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A B S T R A C T 

A collision-induced magnetic reconnection (CMR) mechanism was recently proposed to explain the formation of a filament 
in the Orion A molecular cloud. In this mechanism, a collision between two clouds with antiparallel magnetic fields produces 
a dense filament due to the magnetic tension of the reconnected fields. The filament contains fiber-like sub-structures and is 
confined by a helical magnetic field. To show whether the dense filament is capable of forming stars, we use the AREPO code 
with sink particles to model star formation following the formation of the CMR-filament. First, the CMR-filament formation is 
confirmed with AREPO . Secondly, the filament is able to form a star cluster after it collapses along its main axis. Compared to 

the control model without magnetic fields, the CMR model shows two distinctive features. First, the CMR-cluster is confined to 

a factor of ∼4 smaller volume. The confinement is due to the combination of the helical field and gravity . Secondly , the CMR 

model has a factor of ∼2 lower star formation rate. The slower star formation is again due to the surface helical field that hinders 
gas inflow from larger scales. Mass is only supplied to the accreting cluster through streamers. 

Key words: magnetic fields – magnetic reconnection – MHD – methods: numerical – stars: formation – ISM: clouds. 
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 I N T RO D U C T I O N  

ilaments are crucial to star formation in giant molecular clouds 
Andr ́e et al. 2014 ), as they contain the majority of the mass budget
t large column density and contain the majority of star-forming 
ores in the clouds (K ̈on yv es et al. 2015 , 2020 ). Understanding
lament formation thus becomes a crucial part of a complete picture 
f star formation (Suri et al. 2019 ). Previously, ideas of filament
ormation include turbulent shocks (e.g. Padoan et al. 2001 ), sheet 
ragmentation (e.g. Myers 2009 ), magnetic-field channeling (e.g. 
i & Klein 2019 ), and Galactic dynamics (e.g. Smith et al. 2020 ).
 summary of filament formation mechanisms can be found in the 

atest re vie w in Hacar et al. ( 2022 ). 
Recently, Kong et al. ( 2021a , hereafter K21 ) demonstrated a new
echanism of filament formation via collision-induced magnetic 

econnection (CMR). The study was moti v ated by the special 
orphology of the sub-structures of the Stick filament that resemble 

hose created by magnetic reconnection. Given the fact that Orion 
 is between a large-scale magnetic field-reversal (Heiles 1997 ) and 

he position–velocity (PV) diagram shows two velocity components, 
21 proposed the scenario in which two clumps collide with 

ntiparallel magnetic fields. The model successfully reproduced 
bservational features of the Stick filament, including the morphol- 
gy (ring/fork-like structures), the density probability distribution 
unction (PDF), the line channel maps, and the PV diagrams. 

oreo v er, the model results gave an alternative explanation to the
ndings in Kirk et al. ( 2017 ) that cores in Orion A were mostly
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ressure-confined. The natural result of the helical field around 
he filament e x erts a surface magnetic pressure on the filament,
onfining the filament and the cores. For the first time, the CMR
odel provides a complete picture of structure formation in Orion A

hat self-consistently incorporates the 25-yr mystery of the reversed 
agnetic field. 
Fig. 1 illustrates the CMR-filament formation. In panel (a), we 

iew the process from the side of the filament. Two clouds mo v e
long the x -axis and collide at the origin. On the left side of the y –z
lane, the magnetic field points towards us. On the other side, the field
oints away from us. After collision, the reversed field reconnects 
n the z –x plane and forms field loops that pull the compression
ancake into the central axis ( y -axis in our set-up). The pulling is due
o the magnetic tension the field loop e x erts on the gas. As a result,
 filamentary structure forms along the y -axis. In panel (b), we view
he process in the z –x plane. In this projection, we are looking at the
lament cross-section at the origin. The green ellipse represents the 
ompression pancake and the black dashed arrow curve around the 
ancake denotes the reconnected field loop. The loop has a strong
agnetic tension that pulls the dense gas in the pancake to the origin

n each z –x plane. As a result, the filament (orange cross-section)
orms along the y -axis. Essentially, the filament forms along the
eld symmetry axis that crosses the collision point. 
While K21 outlined the skeleton of the theory, more follow-up 

tudies are needed to further understand the physical process. Among 
he unknowns about CMR, the most urgent one is whether a CMR-
lament can produce stars. While K21 showed that CMR can quickly
ake dense gas with n H 2 ∼ 10 5 cm 

−3 , it was not obvious that the
ense gas would eventually collapse and form stars instead of being
ransient in the interstellar medium. 
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In this paper, we aim to confirm star formation within CMR-
laments, and compare it with star formation in other types of
onditions. We will see how CMR star formation (CMR-SF) differs
rom other star formation pathways. In the following, we introduce
he numerical method in Section 2 . Then, in Section 3 , we describe
he initial conditions for our fiducial model. In Section 4 , we present
esults from the simulations. Finally, we summarize and conclude in
ection 6 . 

 M E T H O D  

e use a modified version of the AREPO code (Springel 2010 ) to
odel the formation of the filament. In particular, we simulate the

ompressible and inviscid magnetohydrodynamics (MHD). The code
dopts the finite-volume method on an unstructured Voronoi grid
hat is dynamically created from mesh generating points that mo v e
ccording to the local velocity of the fluid. The target mass contained
ithin each cell can be arbitrarily selected by the user, meaning that

he spatial resolution of AREPO varies according to the local gas
ensity. In our simulations, we set a default target mass for each cell
f 3.6 × 10 −4 M �; ho we ver, we also require that the Jeans scale be
esolved by a minimum of 16 cells as to a v oid artificial fragmentation
Truelo v e et al. 1997 ) and ensure many cells span the width of the
lament. 
The implementation of magnetic fields in AREPO was described in

akmor, Bauer & Springel ( 2011 ) and uses a HLLD Riemann solver
nd Dedner divergence cleaning. Gravity is included using a tree-
ased approach impro v ed and modified for AREPO from GADGET-2
Springel 2005 ). When calculating the gravitational forces we do not
se periodic boundaries. 
We use a custom implementation of chemistry whose development

