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Abstract Young protoclusters (embedded stellar clusters) are responsible for the vast majority of star
formation currently occurring in the Galaxy. Recent observations suggest a scenario in which filamen-
tary structures in the interstellar medium represent the first step towards precluster clumps and even-
tually star formation. Whether filaments continuously fuel the star formation process when the cluster
accretes material is still an open question. In this paper, we present a case study of the famous ‘integral
shaped filament’ (ISF) in the Orion A molecular cloud and we seek to study the kinematics which is
truly originated from the ISF. We firstly define the central ridge of the ISF with NH3, 12CO, 3CO and
NoH™. Undulations are present in all the ridges. Moreover, a large scale offset is apparent in the ridges
as derived by different tracers, which may be explained by the slingshot mechanism proposed by Stutz &
Gould. We fit the velocity field of the ISF and find the derived velocity gradient is about 0.7 km s ~! pc~*
which may come from an overall contraction. We propose a method to check the accretion flow along
the ISF by using the velocity deviations of different molecular tracers, which is better than the common
method of using the velocity distribution of one tracer alone. Using the velocity deviations, we also find
that OMC-1 to 5 are located close to the local extrema of the fluctuations, which may demonstrate that

gas flows toward each clump along the ISF.
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1 INTRODUCTION

Young protoclusters (embedded stellar clusters) are the
locations of the vast majority of current star formation in
the Galaxy. As the primary sites of star birth in molec-
ular clouds, protoclusters are a promising laboratory for
studying the origin and early evolution of stars and plan-
etary systems (Lada & Lada 2003). One particular issue
we need to understand is the origin of the mass supply for
the stars that form in these clusters. Is all of the mass al-
ready in place before the first stars are born, or is there an
extended period during which accreted material continu-
ously fuels the star formation process (Kirk et al. 2013)?

Recent observational studies, especially using the
sensitive Herschel far infrared data, reveal filamentary
structures to be omnipresent in molecular clouds (e.g.
André et al. 2010; Stutz & Kainulainen 2015). Moreover,
according to a “globular-filament” scenario of star for-
mation (Schneider & Elmegreen 1979; André et al.
2014), filamentary structures in the interstellar medium
represent the first step towards precluster clumps (and
also prestellar cores) and eventually towards star for-
mation. The densest filaments would then fragment into
clumps/cores owing to gravitational instability (Jackson
et al. 2010; André et al. 2014). Moreover, according to
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sensitive Herschel images, most star formation occurs
on the filamentary structures (e.g. André et al. 2014).
Therefore, it is reasonable to speculate that clump growth
occurs primarily through filamentary accretion.

Clump or core growth through filamentary accre-
tion is seen in a number of numerical model simula-
tions, where Balsara et al. (2001) were the first to dis-
cuss accretion via filaments and show that their model
was consistent with observations of the S106 molecu-
lar cloud. Accretion onto dense filaments is also seen in
numerical simulations by Gémez & Vizquez-Semadeni
(2014). They discuss the velocity field of the filaments
and their environment, and how the filaments refocus
the accretion of gas toward embedded cores. In observa-
tional data, Kirk et al. (2013) revealed the velocity gra-
dients toward the central hub and suggest that material
is flowing along the filaments at rates similar to the cur-
rent local star-formation rate. However, there is still lim-
ited observational evidence to clearly show filamentary
accretion. That is partly because it is hard to distinguish
the contribution of other motions (i.e. rotation) and of
star forming processes (e.g. outflow) to the velocity pat-
terns. Moreover, the motions of the diffuse gas around
filaments also need to be separated in order to determine
the motions of the filaments.

Filament-cluster systems such as the ‘integral shaped
filament’ (ISF) in the Orion A cloud present a unique
opportunity to gain understanding of cluster formation.
The Orion complex is the nearest and probably best
studied high-mass star formation region. Orion A is the
largest molecular cloud (~31.5 deg?) in the Orion com-
plex (Wilson et al. 2005; Stutz & Kainulainen 2015).
The ISF is the compact ridge at the northern end of the
cometary Orion A cloud (Bally 2008; Johnstone & Bally
1999; Stutz & Gould 2016). At a distance of about 383 pc
(Kounkel et al. 2017), it can be observed with good lin-
ear resolution even with a radio telescope of modest size.
The Orion A cloud is located about 15 degrees below
the Galactic plane, leading to a less confused background
than typically encountered along the Galactic plane.

