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Abstract We have performed a multi-wavelength study toward a quasi-sinusoidal filament (CFG028.68—
0.28). A new large-scale '2CO J = 3 — 2 map was obtained from the China-Cologne Observation for
SubMillimeter Astronomy (CCOSMA) 3m radio telescope. Based on the ATLASGAL catalog, we have
identified 27 dust clumps in the filament. Through the relationship between the mass and radius of these
clumps, 67% of these clumps are dense and massive enough to potentially form massive stars. The obtained
CFE is ~11% in the filament. The filament has a linear mass density of ~305 Mgpc~!, which is smaller
than its critical mass to length ratio. This suggests that the external pressure from the neighboring H 1I
regions may help prevent the filament from dispersing under the effects of turbulence. Comparing the energy
injection from outflows and HII regions in the filament, the ionization feedback from the HII regions can
help maintain the observed turbulence.

Key words: stars: formation —stars: early-type — ISM: H Il regions — ISM: individual (CFG028.68-0.28,
IRDC G28.53-0.25, and N49)

1 INTRODUCTION etal. 2016; Wang et al. 2016; Kainulainen et al. 2017). The
filaments are often associated with infrared dark clouds
(IRDCs). The IRDCs are seen as dark absorption features
against the Galactic background at mid-infrared wave-
lengths (e.g., Hennebelle et al. 2001; Simon et al. 2006;
Peretto & Fuller 2009). The 8 um emission shows in-
frared dark and bright parts, suggesting that each part of
et al. 2010), the study of filaments has attracted much at- the IRDCs are at different evolutionary stages (Tackenl?erg
tention. Filamentary structures have wide ranges of masses et al. 2013; Xu et al. 2016; Veena et al. 2018). The bright
y g

(~1-10° M) and lengths (~ 0.1 — 100 pc), and typical parts of the IRDCs are often coincident with HII regions
temperature(s in the range of ~ '10 _ 15K (é g., Jackson and infrared bubbles. The associated HII regions may illu-

et al. 2010: Seifried & Walch 2015: Beuther et al. 2015: Li minate the dark parts of the filament and make them bright,

The importance of interstellar filament for star formation
is emphasized for the first time by Schneider & Elmegreen
(1979). Since a wealth of filamentary structures in molec-
ular clouds (MCs) have been revealed by dust continuum
Galactic Plane surveys (Skrutskie et al. 2006; Molinari
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as described by Jackson et al. (2010). H Il regions may play
an important role in promoting the evolution of filamentary
IRDC, thus more observations are needed to check this is-
sue.

In addition, the filamentary IRDCs are considered as
the precursors of massive stars and star clusters (Egan
et al. 1998; Carey et al. 2000; Rathborne et al. 2006).
Clumps and cores are often distributed along the fila-
mentary IRDCs (André et al. 2010; Beuther et al. 2013;
Contreras et al. 2016). However, the processes of filament
fragmenting to star-forming cores and clumps are not well
understood. The formation of cores and clumps can be reg-
ulated by the interplay between gravity, turbulence, and
magnetic field (Li et al. 2015). The filaments may inherit
their initial turbulence from the interstellar medium, but
these motions have been shown to dissipate quickly (Stone
et al. 1998; Mac Low 1999). Several ideas have been pro-
posed to explain observed cloud energies, suggesting that
cloud lifetimes may be short compared with the decay time
(Elmegreen 2000). Gravitational collapse may drive tur-
bulence (Robertson & Goldreich 2012), while energy in-
jected by forming massive stars may sustain turbulence
(Krumholz et al. 2014). On parsec scales, both observation
and numerical simulation indicate that the energies asso-
ciated with protostellar outflows, winds, and radiations are
comparable to the cloud turbulence energy (Offner & Liu
2018).

A quasi-sinusoidal filament (CFG028.68-0.28) was
first identified from the Herschel Infrared Galactic Plane
survey by Wang et al. (2015). The CFG028.68-0.28
filament is also associated with IRDC G28.53-0.25.
IRDC G28.53-0.25 is at a kinematic distance of 5.4 kpc
(Rathborne et al. 2006) with a luminosity of ~ 3500L
(Rathborne et al. 2010). In the 1.2 mm continuum emis-
sion, IRDC G28.53-0.25 shows a filamentary structure that
extends about 5’ with a mass of ~ 10*M (Rathborne
et al. 2006). Several cores and clumps are detected in high
angular resolution observations in G28.53-0.25 (Rathborne
et al. 2006, 2010; Sanhueza et al. 2012; Lu et al. 2015).
Lu et al. (2015) found that some cores are associated with
outflows, masers, and infrared sources, suggesting that the
star formation is taking place in IRDC G28.53-0.25. In
this paper, we investigate the activities of star formation
and feedback toward the CFG028.68-0.28 filament using
multi-wavelength data. Our observations and data reduc-
tion are described in Section 2, and the results are pre-
sented in Section 3. In Section 4, we will discuss the struc-
ture and property of the filament, and clump formation
in the filament, while our conclusions are summarized in
Section 5.
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2 OBSERVATION AND DATA PROCESSING
2.1 CCOSMA Data

