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ABSTRACT

Most bipolar outflows are associated with individual young stellar objects and have small opening angles. Here we
report the discovery of an extremely wide-angle (∼180°) bipolar outflow (“EWBO”) in a cluster forming region
AFGL 5142 from low-velocity emission of the HCN (3–2) and HCO+ (3–2) lines. This bipolar outflow is along a
north-west to south-east direction with a line of sight flow velocity of about 3 km s−1 and is spatially connected to
the high-velocity jet-like outflows. It seems to be a collection of low-velocity material entrained by the high-
velocity outflows due to momentum feedback. The total ejected mass and mass loss rate due to both high-velocity
jet-like outflows and the “EWBO” are ∼24.5Me and ∼1.7 × 10−3Me yr−1, respectively. Global collapse of the
clump is revealed by the “blue profile” in the HCO+ (1–0) line. A hierarchical network of filaments was identified
in NH3 (1, 1) emission. Clear velocity gradients of the order of 10 km s−1 pc−1 are found along filaments,
indicating gas inflow along the filaments. The sum of the accretion rate along filaments and mass infall rate along
the line of sight is ∼3.1 × 10−3Me yr−1, which exceeds the total mass loss rate, indicating that the central cluster
is probably still gaining mass. The central cluster is highly fragmented and 22 condensations are identified in
1.1 mm continuum emission. The fragmentation process seems to be determined by thermal pressure and
turbulence. The magnetic field may not play an important role in fragmentation.
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1. INTRODUCTION

Outflows in high-mass star-forming regions have been found
with a high detection rate in both single-dish surveys (Wu
et al. 2004; Zhang et al. 2005; Kim & Kurtz 2006; Qin et al.
2008b) and high resolution interferometer studies (Su
et al. 2004; Qiu et al. 2007, 2009, 2011a, 2011b; Zhang
et al. 2007; Qin et al. 2008a, 2008c; Liu et al. 2011a,
2011b, 2013a, 2015; Ren et al. 2011; Wang et al. 2011; Zhu
et al. 2011). Very collimated jet-like outflows are frequently
found toward young (Wang et al. 2011) or isolated (Ren
et al. 2011; Zhu et al. 2011) high-mass star forming regions. In
evolved cluster forming regions (Qiu et al. 2009, 2011b; Liu
et al. 2011a), outflows often show complicated and less
collimated structures.

Located at a distance of 1.8 kpc (Snell et al. 1988), AFGL
5142 is a high-mass star forming region containing a cluster of
continuum cores (Zhang et al. 2007; Palau et al. 2011, 2013).
The CO and SO line emission from interferometric observa-
tions showed at least three well collimated molecular outflows
originating from the center of the dust core (Zhang et al. 2007;
Palau et al. 2011, 2013). Observations of the H2O maser (and
radio continuum) emission revealed a collimated bipolar
molecular outflow (and ionized jet) from the brightest

continuum core “MM-1,” which has an infalling envelope (a
radius of 300 au and infall velocity of 5 km s−1) (Goddi
et al. 2011). Thus MM-1 was identified as the driving source of
the large-scale CO/SO outflows (Goddi et al. 2011). The
outflows are heating the surroundings as implied by the
enhanced temperatures seen in the ratio maps of different
transitions of NH3 emission (Zhang et al. 2002). In order to
further explore the outflow properties and outflow feedback in
AFGL 5142, we have carried out interferometric observations
of this region with the Submillimeter Array (SMA). In this
paper, we report the discovery of an extremely wide-angle
(∼180°) bipolar outflow in AFGL 5142 from low-velocity
emission in the HCN (3–2) and HCO+ (3–2) lines. This
outflow is entirely different from those well-defined and
collimated bipolar outflows associated with young stellar
objects or other disordered outflows in cluster forming regions.
It seems to be a collection of low-velocity materials entrained
by high-velocity jet-like outflows.

2. OBSERVATIONS

The observations of AFGL 5142 were carried out with the
SMA in 2011 November in its extended configuration and in
2012 January in its compact configuration. The phase reference
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center was R.A.(J2000) = 05h30m48 02 and decl.
(J2000) = 33°47′54 48. In both observations, QSOs 3c111
and 0510+180 were observed for gain correction and Callisto
was used for flux-density calibration. The absolute flux level is
accurate to about 15%. Bandpass was corrected by observing
QSOs 3c454.3 in its extended configuration and 3c279 in its
compact configuration, respectively. The 345 GHz receivers
were tuned to 265 GHz for the lower sideband and 275 GHz for
the upper sideband. The frequency spacing across the spectral
band is 0.812MHz or ∼0.9 km s−1. The visibility data were
calibrated with the IDL superset MIR package and imaged with
the MIRIAD and CASA packages. The 1.1 mm continuum data
were acquired by averaging all the line-free channels over both
the upper and lower spectral bands. The MIRIAD task “selfcal”
was employed to perform self-calibration on the continuum
data. The gain solutions from the self-calibration were applied
to the line data. The synthesized beam size and 1σ rms of the
continuum emission from combining both compact and
extended configuration data are 1 41 × 1 1 (PA = 65°.8)
and ∼1.5 mJy beam−1, respectively. We smoothed the spectral
lines to a spectral resolution of 1 km s−1 and the corresponding
1σ rms for lines is ∼80 mJy beam−1 per channel. The
synthesized beam size and 1σ rms of the continuum emission
from extended configuration data only are 0 84 × 0 62
(PA = 87°.6) and ∼2 mJy beam−1, respectively.

To recover the missing short spacing information in the
HCN (3–2) line, we used the single-dish data obtained from the
CSO archive. The observations were carried out in 2004
January. The spectral resolution was 0.054 km s−1. The
weather was good during observations with τ ∼ 0.1 and a
system temperature of 490 K. The beam size and beam
efficiency of the CSO data are ∼28″ and 0.67, respectively.
The map size is 1 5 × 1 5 with a spacing of 10″. The MIRIAD
task “mosmem” was used to combine the SMA and the
CSO data.

We observed AFGL 5142 in the J = 1–0 transitions of
HCO+ and H13CO+ as well as the J = 14–13 and 15–14
transitions of HC3N with the Korean VLBI Network (KVN)
21 m telescope at Yonsei station in single-dish mode (Kim
et al. 2011). The observations were carried out in 2014
November. The spectral resolution and system temperature for
J = 1–0 of HCO+ and H13CO+ are ∼0.052 km s−1 and 230 K
(τ ∼ 0.12), respectively. The spectral resolution and system
temperature for HC3N (14–13) and (15–14) are ∼0.034 km s−1

and 260 K (τ ∼ 0.37), respectively. We did single-pointing
observations with on source time of about 15 minutes to
achieve an rms level of * <T 0.1A K. The mean-beam
efficiencies of the telescope are 0.41 and 0.40 at 89 and
136 GHz, respectively.

