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ABSTRACT

A unique filament is identified in the Herschel maps of the Orion A giant molecular
cloud. The filament, which, we name the Stick, is ruler-straight and at an early evo-
lutionary stage. Transverse position-velocity diagrams show two velocity components
closing in on the Stick. The filament shows consecutive rings/forks in C18O(1-0) channel
maps, which is reminiscent of structures generated by magnetic reconnection. We pro-
pose that the Stick formed via collision-induced magnetic reconnection (CMR). We use
the magnetohydrodynamics (MHD) code Athena++ to simulate the collision between
two diffuse molecular clumps, each carrying an anti-parallel magnetic field. The clump
collision produces a narrow, straight, dense filament with a factor of >200 increase in
density. The production of the dense gas is seven times faster than free-fall collapse.
The dense filament shows ring/fork-like structures in radiative transfer maps. Cores
in the filament are confined by surface magnetic pressure. CMR can be an important
dense-gas-producing mechanism in the Galaxy and beyond.

Keywords: stars: formation

1. INTRODUCTION Filaments in molecular clouds play a key role
in star formation. However, how exactly fila-
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ments form and evolve remains an open ques-
tion. Recent theoretical work shows that fila-
ments can form as a result of supersonic turbu-
lence (e.g., Federrath 2016), or through shear
(e.g., Hennebelle 2013; Smith et al. 2020), or
gravitational instability (e.g., Nagai et al. 1998),
or accretion of low density gas along magnetic
field lines (e.g., Planck Collaboration et al.
2016). Observationally, systematic surveys of
filamentary structures are providing valuable in-
formation about filaments in molecular clouds
(Miville-Deschênes et al. 2010; Arzoumanian
et al. 2011; André et al. 2014; Suri et al. 2019).

Large scale mapping observations of the Orion
A molecular cloud through Herschel, JCMT,
and the CARMA-NRO Orion survey (Stutz
& Kainulainen 2015; Lane et al. 2016; Kong
et al. 2018, hereafter SK15, L16, K18, respec-
tively) revealed a very prominent filament (here-
after the “Stick”) with a straight morphology
and rings and forks visible in individual chan-
nel maps. The ring/fork structures resemble
those formed in magnetic reconnection (here-
after MR) simulations (see, e.g., Figure 1 of
Kowal et al. 2011). In a region with anti-parallel
magnetic fields, MR happens and magnetic is-
lands (plasmoids) form. Material piles up in
the islands when the field loses energy. The
field topology changes and more reconnection
follows, ending up in the ring/fork structure.
Motivated by this, we explore the possibility
that the Stick formed via MR.

The role of MR has been extensively discussed
in Lubow & Pringle (1996); Lazarian & Vish-
niac (1999); Vishniac & Lazarian (1999); Lazar-
ian et al. (2012); Lazarian (2014). In this pa-
per, we focus on modeling the formation of the
Stick filament in the context of MR. We uti-
lize magnetohydrodynamics (MHD) simulations
with the Athena++ code (Stone et al. 2020) to
model the process. By reproducing key features
in the Stick, we show that MR can be a viable

mechanism for the formation of this peculiar fil-
ament.
2. OBSERVATIONAL FEATURES OF THE

STICK

Using dust continuum data from SK15, we no-
ticed a very particular filament at the south-
ern end of the famous integral-shaped filament
(ISF, Bally et al. 1987) in the Orion A molecular
cloud. Figure 1 shows a summary view of the
Stick at different wavelengths. It is the diag-
onal filament (from northwest to southeast) in
each panel. Panel (a) shows an overall view of
the Orion A cloud that includes the ISF and the
L1641-N region. Panels (b)-(i) show the zoom-
in view of the Stick at multiple wavelengths
from 70 µm to 850 µm (SK15 and L16).

As shown in Figure 1, the Stick is narrow,
long, and straight. We divide the Stick into
two parts (marked with two purple rectangles
in Figure 1d): 1) the bright body in the north-
west; and 2) the faint tail in the southeast. Each
rectangle in the figure has a length of 1.4 pc
and a width of 0.23 pc. We adopt a 390 pc dis-
tance to the Orion A cloud (see Kounkel et al.
2018; Großschedl et al. 2018). The aspect ra-
tio for the body is, therefore, greater than 6
(the actual filament is narrower than the rect-
angle), and greater than 12 for the entire Stick.
The Herschel color temperature map derived by
SK15 shows that the Stick is very cold, with
dust temperatures of only ∼ 15 K. Table 1 lists
some basic physical properties of the Stick.

L16 defined ten cores on the Stick filament us-
ing the JCMT 850 µm image (see Figures 1(i)
and 2). All sub-mm cores on the main part
of the Stick are starless based on L16. Core
666 is protostellar (L16) but at the edge of the
Stick. A recent high-resolution study does not
show any evidence of outflows from these cores
(Feddersen et al. 2020). The lack of protostel-
lar activity in the Stick cores suggests that they
formed fairly recently. Kirk et al. (2017, here-
after K17) used the GBT GAS survey (Friesen
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Figure 1. (a): Column density map based on Herschel maps (SK15). The color stretch ranges from 0
to 1023 cm−2. The yellow dashed box shows the field-of-view of other panels. (b), (c), (d), (e), (f), (h):
Far infrared images from Herschel data. The purple dashed rectangles in panel (d) show the Stick body and
tail. (g), (i): JCMT continuum images from L16. The magenta circles are cores around the Stick (L16,
also see Figure 2).

et al. 2017) to find that the majority of the
cores are not gravitationally bounded but pres-
sure confined. The Stick is probably at an early
evolutionary stage. For reference, the northern-
most core 99 has a free-fall time of ∼ 5.0× 104

yr (a mass of 1.9 M� and an effective radius of
0.026 pc, see L16, K17).

Recently, K18 published 12CO, 13CO and
C18O (1-0) maps of the Orion A cloud as part of
the CARMA-NRO Orion Survey. Subsequently,
Suri et al. (2019) conducted a comprehensive
study of the filaments using the C18O map from
K18, where the Stick filament clearly stands
out. In Figure 2, we show the Stick in the C18O
integrated intensity map from K18. The C18O
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Table 1. Stick parameters

Parts NH NH,peak M L mL T d

M� pc M� pc−1 K

Body 3.1×1022 cm−2 1.4×1023 cm−2 110 1.4 81 16

0.073 g cm−2 0.33 g cm−2

350 M� pc−2 1600 M� pc−2

AV ∼ 15 mag AV ∼ 70 mag

Tail 1.3×1022 cm−2 2.9×1022 cm−2 47 1.4 34 17

0.030 g cm−2 0.068 g cm−2

140 M� pc−2 320 M� pc−2

AV ∼ 6.5 mag AV ∼ 14 mag

Overall 2.2×1022 cm−2 1.4×1023 cm−2 160 2.8 58 16

0.051 g cm−2 0.33 g cm−2

250 M� pc−2 1600 M� pc−2

AV ∼ 11 mag AV ∼ 70 mag

Note—The calculation is within the purple dashed boxes in Figure 1(d).

data has a beam size of 10′′ × 8′′ and a spec-
tral resolution of 0.22 km s−1 (see K18 for more
details). The C18O emission nicely matches the
filament at far infrared wavelengths. It is also
clear that the Stick body has stronger C18O
emission while the Stick tail is marginally de-
tected.

2.1. Temperature and CO abundances in the
Stick

In Figure 3(a), we show the excitation tem-
perature map for the Stick (based on the 12CO
emission, see K18). In Figure 3(b), we show
the dust temperature based on Herschel results
(Lombardi et al. 2014; SK15). The two panels
have the same color scale. The 12CO emission,
which is mostly optically thick, likely traces the
warmer surface of the molecular cloud, so the
excitation temperature is significantly higher
than the Herschel dust temperature. In pan-
els (c) and (d), we show the C18O abundance
[C18O/H]. The C18O column density is com-
puted following K18, assuming that the C18O(1-
0) emission is optically thin. The computation

is based on the temperatures in panels (a) and
(b), respectively. Then, we divide the C18O col-
umn density by the Herschel total column den-
sity (SK15) to obtain the abundances. In §A
Figure A1, we show that the column density
based on the Herschel dust temperature is more
robust than that based on the 12CO excitation
temperature, which overestimates the column
density by a factor of ∼2.