We made the 40" x 30’ mapping observations toward
the CFG028.68-0.28 filament in the transition of 2CO
J = 3 — 2 line (rest frequency is 345.789 GHz) us-
ing the China-Cologne Observation for SubMillimeter
Astronomy (CCOSMA) 3m radio telescope at Yangbajain
in Tibet in the west of China at an altitude of 4300 m,
during January 2019. The predecessor of CCOSMA is
the Kolner Observatorium fiir SubMillimeter Astronomie
(KOSMA). The half-power beam width of the telescope
at observing frequency of 345 GHz is 83”. The pointing
and tracking accuracy is better than 10”. The tuning fre-
quency of the receiver ranges from 330 GHz to 365 GHz
with a bandwidth of 1 GHz. In this frequency range, we
can detect the notable lines, such as 12CO J = 3 — 2,
BBCOJ=3-2,C®0J=3-2,and HCO" J =4 3.
In this paper, we only observed '2CO J = 3 — 2 line
for the CFG028.68—0.28 filament. The back end is a fast
Fourier transform spectrometer (FFTS) of 32768 channels
with a bandwidth of 2.5 GHz, corresponding to a veloc-
ity resolution of 0.077km s~!. The system noise tempera-
ture (Tsys) is 301 K in a single-sideband scale. The beam
efficiency Beg is 0.72 at 345 GHz, and the forward effi-
ciency Feg is 0.93. The mapping was done using on-the-
fly (OTF) mode with a 1’ x 1’ grid. Because the OTF
map of the 2CO J = 3 — 2 data is under Nyquist sam-
pling, we smoothed the CCOSMA data (92”) to angular
resolution of 120”. Compared with the JCMT data, we
also smoothed the CCOSMA data to a velocity resolution
of 1km s~!. The correction for the line intensity to the
main beam temperature scale was made using the formula
Tb = (Fet/Besr % T’ ). The data were reduced using the
GILDAS/CLASS? package.

2.2 Archival Data

In order to obtain a 3CO J = 1 — 0 view of the
CFGO028.68-0.28 filament, we used the Galactic Ring
Survey (GRS) data of CO J = 1 — 0 emission using
the Five College Ra-dio Astronomy Observatory (FCRAO)
(Jackson et al. 2006). The survey covers a longitude
range of /=18.0°-55.7° and a latitude range of |b|<1°,
with an angular resolution of 46”. At a velocity resolu-
tion of 0.21 km s~%, the typical rms sensitivity is 0.13 K.
Moreover, 12CO J = 3—2and "3CO J = 3—2 data are ob-
tained from the JCMT High-Resolution Survey (COHRS,
Dempsey et al. 2013) and Heterodyne Inner Milky Way
Plane Survey (CHIMPS, Rigby et al. 2016). The COHRS

! https://astro.uni-koeln.de/17647.html
2 http://www.iram.fr/IRAMFR/GILDAS
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has an angular resolution of 16.6” and a velocity resolu-
tion of 1 km s~1, while CHIMPS has an angular resolution
of 15.2" and velocity resolution of 0.5km s~!. In calcula-
tion and comparing images (Figs. 1 and 2), we smoothed
the FCRAO and JCMT data to the same angular resolution
with the CCOSMA data (120”).

To explore the dust distribution, we used far-infrared
data (70 pm-500 wm) from the Herschel Infrared Galactic
Plane survey (Hi-GAL; Molinari et al. 2010) carried out
by the Herschel Space Observatory. The initial survey
covered a Galactic longitude region of 300°</<60° and
|b|<1.0°. The Hi-GAL survey used two instruments: PACS
(Poglitsch et al. 2010) and SPIRE (Griffin et al. 2010) in
parallel mode to carry out a survey of the inner Galaxy in
five bands: 70, 160, and 250 um of PACS, 350 and 500 um
of SPIRE. The scan speeds of PACS is 20" per second,
while 30" per second for SPIRE. The angular resolutions
of these five bands are 10.7”, 11.4"”, 18.2", 24.9” and
36.3”, respectively. The Hi-GAL data have been used to
explore the flux density distribution and to construct col-
umn density map.

The GLIMPSE survey observed the Galactic plane
(65° < |I] < 10° for |b| < 1°) at the four IR bands (3.6,
4.5,5.8, and 8.0 um) of the Infrared Array Camera (IRAC)
(Benjamin et al. 2003) on the Spitzer Space Telescope,
we used the 8.0 um data to identify H II regions. The an-
gular resolution of the 8.0 um band is 1.9”. We also use
the MAGPIS survey (Multi-Array Galactic Plane Imaging
Survey) to trace ionized gas of H II regions (Helfand et al.
2006). Data are collected in the B, C, and D configura-
tions of the VLA operating in pseudocontinuum mode at
1.4 GHz. The MAGPIS survey has a beam size of 6” and a
typical rms of 0.3 mlJy.