The 450 and 850 μm continuum data were obtained from the
JCMT archive. The JCMT/SCUBA observations were con-
ducted in 1997 October. The beam sizes of SCUBA at 450 and
850 μm are 9 8 and 14 4, respectively. We also obtained
publicly available Herschel data from the Herschel archive.
The proposal ID of Herschel observations is “OT1_smoli-
nar_5.” The 70 and 160 μm continuum data were obtained with
the Photodetector Array Camera & Spectrometer (PACS,
Poglitsch et al. 2010). The 250, 350, and 500 μm continua
were observed with the Spectral and Photometric Imaging
Receiver (SPIRE, Griffin et al. 2010). The angular resolutions
at 70, 160, 250, 350, and 500 μm wavelengths are about 6″,

12″, 18″, 25″, and 36″, respectively. We covert the units of
Herschel maps to Jy/pixel for aperture photometry.
We also used NH3 (1, 1) data for analysis. Observations of

the NH3 (1, 1) line were conducted using the VLA on 1999
March 27, 2000 April 4, and 2000 September 3 and 4 in the
compact D array, C array, and D array, respectively. The
combined data have a beam size of 3 58 × 2 64, with P.
A. = −14°. The spectral resolution of NH3 (1, 1) line is
∼0.6 km s−1. The details of NH3 observations are presented in
Zhang et al. (2002).

3. RESULTS

3.1. Continuum Emission

3.1.1. Herschel and SCUBA Continuum Emission

In the upper panel of Figure 1, we present the Herschel 70
and 160 μm continuum emission as well as SCUBA 450 μm
continuum emission. The 70 μm emission reveals two objects.
The western one is IRAS 05274+3345. The eastern one
(AFGL 5142), which shows much stronger emission at longer

Figure 1. Upper panel: the 70 μm continuum emission is shown as the red
contours and gray-scale image. The 160 and 450 μm continuum emissions are
shown as blue and black contours, respectively. The contour levels are from
10% to 90% in steps of 20% of the peak values. The peak values for 70 μm,
160 μm, and 450 μm continuum emissions are 35.1 Jy/pixel (1 pixel
size = 3 2), 32.2 Jy/pixel (1 pixel size = 3 2), and 45.5 Jy/beam,
respectively. Lower panel: the best-fit SED is shown as a solid line. The blue
filled circles indicate the flux densities derived from JCMT/SCUBA. The red
filled boxes denote flux densities derived from Herschel. The flux densities
were measured with a photometric aperture radius of 20″.
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wavelengths than IRAS 05274+3345, is an active star forming
clump. In this paper, we focus only on the eastern clump
(AFGL 5142). In contrast to 70 μm continuum, the 160 and
450 μm continuum emission only show a single clump peaked
at the eastern clump. The 250, 350, 500, and 850 μm
continuum images, which are not shown here, also reveal a
single clump as the 160 and 450 μm continuum emission. From
a Gaussian fit, we find that the mean full width at half
maximum (FWHM) of deconvolved major and minor axes of
the 450 μm continuum emission is ∼20″ (∼36,000 au at a
distance of 1.8 kpc). We take 36,000 au as the clump radius.

We measured the aperture fluxes of AFGL 5142 with an
aperture radius of 20″. The measured fluxes of the 70, 160, 250,
350, 450, and 850 μm continuum emission are 678.6 ± 9,
1007.1 ± 10.8, 530.1 ± 8.7, 235.4 ± 10.2, 142.8 ± 13.6, and
15 ± 1.3 Jy, respectively. We did not use the 500 μm
continuum data because of their low angular resolution. The
spectral energy distribution (SED) of AFGL 5142 is shown in
the lower panel of Figure 1. The continuum emission at the
frequency ν from thermal dust subtending a solid angle Ω in a
molecular clump which has a dust temperature Td and a total
mass of gas and dust M, can be described as (Wilson
et al. 2009; Zhu et al. 2010)

( )( ) ( )= - Wn n
t- nS B T e1 1d

where Sν is the flux of the dust emission, τν is optical depth,
and Bν(Td) is the Planck function.

( )t k m k= W =n n nM D m N 22
H H2

where κν, D, μ = 2.37, mH, and NH2 are the dust opacity per
unit gas mass, distance, mean molecular weight, atomic
hydrogen mass, and H2 column density, respectively. Assum-
ing a gas to dust ratio of 100, the dust opacity per unit gas mass

is ( )k k=n
n
n

b
0

0
, where κ0 = 0.01 cm2 g−1 is the dust opacity

at ν0 = 230 GHz derived from Ossenkopf & Henning (1994).
The SED can be well fitted with Equation (1) assuming a

single dust component. The thermal dust model has three free
parameters (M, Td, and β). We used a nonlinear least-squares
method (the Levenberg–Marquardt algorithm coded within
IDL) to fit the observed SED. A total dust and gas mass of
M = 210 ± 12Me, a dust temperature of Td = 29.8 ± 0.3 K,
and a dust opacity index of β = 1.34 ± 0.04 were derived from
the best-fit model.

The mean particle volume density n can be calculated as:

( )
p m

=n
M

R m
. 3

4

3
3

H

The volume density of the clump is ∼1.6 × 105 cm−3. The
radius, mass, and volume density of the clump are summarized
in Table 1.

3.1.2. SMA 1.1 mm Continuum

The upper panel of Figure 2 shows the 450 μm continuum
emission in pink contours overlaid on the Moment 1 map of the
main hyperfine component of NH3 (1, 1). The emission peak of
the 450 μm continuum emission coincides with the NH3

emission peak very well. The NH3 emission shows very
filamentary and clumpy structures with clear velocity gradients
along the filaments. We will discuss the NH3 filaments in
Section 4.4. The black contours in the lower panel of Figure 2

represent the 1.1 mm continuum obtained from combining the
compact and extended SMA array data. Three elongated
structures (“FN,” “FW,” “FSE”) were found in the combined
SMA 1.1 mm continuum emission. In Section 4.4, we will
show that these elongated structures roughly coincide with the
NH3 filaments. With a dust temperature of 30 K and a β of 1.3,
the total mass derived from the combined SMA 1.1 mm
continuum emission is ∼51Me, which is consistent with the
value (50Me) derived in Zhang et al. (2007). The mean
volume density revealed by the 1.1 mm continuum is about
2.7 × 107 cm−3, which is about two orders of magnitude larger
than the mean clump density derived from SCUBA and
Herschel continuum emission. The total mass revealed by the
1.1 mm continuum is only about one fourth of the clump mass
derived from SCUBA and Herschel continuum emission,
indicating that about three fourths of the clump gas is
distributed in a more extended reservoir.
The 1.1 mm continuum from the SMA extended array data,

shown as pink contours in the lower panel of Figure 2, reveals a
cluster of condensations. The AFGL 5142 clump is highly
fragmented along the elongated structures (“FN,” “FW,” “FSE”).
As shown in Figure 3, we identified 22 condensations above
4σ. The condensations MM-1–5 have been detected in 1.3 mm
continuum emission in Zhang et al. (2007). Following Zhang
et al. (2007), we use a dust temperature of 45 K and a β of 1 for
MM-1 and MM-2 to calculate their masses assuming that the
1.1 mm continuum emission is optically thin. For the other
condensations, we use a dust temperature of 30 K and a β of
1.3. Their masses and volume densities are listed in Table 1.
The masses for MM-1 and MM-2 are about two times larger
than those derived in Zhang et al. (2007) because that Zhang
et al. (2007) only used the peak fluxes to estimate the masses
while we used their total fluxes. We obtained the total fluxes
from 2D Gaussian fits. We fitted three 2D Gaussian functions
to separate MM-1, MM-2, and MM-3. The condensations
except for MM-1–3 have masses of �1Me. Condensations
MM-1–3 have volume densities larger than 1 × 108 cm−3. The
volume densities of other condensations range from 0.5 × 107

to 6.6 × 107 cm−3.

