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Abstract We performed a multiwavelength study towards the infrared dark cloud (IRDC) G31.23+0.05

with new CO observations from Purple Mountain Observatory and archival data (the GLIMPSE,

MIPSGAL, HERSCHEL, ATLASGAL, BGPS and NVSS surveys). From these observations, we iden-

tified three IRDCs with systemic velocities of 108.36 ± 0.06 (cloud A), 104.22 ± 0.11 (cloud B) and

75.73±0.07km s−1 (cloud C) in the line of sight towards IRDC G31.23. Analyses of the molecular and

dust emission suggest that cloud A is a filamentary structure containing a young stellar object; clouds B

and C both include a starless core. Clouds A and B are gravitationally bound and have a chance to form

stars. In addition, the velocity information and the position-velocity diagram suggest that clouds A and

B are adjacent in space and provide a clue hinting at a possible cloud-cloud collision. Additionally, the

distribution of dust temperature shows a temperature bubble. The compact core in cloud A is associated

with an UCHII region, an IRAS source, H2O masers, CH3OH masers and OH masers, suggesting that

massive star formation is active there. We estimate the age of the HII region to be (0.03–0.09)Myr,

indicating that the star inside is young.

Key words: stars: formation — ISM: HII regions — ISM: molecules — ISM: individual (IRDC

G31.23+0.05) — ISM: kinematics and dynamics

1 INTRODUCTION

Infrared dark clouds (IRDCs) were discovered as dark

silhouettes against the bright Galactic mid-infrared

(MIR) background by the Infrared Space Observatory

(ISO; Perault et al. 1996) and the Midcourse Space

Experiment (MSX; Carey et al. 1998; Egan et al. 1998).

Millimeter (mm)/submillimeter research suggests that

the majority of IRDCs are filamentary, cold (T < 25 K),

dense (∼ 105 cm−3) and have high column density (≥

1022 cm−2), with a scale of 1 ∼ 10 pc and a mass range

of 102 ∼ 105 M⊙. In addition, a number of them are as-

sociated with high-mass (> 8 M⊙) star formation (e.g.

Rathborne et al. 2006; Busquet et al. 2013; Liu et al.

2013, 2014).

Previous observations indicated that IRDCs have

complicated kinematics with numerous filamentary sub-

structures (e.g. Sanhueza et al. 2013; Henshaw et al.

2013; Peretto et al. 2014; Jiménez-Serra et al. 2014;

Henshaw et al. 2014; Pon et al. 2016). Henshaw et al.

(2013) and Peretto et al. (2014) have found that IRDCs

can contain multiple separate velocity components which

are not obvious simply from the spatial information.

These large-scale kinematic signatures provide impor-

tant clues on the process of star formation and have

the possibility of revealing the impact of colliding flows

(e.g. Vázquez-Semadeni et al. 2009; Jiménez-Serra et al.

2010; Dobbs et al. 2014; Beuther et al. 2015), cloud-

cloud collisions (e.g. Furukawa et al. 2009; Duarte-

Cabral et al. 2011; Henshaw et al. 2013; Higuchi et al.

2014; Dirienzo et al. 2015) and global gravitational col-

lapse (e.g. Ballesteros-Paredes et al. 2011) in producing

the larger molecular clouds themselves as well as prestel-

lar cores.

IRDC G31.23+0.05 was associated with an ultra-

compact HII (UCHII) region G31.28+0.06, which was

well studied at centimeter (cm) and mm wavebands

(Kurtz et al. 1994; Becker et al. 1994; Bronfman et al.

1996; Mateen et al. 2006). The distance of UCHII re-

gion G31.28+0.06 was 4.27+0.87
−0.64 kpc by the method of
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parallax measurement (Zhang et al. 2014). H2O masers

(Forster & Caswell 1989, 1999), OH masers (Forster &

Caswell 1989, 1999; Szymczak & Gérard 2004; Caswell

et al. 2013) and class II CH3OH masers (Szymczak

et al. 2000; Błaszkiewicz & Kus 2004) were detected and

found to be associated with UCHII region G31.28+0.06,

indicating that it is an active massive star formation re-

gion.

In this paper, we present the detections of

widespread 13CO (1–0) and C18O (1–0) emission to-

wards IRDC G31.23+0.05. Here, we mainly utilize C18O

(1–0) to trace the structure and kinematics in this region,

together with 13CO (1–0) for the star formation activities.