We can see in Figure 3(d) that the central re-
gion of the Stick body has lower [C18O/H] than
the outer region. This implies depletion in the
dense cores, which is consistent with their low
temperatures. Based on Figure A1(b), the av-
erage C18O abundance based on Tdust is about
2.0×10−7. If we assume a canonical C18O abun-
dance of 2.4×10−7 (Wakelam & Herbst 2008),
we can see that overall the Stick body shows
negligible C18O depletion. As noted above, this
is not the case for the dense cores in the Stick.
For example, core 99 has the lowest abundance
of ∼5.0×10−8 (see Figure 3(d)). Thus its CO
depletion factor is ∼5. Core 294 has a C18O
abundance of ∼9.0×10−8, corresponding to a
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Figure 2. Integrated intensity map for C18O(1-0). The two black dashed rectangles mark the Stick body
and tail (same as Figure 1d). The red crosses show the central points of the PV-cuts. The orange dashed
rectangle shows an example of the PV-cut. The orange numbers “0” and “200” at the two ends of the
PV-cut are offsets in arcsec. The red numbers “1” and “25” mark the 25 PV-diagrams shown later in Figure
5. The magenta circles are cores around the Stick (same as Figure 1i).

depletion factor of ∼3. Low CO depletion is ex-
pected in early evolutionary stages (Crapsi et al.
2005), and favors our earlier conjecture that the
Stick filament is very young.

2.2. Kinematics of the Stick

Figure 4 shows the C18O channel maps that al-
low us to investigate the kinematics of the Stick.
Here we only include the two channels in which
the rings/forks are mostly visible (the complete
channel maps for C18O is in K18 Figure 28).
The most striking features are the small arc-like
filaments forming a chain of two-pronged struc-
tures, resembling tuning forks. We can see three

of such structures enclosed in the three blue
dashed rectangles. There are two tuning forks
on two ends projecting toward northwest and
southeast, while the one in the middle is more
like a complete ring. Hereafter we simply call
them “ring/fork” structures. The rings/forks
are quite puzzling, but we believe they must be
related to the formation mechanism of the Stick.

To probe the transverse kinematics of the fila-
ment, we make PV-diagrams along cuts perpen-
dicular to the filament. Each path (PV-cut) is
centered on the filament and extends symmetri-
cally to both sides of the filament (see Figure 2).
Figure 5 shows the twenty-five PV-diagrams we
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Figure 3. (a): 12CO excitation temperature map (K18) in square root scale. The color bar unit is K.
The two purple dashed rectangles mark the Stick body and tail (same as Figure 1d). The red contours show
1.4, 2.8, 4.2 ×1022 cm−2 column density levels (from the Herschel data in Figure 1a). (b): Herschel dust
temperature map (SK15) in square root scale. The cyan contours show the N2H

+(1-0) integrated intensity
at 0.7, 1.4, 2.1, 2.8 K km s−1. (c): C18O abundance map [C18O/H]. The color is scaled up by 108. The
excitation temperature is assumed to be that of 12CO. The red contours are the same as panel (a). (d): The
same as panel (c), but the excitation temperature is assumed to be the Herschel dust temperature (SK15).
The magenta circles are cores around the Stick (L16). The red contours are the same as panel (a).

made along the filament body. In most of the
diagrams, we see two velocity components, es-
pecially at offsets less than 100′′ (see Figure 2)
and most clearly in panels 8-16. These velocity
components have a separation of ∼ 1 km s−1,
one at ∼ 8 km s−1 and the other at ∼ 9 km s−1.

Interestingly, a similar kinematic feature is seen
in the NH3 data (see §A and Figure A2).

3. MODELING THE STICK FORMATION

Based on the observational results above, we
can summarize several main characteristics of



The Stick Filament in Orion A 7

RA (J2000)RA (J2000)

De
c 

(J
20

00
)

De
c 

(J
20

00
)

8

7

6

5

4

3

2

1

1 pc

8.18 km/s

8
48 36 5:36:24 12

09

12

-6:15

18
1 pc

8.40 km/s

8
48 36 5:36:24 12

09

12

-6:15

18

1 pc

8.40 km/s

8
48 36 5:36:24 12

09

12

-6:15

18
1 pc

8.18 km/s

8
48 36 5:36:24 12

09

12

-6:15

18

Figure 4. Channel maps for C18O(1-0). The color bar has the unit of K. The number at the top right
shows the velocity in km s−1. The blue dashed boxes show the enclosing rectangles of the three rings/forks
(see §2.2). The first and second rows are the same, except that the green dashed curves in the first row
highlight the rings/forks.

the Stick. The most unique features are its
straight morphology and the ring/fork struc-
tures in channel maps (Figure 4). None of the
other filaments in Orion A has such a ruler-
straight shape, especially since the environment
in this cloud is very chaotic. Moreover, the Stick
seems to be a standalone object, while other
filaments are interconnected. We believe that
the chain of rings/forks and the unconventional
straightness are not a coincidence and that they

point to the formation mechanism of the Stick
(see below).

Other features of the Stick include the dou-
ble velocity components, its young evolutionary
status, and its high density (∼ 105 cm−3). The
high density makes the Stick stand out from its
environment. The aforementioned free-fall time
for core 99 corresponds to an average core den-
sity of nH = 8×105 cm−3 (K17). The high den-
sity is broadly consistent with the fact that core
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Figure 5. PV-diagrams for C18O(1-0) transverse to the filament main axis. The number at the top right
is the PV-cut number in Figure 2. The zero offset is at the northeast end of the red rectangle in Figure 2.

99 shows C18O depletion and detection in dense
gas tracers, including NH3 and N2H

+. Figure
3(b) shows the N2H

+(1-0) integrated intensity

map (only the central hyperfine component is
included). The Stick has notable detection in
N2H

+, especially toward the dense cores. To-
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ward core 99, the N2H
+(1-0) central compo-

nent reaches 1 K brightness temperature. Given
the critical density of N2H

+(1-0), we expect the
densest part of the Stick reaches nH ∼ 105 cm−3.

Here we explore the possibility that the Stick
formed via magnetic reconnection (hereafter
MR). The main motivation for the hypothesis
is that magnetic reconnection creates ring/fork-
like structures, very similar to those we see in
the C18O channel maps.

3.1. Simulation Setup and 2D Tests

We use the latest public version of the
Athena++ code (version 19.0, Stone et al.
2020). In particular, we model the compress-
ible, isothermal, inviscid MHD, with self-gravity
and Ohmic resistivity. A second-order accurate
van Leer (VL2) time integrator is used, with
divergence-free constraints on magnetic fields at
every time step ensured. A Courant-Friedrichs-
Lewy (CFL) number of 0.3 is adopted in the
simulations. A second-order piecewise linear
method (PLM) is used for spatial reconstruc-
tion and the HLLD Riemann solver is adopted.
To compute self-gravity, the Poisson equation is
solved with the fast Fourier transforms (FFTs)
module on the uniform Cartesian grid. The
adaptive mesh refinement (AMR) capability is
under development and it is not yet available
(Tomida et al. in prep.). We use periodic
boundary conditions for all dimensions.

A mass density of 3.84 × 10−21 g cm−3 is
set as the code unit. The density corresponds
to nH2=840 cm−3 (assuming a mean molecular
mass per H2 of µH2 = 2.8mH) and a free-fall
timescale of 1.1 Myr. The code unit for time
is 2.0 Myr. The length unit is 1.0 pc. The ve-
locity unit is 0.51 km s−1. With this setup, the
gravitational constant is G = 1. The magnetic
field code unit is 3.1 µG. Hereafter, all numeri-
cal analyses will be in code units (accompanied
by physical units in some cases).

We start with exploratory runs in 2D. Figure 6
shows the result from one simulation (hereafter

MR 2D). The simulation domain is a 2×2 box
with a 2562 uniform grid. The density is set to
1 in the box. For −0.5 < x < 0.5, the magnetic
field By is set to -5 while Bx=0. The rest of the
domain has By=5 and Bx=0. Hence, at x =
±0.5, the field lines invert and MR happens. We
apply a velocity perturbation along the x-axis to
trigger the reconnection. The simulation setup
basically follows the “Current Sheet” problem
in Gardiner & Stone (2005). The snapshot is
taken at t=0.5.

