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Abstract We present results of a high resolution study of the filamentary infrared dark cloud

G192.76+00.10 in the S254–S258 OB complex in several molecular species tracing different physical

conditions. These include three isotopologues of carbon monoxide (CO), ammonia (NH3) and carbon

monosulfide (CS). The aim of this work is to study the general structure and kinematics of the filamen-

tary cloud, and its fragmentation and physical parameters. The gas temperature is derived from the NH3

(J, K) = (1, 1), (2, 2) and 12CO(2–1) lines, and the 13CO(1–0), 13CO(2–1) emission is used to inves-

tigate the overall gas distribution and kinematics. Several dense clumps are identified from the CS(2–1)

data. Values of the gas temperature lie in the range 10 − 35 K, and column density N(H2) reaches the

value 5.1×1022 cm−2. The width of the filament is of order 1 pc. The masses of the dense clumps range

from∼ 30M⊙ to ∼ 160M⊙. They appear to be gravitationally unstable. The molecular emission shows

a gas dynamical coherence along the filament. The velocity pattern may indicate longitudinal collapse.

Key words: stars: formation — ISM: clouds — ISM: molecules — ISM: individual objects

(G192.76+00.10)

1 INTRODUCTION

One of the most important and actively developing areas

in astrophysics is the study of star forming regions – in-

terstellar molecular clouds (Samus & Li 2018). Recent

studies have shown that these clouds have a filamentary

structure (André et al. 2014). The formation of filaments

can be a necessary stage in the evolution of molecular

clouds on the way to the formation of stars (André et al.

2016). Theoretical calculations (e.g Inutsuka & Miyama

1997) predict formation of filamentary molecular clouds

after multiple compressions of interstellar gas by super-

sonic waves. So, areas that contain H II regions could

be appropriate places for the formation of molecular fil-

aments. An analysis of emission in different spectral

lines makes it possible to comprehensively investigate

the places of active star formation, as well as to evalu-

ate their physical parameters.

We study the filamentary infrared dark cloud

G192.76+00.10, which is located in the star forming

complex S254–S258 at a distance of D = 1.78+0.12
−0.11 kpc

(Burns et al. 2016). The general view of this complex

in the infrared range is shown in Figure 1. Star forma-

tion activity in this complex was investigated by Bieging
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et al. (2009); Chavarrı́a et al. (2008); Ojha et al. (2011).

In the central part, it may be induced by the expanding

H II regions S254–S258. The cloud G192.76+00.10 was

investigated by Samal et al. (2015) who found that it har-

bors 62 young stellar objects (YSOs) distributed along

the filament and the region is possibly younger than

1 Myr. They discussed that gravoturbulent fragmentation

(Klessen et al. 2004) is probably the dominant cause of

YSO formation in this dark cloud.

The aim of our work is to further investigate the kine-

matics of this cloud, its fragmentation and physical prop-

erties at a sufficiently high resolution. For this purpose,

we observed this area in several molecular lines, includ-

ing tracers of low and high density gas, at an angular res-

olution reaching 12′′ (∼ 0.1 pc). Here we present the ob-

servations and an analysis of the data, including determi-

nations of column densities, masses, kinetic temperatures

and an evaluation of the velocity field.

2 OBSERVATIONS

In our analysis, five lines of the CO molecule and its iso-

topes are used, namely the J = 1−0 and J = 2−1 tran-

sitions of 13CO and C18O, and the J = 2−1 12CO transi-

tion. In addition, we obtained data on the (J, K) = (1, 1)

and (2, 2) NH3, J = 2−1 CS and C34S transitions. This

set of lines makes it possible to effectively study the mor-

phology, kinematics and physical characteristics of the

molecular gas. The data reduction was performed with

the XS package developed by Per Bergman at the Onsala

Space Observatory and by the GILDAS software1.

The data on the 12CO(2–1), 13CO(2–1) and C18O

(2–1) lines were obtained at the 30-meter Institut de

Radioastronomie Millimétrique (IRAM) radio telescope

in September 2016. The observations were made with the

multi-beam HERA receiver in the On-The-Fly mode and

the maps are constructed with a grid spacing of 6′′. Some

of the HERA beams failed, which resulted in “meshes”

in some parts of the maps (see Sects. 3.3 and 3.4).