s described in Smith et al. ( 2014a ) and Clark et al. ( 2019 ). The
as chemistry is based off the network of Gong, Ostriker & Wolfire
 2017 ) and was first implemented in AREPO in Clark et al. ( 2019 ). The
ong et al. ( 2017 ) network was designed to accurately reproduce the
O abundances in low-density regions using a 1D equilibrium model,
ut in high-density regions may o v erproduce atomic carbon. Our
mplementation is a non-equilibrium, time-dependent 3D version
f the abo v e that contains sev eral additional reactions that are
nimportant in PDR conditions but that make the network more
obust when dealing with hot, shocked gas. Full details of these
odifications can be found in Hunter et al. (in preparation). 
Heating and cooling of the gas are computed simultaneously with

he chemical evolution using the cooling function described in Clark
t al. ( 2019 ). To do this accurately, it is important to calculate
he local shielding from dust and H 2 self-shielding with respect
o the Interstellar Radiation Field (ISRF). We calculate this using
he TREECOL algorithm that Clark, Glo v er & Klessen ( 2012 ) first
mplemented in AREPO . The background radiation is assumed to be
onstant at the level calculated by Draine ( 1978 ) and enters uniformly
hrough the edges of the box. Cosmic ray ionization is assumed to
ccur at a rate of 3 × 10 −17 s −1 . 
Star formation is modelled within the code using sink particles

Bate, Bonnell & Price 1995 ; Greif et al. 2011 ). Abo v e number
ensities of n H 2 ∼ 10 8 cm 

−3 , we check whether the densest cell in
he deepest potential well and its neighbours satisfy the following
hree conditions: (1) the cells are gravitationally bound, (2) they
re collapsing, and (3) the divergence of the accelerations is less
han zero, so the particles will not re-expand (see also Federrath
t al. 2010 ). If all these conditions are satisfied the cell and its
eighbours are replaced with a sink particle, which interacts with the
as cells purely through gravitational forces. Additional material can
NRAS 517, 4679–4695 (2022) 
e accreted by the sink particles from neighbouring cells. This occurs
ia skimming mass abo v e this density threshold if the adjacent cells
o v e within an accretion radius about three times the Jeans scale

0.0018 pc) and are gravitationally bound to it. In this study, we
ocus on the early stages of star formation at the core fragmentation
hase, and therefore we neglect any radiative feedback from the
inks, which would play a role later in the evolution. 

We adopt the same unit system as K21 . Specifically, the code unit
or mass density is 3.84 × 10 −21 g cm 

−3 ( n H 2 = 840 cm 

−3 , assuming
 mean molecular mass per H 2 of μH 2 = 2 . 8 m H ). The code unit for
ime is 2.0 Myr. The code unit for length scale is 1.0 pc. The code
nit for velocity is 0.51 km s −1 . With these settings, the gravitational
onstant is G = 1, and the magnetic field unit is 3.1 μG. 

 I NI TI AL  C O N D I T I O N S  

he set-up for the fiducial model follows the K21 fiducial model
see fig. 8 in K21 ), but with several additional parameters. Following
he nomenclature in K21 , we name our fiducial model MRCOLA
MRCOL + AREPO ). As shown in Fig. 1 , Cloud1 has density n 1 ,
adius R 1 , colliding velocity v 1,x (positive x), shear velocity v 1,z 

positive z), magnetic field B 1,z (positive z); Cloud2 has n 2 , radius
 2 , colliding velocity v 2,x (negative x), shear velocity v 2,z (negative
), magnetic field B 2,z (ne gativ e z). Table 1 lists the values for
hese parameters. They are the same as those in K21 . With our
dopted reference cell mass, the equi v alent cell size in the cloud is
.014 pc before refinement, which is about twice the cell size in
21 . 
To a v oid artefacts due to the periodic boundary condition, the

omputation domain is enlarged to 8 pc in each dimension, which
s twice the size of the computation domain in K21 . This is because
ensity waves due to the colliding gas could propagate through the
oundaries and impact the dynamical evolution of the filament and
he sink formation. The new set-up has more padding area between
he clouds and the boundaries, so the boundary waves do not affect
he central filament before t = 3 Myr (the ending time). 

We follow K21 to adopt an initial dust and gas temperature of
5 K. In turn, we assume a fully molecular composition for the
ystem simply due to the low temperature. We include the standard
SRF of 1.7 G 0 that illuminates the computation domain from all
irections. Here, G 0 is the Habing field. The cosmic ray ionization
ate is fixed at 3.0 × 10 −17 s −1 . A standard dust-to-gas mass ratio of
/141 is adopted. Table 1 summarizes the parameters. 

 RESULTS  A N D  ANALYSI S  

.1 Fiducial model 

ig. 2 shows density slice plots for the x = 4 pc plane as a function
f simulation time (upper right). The colour background shows the
ensity field. We use a linear colour scale to highlight the clumpy
tructures. The white vectors show the velocity field. Here we only
nclude snapshots from t = 0.6 Myr to t = 2.2 Myr. We also zoom-in
o the central 2 pc region to focus on the filament. A more complete
iew of the domain is shown in Appendix A . 
The slice is the collision midplane where the compression pancake

orms. The pancake is the dense structure in the central region at t
 0.6 Myr (more prominent at t < 0.6 Myr in Fig. A1 ). It pushes gas

utwards at its periphery, so we see the radial v elocity v ectors at the
oundaries. In the central 1 pc region, ho we ver, the velocity vectors
oint towards the z = 4 pc axis. The inward velocity is caused by the
agnetic reconnection. The reconnected field pulls the gas towards



Collision-induced magnetic reconnection 4681 

Figure 1. An illustration of CMR in two viewing angles. (a) A view in the x–y plane. The Cartesian coordinate system (red) centres at the collision point. The 
x -axis points rightward and the y -axis points to the top. The z -axis points towards us as indicated by the red circle-point. The clouds have colliding velocities 
v 1,x and v 2,x , respectively. The magnetic field points towards us (marked as black circle-points) for x < 0 and away from us (marked as black circle-crosses) 
for x > 0. After collision, the filament (orange) forms along the y -axis. (b) A view in the z –x projection. In this view, the magnetic field is parallel to the plane 
of the sky. The y -axis points towards us as indicated by the red circle-point. After collision, the filament (orange) forms along the y –axis that points towards 
us. The green ellipse marks the location of the compression pancake if no magnetic fields. With antiparallel fields and CMR, the field reconnects at two tips of 
the pancake and forms a loop (black dashed arrow curve) around the pancake. Due to the magnetic tension force, the pancake is squeezed into the central axis 
( y -axis) becoming a filament. 