In Figure 6, we can see chains of rings form-
ing at the interfaces of inverted B-fields (current
sheets). The right panel of Figure 6 shows how
the ring-like structures form around the mag-
netic islands. MR takes place between the is-
lands where magnetic energy dissipates into ki-
netic energy. The gas with the additional ki-
netic energy moves along the field line that has
the ring-knot shape. Material from neighboring
MR sites create the ring/fork shapes along the
current sheet. Note that similar results have
been reported in other numerical studies. For
instance, see Figure 1 in Kowal et al. (2011).

We ran the simulation with different values of
the Ohmic resistivity, ηohm, with value of 0.1,
0.01, 10−3, 10−4, 10−5. We then compare these
runs with a simulation without ηohm, i.e., only
including the numerical resistivity. By visually
inspecting the structures, we find the code nu-
merical resistivity is . 10−4 (1.5×1019 cm2 s−1).
The result shown in Figure 6 uses ηohm = 10−5.

3.2. Problems Going from 2D to 3D

While the 2D MR results show some promis-
ing features that resemble the Stick, there are
several details that need to be investigated and
discussed if we attempt to explain the Stick for-
mation with MR. First, it is hard to picture an
initial condition of anti-parallel B-fields in a sin-
gle molecular cloud (like Figure 6). The fields
should stay side by side waiting for MR to hap-
pen. Probably the only plausible solution is to
have two clouds coming from far away carrying
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Figure 6. Left: Velocity along y-axis in the simulation MR 2D. The color scale shows the velocity. Note
the ring/fork-like structures, with knots in between. Right: The color map is the same as left. The arrows
show the magnetic field stream lines. All numbers are in code units.

Figure 7. Density slice in y-z plane at x=-0.5 in
the simulation MR 3D.

anti-parallel B-fields. They meet and collide so
MR could happen. Second, even if we assume
cloud collision and simply extend the 2D sim-
ulation in MR 2D to 3D by adding the z-axis,
we will not form Stick-like filaments along the
y-axis like MR 2D. Each magnetic island will
extend along the z-axis and become a cylinder
along the z-axis because every x-y plane is essen-
tially the same. Figure 7 illustrates the cylin-
ders by showing the y-z plane in a new simu-
lation MR 3D, which simply adds the third di-
mension to MR 2D.

Third, also the most critical issue is that un-
der the current configuration, the dense filament
forms parallel to the magnetic fields. No matter
how we try to “manipulate” the initial condi-
tion, we can hardly find a way to have an or-
thogonal component of the B-field relative to
the filament. However, as the recent Planck po-
larization result showed, the plane-of-sky B-field
orientation is almost perpendicular to the Stick
filament (Soler 2019). Moreover, we have known
that the line-of-sight B-field orientation flips on
both sides of the Orion A cloud (Heiles 1997;
Tahani et al. 2019). That is also incompatible
with our initial conditions in MR 2D or MR 3D.

Taking all these issues into consideration, per-
haps the only compatible initial condition is
that two molecular clumps collide at the loca-
tion of the Stick. One clump carries B-fields
pointing toward us while the other has B-fields
pointing away from us. Thus we have flipped
B-fields along the line of sight. Meanwhile, the
B-fields of the two clumps are tilted along the x-
axis (in our case the RA direction) so there is a
plane-of-sky component B-field that is orthogo-
nal to the Stick. In fact, Nakamura et al. (2012)
have seen the possibility of cloud-cloud collision
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in the L1641-N region (the bright region below
the Stick).

observer

line of sight

Clump 1 Clump 2
v1 v2

B1

B2

z

x

α

plane of sky

Figure 8. A schematic look of a possible initial
condition of Stick formation. The Cartesian coordi-
nate axes (x-axis and z-axis) are the dashed arrows
with an origin at the Stick. The y-axis points into
the screen and the filament is on the y-axis. The red
circle in the middle shows the cross section of the
Stick that stretches in and out of the screen. The
two incoming clumps (with velocities v1 and v2)
carry anti-parallel B-fields. We (as the observer)
observe the collision at a tilted angle α (§3.5).

Figure 8 shows the schematic of the initial
conditions of the fiducial model. Two clumps
come together with collision velocities v1 and
v2. Clump 1 carries a B-field pointing toward
us (tilted) while clump 2 has a B-field in the
opposite direction. The Stick is at the collision
contact point and we (the observers) witness the
collision at an angle through the clumps. In
this setup, the line-of-sight B-field orientations
are consistent with the Zeeman measurements
from Heiles (1997) and the plane-of-sky B-field
orientation is also consistent with the Planck
result (Soler 2019). Note that the polarization
measurement of the plane-of-sky B-field orien-
tation does not tell us the vector direction of the
B-field. In our setup, we observe the plane-of-
sky B-field orientation that is orthogonal to the
Stick even though it is caused by anti-parallel
B-fields. Now the question is, can we form a

Stick-like filament as shown in Figure 8. It also
has to match the observational characteristics,
especially the ring/fork structures, the straight
morphology, the elevated density, and the PV-
diagrams.

3.3. 3D Modeling of the Stick

Here we follow the idea from the previous sec-
tion to set up the simulation. First, we intro-
duce the fiducial model MRCOL (short name
for “MR collision”, Figure 8). We adopt a uni-
form gas density of ρ1=ρ2=0.5 (nH2=420 cm−3)
for the two clumps. The choice of density has
two considerations. First, the Stick stands out
from its surroundings, as shown earlier. So the
colliding clumps (which are part of the imme-
diate environment around the Stick) cannot be
too dense. Second, we still want to limit the
physical processes to the “molecular regime”,
meaning that MR creates the Stick from molec-
ular gas (so the clump gas density cannot be
too low). For CO-bright molecular gas a den-
sity of a few 100 cm−3 is required (e.g. Glover &
Clark 2012). The ambient gas density is set to
ρamb=0.05, i.e., a factor of 10 smaller than the
clump density.

We adopt an isothermal equation of state,
where the gas temperature is set to 15 K. The
choice of the temperature follows the maps
of the dust temperature from Herschel and
the NH3 kinetic temperature from GBT (see
§2.1 and Figure A1), which show the temper-
ature in the region around the Stick uniformly
has a value of about 15 K. The isothermal
sound speed cs is 0.29 km s−1, corresponding
to cs=0.58 in the code unit. The gas pressure is
computed as P = ρc2s. The clumps are colliding
with a relative velocity of 2.0 km s−1 (v1,x=2.0
and v2,x=-2.0 in code units).

The amplitude of the B-field is set to 10 µG
(3.2 in code units). Of the eight HI veloc-
ity components shown in Heiles (1997), com-
ponent 7 best matches the vlsr of the Stick at
∼8 km s−1. Moreover, component 7 is the only
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one with absorption. Absorption features in
HI spectra have been found to be associated
with CO, 13CO, and C18O gas in other molec-
ular clouds (Li & Goldsmith 2003). Interest-
ingly, of the many observation points in Heiles
(1997), only four of them had B-field measure-
ments for component 7 (see their Table 1). All
of them are near the Stick location (l, b) ≈
(210◦, -19.5◦). Their line-of-sight B-fields are
∼ 10 µG. Crutcher (2012) summarized the rela-
tionship between B-field strength and gas den-
sity. At nH < 103 cm−3, the B-field strength
is ∼10 µG. Taking these into consideration, we
set |B1| = |B2| = 10 µG for the two clumps
(B1,z = 3.2 and B2,z = −3.2 in code unit).

Figure 9 shows the setup of the fiducial model
MRCOL. The top panel shows a slice plot of
density in the z=0 plane. Two spherical clumps
are about to collide, each having a radius of
0.9 (R1 = R2 = 0.9, corresponding to 0.9 pc).
Their centers are set to x1 = (-0.9, 0, 0) (here-
after Clump1) and x2 = (0.9, 0, 0) (hereafter
Clump2). The middle panel shows the collid-
ing velocity. Clump1 and its ambient gas (x<0)
are moving with a velocity v1 = (2.0, 0, 0.5)
while Clump2 and its environment has v2 = (-
2.0, 0, -0.5). The velocity in the z-axis adds in
a shear motion to the collision (v1,z = 0.5 and
v2,z = −0.5). It determines whether the colli-
sion is exactly head-on. This degree of freedom
is important for cloud collisions because exact
head-on collisions should be rare. One could
also think of it as having a non-zero impact
parameter. The choice of the shear velocity is
rather arbitrary. We simply put in a relatively
small value. The bottom panel shows the initial
B-field. Clump1 and its environment (x<0) has
B1 = (0, 0, 3.2) while Clump2 and its environ-
ment has B2 = (0, 0, -3.2).