The 13CO(1–0), C18O(1–0), CS(2–1) and C34S(2–1)

lines were observed with the Onsala Space Observatory

(OSO) 20-meter telescope in May 2015. The NH3

(J, K) = (1, 1) and (2, 2) data were obtained with the

Effelsberg Radio Telescope in April 2015. The main pa-

rameters of observations are listed in Table 1.

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

3 RESULTS

3.1 The General Structure of the Filamentary

Region

The general distribution of matter at selected velocities

in the 13CO(1–0) line is displayed in Figure 2. The chan-

nel velocity in km s−1 is indicated in the upper left cor-

ner. The figure shows significant velocity gradients in the

area. The filamentary structure of the investigated cloud

is best seen at the velocity of 9.3 km s−1. At higher ve-

locities, the middle part of the filament is observed, while

other parts of the cloud are observed at lower velocities.

A larger scale distribution of matter is presented in the

paper by Bieging et al. (2009).

3.2 Kinematics

For a more detailed study on the kinematic structure

of the filamentary regions, we constructed position-

velocity diagrams (PV diagrams) along the path indi-

cated in Figure 1, in the lines 12CO, 13CO, C18O and

CS. Position-Velocity Slice Extractor2 was used to ob-

tain the PV diagrams. The results for the 13CO(1–0),
13CO(2–1) and CS(2–1) lines are displayed in Figure 3.

We see a coherence of the line emission along the path,

which confirms that this is a single entity. A gradual ve-

locity change along the path is clearly seen. In the cen-

tral part a second velocity component at lower velocities

is apparent, especially in the 13CO lines. The inspection

of the 13CO spectra shows that they are indeed double-

peaked here. This part is red-shifted with respect to the

“ends” of the mapped filament. Several clumps can be

distinguished, which are discussed in Section 3.7. The

CS emission in the central part is slightly red-shifted with

respect to 13CO and C18O, however no such shift is ob-

served in C34S and NH3. The line widths of the molecu-

lar lines are ∼ 2 km s−1, which greatly exceeds thermal

values and implies significant turbulence in the region.

Spectra of 13CO(1–0), C18O(1–0), CS(2–1), C34S(2–

1) and NH3(1,1) emission toward selected positions are

shown in Figure 4.

3.3 Temperature

The temperature is determined by two methods – from

the ammonia emission and from emission of the opti-

2 https://github.com/radio-astro-tools/pvextractor



O. L. Ryabukhina et al.: Study of the Filamentary Infrared Dark Cloud G192.76+00.10... 95–3

Fig. 1 The map of the region S254–S258 in the infrared range at λ = 350 µm (Herschel) and λ = 4 µm (Spitzer). The white line

shows the path along which the PV diagrams were constructed, white circles indicate H II regions and the square box represents the

area studied in this work.

10.9 10.1 9.3

8.5 7.6 6.8

Fig. 2 Images of the G192.76+00.10 region at several velocities in the 13CO(1–0) line (ONSALA data). The color bar shows the

brightness temperature (K). The channel velocity in km s−1 is indicated in the upper left corner.

Table 1 Observation Parameters

Telescope Line Frequency α2000 δ2000 Map size ΘFWHM Channel width

(GHz) (h m s) (◦ ′ ′′) (kHz)

IRAM 30m

12CO(2–1) 230.5380

6:13:40 +17:54:40

17′ × 12′

12′′
50

13CO(2–1) 220.3987
16′ × 15′

C18O(2–1) 219.5604 200

ONSALA

13CO(1–0) 110.2014

6:13:45 +17:54:20

8′ × 9′

36′′ 76
C18O(1–0) 109.7822

CS(2–1) 97.9810
7′ × 9′

C34S(2–1) 96.4129

Effelsberg
NH3(1,1) 23.69

6:13:52 +17:53:45 11′ × 6′ 33′′ 15
NH3(2,2) 23.72
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S255B

Fig. 3 PV diagrams in the lines 13CO(2–1) (top), 13CO(1–0) (middle) and CS (bottom). The horizontal axis is the distance (in

degrees) along the path shown in Fig. 1.
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Fig. 4 Average spectra of the 13CO(1–0), C18O(1–0), CS(2–1), C34S(2–1) and NH3(1,1) lines in the central part of the mapped

area. The dashed lines show fitted Gaussians. The vertical line shows the velocity of the 13CO emission peak. The intensity scale is

the antenna temperature (K).

cally thick 12CO(2–1) line under the assumption of Local

Thermodynamical Equilibrium (LTE) conditions.