Table 1. Model parameters. 

Parameters MRCOLA COLA sameB COLA noB 

L 8 pc 8 pc 8 pc 
T dust 15 K 15 K 15 K 

T gas 15 K 15 K 15 K 

ζ 3.0 × 10 −17 s −1 3.0 × 10 −17 s −1 3.0 × 10 −17 s −1 

G 1.7 G 0 1.7 G 0 1.7 G 0 

DGR 7.09 × 10 −3 7.09 × 10 −3 7.09 × 10 −3 

n amb 42 cm 

−3 42 cm 

−3 42 cm 

−3 

n 1 420 cm 

−3 420 cm 

−3 420 cm 

−3 

x 1 −0.9 pc −0.9 pc −0.9 pc 
R 1 0.9 pc 0.9 pc 0.9 pc 
v 1,x 1.0 km s −1 1.0 km s −1 1.0 km s −1 

v 1,z 0.25 km s −1 0.25 km s −1 0.25 km s −1 

B 1,z 10 μG 10 μG 0 

n 2 420 cm 

−3 420 cm 

−3 420 cm 

−3 

x 2 0.9 pc 0.9 pc 0.9 pc 
R 2 0.9 pc 0.9 pc 0.9 pc 
v 2,x −1.0 km s −1 −1.0 km s −1 −1.0 km s −1 

v 2,z −0.25 km s −1 −0.25 km s −1 −0.25 km s −1 

B 2,z −10 μG 10 μG 0 

Note. L is the domain size. T dust is the initial dust temperature. T gas is the 
initial gas temperature. ζ is the cosmic ray ionization rate. G is the ISRF 
in unit of Habing field G 0 . DGR is the dust-to-gas mass ratio. n amb is the 
ambient H 2 number density. n 1 is the Cloud1 H 2 number density. x 1 is the 
Cloud1 location. R 1 is the Cloud1 radius. v 1,x is the Cloud1 collision velocity. 
v 1,z is the Cloud1 shear velocity. B 1,z is the Cloud1 B-field. n 2 is the Cloud2 
H 2 number density. x 2 is the Cloud2 location. R 2 is the Cloud2 radius. v 2,x 

is the Cloud2 collision velocity. v 2,z is the Cloud2 shear velocity. B 2,z is the 
Cloud2 B-field. See Fig. 1 for illustration. 
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he central axis, as shown in Section 1 . Through t = 0.8 Myr, the
nward velocity persists and more material continues to be pulled to 
he central axis where the filament forms (also see Fig. A2 ). Note the
lament has al w ays been clumpy. 
Fig. 3 shows the CMR phenomenon in a different angle. Here,
e show the y = 4 pc slice at different time-steps. Magnetic field

ines are o v erlaid on the density slice plots. In the centre, we see the
ross-section of the filament, which is wrapped by circular fields. The
ircular fields are results of magnetic reconnection at the two ends of
he compression pancake. The reconnection creates field loops that 
nclose the pancake. The magnetic tension squeezes the pancake to 
orm the filament in the centre. The process is the same as that shown
n K21 . Therefore, the filament formation mechanism through CMR
s confirmed with AREPO . 

In Fig. 2 , the filament continues to become denser through t
 1.2 Myr. At t = 1.4 Myr, the filament starts to collapse along its
ain axis, which is also indicated by the longitudinal velocity vectors

n the filament. Meanwhile, gas in the vicinity of the filament shows
onv erging v elocity v ectors, especially in the horizontal directions.
he convergence indicates that the filament gravity dominates the 
entral region and the region begins a global collapse. 

In fact, the collapsing gas spirals into the filament. Fig. A2 shows
he gas kinematics better in the y = 4 pc plane. Here, the x = 4 pc
ine corresponds to the slice of Fig. 2 . At t � 1.2 Myr, we can see the
as around the central filament (cross-section) spiraling towards the 
lament. Note, the horizontal inflow velocity in Fig. 2 , t = 1.2 Myr
anel is not the gas flow along the field-reversal plane, which has
 spiral shape in Fig. A2 . Due to the reconnected field, dense gas
long the field-reversal plane continues to be dragged into the central
lament, which is shown in the t = 1.2 Myr panel in Fig. 3 . However,

his field-reversal plane is not captured in the x = 4 pc slice plot
n Fig. 2 . The horizontal inflowing gas in Fig. 2 is indeed due to
ravity. 
Also shown in the t = 1.2 Myr panel of Fig. A2 are multiple

triations perpendicular to the field-rev ersal plane. The y are also
erpendicular to the incoming spiral velocity and the magnetic field 
Fig. 3 ). If we look at the x = 4 pc plane which is shown in Fig. A1 ,
here are multiple vertical striations parallel to the central filament. 
ow, we again look at Fig. A2 , we realize that the striations are

ctually dense sheets perpendicular to the magnetic field. The spiral- 
MNRAS 517, 4679–4695 (2022) 
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M

Figure 2. Density slice plots for the collision midplane ( x = 4 pc) as a function of time for MRCOLA. The colour plot is in unit of n H 2 (cm 

−3 ). The time-step 
is shown at the upper right. The white arro ws sho w the v elocity v ectors in the plane. Their lengths are proportional to the magnitudes. The red circles show the 
sink locations. Their sizes are proportional to the sink masses. 
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n gas mo v es along the field lines and accumulates in sheets, similar
o what was seen in previous studies, e.g. Tilley & Pudritz ( 2007 ).
ater, these sheets merge into a spiral structure (nearly perpendicular

o the field-reversal) to be accreted by the filament. 
In Fig. 2 , at t = 1.6 Myr, the filament almost shrinks to become

 dense core while the collapse continues along the horizontal and
ertical directions. Some gas moves away from the region through
n X-shaped outflow (not a protostellar outflo w). Until no w, no sinks
orm. So at least in the fiducial model MRCOLA, the clumpy dense
as initially in the filament is not able to form stars. In fact, the
ormation of the clumpy gas is different from other filament models in
hich dense clumps form due to fragmentation of a critical filament.
ere, the dense gas is mo v ed and bound to the central axis piece by
iece. The gas is already clumpy during the transportation (cf. Smith,
lo v er & Klessen 2014b , for a similar but not identical scenario

n which sub-filaments merge into a single large structure). The
as clumps constitute the filament. It is almost a reverse process of
NRAS 517, 4679–4695 (2022) 
ragmentation. Essentially, the filament morphology is determined
y the dynamics due to the magnetic field. 