3.2. Line Emission

3.2.1. Molecular Lines from KVN Observations

Figure 4 shows the spectra of AFGL 5142 obtained with the
KVN 21 m telescope. The upper panel presents the spectra at
the central position. Optically thin lines (H13CO+ (1–0), HC3N
(14–13), and (15–14)) have similar single-peaked line profiles.
The peak velocities of H13CO+ (1–0), HC3N (14–13), and
(15–14) lines from Gaussian fits are −2.89(0.03), −2.69(0.05),
and −2.61(0.03) km s−1. We use the mean velocity
(−2.7 km s−1) of these three lines as the systemic velocity of
AFGL 5142 clump. The linewidths of H13CO+ (1–0), HC3N
(14–13), and (15–14) lines are 2.96(0.07), 2.87(0.11), and 2.97
(0.07) km s−1. The mean line width is ∼2.9 km s−1, corresp-
onding to a velocity dispersion of ∼1.2 km s−1.
When compared with optically thin lines, the HCO+ (1–0)

line shows a blue asymmetric double-peak line profile (“blue
profile”) in which the blue emission peak has a higher intensity
than the red one. Such a “blue profile” is a signature for
collapse (Zhou et al. 1993). The lower panel shows the grid
map of HCO+ (1–0). Across the whole mapping area, all the
spectra of HCO+ (1–0) show either a “blue profile” or a blue
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asymmetrically skewed profile, indicating that the whole cloud
might be in global collapse. Such global collapse has been
found in several other high-mass star forming regions (Peretto
et al. 2012; Liu et al. 2013a, 2013b; Qin et al. 2015). However,
the HCO+ (1–0) line emission in previous OVRO interfero-
metric observations does not show a similar “blue profile”
(Hunter et al. 1999). This may be because that the OVRO
interferometric observations filtered out the large-scale
extended emission and present only the compact structures
inside the clump. The single-dish KVN observations detect
more extended emission from the infalling envelope.

We can derive the infall velocity from the KVN HCO+ (1–0)
line at the central position using the model of Myers et al.
(1996), in which the infall velocity is given by

( )s
»

-

+

+

⎛
⎝⎜

⎞
⎠⎟V

v v

eT T

eT T
ln

1

1
4in

2

red blue

BD Dip

RD Dip

where TDip is the brightness temperature of the dip (assuming it
is optically thick), and TBD and TRD are the height of the blue
and red peaks above the dip, respectively. The velocity

dispersion σ ∼ 1.2 km s−1 is obtained from the optically thin
lines (H13CO+ (1–0), HC3N (14–13) and (15–14)). The infall
velocity inferred from HCO+ (1–0) is ∼0.26 km s−1. Assuming
spherical symmetry and that the infall radius (rin) is the same as
the clump radius (R), the mass infall rate (Ṁin) can be derived
as:

˙
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-
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Taking R ∼ 36,000 au and M = 210Me as derived from
SCUBA and Herschel continuum data, we obtain a mass infall
rate of ∼9.6 × 10−4Me yr−1, which is about 1.5 times larger
than the infall rate (∼6 × 10−4Me yr−1) directly measured
from CH3OH maser emission at radius of 300 au from the
protostar (Goddi et al. 2011).

Table 1
Parameters of the Continuum Sources

MM R.A. Offseta Decl. Offseta Sν
b Rc nd Md σvir MJ

(″) (″) (10−2 Jy) (au) (107 cm−3) (Me) (km s−1) (Me)

SCUBA+Herschel Clump
L L L 36000 1.6-

+
0.1
0.1E–2 210(12) 1.3 3.6

Comp+Ext 1.1 mm Core
0.05(0.05) −0.58(0.06) 206.9(9.7) 4086(196) -

+2.7 0.4
0.4 50.9(2.4) 1.9 0.28

Ext 1.1 mm Condensations
1 0.16(0.01) 0.18(0.02) 41.0(1.2) 1134(35) -

+16.0 1.4
1.6 6.5(0.2) 1.3 0.21

2 0.09(0.01) −0.95(0.02) 39.2(1.2) 882(40) -
+32.5 4.0

4.9 6.2(0.2) 1.4 0.15

3 −0.66(0.03) −1.95(0.03) 14.7(1.0) 666(60) -
+43.8 10.0

14.3 3.6(0.2) 1.3 0.07

4 1.98(0.08) 0.18(0.05) 2.2(0.3) 666(150) -
+6.6 3.0

7.6 0.5(0.1) 0.5 0.18

5 −1.67(0.07) −2.71(0.04) 1.4(0.1) <1300 >0.6 0.3(<0.1) 0.3 <0.61
6 −3.37(0.01) −1.39(0.01) 1.8(0.1) <1300 >0.7 0.4(<0.1) 0.3 <0.54
7 −4.41(0.08) −1.98(0.03) 1.7(0.1) <1300 >0.7 0.4(<0.1) 0.3 <0.55
8 −7.24(0.06) −1.69(0.05) 2.2(0.3) 918(168) -

+2.5 1.0
2.1 0.5(0.1) 0.4 0.29

9 −6.99(0.07) −2.41(0.06) 2.4(0.3) 1386(280) -
+0.8 0.3

0.8 0.6(0.1) 0.4 0.51

10 −8.76(0.03) −1.24(0.04) 1.2(0.1) <1300 >0.5 0.3(<0.1) 0.3 <0.66
11 −8.46(0.02) −2.22(0.02) 1.9(0.1) 1026(82) -

+1.5 0.3
0.4 0.5(<0.1) 0.4 0.37

12 −10.68(0.04) −5.22(0.02) 1.8(0.1) 1080(174) -
+1.3 0.5

0.9 0.4(<0.1) 0.3 0.41

13 −4.22(0.04) −4.63(0.03) 4.2(0.3) 1602(149) -
+0.9 0.2

0.3 1.0(0.1) 0.4 0.48

14 1.05(0.04) −5.86(0.03) 1.9(0.2) 972(112) -
+1.8 0.5

0.8 0.5(0.1) 0.4 0.34

15 3.82(0.01) −5.57(0.01) 0.9(0.1) <1300 >0.4 0.2(<0.1) 0.2 <0.76
16 3.52(0.02) −0.85(0.01) 1.4(0.1) <1300 >0.6 0.3(<0.1) 0.3 <0.61
17 1.01(0.04) 1.99(0.04) 1.3(0.1) <1300 >0.5 0.3(<0.1) 0.3 <0.63
18 −3.17(0.08) 3.86(0.04) 1.7(0.2) <1300 >0.7 0.4(<0.1) 0.3 <0.55
19 −2.09(0.07) 4.15(0.07) 3.1(0.4) 1170(304) -