With regard to the remaining parts of this paper, Section

2 gives a description about the data archive and Section

3 is about the results and analyses. A discussion is pre-

sented in Section 4. We summarize our conclusions in

Section 5.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Purple Mountain Observatory Data

The mapping observations of IRDC G31.23+0.05 were

performed in the 13CO (1–0) and C18O (1–0) lines us-

ing the Purple Mountain Observatory (PMO) 13.7 m ra-

dio telescope at Delingha in the west of China at an alti-

tude of 3200 meters, in May 2012. The new 9-beam ar-

ray receiver system in single-sideband (SSB) mode was

used as a front end. Fast Fourier transform spectrometers

were used as a back end, which had a total bandwidth

of 1 GHz and 16 384 channels, corresponding to a veloc-

ity resolution ∼ 0.17 km s−1 for 13CO (1–0) and C18O

(1–0). The half-power beam width at observing frequen-

cies 110.20 GHz (13CO) and 109.78 GHz (C18O)1 was

∼ 50.1′′ 2. The pointing accuracy of the telescope was

better than 4′′. The system noise temperature (Tsys) in

the SSB mode varied between 150 K and 400 K. The

root mean square noise level per channel was 0.22 K.

The phase center of the observations was α(J2000) =

18h48m09.32s, δ(J2000) = −01◦29′30.6′′ with the

position-switch On-the-Fly (OTF) mode, scanning a 20′

by 20′ region at a rate of 50′′ per second with a dump

time of 0.3 s. However, the edges of the OTF maps were

noisy and thus only the central 13′ × 13′ region was se-

lected for further analysis. The standard chopper wheel

calibration technique was used to measure antenna tem-

perature T ⋆
A corrected for atmospheric absorption. The fi-

1 http://www.astro.uni-koeln.de/cdms/entries
2 http://english.dlh.pmo.cas.cn/fs/

nal data were recorded in a brightness temperature scale

of Tmb (K). The correction for line intensities to the

main beam brightness temperature scale was made us-

ing the formula Tmb = T ⋆
A/ην , where ην is the main

beam efficiency of about 0.5. The data were reduced by

the software Continuum and Line Analysis Single-Dish

Software (CLASS) and Grenoble Graphic (GreG) 3. We

used the routine XY MAP in CLASS to regrid raw data

and then converted them into FITS files. The pixel size

of these FITS files was 30′′ × 30′′.

2.2 Archival Data

The Spitzer IRAC 8 µm, MIPS 24 µm, Herschel PACS

70, 160 µm together with SPIRE 250, 350, 500 µm im-

ages, the ATLASGAL 870 µm and the 1.1 mm con-

tinuum data were obtained from the Galactic Legacy

Infrared Mid-Plane Survey Extraordinaire (GLIMPSE),

a 24 and 70 Micron Survey of the Inner Galactic Disk

with MIPS (MIPSGAL)4, the Herschel Science Archive

(HSA)5 (Poglitsch et al. 2010; Griffin et al. 2010),

the ATLASGAL Database Server6, and the Bolocam

Galactic Plane Survey (BGPS)7 (Glenn et al. 2009). The

1.4 GHz radio continuum emission data were obtained

from the NRAO VLA Sky Survey (Condon et al. 1998).

The GRS C13O (1–0) (Jackson et al. 2006) data have

a full width at half maximum beam size of ∼ 46′′ on a

22′′ grid with a spectral resolution of 0.21 km s−1. Since

this data set has better spatial resolution and a smaller

grid, which means more observation points in the same

region, it is more accurate to trace the C13O distribu-

tion and the position-velocity (PV) diagram. However,

the 13CO (1–0) data of PMO are mainly utilized to cal-

culate the physical parameters and provide spectral infor-

mation.

3 RESULTS

3.1 CO and Continuum Emission of IRDC

G31.23+0.05

Figure 1 shows the average spectra of 13CO (1–0) and

C18O (1–0) lines over IRDC G31.23+0.05. Several com-

ponents were detected in a range of (60–120) km s−1 (see

Figs. 1 and A.1). In order to examine the velocity compo-

nents associated with IRDC G31.23+0.05, we make the

3 http://www.iram.fr/IRAMFR/GILDAS
4 http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE
5 http://irsa.ipac.caltech.edu/applications/Herschel
6 http://third.ucllnl.org/cgi-bin/gpscutout (Schuller et al. 2009)
7 http://irsa.ipac.caltech.edu/data/BOLOCAM GPS/
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Fig. 1 The average spectra in 13CO (1–0) and C18O (1–0) lines which show several velocity components along the line of sight

direction towards IRDC G31.23+0.05.

Fig. 2 Channel maps in the C18O (1–0) line over the velocity interval of (73–79) km s−1. The integrated velocity interval of each

subfigure is 1 km s−1 and the value in the top-left is the start. The green contour levels start at 3σ in steps of 3σ (σ = 0.15 Kkm s−1)

and “+” symbols mark the peak positions of C18O (1–0) emission in cloud C. Grey-scales display the Spitzer 8 µm continuum

image of IRDC G31.23+0.05.