The method for evaluating the kinetic temperature

from the ammonia emission in the (2,2) and (1,1) tran-

sitions is described in detail by Mangum et al. (1992).

However the ammonia emission is sufficiently strong

only toward a few emission peaks. The derived temper-

ature is in the range of 10–20 K, increasing toward the

S258 H II region.

To determine the gas temperature from the data in the
12CO(2–1) line, the method presented by Roman-Duval

et al. (2010) was used. The temperature distribution map
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obtained by this method is displayed in Figure 5. The

values lie within the range of 10–35 K, and the highest

temperatures are observed toward the S258 region. In the

regions where a comparison is possible, the temperature

values obtained by different methods are close to each

other.

3.4 H2 Column Density

To estimate the H2 column density, we used emission

in the lines of the 13CO(2–1) isotope, which have a

smaller optical depth compared to 12CO, as well as a

better spatial resolution in comparison with 13CO(1–

0). A number of constants was used: the CO/H2 abun-

dance ratio was taken as 8 ×10−5, according to Simon

et al. (2001). The investigated region is at a distance

of D = 1.78+0.12
−0.11 kpc (Burns et al. 2016), which gives

the galactocentric radius of 9.7 kpc or 1.21 D⊙, if we

use the distance from the Sun to center of the Galaxy

D⊙ = 8.34 kpc from Reid et al. (2014). According to

Milam et al. (2005), the 12CO/13CO abundance ratio

at this distance is about 68, so the ratio of abundances
13CO/H2 = [CO/H2]/[12CO/13CO] ∼ 1.17 ×10−6. This

value was used in evaluating the H2 column density and

the masses of clumps (see Sect. 3.7).

Next, we estimate the optical depth in the 13CO(2–1)

line by the formula (15.31) from Rohlfs & Wilson (2004)

τ13
0 = − ln

[

1 −
T 13

B /T0

(eT0/Tex − 1)−1 − (eT0/2.7 − 1)−1

]

,

(1)

where T 13
B is the brightness temperature in the 13CO line

and Tex is the excitation temperature obtained from 12CO

(Sect. 3.3). Assuming LTE and accounting for the fact

that 13CO is a linear molecule, the column density is re-

lated as (equation (15.37) from Rohlfs & Wilson (2004))

N(13CO) = 1.5 × 1014 e5.3/Tex

1 − e−10.6/Tex

×Tex

∫

τ13(v)dv (2)

for the transition 13CO(2–1). Further, using the known
13CO abundance, we obtain the NH2

column density. The

N(H2) distribution is presented in Figure 6. The column

density is in the range from 6.2×1020 to 5.1×1022 cm−2.

3.5 Filament Width

To determine the width of the filament, we used the dis-

tribution of H2 column density (Sect. 3.4). Profiles of

the column density along six lines perpendicular to the

filament were constructed (Fig. 7). These data were av-

eraged, and using the GaussianModel algorithm of the

LMFIT module3, the Gaussian function is fitted. The de-

convolved full width at half maximum (FWHM) level is

0.98± 0.03 pc. It is worth mentioning that the widths for

different cuts are rather similar.

3.6 Filament Mass

Knowing the distribution of the column density H2

(Sect. 3.4), we obtain the mass of the gas by integrating

the N(H2) column density over the source surface

M = µmH2

∫

NH2
dA = µmH2

D2

∫

NH2
dΩ, (3)

where µ is the average molecular weight with respect

to the mass of the hydrogen molecule (Kauffmann et al.

2008), and the surface element dA is connected with the

solid angle by the relation dA = D2dΩ, where D is the

distance to the source.

According to these calculations, the mass of the

investigated filament region is ∼800 M⊙ and the

length is ∼7 pc. Mass per unit length comes out

to be ∼115 M⊙ pc−1, which exceeds Mcrit = 2

c2
s/G ∼25 M⊙ pc−1 (Samal et al. 2015), where cs is the

speed of sound in the medium and G is the gravitational

constant.