The Ohmic resistivity is set to ηohm = 0.001
(1.5×1020 cm2 s−1) which is about an order of
magnitude higher than the numerical resistivity
(. 10−4 in code unit or . 1.5 × 1019 cm2 s−1).

Figure 9. Initial conditions for MRCOL in code
units (fiducial, see §3.3 for the model description
and §3.1 for unit conversion).

This value of ηohm was chosen by increasing ηohm
from the numerical resistivity until the resulting
filament shows the best match in the rings/forks
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structures seen in the molecular line maps of the
Stick.

Table 2 lists all models described in §3.3 and
beyond in this study. The computation do-
main has a scale of 4 pc for each dimension.
The coordinate system is defined in Figure 8.
In all models, we adopt the Ohmic resistivity
ηohm = 0.001, the temperature of 15 K, and
clumps radii of 0.9. Clump1 has a x-direction
velocity v1,x = 2.0 and Clump2 has v2,x = −2.0.

3.4. Model Results

Figure 10 shows a snapshot of the density out-
put at t=0.1 (0.2 Myr) of the MRCOL model.
In panel (a), Clump1 (left) and Clump2 (right)
collide and create a density enhancement in
the x=0 plane. The maximum density reaches
ρmax ∼ 138 (nH2 = 1.2×105 cm−3). Recall that
the clump density was initially 0.5 (nH2 = 420
cm−3) initially. The collision creates a density
enhancement of more than two orders of magni-
tude. Interestingly, the high-density gas forms a
filament. In panel (b), we show the x=0 plane
where dense gas is generated. Indeed, we see
the dense gas at the collision front concentrat-
ing in a filament, surrounded by a diffuse “pan-
cake” which reaches a density of about 1. In
the remaining area of the x=0 plane, there are
many dense wiggles. Panel (c) shows the x-z
plane that crosses the origin. Here we look at
the cross-section of the filament. For this slice,
the highest density (in the filament) is ∼20.
Again we see the density enhancement in the
x=0 plane.

For comparison, we show results from the
same simulation but without B-fields (hereafter
COL noB). Figure 11 shows the results. In
panel (a), we see again a density enhance-
ment in the x=0 plane. The strongest en-
hancement happens at the collision midplane
between the two clumps. The highest density
reaches ρmax ∼ 27, i.e., a factor of 5 smaller
than in MRCOL. The difference with the fidu-
cial model is, as shown in panel (b), the col-

Figure 10. A snapshot of MRCOL density at
t=0.1 (0.2 Myr). Panels (a), (b), (c) show the
z=0, x=0, y=0 planes, respectively. The color scale
is logarithmic. Panels (a)(b) have the same color
range 0.1-100. Panel (c) color range is 0.1-10. See
§3.1 for unit conversions.

lision in COL noB produces a pancake in the
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Table 2. Models

Model Section Grid ρamb Clump1 Clump2

ρ1 B1,y B1,z v1,z ρ2 B2,y B2,z v2,z

MRCOL (Fiducial) 3.3 5123 0.05 0.5 0 3.2 0.5 0.5 0 -3.2 -0.5

MRCOLρ0=0.7 3.5 5123 0.05 0.7 0 3.2 0.5 0.7 0 -3.2 -0.5

COL noB 3.4 5123 0.05 0.5 0 0 0.5 0.5 0 0 -0.5

COL sameB 3.4 5123 0.05 0.5 0 3.2 0.5 0.5 0 3.2 -0.5

MRCOL uniform 3.6 5123 0.5 0.5 0 3.2 0.5 0.5 0 -3.2 -0.5

MRCOL2D 3.6 5122 0.05 0.5 3.2 - - 0.5 -3.2 - -

MRCOL2D 1024 3.6 10242 0.05 0.5 3.2 - - 0.5 -3.2 - -

MRCOL2D 2048 3.6 20482 0.05 0.5 3.2 - - 0.5 -3.2 - -

MRCOL tiltB20 4.1 5123 0.05 0.5 0 3.2 0 0.5 1.0 -3.0 0

MRCOL tiltB90 4.1 5123 0.05 0.5 0 3.2 0 0.5 3.2 0 0

MRCOL turb 4.1 5123 0.05 0.5 0 3.2 0 0.5 0 -3.2 0

Note—All values are in code units (§3.1). Specifically, the density unit is 3.84 × 10−21 g cm−3 (nH2=840
cm−3). The time is 2.0 Myr. The length unit is 1.0 pc. The velocity unit is 0.51 km s−1. The magnetic
field unit is 3.1 µG. All dimensions have a length scale of 4 pc.

y-z plane, as the colliding clumps push material
to the collision midplane. This is the compres-
sion phase in the clump-clump collision prob-
lem (Stone 1970a,b; Miniati et al. 1997; Klein
& Woods 1998). In our simulation (COL noB),
the pancake is tilted due to our inclusion of a
shear velocity. This tilt is better shown in panel
(c). In any case, there is no filament formed in
COL noB.

In Figure 12, we show results from the same
simulation but with B-fields aligned in the z-
direction (hereafter COL sameB). Magnetized
cloud-cloud collisions have also been studied
quite extensively (Miniati et al. 1999; Marinho
et al. 2001; Balfour et al. 2015; Wu et al. 2020).
In our case, the clump collision in COL sameB
is not able to enhance the gas density. The high-
est density in Figure 12 reaches ρmax ∼ 1. We
can also see from panel (b) that no filament
forms in the simulation. Therefore, compar-
ing the three simulations (MRCOL, COL noB,
COL sameB), we see that the simulation with
the clumps with anti-parallel B-field is the only

one that produces a high-density filament (in-
stead of a pancake). In the following section
(§3.5), we first carry out a radiative transfer
model of the filament and compare it with our
observations. Then in §3.6, we look into the
physical process that gives rise to the formation
of the filament in the MRCOL simulation.

3.5. Radiative Transfer and Comparison to
Observation

To compare the simulation results with the
observations, we simulate the line radiative
transfer (RT) using the three-dimensional RT
code SimLine3D (Ossenkopf 2002). The code
self consistently computes the excitation of the
molecules including the effects of thermal exci-
tation through collisions with H2 and local and
non-local radiative trapping, performs the ray
tracing to calculate individual line profiles, and
convolves the output with a simulated Gaus-
sian telescope beam. Finally we add normally-
distributed observational noise matching the
rms of the observations. The code was exten-
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Figure 11. A snapshot of COL noB density at
t=0.1 (0.2 Myr). Panels (a), (b), (c) show the z=0,
x=0, y=0 planes, respectively. The color scale is
linear, ranging from 0.1-10. See §3.1 for unit con-
versions.

Figure 12. A snapshot of COL sameB density
at t=0.1 (0.2 Myr). Panels (a), (b), (c) show the
z=0, x=0, y=0 planes, respectively. The color scale
is linear, ranging from 0.1-1.0. See §3.1 for unit
conversions.

sively tested in the frame of the RT bench-
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mark comparison (van Zadelhoff et al. 2002).
Spectroscopic data for the molecules were taken
from the Cologne Database for Molecular Spec-
troscopy (Endres et al. 2016) and the collisional
rate coefficients from Yang et al. (2010) assum-
ing a thermal ortho/para ratio of molecular hy-
drogen (Le Bourlot 1991). We computed the
position-position-velocity (PPV) cube for the
C18O(1-0) transition.

For the dust RT we assumed optically thin
emission of dust at 15 K using the emission co-
efficients of the OH5 dust model (Ossenkopf &
Henning 1994) applicable for dense clouds with
ice depletion. The same dust properties were
used by Stutz & Kainulainen (2015) for the in-
terpretation of the Herschel continuum data so
that our model should be consistent with their
analysis.