.2 Cluster formation 

nce the filament starts to collapse along its main axis, dense gas
ccumulates in the central region, which we term the dense core (not
ecessarily the dense core in observations, e.g. Kong et al. 2018 ,
021b ; Kong 2019 ). Soon after t = 1.4 Myr, the first sink forms
n the core. By t = 1.6 Myr, 9 sinks are present in the core, as
ndicated by the red circles. The sink formation indicates that the
MR mechanism is capable of forming stars, which answers the
pening question in Section 1 . Not only does CMR form stars, it
s capable of producing a cluster (see belo w). Ho we ver, the star
ormation does not happen during the initial filament phase, but
appens after the filament collapses into a central dense core. 

art/stac2932_f2.eps
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Figure 3. Density slice plots for the y = 4 pc plane as a function of time. The colour plot is in unit of n H 2 (cm 

−3 ). The time-step is shown at the upper right. 
We are viewing the filament cross-section at ( x , z ) = (4 pc, 4 pc). Magnetic fields are shown as arrow stream lines in the plots. 
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In Fig. 2 , the collapse continues from t = 1.8 Myr to t = 2.2 Myr.
he sinks grow more massive by accreting the inflowing gas. The 
ost massive sink in the t = 2.2 Myr panel is 8.1 M �. Meanwhile,

ense gas continues to flow towards the cluster forming region, 
s indicated by the converging velocity vectors, feeding the mini 
luster. The central dense core and the star cluster grow together,
howing a concurrent, dynamical star cluster formation picture. By 
he time of 2.2 Myr, some sinks should probably have protostars
MNRAS 517, 4679–4695 (2022) 
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M

Figure 4. Zoom-in view of the density slice plot for the x = 4 pc plane in the fiducial model. The colour plot is in unit of n H 2 (cm 

−3 ). Each slice plot centres 
at the mass-weighted cluster centre. The arrows show the velocity vectors in the plane. Their sizes are proportional to the magnitudes. The red semi-opaque 
circles show the sink location. Their sizes are proportional to the sink mass. 
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nd their feedback should change the subsequent fragmentation and
ccretion. Since we do not include the feedback, we do not continue
he simulation further. 

Combining all the analyses abo v e, we can see that o v erall the
MR-SF is a two-phase process, at least in the specific model of
RCOLA. First, a dense, clumpy filament forms due to magnetic

ension. Secondly, the filament collapses and forms a dense core in
hich a star cluster emerges. 
To better show the cluster structure and how the collapsing gas

eeds the cluster growth, we zoom-in to the central 0.2 pc region
nd show the slice plots. Figs 4 , 5 , and 6 show the zoom-in view
f constant x , y , z planes, respectively. Each slice plot centres at the
ass-weighted cluster centre. The red-filled circles show the sinks. 
From the three figures, we can see that the dense gas around the

luster is chaotic. Fig. 5 shows spiral gas structures and velocities,
onsistent with our interpretation on the large scale in Section 4.1 .
s we discussed, the spiral structure originates from the initial shear
NRAS 517, 4679–4695 (2022) 
elocity. Ho we ver, it does not develop into a flat disc, as we can see
n Figs 4 and 6 . Perhaps a flat structure is visible at t = 2.2 Myr. But

ore often, the dense gas is in disorder. Sometimes, there are gas
treamers that show coherent inflow velocities towards the cluster.
hey are the main source of mass supply that feeds into the accreting
luster. In contrast, the same cloud–cloud collision without magnetic
elds develops a flat disc starting from 1.0 Myr (see Section 4.3 ). 
As shown in Figs 4 and 6 , the cluster is generally distributed in

 constant- y plane, more so for t = 2.2 Myr. Fig. 5 shows that the
luster rotates in the constant- y plane, following the rotation of the
ense gas. The angular momentum of the cluster, which it inherits
rom the gas, makes the cluster settle in a stellar disc. The reason the
luster is not as chaotic as the dense gas is because the sinks only
nteract with the gas through gravity, i.e. they do not feel the gas
ressure or the magnetic field. 
There is only one cluster in the computation domain and it is

ighly concentrated within a diameter � 0.05 pc ( ∼10 4 au). The

art/stac2932_f4.eps
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Figure 5. Zoom-in view of the density slice plot for the y = 4 pc plane in the fiducial model. The format is the same as Fig. 4 . 
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luster concentration is largely due to the dense gas concentration. 
gain in Fig. 5 , we can see that the size of the densest gas is also

bout 0.05 pc, just enclosing the cluster. Here, the gas density reaches
 10 7 cm 

−3 . Outside the cluster, the gas streamers/spirals connect 
he system to the larger collapsing region. 

W ithin the cluster , we can see that the most massive members
end to stay at the centre. This apparent mass se gre gation is more
rominent from t = 2.0 Myr to t = 2.2 Myr. The se gre gation is
ot surprising because those stars closer to the collapse centre form
arlier and have the advantage of accreting denser gas, which is
imilar to the idea of ‘Competitive Accretion’ (Bonnell et al. 2001 ;
onnell & Bate 2006 ), where the mass se gre gation is not the result of

nitial condition but a natural result of accretion at different locations. 
In Fig. 7 , we show sink locations as a function of time. R s is

efined as the distance from the sink to the mass-weighted cluster 
entre. Darker colours indicate sinks formed earlier (marked with 
ncreasing integers). We can see that the most massive sinks at t
 2.2 Myr are those formed the earliest. They also stay near the
luster centre all the time. Those formed at larger distances do not
ro w as massi ve as those near the centre. Meanwhile, new members
lighter colours) emerge at different radii. Those near the centre will
ikely grow faster than those farther away. 

.3 Control models 

or comparison, we run two more simulations with a uniform 

eld (hereafter COLA sameB) and no field (hereafter COLA noB), 
espectively. All other parameters remain the same. Table 1 lists the
wo models with their parameters. In COLA sameB, no sinks form
up to 3 Myr) because the gas density never gets high enough. It is
ot surprising that magnetic pressure hinders the formation of dense 
as (also see Wu et al. 2020 ). 