3 RESULTS

3.1 The Filament’s CO and Radio Continuum
Emission

Figure 1 shows the channel maps of the filament in 12CO
J = 3—2from JCMT (blue contours) and CCOSMA (grey
scale). It can be seen that the '2CO .J = 3 — 2 emission de-
tected in the velocity range between 83.5 and 95.5km s—!
displays a quasi-sinusoidal filamentary structure. To fur-
ther compare the observed data from CCOSMA with that
from JCMT, we extract spectra of *2CO J = 3—2 from the
same position, which is shown in Figure 2. Both the *2CO
J = 3 — 2 spectra show the approximately same profile.
From the Figure 2, we see that the 12CO J = 3 — 2 profiles
show two peaks. Dewangan et al. (2017) confirmed that the
two peaks indicate two component in 3CO line. They fur-
ther concluded that there exists cloud—cloud collision pro-
cess in this region. Using the velocity range given above,

183-3

we made a three-color CO integrated intensity map for the
filament, as shown in Figure 3. The three CO emission
shown are the CCOSMA '2CO J = 3—2 (in red), FCRAO
13CO J =1 — 0 (in green), and JCMT 3CO J = 3 — 2
(in blue). In Figure 3, the different CO emissions appear to
highlight different layers of the filament. Compared with
the 13 CO J = 1 — 0 emission, the 12CO J = 3 — 2
emission may traces the relatively dense layer. Most obvi-
ously, the 13CO J = 3—2 emission traces the densest layer
(blue color) of the filament. The Hi-GAL survey data can
be used to construct a column density map (/Vy, ) of the hy-
drogen molecule. Based on the smoothed 250 pm method
of Palmeirim et al. (2013), the column density map of the
filament with an angular resolution of 18”2 was created
using a modified blackbody model to fit the SEDs pixel by
pixel. In Hi-GAL five bands, we only use 160 pm, 250 pm,
350 um and, 500 pm. Emission at 70 pm was excluded in
the SED fitting because it can be contaminated by emis-
sion from small grains in hot PDRs. The dust opacity law
is assumed as s, = 0.1x(300wm/\)? cm?/g, with 3=2
(Palmeirim et al. 2013). Figure 4 displays the Ny, map
overlaid with the 2CO J = 3 —-2and 3COJ =1 -0
emission. From Figure 4, we see that the Ny, map (grey
scale) shows four dense regions, which are well associ-
ated with the 12CO J = 3 —2and 3COJ =1 -0
emission. Two of the dense regions are consistent with two
small scale of 870 um dust filaments (G28.562-0.238 and
(G28.706-0.289) identified by Li et al. (2016), which are
marked by two red dashed lines in upper panel of Figure 4.
Adopting a distance of 5.4kpc (Rathborne et al. 2006),
the CFG028.68-0.28 filament extends about 63 pc (40’) in
length, while the mean width is about 12 pc (8’), as traced
by the 13CO .J = 1 — 0 emission.

3.2 The Filament’s Column Density and Mass

Compared with the CO data, the column density map de-
rived from Hi-GAL survey data does not show a com-
pleted filamentary structure. We use the *CO .J = 1 — 0
emission to determine the column density and mass of
the CFG028.68-0.28 filament. Assuming local thermody-
namic equilibrium (LTE), the column density was esti-
mated via Garden et al. (1991)

Tex +0.88
N(13CO) =471 x 1013 —=
(7CO) exp(—5.29/ Tey) n
T(133C0O) s
~ 1 —exp(—7(13C0O)) /Tmbdv o

where 7 is the optical depth, dv is the velocity range,
and Ty, is the corrected main-beam temperature of BCo
J =1 — 0. To is the mean excitation temperature of the
molecular gas. Generally, the *2CO emission is optically
thick, so we used '2CO J = 3 — 2 to estimate Tpy via
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Fig.1 The JCMT '2CO J = 3 — 2 channel maps (blue contours) superimposed on that (grey scale) from the CCOSMA '2CO
J = 3 — 2. The integrated emission is in step of 1 km s~*. Central velocities are indicated in each subimage. The green star marks the

extracted position of '2CO J = 3 — 2 line.

Fig.2 Extracted spectra of 12c0 J = 3 — 2 from JCMT (clack line) and CCOSMA (blue line) data.
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Fig.3 Three-colour composite integrated intensity image of the filament using CCOSMA '?>CO J = 3 — 2 (red), FCRAO *CO
J =1 — 0 (green), and JCMT >CO J = 3 — 2 (blue).

following the equation (Garden et al. 1991)

Tex =

16.6

In[1 + 16.6/(Tmp + 0.04)]"

two velocity components along the line of sight toward the
filament, we used two-velocity Gaussian components to fit
each spectrum, and then obtain 77,1, and linewidth. From
Figure 5 (b panel), we find that the excitation temperature

2

Using all emissions greater than 50, we calculate the exci-
tation temperature of each observed point. Since there are
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is 4.4-18.0K, while the mean excitation temperature of the
filament is about 9.3 K.