3.7 Identification of Dense Clumps

To identify dense molecular clumps, we use the

GaussClumps algorithm, first proposed by Stutzki &

Guesten (1990). In the Position-Position-Velocity (PPV)

data cube, the absolute maximum of the emission is de-

termined, after which a three-dimensional (3D) Gaussian

is fitted to the position of this maximum, which is then

subtracted from the original cube. After that, the next

maximum is searched, followed by fitting and subtrac-

tion. This procedure continues until the criterion for the

completion of the algorithm is satisfied.

The CS(2–1) emission was used to identify the

clumps as a traditional dense gas tracer. Six clumps

were found and the following parameters for algorithm

completion were used: FWHM of the instrument beam

in pixels (FwhmBeam) = 1.5 and FWHM in velocity

– 0.7 km s−1. The dimensions of the clumps are de-

fined as the widths at the half-intensity level ΘFWHM.

3 https://lmfit.github.io/lmfit-py/



95–6 O. L. Ryabukhina et al.: Study of the Filamentary Infrared Dark Cloud G192.76+00.10...

8.8 12 15 17 20 23 26 29 32 35 37

10.0 6:14:00.0 50.0 40.0 30.0 20.0 13:10.0

02:00.0

18:00:00.0

58:00.0

56:00.0

54:00.0

52:00.0

17:50:00.0

48:00.0

46:00.0

Right ascension

Fig. 5 The temperature distribution map, derived from the 12CO(2–1) emission (IRAM data). The “meshes” on the map are the

instrumental effects caused by the fact that some of the beams in the receiver (HERA) failed.
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Fig. 6 The H2 column density map, derived from the 13CO(2–1) emission (IRAM data). The “meshes” on the map are the instru-

mental effects caused by the fact that some of the beams in the receiver (HERA) failed.
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Fig. 7 The profiles of the H2 column density for six cuts perpendicular to the filament (dashed lines), the averaged profile (solid

line marked by circles) and fitted Gaussian (solid line).

Visualization of clumps is shown in Figure 8 and 3D vi-

sualization is shown in Figure 9. Clumps obtained by CS

coincide with star clusters.

3.8 Physical Parameters of Clumps

To derive the masses of the clumps, the method pre-

sented in Section 3 was used, however, the integration in

Equation (2) was performed only at velocities at which

clump emission is observed.

The virial parameter of the clumps αvir = Mvir/M

is calculated according to the definition in Kauffmann

et al. (2013)

αvir =
5σ2

vR

GM
= 1.2

(

σv

km s−1

)2 (

R

pc

) (

M

M⊙

)

,

(4)

where σv is the velocity dispersion, R is the clump radius

and G is the gravitational constant.

The parameters of the clumps are indicated in

Table 2, where α, β, Vmax are the coordinates of the

clumps, ΘFWHM is the width of the fitted Gaussian in

angular minutes, max N(H2) is the maximum value of

the hydrogen column density, M/M⊙ and Mvir/M⊙ are

the mass and virial mass, respectively, in units of solar

masses and αvir is the virial parameter.

4 DISCUSSION

Chavarrı́a et al. (2008) have shown that clusters of YSOs

in the star formation complex S254–S258 are located at

the boundaries of the H II regions. Based on the molec-

ular gas distribution analysis, Bieging et al. (2009) also

conclude that the star formation processes in this region

are related to the expansion of neighboring H II regions.

These processes are reflected in the large-scale structure

and kinematics of the star-forming regions.

The general morphology of the investigated region,

as seen in the H2 column density map (Fig. 6), is rather

complicated. In addition to the “main” filament discussed

here, there is a filamentary structure with lower column

density in the north-eastern part, which intersects with

the main one and their interaction is possible.

The velocity pattern seen along the main filament al-

lows different interpretations. Similar velocity structure

was seen in some other cases (e.g. Peretto et al. 2014;

Hacar et al. 2017; Kirsanova et al. 2017) and was inter-

preted as evidence for a filament’s longitudinal collapse.

Such a possibility also looks probable here.