To choose the simulation time step, we need
to have some idea of the age of the Stick.
As discussed in §2, the Stick is very young.
The highest CO depletion reaches a factor of
∼5. If we consider the astrochemical model by
Hasegawa & Herbst (1993) which include the
gas-phase and dust-surface chemistry and cos-
mic ray induced desorption (see their table 9),
the gas-phase CO abundance [CO/H2] reaches
6.1×10−5 at 3×105 yr and 1.4×10−5 at 1×106

yr. Again, if we assume the canonical CO abun-
dance [CO/H2] of 2.4×10−4 (Wakelam & Herbst
2008), the chemical model gives a CO depletion
factor of 3.9 at 3× 105 yr and 17 at 1× 106 yr.
Note the physical condition in the Hasegawa &
Herbst (1993) model adopted a temperature of
10 K and a density of 2× 104 cm−3. The Stick
has a higher dust temperature of 16 K (Table 1),
which favors CO desorption, but also a higher
density, which supports CO depletion. If we as-
sume these two effects cancel each other, then
the Stick depletion factor of 5 indicates that the
filament age is somewhere between 0.3-1 Myr.
We thus adopt an age of 0.6 Myr (t=0.3) for
comparison with the observations. As the de-

Figure 13. A snapshot of MRCOL density at
t=0.3 (0.6 Myr). See §3.1 for unit conversions.

pletion is mainly limited to the dense cores, we
do not add this complexity to our simulations.
We caution that we use the emission of the CO
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isotopologues to trace the general gas distribu-
tion, and that we ignore the depletion in the
RT computations (we only use the depletion to
estimate an age for the Stick).

Figure 14. A zoom-in view of the C18O inte-
grated intensity map. The green arrow points to
the three spikes.

Figure 13 shows a snapshot of MRCOL at
t=0.3 (0.6 Myr). Again, we show slice maps for
z=0 (panel a), x=0 (panel b), and y=0 (panel
c) planes. In panel (a), we can clearly see many
rings/forks along the filament. In panel (b), a
filament (and not a pancake) forms in the col-
lision midplane. Interestingly, the filament has
many transverse spikes in the z-direction (the
small structures stretching out of the filament),
which look very similar to the observations. Fig-
ure 14 shows a zoom-in view of the C18O in-
tegrated intensity map from the observations.
Note the spikes stretching out from the Stick
(the arrows mark three of them). In Figure
13(c), we see the cross-section of the filament.
Again, a filament instead of a pancake forms at
the midplane.

Figure 15 shows the channel maps from the
RT model for MRCOL at t=0.3 (0.6 Myr). The
model “observes” the data at the Orion distance
(390 pc). We rotate the simulation data cube
to match the Stick observation. First, we face
the x-y plane along the negative z-axis. We ro-
tate the cube about the y-axis by α = −30◦

(see Figure 8). As a result, Clump2 is in front
of Clump1 along the new line of sight. Then,
we rotate the new cube about the new z-axis
to match the Stick’s diagonal appearance. Fi-
nally, we invert the z-axis velocity component
to follow the line-of-sight convention. We apply
the RT model to the final cube to get the PPV
cube. The simulation cell size corresponds to a
physical scale of 0.0078 pc. The CARMA-NRO
Orion C18O data beam size corresponds to a
physical scale of 0.015 pc, i.e., twice the simu-
lation cell size. So the PPV cube is smoothed
to a resolution of 0.015 pc. Figure 15 shows
the smoothed channel maps. In Figure 16, we
add a 0.47 K noise to the cube (the same as the
CARMA-NRO Orion data, K18).

In Figures 15 and 16, we clearly see the
ring/fork/spike structures along the straight fil-
ament. The filament is also very narrow with an
aspect ratio & 20 and spans a velocity range
of ∼1.3 km s−1, similar to the Stick. In §A and
Figure A3, we show a zoom-in view of Figure
15 and highlight the structures. Of course, they
are not exactly the same, which can be caused
by irregular shapes of the incoming clumps, ad-
ditional line-of-sight gas between the Stick and
us, etc.

In Figure 17, we show the RT model for a new
projection (α=-80◦). This figure shows more
pronounced ring structures along the filament.
At this point, we use the α=-30◦ projection as
the fiducial RT result but do not attempt to find
the “best” projection.

We make PV-diagrams for the fiducial model
MRCOL and fiducial projection α=-30◦, follow-
ing the format in Figure 5. Note that we use
the cube with the added noise shown in Figure
16. These PV-diagrams are shown in Figure 18.
Again, we select 25 evenly distributed points
on the filament (Figure 16). Then, we make
the PV-cut through the point perpendicular to
the filament. The length of the PV-cut is 200′′,
and the width is 20′′. The result in Figure 18
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Figure 15. RT model of MRCOL at t=0.3 (0.6 Myr). The line of sight is shown in Figure 8 with a
rotation of α=-30◦. Then, there is an additional rotation around the line of sight to tilt the filament by 43
degree to match the position angle of the Stick. The cube is smoothed to match the observation beam of 9′′

(two simulation cells). The color scale is the same as Figure 4.

matches the observation (Figure 5) very well.
Two velocity components appear, with a sepa-
ration of about 1 km s−1. The filament is in the
middle of the two components.

In Figure 19, we show two more images from
the simulations that can be compared with ob-
servations. The left panel shows the 850 µm
flux density from the simulated filament, which
can be compared with the observed dust map
shown in Figure 1(i). The right panel shows
the column density which is comparable to Her-
schel images in Figure 1. Noise has been added
to these images, with the same level as the ob-
servations. Basically, both the model and the
observations show a straight, narrow, long fil-
ament. Both show dense cores in the filament.
The model images show two major circular cores
in the central part of the filament which show
sub-structures in the column density image.

Figure 20 shows a quantitative comparison of
the logarithmic probability distribution func-

tions (PDFs) between the model and the ob-
servations. The left panel compares the 850
µm RT images with the 850 µm JCMT map.
The right panel compares the column densities,
where the red line corresponds to the Herschel
observations (SK15) and the green line to the
850µm data (L16) after it has been converted
into column density using the same assumptions
(Tdust = 15K, OH5 opacities). We note that
the column density distributions from the two
observed maps (JCMT and Herschel) are not
consistent. The Herschel observations indicate
higher column densities and a much narrower
distribution than the 850 µm data. Both prob-
ably suffer from observational limitations. Low
column densities in the Herschel maps are trun-
cated due to the sensitivity limits while part
of the lower value tail of the 850 µm data is
due to the rms noise. Large scale structures in
the JCMT data also suffer some flux loss (L16).
Still differences at high column densities remain
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Figure 16. Same as Figure 15, but with an rms noise of 0.47 K per 0.22 km s−1 added to the cube. The
noise is the same as the CARMA-NRO Orion data for C18O(1-0). The red circles show the 25 positions for
PV-cuts (only showing four of them), similar to those in Figure 2. The red rectangle shows the PV-cut with
a size of 200′′×20′′, the same as Figures 2 and 5.
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Figure 17. Same as Figure 15, but with a rotation of α=-80◦.

unexplained, thus we use the observational con-
straints only as rough guidelines.

The black histogram shows the PDF of the
fiducial RT model MRCOL (α=-30◦). In the
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Figure 18. PV-diagrams for the RT cube with observation noise for MRCOL with α=-30◦. The format
is the same as Figure 5. The PV-cuts are shown in Figure 16.

right panel one can see that the model column
density is lower than Herschel results and even
than the 850 µm data for the Stick when consid-
ering the highest densities. Here we run another
simulation with a factor of 1.4 higher initial den-

sity (hereafter MRCOLρ0=0.7). In Figure 20, we
show the new results with the blue histograms.
For the MRCOLρ0=0.7 model the column density
is within a factor of 2 of the Herschel-based col-
umn density and well in agreement with the 850
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F850 NH

MRCOL, α = −30◦,FIR

Figure 19. RT model for FIR and sub-mm wavelengths to be compared with Herschel and JCMT
observations. The left panel shows emission at 850 µm (smoothed to 14.5′′, adding a rms noise of 1.8 MJy
sr−1). The right panel shows the column density map. The white circle shows a core with 0.1 pc diameter.
Its virial status is analyzed in §4.1.
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Figure 20. Histograms for the two images in Figure 19. Each panel compares the observed data with the
fiducial model MRCOL (α=-30◦) and the high density model MRCOLρ0=0.7. The green lines represent the
JCMT 850µm data (L16), the red column density histogram was derived from the Herschel observations
(SK15).

µm data when assuming that part of the low- column density excess stems from noise. Also,
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the new model (MRCOLρ0=0.7) preserves other
observing features (rings/forks and PV-diagram
appearance).

For a detailed comparison between the
column-density PDFs, many factors can con-
tribute to a difference, including but not limited
to turbulence, collision velocity, magnetic field
strength, initial clump density. In the following
section §3.6, we discuss the effect of a few of
them. Overall, the simulated filament matches
the Stick very well. Adding noise reduces the
clarity of the sub-structures in channel maps,
although we can still see most of them.