In addition, we assumed that the excitation tempera-
tures of 12CO J = 3 — 2 and 1¥CO J = 1 — 0 have the
same value in the filament. 7 can be obtained by the fol-
lowing equation (Garden et al. 1991)

Tmb
5.29/[exp(5.29/ Toy) — 1] — 059"
3)
Using the equation above, the derived 7(**CO) is 0.1-
0.8, suggesting that the *CO J = 1 — 0 emission is
optically thin in the filament. The abundance ratios of
[CO]/[Hz] = 10* (Frerking et al. 1982a). Using the rela-
tion N (Hy)/N(3CO) ~ 7 x 10° (Frerking et al. 1982b),
we also obtained that the 12CO J = 3 — 2 optical depth
is 4.3-58.0, further confirming that the '2CO J = 3 — 2
emission is optically thick in the filament. In Figure 5(b)
and (c) panels show the optical depth distributions of the
13CO J =1-0and '2CO J = 3 — 2 emission.

Using the equation above, we obtained that the
column density ranges between 1.0x10%'cm~?2
and 1.2x10?2cm~2 with a mean column density
of (5.7£0.3)x10?'cm~2. In Figure 2, the '3CO
J = 1 — 0 emission is well associated with that of
12C0 J = 3 — 2. For comparison, we also estimate the
mean column density of the filament in 12CO J = 3 — 2
line by using the conversion factor N(Hz)/W(2CO
J=3-2)~4.0x 10 %m 2K~ 'km~!s (Colombo et al.
2019), where W(*2CO .J = 3 — 2) is the mean integrated
intensity of *2CO emission, which is 12.8 K km s~! in the
filament. By adopting the W(*2CO .J = 3 — 2) value, we
derive that the mean column density is about 5.1x 102!
cm™~2, which is approximately equal to that derived by the
13CO J = 1 — 0 emission. Generally, filaments display
approximately long cylindrical structures (Jackson et al.
2010), thus the mass of the filament can be estimated by

My, = (5 ) gm(Hy)n(Hy), O

7(**CO) = —In[1

where p,=1.36 is the mean atomic weight of the gas,
while m(Hz) is the mass of a hydrogen molecule. ! and
w are the length and mean width of the filament, respec-
tively. The mean number density of Ho is given to be
n(Hz) = 8.1 x 1072°N(Hy)/w (Garden et al. 1991).
Using the mean width w (12pc) of the filament, we de-
rive the mean number density of 38.242.2cm™3 for the
filament. By using the mean number density, we obtain a
mass of (1.940.1) x 10* M.

3.3 HII Regions/Infrared Bubbles Associated with the
Filament

Figure 6(a) shows the 3CO J =1—0 emission map (blue
contours) superimposed on the Spitzer-IRAC 8 pm emis-
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sion map (grey scale) of CFG028.68-0.28. From the 13CO
J = 1 — 0 emission, we see that CFG028.68—0.28 shows a
long filamentary structure. At 8 um, CFG028.68-0.28 only
displays a dark extinction feature at the middle section. At
each end sections of the CFG028.68-0.28 filament, we find
some bright Spitzer-IRAC 8 um emission. The bright 8§ um
emission is attributed to polycyclic aromatic hydrocarbons
(PAHs) (Leger & Puget 1984), which can be used to delin-
eate an infrared bubble. Infrared bubbles are highlighted
by the bright 8.0 um emission surrounding O and early-
B stars (Churchwell et al. 2006). From the Churchwell
et al. (2006) and Simpson et al. (2012) catalogues, we find
seven infrared bubbles in the filament, whose parameters
are listed in Table 2. In order to facilitate the discussion
and expression, we nominate six bubbles identified from
Simpson et al. (2012) catalogue by B1-B6. In Figure 5, all
the bubbles are distributed along the CFG028.68-0.28 fil-
ament. The N49 infrared bubble is a very well-studied star
forming region that consists of HII region G28.823-0.226
(e.g., Watson et al. 2008; Zavagno et al. 2010; Dewangan
et al. 2017). The radio recombination line velocity toward
the HII region was ~ 90.6 km s~ (Anderson & Bania
2009), which is just located between 83.5 and 95.5km s !
for the CO emission of CFG028.68—0.28. The HII region
ionized by an O-type star is at a distance of 5.07 kpc
(Dirienzo et al. 2012), which is associated with that of
CFG028.68-0.28 (5.4 kpc). In addition, from Figure 6(a),
we see that the 13CO J = 1 — 0 emission adjacent to
N49 shows arc-like structure with a very intense emission
towards the filament, suggesting N49 is interacting with
the CFG028.68—0.28 filament. Using the APEX 870 um
dust continuum data, Deharveng et al. (2010) reported the
detection of at least four massive clumps toward the in-
frared rim of the bubble N49. The massive clumps are cre-
ated by the expansion of N49. Figure 6(b) shows the 13CO
J =1 — 0 emission map (blue contours) superimposed on
temperature map (grey scale) derived from Hi-GAL sur-
vey data of CFG028.68-0.28. Compared with Figure 6(a),
the regions with higher temperature are associated with the
bubbles, while the regions with lower temperature are co-
incident with the infrared dark cloud. To clearly show the
shape of these bubbles, we made the enlarged maps (Figs. 7
and 8). In Figure 7, N49 shows a bubble-like structure that
is opened to southeast, indicating that the ionized gas has
leaked from N49, whose direction is marked by two black
arrows. In Figure 8, only three bubbles (B2, B3, and B6)
show the ionized gas emission traced by the VLA 20 cm
(red contours). Apart from B4, each bubble is associated
with one or two Herschel 250 um clumps. In particular,
there is a clump located between B2 and B3.
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3.4 The Masses of the Selected Clumps in the thin emission, the mass is given by (Hildebrand 1983)
Filament y B S, D2 )
clump — HVBV (Td)
Using the ATLASGAL catalog (Csengeri et al. 2014),  where .S, and D correspond to the flux density at the fre-
we identified 27 dust clumps in the whole filament.  quency v and the distance to the clumps. The mass ratio
These clumps are mainly distributed along the filament in ~ of gas to dust was adopted as 100. x,, is the dust opacity,
Figure 9, while most of the clumps are located on the in-  which is adopted as 0.01 cm? g=* (Ossenkopf & Henning