In COLA noB, ho we ver, sinks do form and show different be-
aviours compared to MRCOLA. Figs 8 , 9 , and 10 show zoom-in
lice plots for COLA noB. The zoom-in region is twice that in Figs 4 ,
 , and 6 . First, sinks form earlier in COLA noB than MRCOLA.
MNRAS 517, 4679–4695 (2022) 
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Figure 6. Zoom-in view of the density slice plot for the z = 4 pc plane in the fiducial model. The format is the same as Fig. 4 . 

T  

=  

t  

i  

t  

m
 

t  

t
y  

t  

m  

H  

T  

C
 

t  

f  

∼  

r  

d  

s  

I  

c  

a  

d
 

b  

q  

G  

c  

i  

t  

s  

c  

g  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/4679/6762924 by Ally M
alcolm

-Sm
ith user on 23 February 2024
he first sink already forms at t = 1.0 Myr in COLA noB. By t
 1.4 Myr, there are 92 sinks present in the domain. This is more

han the number of sinks (66) in MRCOLA at t = 2.2 Myr, which
s 0.8 Myr later. Again, since we do not include feedback, we stop
he COLA noB simulation at t = 1.4 Myr. By this time, the most

assive sink is 4.4 M �. 
Secondly, the o v erall star formation rate in COLA noB is higher

han that in MRCOLA. Within 0.43 Myr, COLA noB sinks have a
otal mass of 41 M �. The star formation rate is 9.5 × 10 −5 ε M �
r −1 where ε is the fraction of sink mass that is ev entually conv erted
o stars. In MRCOLA, within 0.72 Myr, 66 sinks form with a total

ass of 33 M �. The star formation rate is 4.6 × 10 −5 ε M � yr −1 .
ere, we simply assume the same efficiency ε for both models.
hen, MRCOLA has a star formation rate 2.1 times smaller than
OLA noB. 
Third, COLA noB sinks form in a wider region compared to

he fiducial model MRCOLA. Fig. 9 shows the y = 4 pc slice
rom COLA noB. We can see that sinks spread o v er a re gion of
NRAS 517, 4679–4695 (2022) 
0.2 pc which is about four times the scale of the sink formation
egion in MRCOLA. At t = 1.2 Myr, the sinks form along the
ense g as elong ation in multiple groups that are almost equally
paced. The elongation is the compression layer due to the collision.
n MRCOLA, this elongation is squeezed by field loops into the
entral core, which is why we see a tighter cluster in Fig. 5 . Fig. 9
lso shows that the cluster follows the gas spiraling motion in the
isc. 
Compared to MRCOLA, COLA noB sinks are embedded in a

etter-defined dense gas disc. As shown in Figs 8 and 10 , the sinks
uickly settle in the y = 4 pc plane after the first sink formation.
as is falling from abo v e and below the disc. This indicates a global

ollapse at t � 1.2 Myr that feeds the dense gas and cluster accretion
n the disc. On the contrary, due to the complex magnetic fields,
he global gas inflow in MRCOLA is only viable through those
treamers, although a coherent inflow from abo v e and below the
luster temporarily exists at t � 1.6 Myr (see Figs 4 and 6 ). The
lobal collapse towards the central core is disturbed by the wrapping
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Figure 7. Distance from a sink to the mass-weighted centre of the cluster 
R s as a function of time t . The colour shows the sink ID. Larger IDs indicate 
later formation time. The size of the circle represents the sink mass. The 
normalization is different from previous figures. To reduce o v erlap, we spread 
the circles along the horizontal axis, while the valid time-steps only include 
1.6, 1.8, 2.0, and 2.2 Myr. 
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eld, which is part of the reason (at large scales) that MRCOLA has
 lower star formation rate than COLA noB. 

 DISCUSSION  

.1 The role of CMR in cluster formation 

omparing MRCOLA and COLA noB, we can summarize two 
roperties of CMR-SF that distinguish itself from other mechanisms. 
irst, CMR-SF is confined in a relatively small region. The cluster 

s very tight at least during the accretion. Secondly, CMR-SF is
elati vely slo w. Inflo wing gas is only able to feed the cluster through
treamers. The former is mainly due to the confinement of the helical
eld. The latter is again due to the helical field that is orthogonal to

he gas inflow. 
In fact, if we re-think about the CMR process, it is essentially a

rocess that gathers a large volume ( ∼1 pc) of gas and compresses
t to a small volume ( ∼0.05 pc), creating an o v erdense re gion that
orms stars and also a potential well that accretes more gas. First, the
olliding clouds bring gas from afar. The collision compresses the 
D spheres into a 2D sheet. Secondly, CMR compresses the gas into
 dense filament. The reconnected field compresses the 2D sheet into 
 1D filament. Thirdly, the filament collapses into a dense core and
 cluster forms. Gravity compresses the 1D filament into a 0D core.
he three physical processes, i.e. the collision, the reconnection, and 
ravity, compress relatively diffuse gas into much denser gas through 
 step-by-step dimension reduction. 

As shown in Section 4.3 , the cluster would be spread o v er a larger
isc if the CMR mechanism is absent. One speculation is that the
oncentrated cluster in CMR is more likely to be bound, compared 
o the cluster without CMR. While we need more models to confirm
he boundness, the difference makes CMR a possible explanation 
or those highly concentrated clusters in observ ations. Ho we ver, as
ill be discussed in Section 5.2 , protostellar heating may suppress

he fragmentation in the gas concentration in MRCOLA. Thus, the 
umber of stars is limited. If the first few stars accrete the majority
f the gas, there may be more massive stars in the reduced cluster.
nergetic feedback from the massive stars will eventually disperse 

he gas. 
Ho we ver, it is also possible that CMR-SF produces multiple

lusters if the initial clouds are much larger. A collision between
uch clouds may form a much larger filament with multiple large
ragments, each forming a star cluster. The large filament may or
ay not have the longitudinal collapse that pushes everything to the

entre. Future work will address this scenario. 
The reconnected field from CMR makes it difficult for the gas

nflow to feed the central star formation. In the absence of CMR, gas
ollapses and falls on to the star-forming disc easily through large-
cale flows. With CMR, gas falls to the centre in similarly coherent
ows initially. But a toroidal region around the central core narrows

he angle of inflowing gas (almost no horizontal flow towards the core
n Figs 4 and 6 ). It is the magnetic pressure from the helical/toroidal
eld that hinders the gas inflow. Shortly after, the gas mo v ement in

he vicinity of the cluster becomes chaotic. The inflowing gas carries
agnetic flux to the central region, changing the topology of the

elical field. Everything becomes more chaotic and the gas inflow 

ecomes inef ficient. No w, gas can only reach the cluster through
treamers. 

