity is from 90 to 101 km s−1. The contour levels are [0.1, 0.2, 0.35, 0.5, 0.75] × 31.9 K km s−1. The red dashed line marks the filamentary
structure. Cyan dashed circles represent the positions of H II regions identified by Anderson et al. (2014).

Figure 4. The dust temperature (left) and the H2 column density (right) maps produced by SED fitting. White crosses show the JPS compact continuum
sources. The contour levels are [1.1, 1.8, 2.4, 4.0, 6.5, 11.5] × 1022 cm−2.

I and II, after excluding contamination like star-forming galaxies,
broad-line active galactic nuclei (AGNs), and unresolved knots of
shock emission. The result of the YSO identification is shown in
Fig. 5. Also, 24 and 70 μm point sources can be considered as the
signature of early-stage star formation; hence, we plot them in Fig. 5
to show the star-formation process in the area more completely.
24 μm point sources come from Gutermuth & Heyer (2015) and
70 μm point sources come from Molinari et al. (2016a).

We classify JPS clumps in the filament into two groups: proto-
stellar clumps, which are associated with any YSOs, 24 or 70 μm
point sources, and starless clumps, which are not. These two groups
of clumps are shown in Fig. 5, with protostellar clumps as green
ellipses and starless clumps as yellow ellipses. We identify 9 starless
clumps and 18 protostellar clumps. Most of starless clumps are
located along the IRDC, while most of protostellar clumps are
distributed in the active star-forming area. The distribution of JPS
clumps indicates that, along the filament, the evolutionary stages of

star formation vary from the east to the west. The H II regions and
IR bubbles that are more highly evolved are located in the east of
the filament, while the west of the filament is quiescent. The IRDC
can be divided into two parts, the active part and the quiescent part
as mentioned in Battersby et al. (2014). The active part, containing
plenty of YSOs and mid-IR point sources, displays signs of active
star formation. While the quiescent part, in which most of clumps
are starless, shows weak star-forming activity at present. Most of
the protostellar clumps are distributed in the highly evolved part
(around H II regions or in active part of the IRDC). But, in our
work, it is hard to distinguish whether the star formation in those
clumps is triggered or pre-existing.

The physical properties statistics for both starless clumps and
protostellar clumps are presented in Table 2. Starless clumps
have lower temperature. And the average luminosity–mass ratio
of starless clumps is less than 1, while that of protostellar clumps is
about 24.5.
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