+1.7 0.8
2.5 0.8(0.1) 0.4 0.35

20 −2.10(0.04) 5.58(0.11) 3.5(0.3) 1314(300) -
+1.4 0.6

1.6 0.9(0.1) 0.4 0.39

21 −0.92(0.08) 5.04(0.03) 4.8(0.3) 1422(253) -
+1.5 0.6

1.2 1.2(0.1) 0.5 0.38

22 −0.07(0.24) 5.19(0.17) 3.2(0.3) 1224(620) -
+1.5 1.1

11.0 0.8(0.1) 0.4 0.37

Notes.
a Offsets with respect to the phase center R.A.(J2000) = 05h30m48 02 and decl.(J2000) = 33°47′54 48.
b Total flux from 2D Gaussian fit. The uncertainties due to flux calibration are ∼20%.
c For condensations which are not resolved, we take the beam size as the upper limit for their radii.
d We assume a dust temperature of 45 K and a β of 1 for MM-1 and MM-2 in calculating masses. For other condensations and the whole clump, we assume a dust
temperature of 30 K and a β of 1.3. The uncertainties of masses and volume densities are only from flux measurements in 2D Gaussian fits. The uncertainties of
masses and volume densities due to flux calibration are ∼20%, which are not considered.
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3.2.2. Spectra and Channel Maps of Molecular Lines
in SMA Observations

Figure 5 presents the spectra of CH3OH ( –5 42,3 1,3), HCN
(3–2), and HCO+ (3–2) lines. Panels (a)–(e) show the spectra at
five positions from the SMA observations. Panel (f) shows the
spectra at the center which are averaged within a 10″ box area.
The CH3OH ( –5 42,3 1,3) line spectra at panels (c) and (f) are
single peaked. The 10″ averaged CH3OH ( –5 42,3 1,3) line with a
peak velocity of ∼−2 km s−1 is redshifted with respect to the
systemic velocity (−2.7 km s−1) of the clump measured from
single-dish observations, indicating that the core region may
have a different systemic velocity than the whole clump.
Therefore, we take −2 km s−1 as the systemic velocity of the
core region. The HCN (3–2) and HCO+ (3–2) line spectra in
panels (c) and (f) show a double-peak profile with the red

Figure 2. Upper panel: the Moment 1 map of the main hyperfine component of
NH3 (1, 1) is shown as a color image. The integrated intensity of the main
hyperfine component of NH3 (1, 1) is shown in black contours. The contour
levels are [3, 5, 10, 20, 40] × 1σ. The rms uncertainty σ is
5 mJy beam−1 km s−1. The flux intensity of the 450 μm continuum is shown
in pink contours. The contour levels are 10%, 20%, 40%, 60%, and 80% of the
peak value 45.5 Jy/beam. Lower panel: the 1.1 mm continuum emission from
the combined SMA compact and extended array data is shown in black
contours. The contours are (−3, 3, 5, 10, 20, 40, 80, 160, 320) × 1.5 mJy/
beam (1σ). The 1.1 mm continuum emission from the SMA extended array
data is shown as a color image and pink contours. The contours are (−3, 3, 5,
10, 20, 40, 80, 160, 320) × 2.0 mJy/beam (1σ). The red dashed lines mark the
directions of the three elongated structures.

Figure 3. The 1.1 mm continuum emission from the SMA extended array data
is shown in black contours. The contours are (−3, 3, 4, 5, 6, 7, 8, 9, 10, 20, 40,
80, 160, 320) × 2.0 mJy/beam (1σ). The condensations are labeled with
numbers.

Figure 4. Upper panel: spectra of HCO+ (1–0), H13CO+ (1–0), and HC3N
(14–13) and (15–14) observed by the KVN telescope at the central position of
AFGL 5142. Lower panel: grid map of HCO+ (1–0).
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emission peak having a slightly higher intensity than the blue
one, a “red profile.” The spectra of the HCN (3–2) and HCO+

(3–2) lines at other positions (panels (a), (b), (d) and (e)) are
either totally blueshifted or redshifted with respect to the
systemic velocity. In panel (g), we compare HCN (3–2) spectra
from SMA, CSO, and SMA+CSO observations. The combined
CSO and SMA data recover most of the HCN (3–2) emission.
Both the CSO and SMA+CSO spectra of HCN (3–2) show a
“red profile,” in contrast to the “blue profile” of the KVN
HCO+ (1–0) spectrum. The disagreement in line profiles for
different lines may be because they trace very different regions
of the clump. The HCO+ (1–0) line has a critical density about
two orders of magnitude lower than that of the HCN (3–2) line
(Shirley 2015). Therefore, the HCO+ (1–0) line may trace a
cold, low density infalling envelope, while the HCN (3–2) line
emphasizes a much denser and warmer region.

In Figure 6, we show the channel maps of the HCN (3–2)
line. The SMA+CSO HCN (3–2) emission reveals more
extended structure, in particular in velocity channels from −7.5

to 2.5 km s−1. However, in high-velocity channels (−9.5, 4.5
and 6.5 km s−1), the HCN (3–2) emission in the SMA only data
traces a very similar structure as in the SMA+CSO combined
data, indicating that SMA detected most emission at high
velocity. In Figure 7, we compare the channel maps of the
HCN (3–2) line with those of the HCO+ (3–2) line. In general,
both lines reveal very similar structures. We plot a black long
line in each channel. The redshifted and blueshifted emission of
both the HCN (3–2) and HCO+ (3–2) lines can be roughly

Figure 5. SMA spectra at different positions are shown in panels (a)–(e). Panel
(f) shows 10″ averaged spectra from the SMA observations. The spectra shown
in panels (a)–(f) are: HCO+ (3–2) in blue, HCN (3–2) in red, and CH3OH
( –5 42,3 1,3) in green. In panel (g), we compare HCN (3–2) spectra at the center
from SMA and CSO observations. For comparison, all the spectra in panel (g)
are convolved to the CSO beam size. HCN (3–2) from the CSO observations
only is shown in blue, HCN (3–2) from combined CSO and SMA data in red,
and HCN (3–2) from the SMA observations only in green. The vertical dashed
lines in all panels represent the systemic velocity (−2.7 km s−1) of the clump
derived from KVN single-dish observations.

Figure 6. Channel maps of HCN (3–2) emission. HCN (3–2) emission from
combined CSO and SMA data is plotted in black contours, HCN (3–2)
emission from the SMA data only is plotted in red contours. The contour levels
are from 0.3 Jy beam−1 in steps of 0.3 Jy beam−1. The three brightest
millimeter continuum peaks are marked with blue crosses. The black long
line indicates the middle plane of the “EWBO.” The corresponding velocity of
the emission is labeled at the top right corner of each panel.

Figure 7. Channel maps of SMA HCN (3–2) and HCO+ (3–2) emission. The
HCN (3–2) and HCO+ (3–2) images from the SMA observations are plotted in
red and black contours, respectively. The contour levels, crosses, and the black
long line are the same as in Figure 4.
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separated by this line. The emission from −9.5 to −3.5 km s−1

is distributed to the south-east, while the emission from 0.5 to
6.5 km s−1 is mostly to the north-west. Such a bipolar structure
could be caused by expansion, rotation or cloud–cloud
collision. We can rule out the cloud–cloud collision scenario
because there are no hints of two velocity components in
optically thin lines. If a cloud–cloud collision were responsible,
CH3OH ( –5 42,3 1,3) should also show a double-peaked profile in
the averaged spectrum, which is not seen in panel (f) of
Figure 5. In particular, the optically thin lines (H13CO+ (1–0),
HC3N (14–13), and (15–14)) in single-dish observations are
also single-peaked. In Section 3.4, we will rule out the rotation
scenario. We will argue that the bipolar structure seen in
channel maps is most likely due to expansion driven by
outflows.