Table 1 Observed Parameters of Each Line

IRDCs α δ Range C18O(1 − 0) 13CO(1 − 0)

Tmb

∫

TmbdV VLSR ∆V Tmb

∫

TmbdV VLSR ∆V

(J2000.0) (J2000.0) (km s−1) (K) (K kms−1) (km s−1) (K) (K km s−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

A 18:48:11.281 –01:26:40.26 (105.00–112.71) 2.87(0.27) 14.39(0.37) 108.36(0.06) 4.85(0.15) 9.15(0.27) 47.29(0.34) 108.29(0.17) 4.85(0.17)

B 18:48:07.685 –01:26:25.55 (101.04–106.67) 1.88(0.32) 8.12(0.44) 104.22(0.11) 4.04(0.26) 5.67(0.30) 26.72(1.14) 103.74(0.09) 4.43(0.18)

C 18:48:14.664 –01:30:03.59 (73.09–77.78) 1.50(0.23) 4.16(0.23) 75.73(0.07) 2.61(0.17) 4.50(0.22) 18.39(0.28) 75.64(0.03) 3.84(0.07)

Notes: Columns are (1) cloud name, (2)–(3) right ascension and declination of the peak positions respectively, (4) velocity ranges associated

with the clouds, (5)–(8) Gaussian fitting parameters of the C18O (1–0) lines, (9)–(12) Gaussian fitting parameters of the 13CO (1–0) lines.
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Fig. 3 The channel maps in the C18O (1–0) line over the velocity interval of (100.5–112.5) km s−1. The integrated velocity interval

of each subfigure is 0.5 km s−1 and the value in the top-left is the start. The green contour levels start at 3σ in steps of 3σ (σ =
0.12 Kkm s−1) and “+” symbols mark the peak positions of C18O (1–0) emission in both clouds A and B. Grey-scales display the

Spitzer 8 µm continuum image of IRDC G31.23+0.05.

channel maps of C18O (1–0) over the above velocity in-

terval and detect three different velocity components as-

sociated with three separate extinction dark silhouettes,

as shown in Figures 2 and 3. It is likely that three in-

dependent IRDCs are identified in these observations.

We have denoted their peak positions of the C18O (1–0)

emission with “+” symbols in Figures 2 and 3. For dis-

tinction, we name these clouds “A,” “B” and “C.” In or-

der to determine the systemic velocity and velocity cov-

erage of each cloud, we extract spectra from the peak po-

sition of each component and fit Gaussians (see Fig. 4).

The fitting parameters are summarized in Table 1.

The velocity ranges of the three components are

(73.09–77.78), (101.04–106.67) and (105.00–

112.71) km,s−1 with centroid velocities of 108.36±0.06

(cloud A), 104.22 ± 0.11 (cloud B) and 75.73 ± 0.07
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Fig. 4 Extracted spectra from the peak positions of C18O (1–0) emission in clouds A, B and C in the molecular lines 13CO (blue)

(PMO) and C18O (black). The green lines are Gaussian fits to the C18O (1–0) lines. The red dashed lines in each panel mark the

centroid velocity of each cloud and the black dashed lines in each subfigure denote the velocity range associated with each IRDC.

The name of the corresponding cloud for every panel is shown in the top-left corner.

Fig. 5 Integrated intensity maps in C18O (1–0) (left) and GRS 13CO (1–0) (right) lines of three clouds superposed on the Spitzer

8 µm emission. The integrated velocity intervals of clouds A, B and C are (105.00 − 112.71) km s−1, (101.04 − 106.67) km s−1

and (73.09 − 77.78) km s−1, respectively. Left: The green contour levels start at 5σ in steps of 5σ for cloud A, the yellow contour

levels start at 5σ in steps of 5σ for cloud B and the magenta contour levels start at 3σ in steps of 2σ for cloud C (σ = 0.5 K kms−1);

Right: The green contour levels start at 3σ in steps of 2σ for cloud A, the yellow contour levels start at 3σ in steps of 1σ for cloud B

and the magenta contour levels start at 3σ in steps of 1σ for cloud C (σ = 1.84 Kkm s−1). The beam size of each subfigure is

indicated at the bottom-left corner. The symbols “♦,” “△,” “⋆,” “�,” “N,” “+” and letters (A, B and C) denote the location of an

UCHII region, OH masers, IRAS 18456-0129, CH3OH masers, H2O masers, the peak positions and name of clouds, respectively.

The straight line shows the cutting direction of the PV diagram in Figure 8.
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(cloud C) km s−1, respectively. There is an additional

component seen in the 13CO at (79–85) km s−1, but it

seems not spatially associated with any of the infrared

dark regions. We will not discuss it.