frared dark part of the filament. We use the 870 um flux ~ 1994) at 870 um. B, (Tq) is the Planck function for the
of the clumps to estimate their masses. Assuming optically ~ dust temperature 7; and frequency v. The dust tempera-
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(a) The green contour levels begin from 5o (1o = 300 MJy st~ 1) in a step of 1o, while the red contour levels begin from 3o (1o = 0.5
mJy beam™ 1) in a step of 2¢. (b) The green contour levels begin from 50 (1 = 300 MJy sr~!) in a step of 0.5¢. (c¢) The green contour
levels begin from 5o (1o =300 MJy sr—1) in a step of 1o. (d) The green contour levels begin from 5o (1o = 300 MJy sr™1) in a step
of 1o, while the red contour levels begin from 3¢ (16 = 0.5 mJy beam ') in a step of 0.5¢.
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Fig.9 Contours of '3CO J = 1 — 0 emission superimposed on the >CO J = 3 — 2 emission (grey). Both integrated velocities are

from 83.5 to 95.5km s~ *. The blue contour levels are from 5.0 (3¢) to 25.0 by a step of 2.5K km s~ . The green ellipses represent
the selected clumps. The two red pluses mark the EGO sources (Cyganowski et al. 2008). The right colour bar is given in units of K
kms™'.

tures of clumps are derived from the SEDs fit pixel by pixel ~ culated as
through the Hi-GAL survey data.

Assuming that the clumps have roughly spherical Metump
shapes, the average volume density of each clump was cal- MHy = 7 /3 R3gumy’

(6)
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where R.g is the effective radius of each clump, which is
determined by

Reg = D/VFWHM/2, @)

where FWHM is the deconvolved size of the clumps. The
obtained R.g are listed in column 11 of Table 3.4. Clump
radius ranges from 0.09 pc to 0.18 pc. The masses of these
clumps range from 14 to 407 Mg with a total mass of
1824 M, while the average volume density ranges from
3.1x10% to 3.8x10° cm 3.

4 DISCUSSION
4.1 The Filament’s Structure and Property

Previous 1.2 mm continuum observation with the IRAM
30m single-dish telescope showed that IRDC G28.53-
0.25 extends by about 5’ (Rathborne et al. 2006). Based
onour 2CO J = 3—2and "¥CO J = 1 — 0 observations,
CFGO028.68-0.28 shows a filamentary structure extended
by 40’ from east to west. From the column density (Ny,)
map constructed from Hi-GAL survey data, we see that the
column density map only shows four dense regions, not a
continuous filamentary structure. We suggest that the pre-
vious identified IRDC G28.53-0.25 (5”) is only part of the
larger filament CFG028.68-0.28. At 8 pm, IRDC G28.53—
0.25 only displays a dark extinction feature about 5’ at the
middle section of the filament. At each of the end sections
of the filament, we find some bright Spitzer-IRAC 8 um
emission, which are associated with several infrared HII
regions/bubbles. In addition, from the distribution of the
dust temperature, we obtain that the regions with higher
temperature in the filament are associated with the bubbles
or HII regions, while the regions with lower temperature
are coincident with the infrared dark cloud, suggesting that
the ultraviolet (UV) radiation from the HII regions have
ionized and heated the surrounding gas. The structure of
the CFG028.68-0.28 filament is similar to that of the IRDC
G34.43+0.24 filament, which also shows a 8 um infrared
dark and bright parts (Xu et al. 2016). The bright parts of
the IRDC are associated with HII regions and infrared bub-
bles. The associated H II regions may have illuminated the
dark parts of the filament making them bright, as in the
description for an IRDC evolution given by Jackson et al.
(2010). The effect of the ionizing radiation in the evolu-
tion of clouds and their star formation has been considered
in numerical simulations (e.g., Dib et al. 2013; Kim et al.
2017). Hence, we suggest that HII regions that are created
by massive stars play an important role in promoting the
evolution of filamentary IRDC.

The formation of filaments is a natural consequence
of turbulent cascades in the complex multiphase interstel-
lar medium (Smith et al. 2016). If the turbulence is dom-
inant, then a critical mass to length ratio can be estimated
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300

FWHM Mean: 3.5 kms~!
Median: 2.9 km s~ !