3.3. High-velocity Jet-like Molecular Outflows

As shown in panel (f) of Figure 5, CH3OH ( –5 42,3 1,3)
emission is mostly from −8 to 4 km s−1. One can easily
identify line wings in the HCO+ (3–2) and HCN (3–2) lines
beyond −8 and 4 km s−1 in the spectra. The high-velocity
emission is also clearly seen in velocity channels (−9.5, 4.5,
and 6.5 km s−1) in Figures 6 and 7. We define outflow emission
in the velocity ranges [4, 14] and [−18, −8] km s−1 for
redshifted and blueshifted outflow components, respectively.
The integrated intensity maps of high-velocity emission of
HCO+ (3–2) and HCN (3–2) lines are shown in Figure 8. The
orientations and spatial distributions of these outflows are
roughly consistent with that of the CO outflows as shown with
arrows (Zhang et al. 2007). We named the outflows “A” to “F.”
The outflows revealed by the HCO+ (3–2) and HCN (3–2)
lines are very clumpy. Outflow A is dominated by redshifted
emission. Outflows B, C, D, and E are dominated by
blueshifted emission. Outflow F shows both redshifted and
blueshifted emission. Outflow C shows weak emission in HCN
(3–2) but no emission in HCO+ (3–2). In general, HCN (3–2)
traces more compact and narrower jet-like outflows when
compared with HCO+ (3–2), which traces more extended and
wider outflow structures. Especially for outflow B, HCN (3–2)
reveals a long and narrow jet-like outflow. HCN (3–2) has a
critical density more than five times larger than that of HCO+

(3–2), indicating that HCN (3–2) could more easily trace dense
gas close to the outflow jets than HCO+ (3–2) does.

The gray-scale images in Figure 8 show the ratio of NH3 ( J,
K) = (3, 3) to ( J, K) = (1, 1). Along the outflows A, B, D, F,
NH3 emission shows a cavity structure, which is suggestive of
outflow/envelope interaction (Zhang et al. 2002). The yellow
contours in Figure 8 represent the 1.1 mm continuum emission.
The three elongated structures, in particular Fw, of continuum
emission are mainly located between the outflows, probably
indicating outflow/core interaction. The three densest con-
densations MM-1–3 are located at the center of outflows.
However, with present data we could not tell which condensa-
tions are the driven sources for the outflows.

3.4. The Extremely Wide-angle Bipolar Outflow

From low-velocity channels between −5.5 and 2.5 km s−1 in
Figures 6 and 7, we find that the HCN (3–2) and HCO+ (3–2)
emissions are roughly blueshifted in the south-east region and
redshifted in the north-west region. This structure is more
clearly seen in the Moment 1 maps of the HCN (3–2) and

HCO+ (3–2) lines in panels (a) and (b) of Figure 9, in which
the redshifted and blueshifted emission are clearly separated.
We define the low-velocity emission in the velocity range of
(−7, 3) km s−1 to avoid contamination from high-velocity
emission. The integrated intensities of the blueshifted (from −7
to −3 km s−1) and redshifted (from −1 to 3 km s−1) low-
velocity emission were shown as contours in Figure 9. As the
same in the channel maps, the blueshifted integrated intensity
contours are mainly located to the south-east and the redshifted
contours to the north-west. We argue that this low-velocity
“blob-like” bipolar structure is not caused by rotation because:
(a) We estimate the characteristic flow velocities by

averaging the pixel values in Moment 1 maps and present
those values in column 3 of Table 2. The mean flow velocity is

Figure 8. Upper panel: HCN (3–2) outflows. Lower panel: HCO+ (3–2)
outflows. The gray-scale images in both panels show the ratio of the NH3 ( J,
K) = (3, 3) to ( J, K) = (1, 1). The 1.1 mm continuum emission from the SMA
extended array data is shown in yellow contours in the upper panel. The
1.1 mm continuum emission from the SMA compact and extended array data is
shown in yellow contours in the lower panel. The contour levels for 1.1 mm
continuum are 5, 10, 20, 40, 80, 160, and 320σ. The red and blue contours in
upper panel are the integrated intensity of HCN (3–2) emission in the velocity
ranges [4, 14] and [−18, −8] km s−1, respectively. The red and blue contours
in the lower panel are the integrated intensity of HCO+ (3–2) emission in the
velocity ranges [4, 14] and [−18, −8] km s−1, respectively. The red and blue
contour levels in both panels are from 1 Jy beam−1 km s−1 in steps of
1 Jy beam−1 km s−1. The directions of the high-velocity molecular outflows
are indicated by arrows.
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∼3 km s−1, which is a lower limit because we do not take into
account the inclination. The mean radius of the blob-like
structure is ∼0.08 pc (∼16,500 au). If it is caused by rotation,
the dynamical mass of the central object should be

= M M170Rv

G

2

, which is much larger than the total mass

(∼51Me) measured from 1.1 mm continuum, indicating that
this structure could not be supported by rotation.
(b) From the channel maps in Figures 6 and 7, one can see

that the low-velocity blob-like structure is greatly shaped by the
high-velocity outflows. It becomes more apparent in the −7.5,
2.5, and 4.5 km s−1 channels, in which the low-velocity blob-
like structure is roughly elongated in the orientation of the
high-velocity outflows. Therefore, we suggest that the low-
velocity blob-like structure is more like envelope material
entrained by jet-like high-velocity outflows. The base of the
low-velocity blob-like outflow has an opening angle of nearly
∼180°. This extremely wide-angle bipolar outflow is denoted
as “EWBO” hereafter.
Panels (c) and (d) of Figure 9 present the Moment 2 maps of

the HCO+ (3–2) and HCN (3–2) lines. The Moment 2 maps
show very a smooth and coherent structure for the EWBO. The
velocity dispersion is artificially large at the interface of the red
and blue low-velocity outflow due to the overlap of the
redshifted and blueshifted lobes. The average velocity

Figure 9. The Moment 1 maps of HCN (3–2) and HCO+ (3–2) emission from the SMA observations in the velocity range [−7, 3] km s−1 are shown in color scale in
panels (a) and (b), respectively. The Moment 2 maps of HCN (3–2) and HCO+ (3–2) emission in the velocity range [−7, 3] km s−1 are shown in color scale in panels
(c) and (d), respectively. The red and blue contours in panels (a) and (c) are the integrated intensities of HCN (3–2) emission in the velocity ranges [−1, 3] and [−7,
−3] km s−1, respectively. The red and blue contours in panels (b) and (d) are the integrated intensities of HCO+ (3–2) emission in the velocity ranges [−1, 3] and [−7,
−3] km s−1, respectively. The contour levels in panels (a)–(d) are from 20% to 80% in steps of 20% of the peak values. The peak values of the red and blue contours
of HCN (3–2) are 7.86 and 8.57 Jy beam−1 km s−1, respectively, while the peak values of the red and blue contours of HCO+ (3–2) are 12.85 and
14.68 Jy beam−1 km s−1, respectively. The black contours in panels (a) and (b) show the 1.1 mm continuum emission from the combined SMA compact and extended
array data. The contour levels are from 20% to 80% in steps of 20% of the peak value (0.526 Jy beam−1). The directions of high-velocity molecular outflows are
indicated by arrows.