We can see that the helical field, which is the natural result from
MR, is responsible for the disturbance of the mass supply, which

s why MRCOLA has a relatively low star formation rate. One thing
hat would be interesting to explore is the effect of magnetic field
iffusion due to Ohmic resistivity and ambipolar diffusion. At such 
 small scale, the magnetic Reynolds number should become small, 
nd magnetic diffusion should become important. If some amount of 
he magnetic energy is lost, the field will e x ert less pressure on the
nflowing gas which may resume the coherent flow. In turn, the star
ormation rate may approach that in the case without CMR. Future
ork should address this uncertainty. 

.2 Effect of protostellar feedback 

he concentrated cluster in MRCOLA is probably a result of the lack
f protostellar heating. As we can see from Fig. 7 , the separation
etween the more massive sinks is � 0.01 pc (2000 au). Around
ach sink creation site, the typical gas density is � 10 7 cm 

−3 ,
orresponding to a Jeans scale of ∼0.005 pc at ∼20 K (the typical
emperature in the CMR-filament). So the crowdedness is a result of
ragmentation in the central dense core. 

Ho we ver, protostars should form during the cluster formation 
ecause the free-fall time is just of the order of 10 000 yr for
 density of 10 7 cm 

−3 . The protostellar accretion will inevitably
eat the surroundings, thus increasing the o v erall Jeans scale in the
ore. Consequently, the number of fragmentations/sinks should be 
educed. In fact, Bate ( 2009 ) has studied the effect of protostellar
adiativ e feedback. The y found that the number of protostars was
educed by a factor of 4 in the radiation hydrodynamic simulation
ompared to the hydrodynamic simulation. Observationally, a recent 
LMA result (Hunter et al. 2017 ) showed that protostellar accretion

an impact a volume of 2000 au scale, which is larger than the
ink separation in MRCOLA. Therefore, the sink number in our 
imulations is an upper-limit. 

Ho we ver, unless the feedback can stop the global collapse com-
letely, the inflowing gas will keep transferring material to the central
luster, continuously feeding the protostellar accretion. Naively, 
e would expect more massive stars in MRCOLA. For instance, 
rumholz, Klein & McKee ( 2011 ) showed that the first generation
f protostars from the initial fragmentation will keep accreting 
MNRAS 517, 4679–4695 (2022) 
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Figure 8. Same as Fig. 4 but for the COLA noB model. The size of the domain is twice that of Fig. 4 . The time spans from t = 0.8 Myr to t = 1.4 Myr. 
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he inflowing gas, resulting in more massive stars. Similar results
ay happen in the CMR-SF if we consider protostellar heating.
o we ver, energetic feedback from the massive stars will probably
alt further accretion and even completely disperse the gas. In the
uture, a CMR simulation with protostellar feedback will clarify the
ituation. 

.3 Applicability of CMR to star-forming filaments 

he CMR-SF in the fiducial model occurs after the filament collapses.
uring the filament phase, there is no sink formation. The sterility
f the filament, at least in the one model in this paper, raises the
uestion of the applicability of this model to star-forming filaments
n the Galaxy. For example, the Orion A filament is elongated and
tar formation is already ongoing in multiple (OMC-1/2/3/4) regions
nlike our fiducial model where the filament first collapses into a
ore and then stars form in the core. Furthermore, how likely is the
nitial condition of antiparallel B-fields to occur in the cold ISM?
NRAS 517, 4679–4695 (2022) 
he answers to these two questions will help clarify how common
he CMR-SF mechanism is in filament and star formation. 

To address the likelihood of antiparallel B-fields, we go back
o the original proposal ( K21 ) of the CMR mechanism. The K21
odel, along with the fiducial model in this paper, was established

pecifically for the Stick filament in Orion A. At a first glance,
he initial condition (see fig. 8 in K21 ) that led to CMR seemed
nusual. Ho we ver, it was what observational facts showed us. The
eld-reversal around Orion A was clearly shown in Heiles ( 1997 ) and

ater in Tahani et al. ( 2019 ), using two different methods. The former
howed that the field-reversal was a large-scale feature, not just a local
mall-scale stochastic fluctuation. Then, Soler ( 2019 ) showed that the
lane-of-the-sky B-field was nearly perpendicular to the filament.
ombining the B-field observations and the two-component pattern

n the PV-diagram (fig. 5 in K21 ), K21 set-up the only possible initial
ondition in their fig. 8, which surprisingly formed a filament at the
ollision front instead of a compression pancake. The K21 model
uccessfully reproduced a number of observational facts, including
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Figure 9. Same as Fig. 5 but for the COLA noB model. The size of the domain is twice that of Fig. 5 . The time spans from t = 0.8 Myr to t = 1.4 Myr. 
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he morphology (which was the moti v ation for the model as there
ere several ring/fork-like structures in the Stick), the density PDF, 

he line channel maps, and the PV-diagrams. Therefore, at least for
he Stick filament, the CMR model was undoubtedly applicable. 

In a broader context, how likely is the antiparallel B-field in 
he Milky Way and other galaxies? Are there molecular clouds 
ormed via the CMR mechanism? The field-reversal is common in 
heoretical studies. In fact, with high enough resolution, a turbulent 

HD simulation will show many field-reversal interfaces (e.g. Dong 
t al. 2018 ; Comisso, Sobacchi & Sironi 2020 ). In the Galactic disc,
araday Rotation measurements have long shown field-reversal in 
ur solar neighbourhood, and several authors (e.g. Sofue & Fujimoto 
983 ; Han & Qiao 1994 ) have proposed a bisymmetric spiral disc
eld for the Milky Way. Such configurations have multiple field- 
eversals along spiral arms in which a cloud–cloud collision would 
rigger CMR in a global simulation (Kong 2022 , note that we need
 large dynamic range to be able to capture CMR). So, in both
heoretical and observational senses, the CMR mechanism is a viable 
hysical process that produces dense gas and clouds. Most recently, 
araday Rotation measurements showed that the Orion A cloud, the 
erseus cloud, and the California cloud all sit between reversed B-
elds (Tahani, Plume & Brown 2020 ). It could be just a coincidence

hat all these clouds sat between two large-scale fields with inverted
olarity. Ho we ver, the CMR model showed that if there was a field-
eversal and a cloud–cloud collision, the filament formation was 
utomatically fulfilled at the field-reversing interface. 