Number

0

1 2 3 4 5
FWHM (3CO) (km s~1)
Fig. 10 Distribution of the full width at half-maximum (FWHM)
for the filament. The number is all observed point whose emission
is greater than 3 o.

as (M /1)eriv=84(AV)? M, pc~! (Chandrasekhar & Fermi
1953; Jackson et al. 2010), where AV is the full width
at half-maximum (FWHM). Figure 10 shows the distri-
bution of the FWHM for the 13CO J = 1 — 0 emis-
sion in the filament. We found the mean FWHM of *CO
J =1 — 0 emission to be 3.0£0.4km s—!. Thus, we ob-
tained (M /1) it =~ 7564202 Mg pc— L. Using the total
mass ((1.940.1) x 104M®) and length (~63 pc) of the fil-
ament, we obtained a linear mass density M/l of 305+£16
My pc~!t, which is smaller than (M /Derit- Therefore, we
conclude that external pressure from the neighboring bub-
bles and H II regions may help prevent the filament from
dispersing under the effects of turbulence. We estimated
the turbulent energy of the CFG028.68-0.28 filament us-

ing formula
1

Etury, = §MU§d, (®)
where 034 ~ v/30,, which is the three-dimensional turbu-
lent velocity dispersion. o, is AV/(2v2In2), and AV is
the mean FWHM from the 13CO J = 1 — —0 emission. In
the filament, the mean thermal broadening can be given by
AViherm =2.355%\/kTex/(tgm(Hz)). Using an excita-
tion temperature (7ex) of 4.4-18.0K, we derived AV;porm
~ 0.3-0.5km s~ !, which is much lower than the mean
FWHM of 3.0km s~! measured for "*CO J=1-0. Hence,
we did not consider the velocity dispersion to be caused by
thermal broadening. We obtained that the turbulent energy
of the filament is about (9.2 + 2.4)x10*7 erg. The turbu-
lent dissipation rate of the filament can be calculated as
Eturb = Eiurb/taiss, Where tqiss 18 the turbulent dissipa-
tion time. According to McKee & Ostriker (2007), t4iss ~
d/20,, where d is the effective radius of the filament. We
derived the turbulent dissipation time of 5.1 Myr, and the
turbulent dissipation rate of (7.84:2.0)x10%3erg s~! for
the filament.

4.2 Clump Formation

Several cores and clumps in IRDC G28.53-0.25 are de-
tected in high angular resolution observations (Rathborne
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Table 1 Parameters of the Identified Dust Cores

ID l b emaj Hmin PA FWHM Fu Su Tdust Reﬁ Mclump NHy
(deg) (deg) (arcsec) (arcsec) (°) (arcsec) (Jy beam 1) Jy) (XK) (po) M) (X 10%cm™?)
1 2852 -0.25 27 19 141 23 0.52 0.73 169 0.10 259 8.8
2 2854 -0.28 54 22 106 34 0.6 1.92 16.0 0.15 742 7.8
3 2854 -0.27 28 19 124 23 0.47 0.66 15.8 0.10 26.0 8.8
4 28.54 -0.24 43 28 11 35 0.74 24 160 0.15 928 8.9
5 2856 -0.24 31 19 58 24 0.42 0.69 153 0.10 28.7 8.6
6 2856 -0.23 37 26 84 31 0.54 143 15.6 0.14 57.6 8.0
7 2856 -0.24 50 32 134 40 1.97 845 140 0.17 4073 26.3
8 28.57 -0.22 43 19 161 29 0.56 1.25 147 0.13 555 9.4
9 2858 -0.34 50 22 72 33 0.68 2.06 19.8 0.14 574 6.6
10 28.58 -0.23 49 28 152 37 0.65 243 151 0.16 1032 8.4
11 2859 -0.23 27 21 129 24 0.43 0.65 16.0 0.10 25.1 7.5
12 28.60 -0.36 43 25 92 33 0.79 229 256 0.14 444 5.1
13 28.60 -0.38 50 33 83 41 0.51 229 230 0.18 514 3.1
14 28.68 -0.28 30 20 120 24 1.0 1.58 17.8 0.10 51.7 15.4
15 28.69 -0.28 38 23 38 30 1.04 246 192 0.13  71.7 11.0
16 28.71 -0.29 42 28 17 34 1.09 3.5 167 0.15 1264 13.3
17 2872 -0.18 37 19 97 27 0.41 0.78 19.8 0.12 21.7 4.6
18 28.72 -0.30 28 24 44 26 0.64 1.17 17.1 0.11  40.7 9.6
19 28.73 -0.24 34 26 115 30 0.42 1.0 21.7 0.13 244 3.7
20 28.83 -0.31 27 19 -5 23 0.4 0.57 18.1 0.10 18.2 6.2
21 28.83 -0.25 29 28 77 28 4.4 9.61 242 0.12 201.1 37.8
22 28.83 -0.21 31 26 25 29 0.86 1.92 205 0.13 50.8 8.6
23 28.84 -0.21 23 19 127 21 0.45 0.54 21.3 0.09 13.5 6.0
24 28.85 -0.23 28 20 47 24 0.51 0.78 20.3 0.10 209 6.3
25 28.92 -0.23 58 23 -17 37 0.59 2.14 185 0.16  66.0 5.4
26 28.96 -0.20 24 20 70 22 0.66 0.84 19.8 0.10 234 9.1
27 29.02 -0.18 35 25 72 30 0.61 1.47 19.0 0.13 435 6.7