In our previous paper (Wu et al. 2017, hereafter
Paper I), we have given an overview of ISF using our
uniform and fully-sampled NHs maps and discuss the
morphology, fragmentation, kinematics and temperature
properties in this region. In this study, we focus on the
detailed kinematics in the ISF in order to understand
whether filamentary structures in the molecular cloud fa-
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cilitate clump accretion. This paper is organized as fol-
lows.

In Section 2 we describe the observations and
database archives. In Section 3 we describe the geometry
and velocity distribution of the ISF. In Section 4 we de-
fine the central ridge of the ISF, then we carefully fit the
velocity gradient by excluding the diffuse gas and discuss
the overall accretion flow along the filament. In Section 5
we seek to use the relative motions of different molecular
tracers to identify accretion flows along the ISF between
the locations of clumps. Finally a summary is presented
in Section 6.

2 OBSERVATIONS AND DATABASE ARCHIVES
2.1 Ammonia - NH;

The NHj3 (1, 1) (23.694495 GHz) observations of the ISF
presented here were carried out in January 2014 with the
25 m radio telescope, operated by Xinjiang Astronomical
Observatory, Chinese Academy of Sciences. This tele-
scope has a beamwidth (full width at half maximum,
FWHM) of about 2" (0.22 pc at the distance of 383 pc)
and a velocity resolution of 0.098km s~! at 23 GHz
provided by an 8192 channel Digital Filter Bank in the
64 MHz bandwidth mode. Spectral fluxes were calibrated
against periodically (65) injected signals from a noise
diode. The pointing and tracking accuracy of the tele-
scope is better than 18”. A 22-24.2GHz dual polar-
ization channel superheterodyne receiver was used as a
frontend with a typical system temperature of about 50 K
at 23 GHz on a T’y scale. The maps were made using the
on-the-fly (OTF) mode with 6" x 6 grid size and a 30"
sample step under excellent weather conditions and at el-
evations above 20°.

2.2 Carbon Monoxide - CO

The archival 12CO and !'3CO spectra were observed
with the IRAM 30m telescope at Pico Veleta, Spain,
in March, April and October 2008. The data were ob-
tained with the HEterodyne Receiver Array (HERA, nine
dual polarization pixels arranged in the form of a 3x3
array with 24" spacing) with each polarization tuned
to the 12CO (2-1) line at 230.5GHz and the 3CO (2—
1) line at 220.4 GHz with a spatial beamwidth of about
11”7 (0.02 pc at the distance of 383 pc). The main beam
efficiencies were 0.524 and 0.545 for '2CO (2-1) and
13CO m(2-1) respectively. The VErsatile Spectrometric
and Polarimetric Array (VESPA) backend provided a
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spectral resolution of 320kHz (i.e. 0.4kms~!). The
maps were made using the OTF mode with 5" data sam-
pling in right ascension, and with steps of 12" in decli-
nation (see Berné et al. 2014, for more details).

2.3 Diazenylium - NoH ™

The archival observations of NoH* (1-0) at 93.1737767
GHz were carried out using the 45 m radio telescope of
Nobeyama Radio Observatory from 2005 May 11 to 20,
and from 2007 March 4 to 9. The employed receiver
frontend was the 25-element focal-plane SIS array re-
ceiver BEARS. The half-power beamwidth for the ele-
ment beam of BEARS was 17.8"+0.4" (0.03 pc at a dis-
tance of 383 pc) and the spectral resolution was 37.8 kHz
(corresponding to 0.12km s~!) at 93 GHz (for more de-
tails see Tatematsu et al. 2008).

3 THE GEOMETRY AND VELOCITY FIELD OF
THE ISF

The NH3 (1, 1) velocity-integrated line intensity (zeroth
moment) map is presented as gradations of grey scale in-
tensities and contours in the left panel of Figure 1. The
integration range is from 6.5 to 12.5kms™! to cover the
main line of NH3 (1, 1). Contours start at 0.18 Kkms ™!
(40, thick grey line) and go up in steps of 0.18 Kkms™!
(thin grey lines). o equals rms X AV X v/Nepannels, Where
‘rms’ is the averaged baseline channel root mean square
exported from the baseline fitting with CLASS from the
GILDAS package of all spectra, AV is the channel spac-
ing and Nchannels 1S the channel number in the integrated
velocity range (6.5 to 12.5kms™!). The limits of the
mapped region are indicated with green dashed lines. The
red line in the top right of the left panel illustrates the 1 pc
scale at a distance of 383 pc (Kounkel et al. 2017). The
whole map consists of a total of 45 240 raw spectra, cov-
ering a region about 1.2° in declination and about 0.6°
in right ascension. The right panel of Figure 1 displays
intensity-weighted velocity (first moment, color image)
overlaid with NH3 (1, 1) integrated intensity contours as
in the left panel in Figure 1. A clear velocity gradient
can be seen along the main part of the ISF from the first
moment image. This velocity gradient will be used for
model fitting in Section 4.