Strictly speaking, it is unlikely for the B-fields to be exactly
ntiparallel in the sense of probability theory. In reality, there is
lso possibly small-scale fluctuation in the B-field orientation due 
o turbulence. K21 has briefly explored these effects. First, if the
nitial B-field had a relative angle of 20 deg on the two sides, the
loud–cloud collision was still able to create a dense filament (see
heir fig. 26). But the filament in the middle of the compression
ancake had a lower density and was shorter. With an initial B-field
MNRAS 517, 4679–4695 (2022) 
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Figure 10. Same as Fig. 6 but for the COLA noB model. The size of the domain is twice that of Fig. 6 . The time spans from t = 0.8 Myr to t = 1.4 Myr. 
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ngle of 90 deg, the collision produced a diagonally symmetric dense
atch (see their fig. 27). In general, the trend was that CMR was less
apable of forming a dense filament with a larger B-field tilting
ngle, which was not surprising because the reconnected fields were
o longer loops in a flat plane. Secondly, K21 ran a CMR simulation
ith turbulence that was injected at the be ginning. The y found that

he CMR with turbulence was still able to form the filament that
ad a smaller width and a wiggling morphology (see fig. 28 in
21 ). Theoretical studies have shown that turbulence accelerates
agnetic reconnection (e.g. Lazarian & Vishniac 1999 ). So, as long

s the initial B-field is somewhat antiparallel, a cloud–cloud collision
hall trigger CMR (see detailed discussions in Kong 2022 ). Here,
e use AREPO to explore CMR-SF with the initial B-field angle

anging from 10 to 90 deg at a step of 10 deg. We find that models
ith a tilting angle � 40 deg are able to form sinks. Models with
 tilting angle � 50 deg do not form sinks until the end of the
imulation (3 Myr). Also, the larger the initial tilting angle, the less
he sink formation, which is consistent with the trend of dense gas
NRAS 517, 4679–4695 (2022) 

ormation. c  
To answer the question about the sterility of the filament, we first
eed to discuss the fate of the Stick. As shown by the fiducial model
n this paper, the filament will collapse along its main axis towards the
entre where a dense core forms. In the core, sink formation happens
nce the core density is significantly increased, and eventually a
luster emerges. In reality, will the Stick do the same thing? As shown
y Fiege & Pudritz ( 2000a ), under the assumption of axisymmetry,
n initially stable filament remains so against radial perturbation.
he stability originates from the fact that the gravitational potential
f the filament is independent of its radius, so its self-gravity will
ever dominate due to radial contraction. However, the same is not
rue for the longitudinal collapse, as the potential scales as ∼L 

−1 ( L
s the filament length; Fiege & Pudritz 2000a ), which indicates that
he filament will inevitably collapse along its main axis. Currently,
he Stick filament is still cold and starless. Most likely, the filament
ill collapse longitudinally and form stars. 
Following the above reasoning, it becomes clear that the key to the

terility question is the length scale of the filament. The filament will
ollapse along its main axis eventually, so it cannot form stars before
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ollapsing into the central core if it is too short and the gravitational
nstability does not have time to grow. The filament in the fiducial
odel has a length ∼1 pc, which is also the length scale of the Stick
lament. In the simulation, the filament collapses within ∼1.4 Myr. 
s shown by Fiege & Pudritz ( 2000b ), the growth time-scale for the
ravity-driven mode is ∼1.8 Myr, longer than the collapse time of the
lament (also see Inutsuka & Miyama 1997 ). Of course, the CMR-
lament has rich sub-structures, some of which are quite dense ( �
0 5 cm 

−3 ). They break the axisymmetry assumption in the Fiege &
udritz ( 2000a ) model. 
In fact, the dense sub-structures do not result from the traditional 

ense of filament fragmentation. They are created by magnetic 
ension and brought to the filament. Instead of forming a filament first
nd then letting it fragment, the CMR mechanism creates multiple 
lumpy sub-structures and then brings them together to constitute 
 filament (a bottom-up process). So the dense sub-structures exist 
rom the beginning of the filament. They have a chance to grow denser 
f the filament lasts longer, possibly followed by star formation. We 
an imagine two 20 pc clouds colliding. Their sizes are ∼10 times
arger than those in the fiducial model, and the collision time- 
cale is also 10 times longer. Now it will take much longer for
he filament to collapse into a central core. Sink formation should 
appen during the filament phase before the core formation. In fact, 
vidence has shown that the densest part (OMC-1) of the integral- 
haped filament in Orion A is undergoing a longitudinal collapse 
Hacar et al. 2017 ). It is also the region with the most active star
ormation in Orion A (the Trapezium cluster). Meanwhile, in the 
orthern OMC-2/3 regions, star formation is also ongoing (e.g. 
ouvier et al. 2021 ). F or ev en longer filaments like Nessie ( �
00 pc; Jackson et al. 2010 ; Goodman et al. 2014 ), the longitudinal
ollapse may not bring everything into a central core before other 
ynamic processes breaking the filament, e.g. the Galactic shear and 
eedback. In fact, as shown by the mid-infrared images (Jackson 
t al. 2010 ), the filament Nessie breaks into multiple dark sub-
laments, each showing signs of protostellar activity, indicating local 
ollapses. 

Alternatively, one can imagine the collision between two (almost) 
lane-parallel gas structures, whatever their physical and chemical 
tates are (cold neutral medium versus cold neutral medium, or 
arm neutral medium versus warm neutral medium, or even cold 
eutral medium versus warm neutral medium). As long as there 
re protruding structures on the surface that collide with (nearly) 
ntiparallel B-fields, CMR shall be triggered and dense gas shall 
orm (Kong 2022 ). For instance, it can be the collision between the
xpanding bubble from a massive star or supernova and a wall of
tomic/molecular gas. The surfaces of the bubble and the wall are 
ikely not smooth but with ripples. As long as the bubble brings the
ntiparallel B-field, the collision shall trigger multiple CMR events 
t the collision interface. Each of these events will form a dense
lament. Depending on the geometry, all the filaments may constitute 
 large filament or a web of filaments. Following the above reasoning
bout the filament collapse, we may see star formation happening at 
ifferent locations. More interestingly, these star-forming clouds will 
a ve turb ulence that originates from the chaotic reconnected field. 
he helical field will guide the incoming plasma into different direc- 

ions, converting the coherent colliding velocity into chaotic turbulent 
nergy, which gives a natural explanation of one origin of turbulence 
n molecular clouds. Future studies shall address all these physical 
rocesses. 
 SUMMARY  A N D  C O N C L U S I O N  

n this paper, we have investigated star formation in the context
f CMR. Using the AREPO code, we have confirmed the filament
ormation via CMR, which was first shown in Kong et al. ( 2021a ).