3.6. Physical Mechanism of the Filament
Formation

We first return to our 2D test in Figure 6
to understand the 3D result. As shown in the
right panel of the figure, the magnetic islands
accumulate a significant amount of dense gas.
Expanding this to 3D, we see in Figure 7 that
the dense gas in the islands extends to cylin-
ders perpendicular to the plane where the mag-
netic fields lie (i.e., the x-y plane). In the
MRCOL run, where instead of applying veloc-
ity perturbations we have two colliding clumps,
a similar process occurs in the x=0 plane. The
anti-parallel B-field is in the x-z plane, so the
cylinder (i.e., the filament) forms along the y-
direction. The main difference is that MRCOL
does not form many parallel filaments as in
MR 3D.

Note that in MR 2D and MR 3D, the MR
happened because we applied a velocity pertur-
bation. Besides, the two simulations did not
have collisions at the x=0 plane. However, in
MRCOL, we did not apply any perturbation in
the collision plane. Figure 21(a) shows again
the x-z plane density from MRCOL at t=0.1
(same as Figure 10(c)). Here we include B-field
streamlines. It is quite clear that MR happened
at z=±0.6 where field lines joined. They joined
where the clump surfaces were about to con-
tact. The B-fields bent toward the x=0 plane

Figure 21. (a): A snapshot of MRCOL at t=0.1
(0.2 Myr). The color scale is logarithmic and shows
the density in the y=0 plane. The arrows show
the B-field. See §3.1 for unit conversions. (b): A
snapshot of MRCOL at t=0.1 (0.2 Myr). The color
scale is linear and shows vz in the x=0 plane. See
§3.1 for unit conversions.

and the magnetic loop formed between z=-0.6
and z=0.6. The loop enclosed the compression
pancake and dragged gas inward toward the fil-
ament. Figure 21(b) shows the z-axis velocity in
the y-z (x=0) plane. In the pancake, we can see
that vz > 0 for z<0 and vz < 0 for z>0, mean-
ing that gas in the pancake is moving toward
the filament. On the other hand, gas outside
the pancake is moving away from the pancake.
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Figure 22. (a): A snapshot of MRCOL y=0 plane at t=0.1 (0.2 Myr). The color scale is linear and shows
the z-axis magnetic tension force (B · ∇)B/4π. The arrows show the B-field. (b): Same as (a), but for the
magnetic pressure force −∇(B2/8π). (c): Same as (a), but for the thermal pressure term −∇P . (d): Same
as (a), but for the gravity term −ρ∇φ. All panels have the same color scale. See §3.1 for unit conversions.

Following Krumholz (2017), we write the mo-
mentum equation below:

∂

∂t
(ρv) +∇ · (ρvv) =

−∇P +
1

4π
(∇×B)×B− ρ∇φ

= −∇P −∇
(
B2

8π

)
+ (B · ∇)

B

8π
− ρ∇φ.

(1)

Here, ρ is the gas density, v is the velocity,
P is the thermal pressure, B is the magnetic

field, and φ is the gravitational potential. There
are four force terms on the right hand side, in-
cluding the pressure term −∇P , the magnetic
pressure force −∇(B2/8π), the magnetic ten-
sion force (B · ∇)B/4π, and the gravitational
force −ρ∇φ. The magnetic tension term plays a
major role in the filament formation. It includes
the tension force when the B-field tries to “un-
bend” itself. As shown in Figure 21, MR creates
B-field loops with sharp turns at the MR loca-
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tion. The highly curved loop tries to become
“well-shaped” (a circle). Therefore, it pulls ma-
terial into the central filament.

Figure 22 shows a detailed look of the contri-
bution from different forces in the y=0 plane.
We zoom in to −0.5 < x < 0.5 and 0 < z < 1.
In this view, the filament (along the y-axis)
cross-section is at x=0 and z=0. We show the z-
axis component of the four force terms in equa-
tion 1. The gradient of a quantity ∂q/∂x at cell
i is approximated by (qi+1−qi−1)/(2δx) for each
dimension (δx is the cell size). We use the same
color scale to show the relative importance of
the forces.

It can be seen that the magnetic tension force
preferentially points toward the filament espe-
cially at z . 0.5. Whenever there is a mag-
netic loop produced by MR, the sharp turn cre-
ates a strong magnetic tension force. Their job
is to pull everything to the center of the loop
so that the loop becomes circular. The same
thing happens in the other half of the pancake
(z < 0 not shown here). Meanwhile, the mag-
netic pressure, thermal pressure, and gravity
forces do not do much compared to the mag-
netic tension, except for around the filament.
At z ∼ 0, magnetic pressure and thermal pres-
sure try to resist the incoming gas pulled by
the tension force. Meanwhile, gravity tries to
attract more gas to the filament. Outside the
central area, the magnetic tension force domi-
nates other forces and keeps sending material
to the central region. This is the reason for the
filament formation.

On the contrary, if the two colliding sides are
uniform gas with ρ1 = ρ2 = ρamb = 0.5 (here-
after MRCOL uniform), no filaments form. Fig-
ure 23 shows a snapshot of MRCOL uniform
density in the x-z (at y=0) plane at t=0.1.
The difference between MRCOL uniform and
MRCOL is that the former simulation has
a uniform density of ρ = 0.5 in the entire
computation domain. The difference between

Figure 23. Same as Figure 21(a) but for
MRCOL uniform. See §3.1 for unit conversions.

MRCOL uniform and MR 3D is that the former
simulation has no x-axis velocity perturbation
and the latter has no collision. Figure 23 shows
that no MR happens. Recall in MR 3D mul-
tiple cylinders formed along the y-axis. There-
fore, the density structure of the clump collision
in MRCOL provides the initial perturbation to
excite MR around the pancake.

To look into the details of how MR is trig-
gered, we extract the y=0 plane from MRCOL
and carry out a new 2D simulation (hereafter
MRCOL2D) and monitor the MR triggering
for t<0.1. For simplicity, this time we remove
the shear velocity and only consider a head-
on collision. Everything else follows the initial
conditions of MRCOL. Figure 24 shows three
snapshots for MRCOL2D density at t=0, 0.015,
0.025. Again, the magnetic field is shown as
the streamlines. At t=0, the initial condition is
the same as the y=0 plane in MRCOL except
there are no y-direction velocity components.
At t=0.015, we see the B-field lines around x=0
start to come close at y ≈ ±0.25 (hereafter the
merging point). The merging point is right be-
hind a parcel of gas moving away from the com-
pression pancake along the y-axis at x=0. The
parcel at y ≈ 0.3 is moving toward positive y-
direction, while the one at y ≈ -0.3 is moving
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Figure 24. A snapshot of MRCOL2D density (color) and B-field (stream lines) at t=0 (left), 0.015
(middle), 0.025 (right). The x-y plane here should be compared with the x-z plane in MRCOL.

toward negative y. The parcels are simply ejecta
from the compression pancake. Such ejection
was observed in previous studies (e.g., Klein &
Woods 1998). In our case, the parcel is simply
accelerated by the high density in the pancake,
since in isothermal case the pressure is simply
computed as P = ρc2s.

If we think about how MR happens (Sweet
1958; Parker 1957), we essentially need differ-
ential orthogonal velocity in the reconnection
interface to form “X-shaped” field lines. In
our simulation MRCOL uniform, no velocity
perturbation was introduced so no reconnec-
tion occurs, even though magnetic diffusion still
takes place because we included ηohm. How-
ever, in the case of MRCOL, the ejecta carry

dense gas parcels away. The region between
the compression pancake and the dense parcel
has a local minimum in pressure. Since the
colliding clumps continue to bring in material,
the local pressure minimum allows the devel-
opment of a local maximum incoming velocity.
As a result, B-field lines are bent inward and
MR is triggered. Hereafter, we name this pro-
cess “collision-induced magnetic reconnection”
(CMR).

At t=0.025, MR happens at y ≈ ±0.25, and
B-field lines break. One can see a loop form-
ing and circling around the central compression
pancake. It then tries to pull the pancake gas
to y=0. The dense ejecta parcels are enclosed
by other loops and are pulled away. Also, re-
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member that the collision brings in more B-field
lines to the collision interface. So the B-field
strength at the interface is elevated. When MR
happens, the central B-field loop is more capa-
ble of pulling gas inward, which is why MRCOL
was able to enhance the density contrast by two
orders of magnitude.