The columns are as follows: (1) the source ID; (2)—(3) the positions in galactic coordinates; (4)—(5) the beam-convolved
major and minor axes in arcseconds; (6) the position angle of the fitted Gaussian measured from north to east; (7) the
average FWHM source size (beam-convolved); (8)—(9) the peak flux and the integrated flux.

et al. 2006, 2010; Sanhueza et al. 2012; Lu et al. 2015).
Lu et al. (2015) suggested that some cores have star for-
mation activities revealed by outflows, masers, or infrared
sources. Using the ATLASGAL catalog, we identified 27
dust clumps in the CFG028.68-0.28 filament. The mass
of the filament traced by *CO J = 1 — 0 emission is
~1.9x 1O4M@, while the total mass of these selected dust
clumps is 1824 M, in the filament. We can calculate a
massive clump formation efficiency (CFE), which is given
by Mciump/Meciouda- The obtained CFE in the CFG028.68—
0.28 filament is ~11%, which is consistent with the mean
CFE (11%) in the GMC of the Milky Way (Battisti &
Heyer 2014). Because the ATLASGAL catalogue listed the
dense clump sample, the obtained CFE in the CFG028.68—
0.28 filament is a lower limit. The presence of the infrared
bubbles indicates that several massive stars have formed in
the filament. To judge whether the selected dust clumps
have sufficient mass to form massive stars, we consider
their sizes and masses. According to Kauffmann & Pillai
(2010), if the clump mass is M (r) > 580Mg (r/pc)t33,
then they can potentially form massive stars. Figure 11
presents a mass versus radius plot of the dust clumps em-
bedded in the filament. From Figure 11, we obtained that
18 dust clumps lie at or above the threshold, indicating that

103 -

High-mass

Mass (M)

Low-mass

6x 1072 107! 2% 107! 3x10°!

Effective Radius (pc)

Fig.11 Mass-Radius distribution for the ATLASGAL 870 pm
clumps.

67% of these clumps are dense and massive enough to po-
tentially form massive stars.

In a filament, the clump formation may be regulated
by the interplay among gravity, turbulence, and magnetic
field (Li et al. 2015). Turbulence in molecular clouds has
been shown to dissipate quickly (Stone et al. 1998; Mac
Low 1999), it needs to continuously drive turbulence via
stellar feedback (Ostriker et al. 2010; Offner & Liu 2018).
Massive stars are a possible mechanism for driving tur-
bulence through feedback from outflows, UV radiation
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Table 2 Physical and Calculated Parameters of Identified Infrared Bubbles

Name l b Flux Age Ey FE; E
(deg) (deg) (mJy) (x108yr) (x10%*7erg) (x10%*7erg) (x10*7erg)
N49 28.823 —0.256 0.5-1 1.9-3.6 32.8-54.7 2.1-3.5
MWP1G028600-003800S(B1) 28.600 —0.380 - - - - -
MWP1G028601-003690(B2) ~ 28.601 -0.369 573(51)  0.6(0.1) 0.5(0.1) 7.9(1.1) 0.5(0.1)
MWP1G028592-003541(B3)  28.592 -0.354 386(34) 0.5(0.1) 0.3(0.1) 4.2(0.7) 0.3(0.1)
MWP1G028560-002900S(B4) 28.560 —0.290 - - - -
MWP1G028714-003004(B5)  28.714 —0.300 - - - - -
MWP1G028730-002332(B6)  28.730 -0.230  31(7)  0.4(0.2) 0.1(0.1) 0.8(0.4) 0.1(0.1)

fields, stellar winds, and supernova explosions in molec-
ular clouds. Extended green objects (EGOs) are consid-
ered as outflow candidate (Cyganowski et al. 2008). From
the catalogue of Cyganowski et al. (2008), we found two
EGO sources (G028.85-0.23 and G028.83-0.25) located
in the CFG028.68-0.28 filament, as shown in Figure 9.
Yang et al. (2018) have undertaken the largest survey for
outflows within the Galactic plane using CO data for the
ATLASGAL clumps. In the filamentary CFG028.68-0.28,
we only found a clump with detected outflow, which is
only associated with EGO G028.83-0.25 in space. The en-
ergy and dynamic time of the outflow are 4.0x10%Cerg
and 6.4x10%yr, respectively. Moreover, Lu et al. (2015)
found that other three cores are associated with outflows in
IRDC G28.53-0.25 with high angular resolution observa-
tions. From Table 5 of Lu et al. (2015), we derived the to-
tal energy and mean dynamic time of the three outflows is
8.2x10%erg and 6.4 x 10* yr, respectively. Compared with
the turbulent energy of the filamentary CFG028.68-0.28,
all currently discovered outflows with a total energy of
1.2x10%7 erg can not drive the observed turbulence in the
filament.