ith the sink formation module in AREPO , we have shown that the
MR-filament is able to not only form stars, but a mini star cluster.
e stop the fiducial model simulation at t = 2.2 Myr when there

re 66 sinks in the computation domain. Further evolution of the
as and cluster is likely impacted by protostellar feedback, including 
utflows and radiative heating, which we currently do not consider. 
At least in the fiducial model, the CMR-SF is a two-phase

rocess. The first phase is the filament formation due to the magnetic
econnection. During this phase, we see a dense, clumpy filament 
ith no star formation. The reason is that the cloud is not bound
y gra vity b ut by the surface pressure from the wrapping helical
agnetic field. This starless phase lasts about 1.4 Myr. In the second

hase, the filament starts to collapse longitudinally into a central 
ense core, shortly before the first sink formation in the core. With
ontinuous fragmentation, a star cluster forms in the core. Those 
tars that become massive later form earlier and stay near the cluster
entre, while the outer part of the cluster preferentially consists of
ower mass stars. The apparent mass se gre gation is indicative of
ompetitive accretion. 

Qualitatively, there are two distinctive features in CMR-SF. First, 
he number of clusters and their extent are limited. In our fiducial

odel, only one cluster forms and it is confined within a region
f ∼0.05 pc. Both result from the highly concentrated dense gas,
hich is strongly confined by the helical/toroidal magnetic field 

nd gravity. In comparison, the same model but without magnetic 
eld has multiple cluster-forming sites that spread o v er a larger
olume of � 0.2 pc. Secondly, because of the field, which acts like a
urface shield, inflowing gas is only able to transfer material to the
ore/cluster through streamers. The limited gas inflow results in a 
elati vely lo w star formation rate. Compared to the model without
agnetic field, CMR-SF has an o v erall star formation rate a factor

f 2 smaller. 
In CMR-SF, the crowdedness of the cluster will probably result in
ore massive stars if protostellar feedback is included. For instance, 

he radiative heating will suppress fragmentation, thus limiting the 
umber of stars in the cluster. So the same mass reservoir will supply
ore massive stars if they keep the accretion. Eventually, feedback 

rom the massive stars will stop the accretion and disperse the gas. 
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PPENDI X  A :  OV ERVI EW  O F  T H E  F I D U C I A L  

O D E L  

he results of the fiducial model are shown in Figs A1 , A2 , and A3 .
he three figures show the gas density as a function of time for slices
t x = 4 pc, y = 4 pc, and z = 4 pc, respectively. The initial
ondition is shown in the first panel of each figure at t = 0. 

Fig. A1 shows the slice at the collision midplane. This plane is the
eld-reversal plane initially. At t = 0.2 Myr, the two clouds collide
nd form a pancake in the plane. Note the ripples all o v er the plane.
hey are dense structures created by magnetic reconnection triggered
y the collision, which was also seen in K21 . At t = 0.4 Myr, the
iggles grow thicker, and the pancake begins to shrink towards the

entral axis at z = 4 pc. At t = 0.6 Myr, the shrinking continues, and
 dense filament forms along the central axis. The filament becomes
ore prominent at t = 0.8 and 1.0 Myr. The formation of the filament,

nstead of a dense pancake, indicates that CMR happens. 
In Fig. A1 , after t = 1.2 Myr, the filament begins to collapse

long the main axis. At t = 1.6 Myr, the collapsing gas converges
o form a dense core in the centre. The core persists until the end
f the simulation. A sink particle forms at t = 1.48 Myr near the
entre of the filament. The time is when the filament starts to collapse
ongitudinally. MRCOLA shows that CMR can form stars. 

Starting from t = 1.4 Myr, there is an X-shaped outflow between
he horizontal and vertical collapse (also see v elocity v ectors in
ig. 2 ). We can see that part of the inflowing gas is carried away
y the X-outflow. From the previous analysis of Fig. A2 , we know
hat material spirals into the filament in the y = 4 pc plane. But the
-outflow indicates that the horizontal accretion is limited within a
arrow y -range. 
At t = 2.2 Myr, Fig. 2 shows that the X-outflow is less prominent

hile the horizontal and vertical collapses continue. Meanwhile,
ig. A3 shows that in the z = 4 pc plane the dense core and the
luster accrete from all directions. As shown in Fig. 2 , all the sinks
oncentrate near the core centre. 

Fig. A2 shows the y = 4 pc slices for MRCOLA. Here, we see the
ross-section of the filament which is at the centre of the plots. The
 elocity v ectors indicate rotation in the z –x plane. At t � 1.2 Myr,
he gas spirals in to the filament. 

Fig. A3 shows the z = 4 pc slices for MRCOLA. Here, we have
he side view of the two colliding clouds. One thing to note is the
ensity waves created by the collision. They propagate to the x = 0
nd x = 8 pc boundaries and will enter the domain again due to
he periodic boundary condition. Ho we ver, for our simulation time,
hey do not affect the central filament. The CMR process and sink
ormation are not impacted. 
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Figure A1. Density slice plots for the x = 4 pc plane for model MRCOLA. The plane is the collision midplane between the two clouds. Each panel shows a 
snapshot of the simulation, with the time-step labelled on the top-right of the panel. The computation domain spans from 0 to 8 pc on each side. We zoom-in to 
the central 4 pc region from 2 to 6 pc. The colour plot is in unit of n H 2 (cm 

−3 ). The black arrows show the velocity vectors. Their lengths are proportional to 
the magnitudes. The red circles show the sink location. Their sizes are proportional to the sink mass. 
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Figure A2. Same as Fig. A1 , but for the y = 4 pc plane. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/4679/6762924 by Ally M
alcolm

-Sm
ith user on 23 February 2024

art/stac2932_fA2.eps


Collision-induced magnetic reconnection 4695 

MNRAS 517, 4679–4695 (2022) 

Figure A3. Same as Fig. A1 , but for the z = 4 pc slices. 
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