Table 2
Parameters of the EWBO

Component
Velocity
Interval Vchar

a σ1D Leff
a Tdyn

(km s−1) (km s−1) (km s−1) (pc) (104 yr)

HCN Red [−1, 3] 3.7 0.8 0.07 1.9
HCN Blue [−7, −3] 2.7 0.8 0.06 2.2
HCO+ Red [−1, 3] 3.3 1.0 0.09 2.7
HCO+ Blue [−7, −3] 2.2 0.9 0.08 3.6

Note.
a Parameters are not corrected for inclination.
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dispersion of each lobe is presented in column 4 of Table 2.
The mean velocity dispersion of the EWBO is ∼0.9 km s−1.

4. DISCUSSION

4.1. Grain Growth Toward the Clump Center?

In the left panel of Figure 10, we present the 450 μm
continuum emission in contours overlayed on the 450 μm/
850 μm flux ratio color image. We smoothed the 450 μm and
850 μm continuum data with a Gaussian function to the same
17 4 resolution to construct the flux ratio map. Assuming that
the dust emission is optically thin, the 450 μm/850 μm flux
ratio can be expressed as a function of the dust temperature (Td)
and emissivity spectral index (β), using the following formula
(Zhu et al. 2009):

( )=
-
-

b+
⎛
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⎞
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We consider the possibility that the 450 μm emission may
have high opacity toward the more dense central region.
Assuming a dust temperate of 30 K, we derived an optical
depth of 0.08 for 450 μm emission using its peak flux of
45.5 Jy/beam in Equation (1). The optical depth will be even
smaller if we take a higher dust temperature. Therefore, the
450 μm emission is apparently optically thin and the 450 μm/
850 μm flux ratio should not be affected by optical depth.

Interestingly, the 450 μm/850 μm flux ratio increases from
the center to a radius of ∼22″ and then decreases to the clump
edge. The 450 μm/850 μm flux ratio is greatly enhanced at a
radius of ∼22″ (envelope region) with a mean value of ∼12.
The mean 450 μm/850 μm flux ratio within ∼15″ radius (core
region) is about 8.8. The 450 μm/850 μm flux ratio reaches a
minimum �6 near the clump edge. Assuming a constant dust
temperature of 30 K as derived from the SED fit in
Section 3.1.1, we derived the emissivity spectral index (β)
map as shown in the middle panel. It is clearly seen that the
central region has smaller β than that of the regions at the
radius of ∼22″, indicating that the core region may have larger
dust grains than the envelope.

However, the assumption of a constant dust temperature may
be not true since the core region close to protostars may have
higher temperature than the envelope. In the right panel of
Figure 10, we investigate how the 450 μm/850 μm flux ratio
changes with Td and β. For a given β, the 450 μm/850 μm flux

ratio increases with Td. Similarly, for a given Td, the 450 μm/
850 μm flux ratio increases with β. For a dust temperature of
30 K, the corresponding β for the 450 μm/850 μm flux ratios
of 8.8 and 12 are 1.9 and 2.4, respectively. However, since the
core region may be warmer than the envelope, a smaller β is
needed to explain the low 450 μm/850 μm flux ratio in the core
region. Assuming a dust temperature of 45 K, β in the core
region should be ∼1.7. Additionally, since the SCUBA
continuum emission is sensitive to both the core and the
envelope components, β in the core region may be even smaller
if one removes the envelope component. Indeed, a small β of 1
was found toward the central dense cores from interferometric
observations (Hunter et al. 1999; Zhang et al. 2007). Small β
suggests large dust grains. The observational evidence may
indicate grain growth from envelope to central cores, which
needs to be tested by further high angular resolution multi-
bands observations.

4.2. Dynamical State of Continuum Sources

To examine the gravitational stability of the continuum
sources (clump, core, and condensations) in Table 1, we
calculate the one-dimensional velocity dispersion (σvir) for
virial equilibrium between gas motions and gravity:

( )s
a

=
MG

R5
. 7vir

α is a factor equal to unity for a uniform density profile and 5/3
for an inverse square profile. Here we took α equal to 5/3. The
derived one-dimensional virial velocity dispersions (σvir) are
listed in the eighth column of Table 1. The clump revealed in
SCUBA continuum emission has a virial velocity dispersion
consistent with the velocity dispersion (1.2 km s−1) measured
from optically thin lines (H13CO+ (1–0), HC3N (14–13), and
(15–14)), indicating that the clump is in virial equilibrium.
From a Gaussian fit toward the 10″ averaged spectrum of the
CH3OH ( –5 42,3 1,3) line, we derived a velocity dispersion of
∼2.2 km s−1, which is consistent with the virial velocity
dispersion of the core revealed in SMA Compact+Extended
1.1 mm continuum emission, indicating that the central core
within a 4000 au radius is also in virial equilibrium. However,
we do not have direct measurements of line velocity
dispersions toward most condensations because the sensitivity

Figure 10. Left panel: the SCUBA 450 μm/850 μm flux ratio is shown in a color image. The flux intensity of 450 μm continuum is shown in contours. The contour
levels are from 10% to 90% in steps of 10% of the peak value 45.5 Jy/beam. Middle panel: the emissivity spectral index (β) map is shown in color scale. The contours
are the same as in the left panel. Right panel: the 450 μm/850 μm flux ratio as function of emissivity spectral index for different dust temperatures is shown as solid
lines. From top to bottom, the dashed lines represent 450 μm/850 μm flux ratio equal to 12, 8.8, and 6, respectively.
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of the extended array observations is not good enough to detect
molecular lines toward condensations except MM-1 and MM-
2. Additionally, the present spectral resolution (0.9 km s−1) is
not good enough to accurately measure linewidths smaller than
1 km s−1. With a spectral resolution of 0.42 km s−1, Busquet
et al. (2011) found that the velocity dispersions of N2H

+ (1–0)
in CARMA observations range from 0.3 to 1 km s−1. These
values are consistent with the virial velocity dispersions of
most condensations, indicating that most condensations may be
also gravitationally bound.

The virial analysis presented above does not include
magnetic fields. Magnetic fields can provide additional pressure
to increase virial masses. However, from the above analysis,
the continuum sources (clump, core, and condensations) seem
to be in virial equilibrium without considering magnetic fields,
indicating that magnetic fields may not play an important role.
Additionally, the AFGL 5142 clump is highly fragmented.
Recent simulations suggest that high magnetic field values can
significantly suppress fragmentation (Myers et al. 2013, 2014).
A strong magnetic field cannot explain the high fragmentation
level in AFGL 5142, as also suggested by Palau et al. (2013).
Therefore, turbulence seems to play a more important role than
magnetic field in mass assembly of AFGL 5142.