Based on the above velocity ranges, we make the in-

tegrated intensity maps of clouds A, B and C, shown in

Figure 5. The green contours represent cloud A, the yel-

low contours are for cloud B and the magenta contours

are for cloud C.

In Figure 5, the 13CO (1–0) and C18O (1–0) emis-

sions show similar morphologies. However the 13CO (1–

0) emission is more extended. Both the 8 µm and C18O

(1–0) emissions of cloud A show a northeast to south-

west filament structure with a compact core located in

its north portion. Additionally, the center of the compact

core coincides with the peak position of the C18O (1–0)

emission in cloud A, and is associated with the UCHII

G31.28+0.06 (♦), IRAS 18456–0129 (⋆), H2O masers

(N), OH masers (△) and CH3OH masers (�), implying

potentially massive star formation. Cloud B displays an

elongated north to south single-core structure and con-

versely cloud C is an east to west clump including a core

in the west part in the C18O (1–0) emission. Clouds A,

B and C in Figure 5 overlap partly with each other in

projection.

Figure 6 presents multiwavelength observations to-

wards IRDC G31.23+0.05 from 8 µm to 1.1 mm. The

8 µm emission mainly originates from polycyclic aro-

matic hydrocarbons (PAHs; Watson et al. 2008), which

are excited in the photodissociation region by ultraviolet

radiation within the HII region (Pomarès et al. 2009). The

24 and 70 µm emissions are mostly produced by rela-

tively hot dust (≥ 40 K) (Faimali et al. 2012; Zhang et al.

2016). The 160, 250, 350 and 500 µm emissions are at-

tributed to cool dust (15–25 K; Anderson et al. 2012).

The 870 µm and 1.1 mm emissions are dominated by

cold dust. From the 8 µm emission in Figure 6, three dif-

ferent extinction dark silhouettes are clearly presented.

They are clouds A, B and C. The “+” symbols in Figure 6

mark the peak positions of each C18O molecular cloud.

The dust emission suggests that cloud A has two dust

components: a compact core with a probable embedded

young stellar object (YSO) (Chambers et al. 2009) and

an extended tail shown at 160 µm to 1.1 mm emission,

resembling the C18O (1–0) emission and supporting the

fact that C18O (1–0) in cloud A is optically thin and can

be utilized to investigate the structure and velocity infor-

mation. In addition, an interesting thing can be discov-

ered in the 160 µm to 1.1 mm images. A bulge is apparent

in the northwest part of the compact core of cloud A, but

is dark at 8 to 70 µm. This bulge coincides with cloud B.

Both suggest that this bulge is a dust component asso-

ciated with cloud B, not a part of cloud A. Obviously,

clouds A and B are closely adjacent in space in terms of

dust emission.

3.2 Physical Parameters Derived From the Herschel

Data and Molecular Lines

Herschel observations covering a wide spread of wave-

length (70–500µm) can be utilized to investigate dust

properties of the entire clouds. To do this, we perform

the SED fitting pixel by pixel to obtain the distribution of

dust temperature Tdust and H2 column density NH2
with

four Herschel bands, 160, 250, 350 and 500 µm. The rea-

son that 70 µm is excluded is that the 70 µm emission

traces hotter components such as very small grains and

warmer material heated by protostars. From Figure 6,

only the compact core in cloud A shows bright 8, 24

and 70 µm emissions, which are mainly attributed to the

forming massive star. On the whole, clouds A, B and C

are dark at 70 µm. The four images were convolved to

the same resolution of 43.8′′ and rebinned to the same

pixel size of 11.5′′. Under the assumption of optically

thin dust emission, a modified blackbody function for a

single temperature can be expressed as

Iν = κν0(ν/ν0)
βBν(Td)µmHNH2

, (1)

where Iν is the surface brightness; Bν(Td) is the black-

body function for the dust temperature Td; µ is the mean

molecular weight and set to 2.8 (Kauffmann et al. 2008);

and mH is the mass of a hydrogen atom. The dust opac-

ity per unit mass of both dust and gas is defined as κν =

κν0(ν/ν0)
β , in which κν0 is assumed to be 0.1 cm2 g−1

at 1 THz (Beckwith et al. 1990) under a gas-to-dust mass

ratio of 100, and β is fixed to 2, a statistical value found

in a large sample of HII regions (Anderson et al. 2012).