In each panel of Figure 1, the Trapezium cluster has
been labeled as a blue star and the half-power beam is
illustrated as a black filled circle at the bottom right. The
known clumps OMC-1 to 5 (Johnstone & Bally 1999,
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20006) are labeled in the left panel. The zeroth moment
map of NHj (1, 1) shows an integral shaped morphology
(/) as firstly observed in *CO (see Bally et al. 1987).
The *2CO and '3CO zeroth moment maps have been pre-
sented in figure 2 and figure 3 respectively of Berné et al.
(2014) and the NoH™ zeroth moment map in figure 1 of
Tatematsu et al. (2008). These observations all display
similar morphologies as NH3 (1, 1).

4 THE VELOCITY GRADIENT ALONG THE ISF
4.1 The Central Ridge of ISF

In the following sections, the velocity structure along the
central ridge of the ISF will be investigated. In order to
determine the location of this central ridge, we follow the
strategy in Kirk et al. (2013) by first selecting only spec-
tral features with an integrated intensity that is 5 times
that expected from the noise level (the spectral rms times
the square root of the number of velocity channels). In
addition, these must have a minimum of two adjacent
spectral channels also showing emission larger than 5
times their spectral rms. Next we search for the location
of the peak in velocity-integrated line intensity along ev-
ery horizontal cut through the filament. Finally, we ex-
clude several points which are away from the main fila-
ment structure (seven points in 2CO, six points in NH3
and five points in 13CO).

The derived locations of the NHj3 ridge (red poly-
line), the 2CO ridge (green polyline), the **CO ridge
(cyan polyline) and the NoH™ ridge (yellow polyline)
are all presented in Figure 2. Firstly as we can see in
the figure, these ridges derived with different tracers are
in close proximity but they also show some differences.
A significant feature is that undulations are present in
all the ridges. Moreover, a large scale offset is present
in the ridges derived by different tracers, i.e. in OMC-3
the NoH™ ridge (yellow) and NH3 ridge (red) are signif-
icantly displaced from the CO ridges (green and cyan).
Stutz & Gould (2016) noticed that there are undulations
in the gas column ridge (and also velocity) and pro-
posed a slingshot mechanism in which the undulations
appear to be ejecting protostars. Although it is not di-
rectly proved from Figure 2, these undulations and offset
may come from the oscillating filament associated with
an ejecting protostar and protocluster in the slingshot
mechanism scenario (Stutz & Gould 2016; Stutz 2018).

As NHj could be enhanced by the hot dense gas
(Wiseman & Ho 1998), it would be less contaminated
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Fig.1 Left: Integrated intensity (zeroth moment) map of NHs (1, 1). The integration range of each panel is 6.5 < Vi <
12.5kms™". Contours start at 0.18 Kkms™" (40) and go up in steps of 0.18 Kkms™". The limits of the mapped region are indi-
cated with green dashed lines. A blue star in each panel indicates the Trapezium cluster and black filled circles in the lower right
illustrate the half-power beam size. Right: Intensity-weighted (first moment) velocity map (color image) of the ISF. Superposed
contours are the same as those in the left panel.
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Fig.2 Central ridges derived from NH3 (red), 2co (green), Bco (cyan) and NoH™ (yellow). Contours are the same as those in
Fig. 1 (left panel).
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by the diffuse gas. In the following section, we adopt the
NH3 ridge as a unifying ridge for the ISE.

4.2 The Velocity Gradient Fitting

In order to quantitatively investigate the clear velocity
gradient running along the main part of the ISF (see
Section 3), we seek to fit this velocity gradient by the
following steps:

(1) After excluding the spectral data with poor signal to
noise ratio (S/N) as described in Section 4.1, we also
exclude the diffuse components around the ISF by
only considering data within 4’ (or a radius of 0.45 pc
at 383 pc) of the central ridge determined with NHs.