In our setup of the clump-clump collision,
the 2D symmetry in MRCOL2D is maintained
in 3D. Because of magnetic coupling, ejected
parcels still prefer moving along B-field lines.
Therefore, the entire pancake is being pulled to
the y-axis in MRCOL, resulting in the filament
formation. The initial MR and the compres-
sion pancake trigger magnetic and compressive
waves. These waves propagate radially in the
x=0 plane, resulting in more MR and structure
formation in the x=0 plane (see Figure 10(b)).
Without MR, the clump collision produces a
pancake that is axially symmetric. In the pres-
ence of MR, the symmetry is broken by the B-
field and reduced to a filament. B-field cannot
pull the gas into a spherical point. A filament
is a natural result.

To confirm the CMR, we run two more sim-
ulations with higher resolutions (10242 and
20482 grids). Hereafter we name them
MRCOL2D 1024 and MRCOL2D 2048. The
former has a cell size of 0.004 pc, while the
latter has 0.002 pc. The original MRCOL2D
has 5122 grids and a cell size of 0.008 pc. Fig-
ure 25 shows three snapshots from the two
new simulations. The first two panels show
t=0.025 density snapshots for MRCOL2D 1024
and MRCOL2D 2048, respectively. Compar-
ing the left and middle panels of igure 25
with the right panel of Figure 24, we can see
that all three simulations show the trigger-
ing of MR at x=0. The qualitative behav-
ior between the three simulations (MRCOL2D,
MRCOL2D 1024, MRCOL2D 2048) is the
same. The difference in the high-resolution sim-
ulations is that more MR-induced local density

peaks form. Interestingly, the merging of the
slightly offset islands causes rotation. For in-
stance, in the right panel of Figure 25, we can
see a spiral structure in the big island at y≈0.62.
This rotation could be the origin of the angular
momentum of some filaments.

4. DISCUSSION

4.1. Dense Core Status and Comparison with
K17

K17 studied dense cores in Orion A and
showed that most cores are not massive enough
to stay bound. They suggested that the cores
are confined by external pressure from the cloud
weight. Their study included a few cores in the
Stick. Since we argued that the Stick formed via
CMR, it would be interesting to investigate how
magnetic fields change the picture. We investi-
gate this by identifying a core in the simulations
to evaluate its dynamical status.

We pick out one core from the simulation to
evaluate its dynamical status. The core is de-
fined as a sphere enclosing the bright emission in
Figure 19 (the white circle). Its center of mass
is at x=0, y=-0.05, z=0 and its radius is 0.05
(that is, a physical size of 0.1 pc). To quantify
the core virial status, we compute the different
virial terms for the core. Following Krumholz
(2017), we write the virial equation below:

1

2
Ï =

∫
V

(
ρv2 + 3P

)
dV −

∫
S

r ·Π · dS

+
1

8π

∫
V

B2dV +

∫
S

r ·TM · dS

−
∫
V

ρr · ∇φdV − 1

2

d

dt

∫
S

(ρvr2) · dS
(2)

Here, I is the moment of inertia, Π is the fluid
pressure tensor, and TM is the Maxwell stress
tensor. On the right hand side of equation 2, the
first term (defined as 2ΩK) includes the ther-
mal and turbulent energy in the core. It tries
to support the core from collapse. The second
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Figure 25. Left: A snapshot of MRCOL2D 1024 density (color) and B-field (stream lines) at t=0.025.
Middle and Right: Snapshots of MRCOL2D 2048 density (color) and B-field (stream lines) at t=0.025
and t=0.1, respectively.

term (defined as -ΩKS) is the pressure surface
term. It includes two terms:

−
∫
S

r ·Π · dS =

−
∫
S

r · (ρvv) · dS−
∫
S

r · (P I) · dS

= −
∫
S

r · (ρvv) · dS− 4πR3Ps.

(3)

Here R is the radius of the core. The first
term (-ΩKS1) relates to the momentum trans-
fer through the surface. Its sign depends on
whether gas is moving in or out of the core. The
second term (-ΩKS2) is the surface pressure that

tries to confine the core. This term was included
in the K17 analysis.

The third term (defined as ΩB) on the right
hand side of equation 2 is the magnetic pres-
sure term that supports the core. The fourth
term (defined as -ΩBS) is the magnetic surface
pressure term. It also includes two terms:

∫
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s

8π

)
(4)
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The first term (defined as ΩBS1) relates to the
magnetic tension discussed earlier. The second
term (defined as -ΩBS2) is the magnetic pressure
at the surface. The fifth term (defined as ΩG)
on the right hand side of equation 2 is the grav-
ity term that tries to make the core collapse.
The sixth term (defined as Ωt) is the moment
of inertia that gets in or goes out of the core. A
core in virial equilibrium has:

2ΩK + ΩB + Ωt = −ΩG + ΩKS + ΩBS

= −ΩG + ΩKS1 + ΩKS2 − ΩBS1 + ΩBS2

(5)

We compute each of these terms for the core.
In particular, the momentum surface term ΩKS1

is computed as:

ΩKS1 =

∫
S

(ρ
r

)
(x2v2x + y2v2y + z2v2z

+ 2xyvxvy + 2yzvyvz + 2zxvzvx)dS

(6)

Here, (x, y, z) is the coordinate and (vx, vy, vz)
is the velocity. In practice, to estimate ΩKS1, we
take the mean value of the integrand in a shell
outside the core and multiply it by 4πR2. Simi-
larly, the magnetic tension surface term ΩBS1 is
computed as:

ΩBS1 =

∫
S

(
1

4πr

)
(x2B2

x + y2B2
y + z2B2

z

+ 2xyBxBy + 2yzByBz + 2zxBzBx)dS

(7)

Here, (Bx, By, Bz) is the magnetic field. The
Ωt term is computed as:

Ωt = − d

dt

∫
S

(ρr
2

)
(xvx + yvy + zvz)dS (8)

The result is, 2ΩK = 0.027, ΩB = 0.00058,
Ωt = 0.0014, −ΩG = 0.0016, ΩKS1 = 0.014,
ΩKS2 = 0.0064, −ΩBS1 = −0.0016, ΩBS2 =
0.057. The dominating supporting source is the

kinetic energy term, 2ΩK . The dominating con-
fining source is the surface magnetic pressure
term, ΩBS2. Circular field lines wrap the core.
They pile up strong magnetic pressure that con-
fines the core. This can be understood from
equation 4. When circular fields wrap the core
surface, B is perpendicular to dS. Thus, the
first term in equation 4 diminishes. Then, all
contributions to the magnetic surface term are
from the magnetic surface pressure term ΩBS2

(=B2
sR

3/2).
The surface pressure term ΩKS2, which was

the main confining source in K17, is also con-
fining the core but plays a minor role. The sur-
face momentum transfer term ΩKS1 is actually
twice as strong as the surface pressure confine-
ment. Note that our simulation only includes
local clumps. If we consider a larger cloud that
encloses the clumps, as K17 considered, the sur-
face pressure term might be stronger. Interest-
ingly, gravity is not very important. It is more
than an order of magnitude smaller than the ki-
netic energy term, similar to what was seen in
K17.

What is the fate of the cores in the Stick fil-
ament? Can they eventually form stars? The
key factor is probably cooling. In fact, we have
shown that the largest dense cores in the Stick
have a lower temperature than the filament and
its environment. Also, cores (especially 99)
show signs of CO depletion. Both suggest that
the dense cores can cool efficiently enough to
remove the excessive energy. They may eventu-
ally collapse and form stars.

4.2. CMR in Orion A

The flipped line-of-sight magnetic fields
around Orion A have been interpreted as a he-
lical field (e.g., Stutz & Gould 2016). Later,
Tahani et al. (2019) confirmed the flipped B-
field and investigated several possibilities, and
favored an interpretation of a bow-shaped B-
field geometry. The flipped B-field motivated us
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to explain the Stick formation with CMR (Fig-
ure 8).