Setting Tdust and NH2
as free parameters, the

SED fitting was performed using the IDL program

MPFITFUN8 (Markwardt 2009). According to the anal-

ysis of Pitann et al. (2013), the uncertainties of tempera-

tures and column densities are mainly from the underly-

ing dust opacity model. The uncertainties resulting from

local background fluxes in the IRDCs are smaller and

negligible relative to those introduced by the calibration,

data reduction and dust opacity models. Overall temper-

8 https://www.physics.wisc.edu/∼craigm/idl/fitting.html
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Fig. 6 Multiwavelength images of IRDC G31.3+0.05 from 8 µm to 1.1 mm. The beam of each panel is 1.9′′ , 6.0′′ , 10.7′′ , 13.9′′ ,

23.9′′ , 31.3′′ , 43.8′′ , 19.2′′ and 33.0′′ . Each color bar indicates the flux with units Jy beam−1 for 8, 24, 70, 160, 250, 350, 500 and

870 µm to 1.1 mm, respectively. The “+” symbols represent the peak positions of C18O emission in clouds A, B and C.

Fig. 7 Maps of the dust temperature Tdust and the H2 column density NH2
of IRDC G31.23+0.05. The two maps were constructed

with the SED fitting pixel by pixel, centered at α = 18h48m09.32s , δ = −01◦29′30.6′′ J=2000.0. The “+” symbols and letters

(A and B) signify the peak positions and the clouds, respectively. The zoomed-in subfigure in the bottom-left corner of each panel

shows the temperature bubble region.

ature and column density uncertainties are assumed to be

±1 K and 10%, respectively.

The resulting Tdust and NH2
maps are presented in

Figure 7. The blue and black contours represent inte-

grated intensity maps of C18O (1–0) in clouds A and B,

respectively. For the Tdust distribution in the left panel of

Figure 7, the temperature has a range of (16.9− 24.7)K,

with a maximum in the peak position of cloud A. This

may be correlated with an embedded young protostar.

Additionally, we find a temperature bubble (see the sub-

figure in the bottom-left corner in the left panel of Fig. 7)

corresponding to a ∼ 21 K shell surrounding the highest
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temperature core at ∼ 24 K and a cold cavity at ∼ 18 K.

The reason that this appears as a bubble may be due to

protostar activity towards the peak of cloud A and the

bubble may simply correspond to the edge of the core.

While for the H2 column density distribution in the right

panel of Figure 7, the column density has an order of

1022 on the whole, with a maximum of 8.9× 1022 cm−2

in the peak position of cloud A. Inside the temperature

bubble, NH2
shows an anti-correlation with Tdust, except

for the massive star formation region.

Additionally, through data provided by the molec-

ular lines, we calculate the physical parameters Tex,

NH2
, n(H2), MLTE and Mvir of clouds A and B us-

ing a trigonometric parallax measurement distance of

4.27+0.87
−0.64 kpc (Zhang et al. 2014), instead of the kine-

matic distance, since trigonometric parallax is the most

reliable and assumption free method for astronomical

distance measurement. However, the kinematic distances

often have > 20% uncertainties, and they are highly de-

pendent on location in the Galaxy (Reid et al. 2009). Here

we assume cloud B has the same distance as cloud A due

to the analysis in Section 4.1: clouds A and B may be ad-

jacent in space. But for cloud C, we have no way to ob-

tain a trigonometric parallax measurement distance and

we use the kinematic distance of 4.10± 0.36 kpc. Under

the assumption that C18O (1–0) is optically thin, we can

derive the optical depths of 13CO and C18O lines with

the following equations from Myers et al. (1983)

Tmb(
13CO)

Tmb(C18O)
≃

1 − exp(−τ
13CO

)

1 − exp(−τ
C18O

)
,

τ
13CO

τ
C18O

=
[13CO]

[C18O]
≈ 5.5.

(2)

The calculated optical depths of the 13CO (1–0) and

C18O (1–0) lines in the peak positions of three clouds

are listed in Table 2, Columns (3) and (4). We see that

the 13CO (1–0) line is optically thick and C18O (1–0)

is truly optically thin and hence the hypothesis is valid,

so the excitation temperature Tex of the clouds can be

worked out by Equation (3).

Tex =
5.29

ln[1 + 5.29/(Tmb(13CO) + 0.89)]
. (3)

The C18O column density can be derived from the fol-

lowing formula (Scoville et al. 1986)

N(C18O)

cm−2
=4.77 × 1013 ×

Tex + 0.88

exp(−5.27/Tex)

×
τ

1 − exp(−τ)
×

∫

Tmbdυ

K km s−1
.

(4)

As for the following analysis, we assume that the clouds

are spherical and identified within the 5σ contours of the

integrated intensity distribution. The characteristic size

R means the radii of the cores, which are defined as R =
∑

ri/i, where ri are the sizes of the cloud in different

directions. The final results are listed in Column (5) of

Table 2.