(2) We fit NH3 (1, 1) spectra using the GILDAS! built-in
‘NH3 (1, 1)’ fitting method, which can fit all 18 com-
ponents simultaneously. The 2CO and *3CO spectra
are fitted using a single-component GILDAS built-
in ‘GAUSS’ fitting method. Similarly, the NoH™
J =1-0,F = 2 — 1 spectra are fitted using the
GILDAS built-in ‘HFS’ fitting method, which can fit
all seven components simultaneously with their the-
oretical intensity ratios and frequency separations.

(3) The velocity gradient along the ISF is fitted follow-
ing the procedure outlined in Goodman et al. (1993)
assuming a simple linear form for the centroid ve-
locities: Vi,sr = vg + a X da + b x 63, where da
and 3 are offsets in right ascension and declination
respectively (in radians), and vy represents the sys-
temic velocity of the cloud. Then the velocity gra-
dient is given by Vv = (a* + b*)°/D at a dis-
tance of D and the direction of increasing velocity
by 6 = tan~!(a/b).

To fit the velocity gradient, the Python routine
LMFT (Newville et al. 2016) is used to find the best-
fitting values to the constants a, b and vy, and then
to convert the angular velocity gradients to a physi-
cal scale assuming a distance of 383 pc. The derived
Vo and @ of NH3 are 0.57kms~!pc~! and 28.0° re-
spectively. An image of the fitting velocities in the pix-
els with S/N >5 is presented in Figure 3, which accu-
rately recovers the observed velocity gradient in Figure 1.
Similarly, we also fit the velocity gradients with the
12C0, 3CO and NoH™ data. For 2CO, Vv and 6 are
0.55kms~ ! pc~! and 14.2° respectively. For *CO, Vv
and 6 are 0.58kms~ ! pc—! and 15.9° respectively. For

U http:/twww.iram. fr/IRAMFR/GILDAS/
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NoH*, Vv and 6 are 1.09 kms~! pc~* and 60.5° respec-
tively. The direction and magnitude of the fitted gradi-
ents towards the north are only slightly different for all
molecules except for NoHT. We suspect this exception
for NoH™ comes from the poor S/N of the NoH™.

Using the well defined ridges, we fit the velocity gra-
dient based on gas near the ISF ridges (within 4”) which
largely excludes gas which may not be part of the ISF.
The derived velocity gradient is associated with the pre-
vious study (e.g. Bally et al. 1987). This indicates that the
diffuse gas and the main part of the ISF are a co-rotating
structure. We assume an inclination of 60° with respect
to the line of sight, which is a median inclination of ran-
domly oriented filaments (e.g. Hanawa et al. 1993). In
the following, we adopt a de-projected velocity gradient
of 0.57 /sin(60°) ~ 0.7kms~ ! pc~?.

4.3 Is there Accretion Flow along the Filament?

The origin of the velocity gradient in the ISF is still an
open question. Kutner et al. (1977) and Wilson et al.
(2005) argued this velocity gradient results from an over-
all rotation. Hacar et al. (2017) stated this velocity gradi-
ent is from an overall accretion flow toward OMC-1. If
the gradient is interpreted as rotation, we take the ISF as
a homogeneous rigidly rotating cylinder, and the ratio of
rotational to gravitational energy is

BZEErOt
grav
1 ML 3\ o ,3GM?

2 1 (”ﬁ)“’/i AR
w? L?

z4ﬂ'GpW’

where G is the gravitational constant and p, L, R and w
are the constant density, height, radius and angular veloc-
ity of the cylinder respectively. z = L/D and f(z) ~ 1
(Bonnell et al. 1992). We can also write it as

_30x 10702, 12

— 2
Ny 9R2 ’ ( )

g
where w_ 14 is the angular velocity in units of 1071451
and ny is the gas density in units of 10*cm~3 (Menten
et al. 1984; Levshakov et al. 2013). The length of the
ISF is about 7 pc (see Fig. 1), and the width is about 1 pc
at a distance of 383 pc. Assuming an angular velocity of
2.1 x 10~ s~ (corresponding to the velocity gradient
of 0.7kms~! pc~!) and an average density of 10* cm—3
(Johnstone & Bally 1999) for the ISF, then 5 ~ 0.1.
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Fig.3 The image of the fitted velocities generated by the model of the ISF. Contours are the same as those in Fig. 1 (left panel).
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Thus, the rotational energy is a small fraction of the grav-
itational energy. For an isothermal filament, the free fall
time in the filament is tg = £(Gp) /% ~ 0.3 Myr (Tan
et al. 2014), which is much less than the estimated age of
the ISF (i.e. 10 Myr as suggested by Carpenter (2000)).
Therefore, even if the ISF was initially rotating, infall
motions would rapidly dominate over rotation.