HII regions and infrared bubbles were found to be as-
sociated with the CFG028.68-0.28 filament. Generally, in-
frared bubbles are created by the expansion of H II regions.
We can calculate the kinetic energy, ionization energy, and
thermal energy of these associated H II regions. According
to Lasker (1967) and Freyer et al. (2003), the kinetic en-
ergy, ionization energy, and thermal energy can be esti-
mated by

4
B, = gmichﬁRS/z[(ZCSR;*/%HH + RTS8/ _R3/2),

9
4 7 =4
E = gmi(gcsRi/thn + RZ/2)6/7X07 (10)
4 7
By = gﬂni(ZCsRS/QtHH + RI)% Tk Ty, (1D

where my; is the mass of a hydrogen atom. n; is the initial
H number density of the molecular gas. c; is the isothermal
sound speed of ionized gas, assumed to be 10 km 7L tam
represents the dynamical age of the HII region. xq is the
ionization potential of hydrogen in the ground state, and
171 is the effective electron temperature in the HII regions.

Assuming an H II region expanding in a homogeneous
medium, the dynamical age g1 was estimated via (Dyson
& Williams 1980)

AR, Rut 7/
T -1, (12)
where Ry is the radius of the HII region, and Ry
is the radius of the Stromgren sphere given by Ry =
(3N1y/4mn?ap)'/3, where Ny, is the ionizing luminos-
ity, and ap = 2.6 x 10713 cm?3 s=! (Dyson & Williams
1980), which is the hydrogen recombination coefficient to
all levels above the ground level. We used the volume-
averaged Hy (38.2cm™3) of the filament to determine n;
since the H II regions are located in the filament.
Using the 1.4 GHz radio continuum emission from the
MAGSPIS survey, the ionizing luminosity N, was com-
puted by Condon et al. (1998)

ta =

Niy = 7.54 x 1046 (——)0-1(

Ty\ 45,5, D 1o 4
() )2 s

K Jy  kpe

(13)
Where v is the frequency of the observation, 77 is the ef-
fective electron temperature in units of 10*K, S, is the
observed specific flux density, and D is the distance to the
HI1I region. Here we adopted an effective electron temper-
ature of 10* K, and the distance (5.4 kpc) of the filament as
those of the HII regions.

In our identified infrared bubbles, only N49, B2, B3,
and B6 are associated with the 1.4 GHz radio contin-
uum emission. N49 has been very well-studied. Using the
APEX 870 pum dust continuum data, Deharveng et al.
(2010) reported detection of at least four massive clumps
toward the rim of the infrared bubble N49. The mas-
sive clumps are created by the expansion of N49. N49
shows a bubble-like structure that is opened at the south-
east, suggesting that the ionized gas has leaked into the
CFG028.68-0.28 filament. From Watson et al. (2008) and
Zavagno et al. (2010), we directly adopt Rs=2pc and
ty11=0.5—1Myr for the HII region related to N49. From
Figure 8, we measured a flux density at 1.4 GHz and a ra-
dius of ~1.0pc, 0.8 pc and ~0.4 pc for the three HII re-
gions associated with B2, B3, and B6, respectively. The
obtained parameters are listed in Table 2. In Table 2, we
obtained that the dynamical ages of the four HII regions
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associated with these bubbles, are one order of magnitude
larger than that of the identified outflows. We infer that
the ionizing stars of these infrared bubbles may be the first
generation of stars that formed in CFG028.68-0.28. The
driving sources of the outflows is likely to be the second
generation of stars. The obtained total kinetic energy and
thermal energy for the four H Il regions are smaller than the
turbulent energy (1.6 x 108 erg) of filament CFG028.68—
0.28. Compared to the kinetic energy and thermal energy,
as well as the outflow energy, the ionization energy may
inject more energy to CFG028.68-0.28, and help to drive
the observed turbulence.

5 CONCLUSIONS

We present the '2CO J = 3 —2,13COJ =1 -0,
BCo J = 3 — 2, infrared, and radio continuum obser-
vations toward CFG028.68-0.28 on a large scale. Based
on the CO observations, CFG028.68—0.28 shows a quasi-
sinusoidal filamentary structure extended by 40’. Using
the total mass of ~1.8x10*M, and length of ~63 pc
for the filament, we have obtained a linear mass density
M/l of ~ 305 My, pc~ !, which is smaller than (M /Dcrit-
This indicates that external pressure from the neighbor-
ing bubbles and H II regions may help to prevent the fila-
ment from dispersing under the effects of turbulence. From
the ATLASGAL catalog, we identified 27 dust clumps in
the whole CFG028.68-0.28 filament. About 67% of these
clumps are dense enough and massive enough to poten-
tially form massive stars. The obtained CFE is ~ 11% in
the CFG028.68-0.28 filament. Several infrared HII /bub-
bles at each end sections of the filament, suggest that the
HII regions may play an important role in promoting the
evolution of the CFG028.68-0.28 filament. We infer that
the ionizing stars of these infrared bubbles may be the
first generation of stars that formed in CFG028.68-0.28.
Compared to the kinetic energy and thermal energy, as
well as the outflow energy, the ionization energy may in-
ject more energy to CFG028.68—0.28, and help drive the
observed turbulence.
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