Taking the element abundance ratios

N(H2)/N(13CO) = 5 × 105

and

N(H2)/N(C18O) = 6 × 106

(Frerking et al. 1982) and combining the above charac-

teristic size, the derived mean volume densities of the H2

molecule are

n(H2) = N(H2)/2R. (5)

Based on the assumption of local thermodynamic

equilibrium (LTE) and spherical geometry, the masses of

the clouds are calculated as

MLTE = µmHn(H2) ×
(4

3
πR3

)

, (6)

where mH is the mass of a hydrogen atom and µ = 2.8 is

the mean molecular weight considering the contributions

of He and other heavy elements to the total mass.

In addition, virial masses of the cores are also cal-

culated by using Equation (7) under the assumption that

the clouds have spherical geometry and the effect of mag-

netic fields is excluded,

Mvir = 5(∆V )2R/(8 ln 2 × G), (7)

in which G is the gravitational constant. ∆V is the full

width at half maximum of C18O (1–0), which is dis-

played in Table 1, derived from the Gaussian fit. The

uncertainties of the calculated virial masses are mainly

produced by ∆V and R.

All the results are shown in Table 2. From Table 2,

we can see that the excitation temperature Tex 7–13 K is

less than the dust temperature of (16−25) K, but the aver-

age column densities NH2
of clouds A, B and C have the

same order as those derived from the Herschel data and

that of Parsons et al. (2009). Hence, the assumptions for

the calculation are feasible. The sizes of the clouds are

in a range of (2 − 4) pc, total masses are within a scope

of (0.8 − 6.0) × 104 M⊙ and the mean n(H2) has an

order of 103 cm−3. The derived physical parameters are

similar to the previous studies for IRDCs (e.g. Rathborne

et al. 2006; Busquet et al. 2013; Liu et al. 2013, 2014). In
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addition, there is MLTE > Mvir for clouds A and B, in-

dicating that they may be gravitationally bound and have

a chance to collapse and form stars. while cloud C has

MLTE < Mvir, indicating that it may be gravitationally

unbound.

4 DISCUSSION

4.1 A Collision between Clouds A and B?

In the velocity interval of (100–125)km s−1, the aver-

aged spectra show double-peaked profiles in the C18O

(1–0) and 13CO (1–0). Together with the channel maps

of C18O (1–0), we speculate that the two peak com-

ponents indicate two clouds, named clouds A and B.

Previously, some authors used a PV diagram to identify

a cloud-cloud collision (Haworth et al. 2015; Dewangan

et al. 2016). In order to verify whether cloud A is col-

liding with cloud B, we constructed the GRS 13CO (1–

0) PV diagram (Fig. 8) for the cut defined in Figure 5.

From Figure 8, we find “a broad bridge feature,” which

connects two intensity peaks separated by lower in-

tensity intermediate velocity emission, similar to the

10 km s−1 collision model in the middle panel of figure 5

of Haworth et al. (2015). The identified broad bridge is

strong evidence of cloud-cloud collisions (Haworth et al.

2015; Dewangan et al. 2016).

Furthermore, Figure 9 shows the velocity structure

(moment 1) and the velocity dispersion (moment 2) maps

of C18O (1–0) for clouds A and B, respectively. The

analyses of two clouds are performed over their respec-

tive velocity integrated range and above the integrated

intensity 3σ (σ = 0.5 K km s−1). Both clouds have non-

uniform velocity and turbulence fields. Clouds A and B

share a velocity component of (105.5–106.3)km s−1 at

their overlapping region, inferred to be the broad bridge

present in the PV diagram. In a cloud-cloud collision,

gas at the impacting sites is expected to be more turbu-

lent than at the non-impacting sites (Vallee 1995). In our

observation, we can see that the star formation region in

cloud A has line width broader than 2.2 km s−1 and the

central region of cloud B has an enhanced line width of

∼ 1.8 km s−1. This can be explained by potential star

formation activity or elevated temperature. Moreover, we

find a different result from the studies of others (Vallee

1995; Sun & Wu 2013) in that both clouds A and B do

not show enhanced turbulence (∼ 1.8 km s−1 for cloud A

and < 1.0 km s−1 for cloud B) at the overlapping region.

This seems to not support the scenario of cloud-cloud

collision. Based on the above analyses, it appears diffi-

cult for us to judge whether the clouds are currently col-

liding each other. We will try to detect possible shock gas

in future work.