If the velocity gradient results from contraction from
opposite ends of the filament instead of rotation, we
can estimate the accretion rate onto the center region of
OMC-1 as

VM

= tan(a) ’ )

where VV|| is the velocity gradient observed along the
line of sight, M is the mass of the ISF and « is the in-
clination of the ISF (Kirk et al. 2013). We can also write

this as )
. VVine * tR*L
M= e )

tan(«)
If the accretion flow leads into the central OMC-1, the
accretion rate along the ISFis 3.71 Mo Myr—*. In all the
descussions above, with the well defined velocity gradi-
ent and ridge, we could interpret the velocity gradient

along the ISF to be contraction.

5 RELATIVE MOTIONS OF DIFFERENT
MOLECULAR TRACERS

Filamentary structures of molecular clouds are proposed
as accretion channels for their own clumps, which are be-
lieved to lead to a see-saw velocity distribution along the
filament (e.g. Zhang et al. 2015). However, as discussed
in Paper I, a see-saw velocity distribution could also re-
sult from feedback of the clusters (cores) in the filament
or the nearby HII region, and not necessarily from the
accretion flow.

In this work, we propose a new method to identify
accretion flows along the ISF relative to the location of
clumps by using the velocity differences between molec-
ular tracers with different optical depths. For this pur-
pose, spectra are sequenced within 1’ from the filament’s
NH3 peak ridge and any spectra with poor S/N are ex-
cluded. At each location along the ISF ridge, the veloc-
ity differences between the spectra of 13CO and '2CO,
those of NH3 and '2CO, and those of NoH* and 12CO
are presented in Figure 4 as green, blue, and red lines,
respectively. The locations of the clumps OMC-1, OMC-
2, OMC-3, OMC-4-1 and OMC-4-2 are also labeled in
Figure 4. It is clear that all the clumps are found near the
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local extrema in the velocity difference fluctuations. The
fact that all clumps are found near local extrema could
be explained by the accretion flow to each protocluster
as suggested by, e.g., Hacar & Tafalla (2011) and Zhang
etal. (2015). However, as proposed by Stutz (2018), clus-
ters may also be formed by the slingshot mechanism.
This velocity distribution could also be explained by an
oscillating filament. Moreover, Stutz & Gould (2016) al-
ready showed that the *CO gas velocity ridgeline is off-
set significantly from the NoH™ ridge (see their fig. 9).

However, optical depth effects may potentially play
arole in this difference. Since the hyperfine fit to the NH3
and NoH™ corrects for optical depth broadening, no cor-
rection is applied to the CO data. Moreover, we should
note that, unlike a quiescent filament, e.g. L1517, the ISF
is an active star formation region. There are lots of pro-
tostars embedded in the filament (e.g. Stutz et al. 2013).
The velocity deviations and also the undulations in the
ridges of the ISF (see Section 4.1) may come from feed-
back of the protostars.

6 SUMMARY

Using the spectra of 2CO, '3CO, NH;3 and NoH™ in the
ISEF, we study kinematic structure in the ISF to seek a
clearer understanding of whether filamentary structures
in the molecular cloud facilitate accretion. We find the
ISF is likely to facilitate accretion along the main axis of
the filament. The main conclusions of this work are as
follows:

(1) We determine the location of the ridges with NHs,
12C0, 13CO and NoH™ tracers and find these ridges
are close to each other, but there are also some dif-
ferences. Undulations are present in all the ridges.
Moreover, a large scale offset is present in the ridges
derived by different tracers which may come from
the slingshot mechanism proposed by Stutz & Gould
(2016).

(2) We derive a de-projected velocity gradient along the
ISF of about 0.7kms~! pc~! and find that the as-
sociated rotational energy is only about 10% of the
gravitational energy. Therefore, the velocity gradient
may signify an accretion flow along the filament. If
all the accretion flow leads into the central OMC-1,
the accretion rate would be 3.71 Mg Myr—1.

(3) In order to identify any accretion flow along the ISF
into the clumps, we employed a new method us-
ing the velocity differences of molecular tracers. The
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clumps are all found to be located near the local ex-
trema of the velocity differences. This could be ex-
plained by the accretion flow to each protocluster.
However, this could also be explained by the sling-
shot mechanism (Stutz 2018).
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