What determines the fragmentation process? We calculated
the thermal Jeans mass with the formula:
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We used 45 K for MM-1 and MM-2 and 30 K for other
sources. The derived Jeans masses are presented in column 9 of
Table 1. The condensations except for the central condensa-
tions MM-1–3 have masses comparable to their thermal Jeans
masses or slightly larger by a factor smaller than 3, indicating
that the fragmentation in lower density environments away
from the center could be determined by thermal pressure.
However, thermal Jeans fragmentation cannot explain the
masses of MM-1–3. If we take account of the turbulent
pressure by replacing the sound speed Cs with a velocity
dispersion of 1.2 km s−1, the Jeans masses for MM-1, MM-2,
and MM-3 will be 5.9, 4.1, and 3.5Me, respectively, which are
consistent with their masses derived from the 1.1 mm
continuum. Therefore, this suggests that turbulence dominates
over thermal pressure in suppressing further fragmentation in
the central region.

4.3. Properties of the EWBO

The high-velocity outflows seem to drive the whole envelope
within 0.1 pc from the protostars into expansion, which forms
the low-velocity blob-like EWBO. The EWBO is very clumpy
and seems to be a collection of multiple low-velocity outflows.
The mean flow velocity is ∼3 km s−1. Interestingly, the spectra
in panels (d) and (e) of Figure 5 show blueshifted absorption
around −6 km s−1. The absorption dips are about 3.3 km s−1

blueshifted with respect to the systemic velocity (−2.7 km s−1)
of the clump. The absorption dips could be caused by the
foreground cold expanding gas with a velocity of ∼3.3 km s−1.
The expansion velocities measured from absorption dips are

consistent with the flow velocity of the EWBO derived from
Moment 1 maps.
In Table 2, we present the parameters of the EWBO. The

radius and dynamical time of the EWBO are ∼0.08 pc and
∼2.6 × 104 yr, respectively. The dynamical time is consistent
with the dynamical time of the high-velocity CO outflows
(∼104 yr) (Zhang et al. 2007). Busquet et al. (2011) obtained an
averaged H13CO+ column density of 4.5 × 1012 cm−2 toward
AFGL 5142. Assuming [HCO+/H13CO+] = 60 and a HCO+

fractional abundance of 6.4 × 10−9, which is the median value
for protostellar clumps in MALT90 survey (Hoq et al. 2013),
we can estimate the mass of EWBO as:

( )m p=M m N R 9H H
2

2

where μ = 2.37, mH, and NH2 are the mean molecular weight,
atomic hydrogen mass, and molecular hydrogen column
density, respectively. The total mass of the EWBO is 16Me,
which is about two times larger than that (∼8.5Me) of the CO
jet-like outflows (Zhang et al. 2007). The total momentum of
the EWBO is ∼48Me km s−1, which is consistent with the total
momentum (52Me km s−1) of high-velocity CO outflows
(Zhang et al. 2007), indicating that the EWBO could be
formed due to the momentum feedback of high-velocity
outflows. The total energy of the EWBO is 1.4 × 1045 erg,
which is about one fourth of the total energy (∼5.1 × 1045 erg)
of the high-velocity outflows. The mass loss rate of the EWBO
is 6.2 × 10−4Me yr−1, which is comparable to the mass infall
rate (∼6 × 10−4Me) of the inner (<400 au) envelope directly
measured from CH3OH maser emission (Goddi et al. 2011).
The total mass loss rate of high-velocity outflows is
∼1.1 × 10−3Me yr−1 (Zhang et al. 2007). Therefore, the total
mass loss rate due to both the EWBO and high-velocity
outflows is 1.7 × 10−3Me yr−1, which is larger than the mass
infall rate (9.6 × 10−4Me yr−1) of the clump as measured from
HCO+ (1–0), indicating that the accreted material may be
100% converted to outflows or that the protostars may stop
accreting if we only consider spherical infall.
The EWBO do have considerable mass and significant

momentum and energy, which are comparable to the high-
velocity outflows. It is hard to understand the physics by which
the narrow-angle high-velocity outflows entrain material over a
much wider range of angles, and produces the very blob-like
low-velocity outflow. One explanation is that the orientation of
outflow jets varies with time and the jet-like high-velocity
outflows sweep the whole envelope out. Jet precession could be
caused by dynamical interactions between members in the
protobinary system of AFGL 5142 (Zhang et al. 2007). The
discovery of such EWBOs do provide new insights into the
interaction between envelopes and high-velocity molecular
outflows in high-mass star (or cluster)-forming regions. Such
interaction in the manner of EWBOs is more energetic and
takes place at a much larger spatial scale (∼0.2 pc) in high-mass
star-forming regions than in their low-mass counterparts.
Studies of such rare EWBOs could drastically alter our picture
of outflow feedback in high-mass star forming regions.

4.4. Hierarchical Network of Filaments in NH3 (1, 1) Emission

As mentioned in Section 3.1.2, NH3 (1, 1) emission shows a
network of filaments (also see Figure 2). We used the
FILFINDER algorithm (Koch & Rosolowsky 2015) for
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detecting filamentary structure in NH3 (1, 1) emission above
3σ. When compared to other algorithms, FILFINDER can not
only identify the same bright filaments but also reliably extract
a population of faint filaments (Koch & Rosolowsky 2015). In
the upper panel of Figure 11, we plot the skeleton of the
filament network, color-coded with the peak velocities of NH3

(1, 1) emission. We found that the network of filaments is
hierarchical with filaments merging at some points (i.e., nodes).
In total, we identified eight filaments (“F1a” to “F4”) and five
nodes (“N0” to “N3b”). The names of filaments and nodes are
labeled in the upper panel of Figure 11. F1a and F1b meet at N1.
F2a and F2b encounter each other at N2. F3b and F3c merge at
N3b, and then merge with F3a at N3a. Node N0 is close to the
continuum emission peak and is connected with three main
filaments. Interestingly, we find that the orientations of the
three elongated structures in the 1.1 mm continuum identified

in Section 3.1.2 are roughly consistent with the directions of
NH3 filaments.
One can also see clear velocity gradients along the filaments.

In the lower panel of Figure 11, we investigate the velocity
drifts along filaments for five main filaments. F1a is the longest
filament with a length of ∼0.52 pc (60″). From N0 to 0.07 pc
(8″), the velocity of F1a drastically changes from ∼−3 to
∼−2 km s−1, leading to a large velocity gradient of
∼17 km s−1 pc−1. There is another dip in the position–velocity
diagram of F1a at ∼0.17 pc (∼20″) away from N0. From 0.07 to
0.17 pc, the velocity gradient of F1a is around
∼−9 km s−1 pc−1. From 0.17 to 0.21 pc, the velocity gradient
of F1a is around ∼20 km s−1 pc−1. Beyond 0.21 pc away from
N0, F1a has a roughly constant velocity of ∼−2 km s−1 with a
variation smaller than ∼0.5 km s−1. F1b encounters F1a at N1.
From N1 to 0.2 pc (23″), F1b shows a large velocity gradient of
∼−15 km s−1 pc−1. Beyond 0.2 pc, F1b has a roughly constant
velocity of ∼−3.3 km s−1. F3a has a similar velocity gradient
(∼17 km s−1 pc−1) from N0 to 0.07 pc as F1a. Filament F2a has
a length of ∼0.44 pc (50″). From N0 to 0.26 pc (30″), the
velocity of F2a continuously decreases from −3 to
−5.4 km s−1, corresponding to a velocity gradient of
∼−10 km s−1 pc−1. Beyond 0.26 pc, F2a has a roughly constant
velocity of ∼−5.3 km s−1. In contrast to F2a, the velocity of F2b
increases from N2 to 0.31 pc (∼36″) with a velocity gradient of
∼15 km s−1 pc−1. The velocity of F2b has a roughly constant
velocity of ∼−3.8 km s−1 beyond 0.31 pc.
Velocity gradients along filaments have been detected in