4.2 Massive Star Formation in Cloud A

From the C18O (1–0) and 13CO (1–0) emission, cloud A

appears as a filament with a compact core included in

its northeast part and an extended tail toward the south-

west. Cloud B displays a single core structure and its

south part seems to coincide with cloud A. The 13CO

(1–0) emissions are more diffuse than those of C18O

(1–0) in clouds A and B. Meanwhile, the similar fila-

mentary structure of cloud A also is traced by the con-

tinuum dust emission from 8 µm to 1.1 mm. This indi-

cates that the C18O (1–0) emission is associated with the

dust emission in cloud A. A compact core in cloud A

shows strong emission at the MIR to mm band, suggest-

ing that a YSO is embedded within it. At the location of

cloud B, a north-to-south elongated structure is detected

at 160 µm to 1.1 mm that is closely adjacent to cloud A.

This suggests that cloud B is starless and may be adjacent

to cloud A in space.

Figure 10 presents a comparison of the NVSS

1.4 GHz continuum with the C18O (1–0) emission of

clouds A and B. The various symbols mark the loca-

tions of UCHII region G31.28+0.06, IRAS 18456–0129,

OH masers, H2O masers and CH3OH masers, the infor-

mation of which is summarized in Table 3. The NVSS

1.4 GHz radio emission can be used to trace the struc-

ture of the HII region, which shows a compact clump

with a bulge towards the northeast in the compact core of

cloud A. This indicates that the HII region is expanding

and extending faster and farther in the northeast, which

suggests that the ambient material is more diffuse in the

northeast of cloud A. Actually, a dense region was found

in the southwest part of the HII region (see the subfig-

ure in the bottom-left corner in the right panel of Fig. 7)

and has not yet been destroyed by radiation from the HII

region.

In a quantitative way, we estimate the expanding dy-

namical age of this HII region by the model of Dyson &

Williams (1980)

tHII =7.2 × 104
(RHII

pc

)4/3

×
( QLy

1049 ph s−1

)−1/4

×
( ni

103cm−3

)−1/2

yr ,

(8)

where RHII is the radius of the HII region, ni is the ini-

tial number density of the gas and QLy is the ionizing
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Fig. 8 PV diagram in GRS 13CO (1–0) along the cutting path in Fig. 5. Letters (A and B) denote the velocity components corre-

sponding to clouds A and B. The contour levels start at 3σ in steps of 1.5σ (σ = 0.28 K). The color bar represents the intensity

with the unit K.

Fig. 9 Maps of C18O (1–0) intensity-weighted mean velocity (top) and velocity dispersion (bottom) for clouds A and B. The units

are in km s−1. The moment maps for two clouds were performed over their respective integrated velocity range and above the

integrated intensity 3σ (σ = 0.5 K km s−1). The overlaid contours are the corresponding C18O (1–0) integrated intensity maps of

clouds A and B. The red dashed rectangles indicate the overlapping region of clouds A and B in each panel.

luminosity. The RHII is about 0.40 pc from the NVSS

1.4 GHz emission above 3σ in Figure 10. Referring to

the investigation of Longmore et al. (2007) towards this

HII region, we can obtain the values of ni and QLy to

be 4.3 × 102 cm−3 and 2.4 × 1047 ph s−1 respectively.

Consequently, we derive the age of this HII region to be

about 9.0 × 104 yr.

On the other hand, there is another way to esti-

mate the lower limit on the age of the HII region. That

is the sound crossing time RHII/Vs, where RHII is the

size of the HII region and Vs is the sound velocity of
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Fig. 10 Image of NVSS 1.4 GHz image + the black contours overlaid by the C18O (1–0) molecular emission (Kkm s−1)

of clouds A (the magenta contours) and B (the aqua contours). The black contour levels start at 3σ in steps of 1σ (σ =
0.05 Jy beam−1). The unit of each color bar is Jy beam−1. The various symbols represent IRAS 18456–0129, OH masers, H2O

masers, CH3OH masers and the core center, which are described in Table 3. The symbols “♦,” “△,” “⋆,” “�,” “N,” “+” and

letters (A and B) denote the locations of an UCHII region, OH masers, IRAS 18456–0129, CH3OH masers, H2O masers, the peak

positions and the clouds, respectively. The beam size is indicated at the bottom-left corner.

Table 2 The Physical Parameters Derived from the Molecular Lines

Cloud Tex τC18O τ13CO R N(H2) n(H2) MLTE Mvir

(K) (pc) (1022 cm−2) (103 cm−3) (104 M⊙) (104 M⊙)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

A 12.5(0.3) 0.28(0.02) 1.54(0.11) 3.65(0.66) 9.6(0.4) 4.3(0.8) 6.0(3.4) 1.8(0.3)

B 8.9(0.3) 0.32(0.05) 1.76(0.28) 3.06(0.56) 4.8(0.4) 2.6(0.5) 2.1(1.2) 1.0(0.2)

C 7.7(0.2) 0.33(0.04) 1.82(0.22) 2.74(0.24) 2.4(0.2) 1.4(0.1) 0.8(0.2) 0.4(0.06)

the ionized gas. Vs can be estimated by the expression

Vs =
√

2kT/mgas. Here k is the Boltzmann constant,

T is the temperature of ionized gas and mgas is the

mass of the ionized gas. The sound speed in the HII

region is about 15 km s−1 under the assumption T ∼

10 000 K. Therefore, the sound crossing time is about

0.4 pc/15 km s−1 ≈ 2.6 × 104 yr. Hence, the age of HII

G31.28+0.06 is in the range (0.03 − 0.09)Myr.