The filaments’s width (∼1 pc) obtained in

Section 3.5 is significantly larger than the average

values for interstellar filaments of various types (e.g.
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Fig. 8 This image shows Spitzer MIPS 24 µm emission. White contours represent integrated CS(2–1) emission and red ellipses

indicate clumps identified with the GaussClump procedure (Table 2).

Fig. 9 3D visualization of the clumps identified with GaussClump.

Table 2 Clumps Identified in the CS(2–1) Line

Clump α2000 δ2000 Vpeak ΘFWHM max NH2
M Mvir αvir

(h m s) (◦ ′ ′′) (km s−1) (arcmin) (1021 cm−2) (M⊙) (M⊙)

OSO1 6:13:59.7 +17:52:50.0 9.328 2.7×3.38 12.8 66 48 0.72

OSO2 6:13:47.5 +17:55:04.5 9.562 4.05×2.7 7.27 161 125 0.77

OSO3 6:13:30.0 +17:55:43.1 8.161 2.02×2.37 51.3 162 28 0.17

OSO4 6:13:35.4 +17:56:20.9 9.095 2.7×1.6 13.5 88 14 0.16

OSO5 6:13:54.3 +17:54:26.0 9.562 1.69×2.4 3.56 32 25 0.78

OSO6 6:13:59.7 +17:52:10.9 10.26 1.6×2.4 5.48 30 13 0.43
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André et al. 2016; Arzoumanian et al. 2011; Li et al.

2016), but is not exceptional. Theoretical models (e.g.

Hartmann 2002) show that the radial scale height of a fil-

ament, in case of thermal pressure support, is determined

by the speed of sound and the surface density. Additional

turbulent pressure support may increase this scale. Our

line widths are certainly non-thermal, so the turbulent

support, as a reason for the large filament width, seems

to be probable.

A filamentary cloud is unstable if its mass ratio per

unit length is greater than the critical ratio Mline >

Mcrit = 2c2
s/G, where cs is the speed of sound and G

is the gravitational constant (Inutsuka & Miyama 1997).

For the investigated region we find Mline ∼ 115 M⊙ and

Mcrit ∼ 25 M⊙ pc−1 (Samal et al. 2015).

To determine the column density and mass of the

clumps, we followed the procedure described in Rohlfs

& Wilson (2004). The parameters of the selected clumps

are presented in the Table 2. Masses of clumps lie in the

range of 30–160 M⊙ and the value of the virial parame-

ter varies from 0.16 in clump OSO4 to 0.78 in OSO5.

Kauffmann et al. (2013) have shown that if the virial

parameter αvir > αcrit, then the clump or molecular

cloud is gravitationally stable. If αvir <
∼αcrit, then per-

turbations of pressure and density in the clumps can lead

to a gravitational contraction and start the processes of

star formation. For isothermal clumps, without taking

into account the presence of magnetic fields, αcrit ≃ 2

(Kauffmann et al. 2013). For all the studied clumps, the

virial parameter satisfies this condition, which implies

their gravitational instability. Clumps OSO3 and OSO4

have the smallest virial parameters, compared to other

clumps, which is due to the small dimensions of these

clumps and the high H2 column density.

5 CONCLUSIONS

The main results of this study are the following:

(1) It is shown that the filamentary dark cloud in the

G192.76+00.10 region is dynamically coherent. The

shape of the PV diagrams may imply there is gas ac-

cretion along the filament to its central part.

(2) The gas temperature determined from the 12CO and

NH3 emission is 10 − 35 K.

(3) The hydrogen column density reaches the value

5.1 × 1022 cm−2. The total mass of the investigated

part of the filament is ∼ 800 M⊙ and the length is

∼ 7 pc. The mass per unit length is ∼ 115 M⊙ pc−1,

which is higher than the critical value and indicates

gravitational instability in the absence of a stabiliz-

ing magnetic field.

(4) The average width of the filament obtained from the

gas column density distribution is about 1 pc, much

larger than the average values for interstellar fila-

ments. This may be related to additional turbulent

pressure support.

(5) Six dense clumps are identified in the CS (2–1)

emission and their physical parameters are deter-

mined. Masses of the clumps lie within the range of

30 − 160 M⊙, and the value of the virial parameter

ranges from 0.16 to 0.78, which implies their gravi-

tational instability.
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