other cluster forming regions, including the SDC335 cluster
(Peretto et al. 2012) and Serpens South cluster (Kirk et al.
2013). Such velocity gradients of the order of ∼1 km s−1 pc−1

were interpreted as gas inflow along filaments (Peretto
et al. 2012; Kirk et al. 2013). When compared with their
results, the velocity gradients along NH3 filaments (like F1b,
F2a, and F2b) in AFGL 5142 are about one order of magnitude
larger. F1a and F3a in general show constant velocities along
most parts of the filaments, suggesting small velocity gradients.
However, this may be caused by projection effects if F1a and
F3a lie parallel to the plane of the sky. Are the velocity
gradients caused by rotation? If rotation, F1a has a rotation
velocity of 2.4 km s−1 at 0.26 pc radius. Then the dynamical
mass of the central cluster to bind the system should be
∼350Me, which is much larger than the total cluster mass
(∼51Me) derived from the 1.1 mm continuum. Thus rotation
cannot explain the large velocity gradients. However, we
cannot ignore the effect of outflow shocks, which may also
induce large velocity gradients along the filaments. For
example, the end of filament F3b has large redshifted velocities,
hinting at compression from the red outflow A. The large
velocity gradient around N2 may be the consequence of
outflow–envelope interaction. However, the outflows cannot
explain the overall velocity patterns in the filaments. For
example, filament F1a is close to the blue outflow B but has
redshifted velocities. In contrast, filament F4 is close to the red
outflow A but has blueshifted velocities. Additionally, the
outflows are generally located between filaments. Therefore,
we argue that the velocity gradients are mainly caused by
inflow, although rotation and outflow may be making some
contributions.
If the velocity gradients are mainly caused by inflows, we

can estimate the accretion rate ( ˙M ) along filaments following

Figure 11. Upper panel: the integrated intensity of the main hyperfine
component of NH3 (1, 1) is shown as a gray-scale image and black contours.
The contour levels are 10%, 20%, 40%, 60%, and 80% of the peak value
(0.22 Jy beam−1 km s−1). The 1.1 mm continuum emissions from the SMA
compact and extended array data are shown in pink contours. The contour
levels for the 1.1 mm continuum are 5, 10, 20, 40, 80, 160, and 320σ. The
colored curves show the filaments, color-coded by peak velocities. The
directions of high-velocity molecular outflows are indicated by arrows. Lower
panel: position–velocity diagrams of the main hyperfine component of NH3 (1,
1) along filaments. The distances were measured from node N0 along the
filaments.
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Kirk et al. (2013):

˙
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q
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V M
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where  V ,obs, M, and θ are the velocity gradient, mass, and
inclination angle to the plane of the sky of filaments,
respectively. It is hard to estimate the total mass in filaments
due to the uncertainties of NH3 abundance. Zhang et al. (2005)
obtained a total mass of 660Me × (10−7/χ) traced by NH3,
where χ is the NH3 abundance. The maximum NH3 abundance
for AFGL 5142 reached in the chemical model of Busquet et al.
(2011) is 5.2 × 10−8. Assuming χ = 5.2 × 10−8, the total mass
is ∼1270Me, much larger than the clump mass (∼210Me)
estimated from SCUBA and Herschel continuum emission. We
will use the total clump mass (∼210Me) as a lower limit for
the total mass trapped in all filaments. From previous analysis,
we learned that  V ,obs is of the order of 10 km s−1 pc−1.
Assuming  V ,obs = 10 km s−1 pc−1, M = 210Me and
θ = 45°, we derive a total accretion rate of ∼2.1 × 10−3

Me yr−1 along filaments. The ˙M is about two times the mass
infall rate (Ṁin = ∼9.6 × 10−4Me yr−1) along the line of sight
calculated from HCO+ (1–0). Interestingly, ˙M is comparable
to the total mass loss rate (∼1.7 × 10−3 Me yr−1) of jet-like
outflows and the EWBO. The sum of ˙M and Ṁin is
∼3.1 × 10−3Me yr−1, which overcomes the total mass loss
rate, indicating that the central cluster is probably still
gaining mass.

5. SUMMARY

In Figure 12, we summarize the observations in a schematic
model. The main results of this study are summarized as
follows:

1. The AFGL 5142 clump has a mass of ∼210Me and a
radius of ∼36,000 au as measured from JCMT/SCUBA and
Herschel continuum emission. The clump is in global collapse

with a infall velocity of ∼0.26 km s−1 and a mass infall rate of
∼9.6 × 10−4Me yr−1 along the line of sight.
2. The central cluster resides in a flattened core as revealed in

NH3 emission (Zhang et al. 2005). The central proto-cluster is
highly fragmented. We identified 22 condensations with
masses ranging from 0.3 to 6.5Me. The fragmentation process
seems to be determined by thermal pressure in low density
regions and by turbulence in the central dense region. The
magnetic field may not play an important role in fragmentation.
3. Multiple jet-like high-velocity outflows are revealed in the

HCN (3–2) and HCO+ (3–2) lines. The orientation and spatial
distribution of these high-velocity outflows are consistent with
previously reported CO outflow. The HCN (3–2) line emission
traces more compact and narrower jet-like outflows when
compared with HCO+ (3–2).
4. We discovered an EWBO from low-velocity emission of

the HCN (3–2) and HCO+ (3–2) lines. The base of this outflow
has an opening angle close to 180°. This outflow seems to be a
collection of low-velocity material entrained by the high-
velocity outflows due to momentum feedback. The total mass
and mass loss rate of the EWBO are 16Me and
6.2 × 10−4Me yr−1, respectively.
5. A hierarchical network of filaments was identified in NH3

(1, 1) emission. Clear velocity gradients of the order of
10 km s−1 pc−1 were found along filaments. The velocity
gradients suggest gas inflow along the filaments. The total
accretion rate along filaments is ∼2.1 × 10−3 Me yr−1, which
is comparable to the total mass loss rate (∼1.7 × 10−3Me yr−1)
of jet-like outflows and the EWBO. The sum of the accretion
rate along filaments and mass infall rate along the line of sight
is ∼3.1 × 10−3Me yr−1, which overcomes the total mass loss
rate, indicating that the central cluster is probably still
gaining mass.
Our results indicate that both filamentary inflow and outflow

feedback are important in regulating cluster formation, which
are consistent with theoretical models (Matzner & Jumper
2015). More observations toward other cluster forming regions
are needed to systematically investigate the interplay between
gas inflow and outflow feedback in cluster formation.
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EWBO (colored cloud-like object).
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