5 SUMMARY

Utilizing observations of 13CO (1–0) and C18O (1–0)

lines of the PMO 13.7 m radio telescope and auxil-

iary archival data involving seven public surveys (GRS,

GLIMPSE, MIPSGAL, HERSCHEL, ATLASGAL,

BGPS and NVSS), we investigated an infrared dark

cloud G31.23+0.05 in detail. The main results are sum-

marized below:

– We found that IRDC G31.23+0.05 consists of three

relatively independent clouds A, B and C. Clouds A,

B and C have systemic velocities of 108.36 ± 0.06,

104.22±0.11 and 75.73±0.07km s−1, respectively.

Cloud A is a filament with a compact core and an ex-

tended tail. Cloud B contains a north-to-south elon-

gated core and cloud C has an east-to-west core in-

cluded.

– The dust emission from 8 µm to 1.1 mm towards

IRDC G31.23+0.05 also shows three independent

IRDCs with similar dust structures to those of

the molecular lines. The compact core of cloud A

presents strong emission at 8, 24 and 70 µm and is

associated with an UCHII region, an IRAS source,
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Table 3 Information on the Sources Associated with Cloud A

Associated source name Frequency RA Dec V (km s−1) Reference

(1) (2) (3) (4) (5) (6)

UCHII G31.28+0.06 18:48:12.0 –01:26:29 109.9 Kurtz et al. (1994); Becker et al. (1994)

IRAS 18456–0129 18:48:15.1 –01:26:25 109.9 Helou & Walker (1988)

OH masers 1665 MHz, 1667 MHz 18:48:12.5 –01:26:30 103–108.5 (Caswell et al. 2013)

1665 MHz 18:48:12.5 –01:26:30 107.2 Forster & Caswell (1989)

H2O masers 23.235 GHz 18:48:11.9 –01:26:38 109.0 Forster & Caswell (1989)

18:48:11.9 –01:26:38 108.3 Forster & Caswell (1999)

class II CH3OH masers 6.7 GHz, 12.2 GHz 18:48:15.1 –01:26:25 110.4,110.6 Błaszkiewicz & Kus (2004)

Notes: If the velocity is a single value in Column (5), it represents the VLSR of the source. Otherwise, it represents a velocity interval of

the source. As for CH3OH masers, there are two values corresponding to two frequencies.

H2O masers, CH3OH masers and OH masers, im-

plying the possibility of massive star formation in

this core.

– The molecular emission and dust emission both sug-

gest that clouds A and B may be adjacent in space.

– The distribution of dust temperature shows a ∼

21 K shell, together with a colder cavity inside the

shell, while the distribution of the H2 column den-

sity presents an anti-correlation with the temperature

within the shell: colder dust temperature with higher

column density.

– The NVSS 1.4 GHz radio emission traces an expand-

ing HII region in the compact core of cloud A, which

shows a bulge to the northeast, indicating that the ex-

pansion rate is faster in the northeast or the surround-

ing medium in the northeast is more diffuse. We es-

timate the expansion timescale of the HII region to

be (0.03 − 0.09) Myr.
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Appendix A: THE MAPPING GRIDS

Figure A.1 presents the mapping grids with 30′′ spacing

in C13O (1–0) and C18O (1–0) lines, which exhibit sev-

eral components towards IRDC G31.23+0.05.
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Fig. A.1 Spectral lines towards IRDC G31.23+0.05. The C13O (1–0) grid with 30′′ spacing is in the top panel and the C18O (1–0)

grid with 30′′ spacing is in the bottom panel. The X- and Y -axes are the R.A. and Dec. offsets in arcseconds, respectively. Letters

A, B and C in the grids mark the peak positions of three IRDCs.
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Vázquez-Semadeni, E., Gómez, G. C., Jappsen, A.-K.,

Ballesteros-Paredes, J., & Klessen, R. S. 2009, ApJ, 707,

1023

Watson, C., Povich, M. S., Churchwell, E. B., et al. 2008, ApJ,

681, 1341

Zhang, B., Moscadelli, L., Sato, M., et al. 2014, ApJ, 781, 89

Zhang, C.-P., Li, G.-X., Wyrowski, F., et al. 2016, A&A, 585,

A117