Following this reasoning, it is possible that
the entire Orion A formed through one or mul-
tiple collision events with CMR happening at
different levels. The whole cloud, being swept
by multiple supernovae (Bally 2008), shows a
large-scale velocity gradient (in the ISF, e.g.,
Kong et al. 2019; González Lobos & Stutz
2019). One possible scenario is that the expand-
ing Barnard’s Loop (the most recent supernova
event Ochsendorf et al. 2015) collided with an-
other cloud of gas. The colliding clouds could
have carried anti-parallel B-fields. As a result,
the cloud collision could have triggered MR and
created a dense filamentary cloud, which is the
Orion A we see today. Recently, Lim et al.
(2020) also suggested a cloud-cloud collision sce-
nario for Orion A formation but based on the
gas-star kinematics.

The question is, why we do not see other fil-
aments like the Stick in Orion A? As we have
shown in §3.4 and Figure 12, no filament was
able to form when the colliding clumps have par-
allel B-fields because MR requires anti-parallel
B-fields. This variation in the relative B-field
orientation reminds us of considering collision
conditions, especially whether they favor MR
or not. Following this idea, we can imagine two
colliding giant diffuse clouds with clumpy struc-
tures, i.e., each cloud contains many clumps.
The clumps have different shapes, sizes, densi-
ties, magnetic orientations, and magnetic field
strengths. While some clumps in one cloud
may collide with clumps in the other cloud,
other clumps may not pass through the other gi-
ant cloud without colliding with another clump.
Therefore, conditions that favor MRCOL may
be quite uncommon. The Stick is probably a
rare case that happened via a process like that
in MRCOL. A global simulation of a collision
between two clumpy giant clouds is probably
necessary to address these questions. Below we

explore a few variations of clump-clump colli-
sion from MRCOL to cast some light on how
(un)likely it is for a Stick-like filament to form.

First, we run MRCOL again but with B2

tilted by 20 degree (i.e., B1 and B2 are not ex-
actly anti-parallel). We remove the shear veloc-
ity and only consider head-on collisions. Here-
after we name this simulation MRCOL tiltB20.
Figure 26 shows a snapshot of the result at
t=0.1. There is still a dense filament formed
in the pancake, as shown in panels (a) and
(c). But in panel (b) the filament is not as
straight as that in MRCOL. It is also shorter
and more chaotic. The highest density in the
cube only reaches 13.7, an order of magnitude
smaller than MRCOL (at the same time). The
results show that a slight deviation from the
anti-parallel B-fields can ruin the filament for-
mation. The curved filaments outside the pan-
cake are interesting. They are long and roughly
parallel to the central filament. They show rich
sub-structures, including sub-filaments that are
tangled together.

We next run another simulation similar to
MRCOL, but with B2 tilted by 90 degree, and
name this simulation MRCOL tiltB90. Figure
27 shows the density snapshots at t=0.1. Com-
pared to MRCOL, the major difference is that
no dense filament forms. If we look at the x=0
plane shown in panel (b), we can see a peculiar
structure forms in the midplane. It is roughly
symmetric about the diagonal line. MR still
happens in this case and causes the diagonal
symmetry because one B-field line (in Clump1)
points along the z-axis and another line (in
Clump2) points along the y-axis (tilted 90 de-
gree). MR creates hourglass-shaped field lines
that are diagonally symmetric. In fact, in panel
(b) we see an hourglass shape from lower left to
top right. The maximum density reaches ρ ∼ 1,
significantly lower than MRCOL. The perpen-
dicular fields completely ruin the filament for-
mation compared to MRCOL.
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Figure 26. A snapshot of MRCOL tiltB20 den-
sity at t=0.1 (0.2 Myr). Panels (a), (b), (c) show
the z=0, x=0, y=0 planes, respectively. The color
scale is logarithmic, ranging from 0.1-20. See §3.1
for unit conversions.

Next, we simulate another variation of
MRCOL in which we include turbulence (here-

Figure 27. A snapshot of MRCOL tiltB90 den-
sity at t=0.1 (0.2 Myr). Panels (a), (b), (c) show
the z=0, x=0, y=0 planes, respectively. The color
scale is logarithmic, ranging from 0.1-2. See §3.1
for unit conversions.

after MRCOL turb). Turbulence should be able
to accelerate MR (Lazarian & Vishniac 1999;
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Figure 28. A snapshot of MRCOL turb density
at t=0.1 (0.2 Myr). Panels (a), (b), (c) show the
z=0, x=0, y=0 planes, respectively. The color scale
is logarithmic, ranging from 0.1-100. See §3.1 for
unit conversions.

Kowal et al. 2009) and interstellar clouds are
turbulent (Larson 1981). In MRCOL turb, we

inject a small amount of turbulent energy (0.1
in code units) at the beginning of the simu-
lation. The injection is at the largest scales
with wavenumbers at 0 < |k| < 2 (in unit of
2π/Lbox). No more turbulence is driven dur-
ing the simulation. Athena++ allows us to dis-
tribute the turbulent energy between the com-
pressive mode and the solenoidal mode. We
simply allocate half of the energy injection to
each of the modes.

Figure 28 shows the result from MRCOL turb.
Again, it is the snapshot at t=0.1. As shown in
panel (b), the dense filament is able to form
in the compression pancake. Interestingly, the
highest density now reaches 223, a factor of
1.6 higher than MRCOL. However, this time
the filament is confined at the inner region
of the vague pancake, with a length shorter
than 1. Recall in MRCOL the dense filament
stretches out of the pancake and almost reaches
the boundaries of the simulation box (Figure
10(b)).

We have shown that the variation of one pa-
rameter, i.e., the B-field orientation, can result
in very different outcomes. The inclusion of tur-
bulence further enhance the difference. If we
also consider variations in other physical pa-
rameters (density, size, temperature, to name
a few), it would be of no surprise that only one
Stick formed in Orion A. Collisions between dif-
ferent clump pairs may also happen at different
times because some clumps just come later. So
there can also be an age spread in the dense
gas and the stars. In our simulations, we did
not include star formation because based on the
observations (§2) the Stick is very young. How-
ever, in MRCOL and MRCOL turb, gas densi-
ties can reach ∼ 105 cm−3, exceeding the star
formation threshold (e.g., Clark & Glover 2014).

Here we briefly discuss a few possible predic-
tions for future observational tests. First, high-
resolution Zeeman measurements of the line-of-
sight magnetic fields around the Stick may be
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useful. Based on our model, the line-of-sight B-
fields should be flipped. However, depending on
the projection, the line-of-sight column can in-
clude both positive and negative fields, which is
probably why Heiles (1997) had less Zeeman de-
tections in the central regions of Orion A. Sec-
ond, high-resolution polarization study should
find relatively ordered field lines outside the
Stick but more chaotic lines inside the Stick, as
the filament is where MR happens. The MR-
dominated compression pancake should have
messy B-field orientations.

4.3. Dense Gas Production

The formation of the filament in MRCOL is
essentially a way of producing dense gas. It is
different from the dense gas creation by super-
sonic turbulence (e.g., Federrath 2016; Padoan
et al. 2016), where filaments primarily form
from the shocked gas created by turbulence.
Consequently, it would be interesting to see in
future studies how CMR-produced dense gas
changes the density PDF and star formation
rate (SFR). It is also different from other cloud-
cloud collisions (e.g., Wu et al. 2020), where
stronger B-field strengths suppress the SFR. In
our model, in principle, the stronger the ini-
tial B-field strength the more capable the re-
connected B-field loop is of pulling gas into the
filament (§3.6), potentially accelerating star for-
mation.

For instance, MRCOL is able to create dense
gas with nH2 = 1.2 × 105 cm−3 within 2.0 ×
105 yr from colliding clumps with nH2 = 420
cm−3. The density increase is a factor of 276.
Meanwhile, the time the clump pressurelessly
collapses to gain the same factor is ∼0.94 times
the free-fall time of the clump, which is ∼ 1.5×
106 yr. Therefore, it will take the clump seven
times longer to reach the high density by free-
fall than by CMR. The time factor can be larger
if we explore different initial conditions. CMR
is fast in producing dense gas.

However, as we briefly explored in §4.2, what
happens in MRCOL may not be very common
during a cloud-cloud collision event. A slight
change in the relative B-field orientation can
greatly reduce the dense gas production. It re-
mains to be explored how much CMR may con-
tribute to the overall SFR in giant molecular
clouds and galaxies. There could be a favor-
able situation where CMR happens prevalently
so as to create a (mini) starburst. Recall that
in a disk galaxy, a molecular cloud is expected
to collide with another cloud once every 1/5 of
its orbital period (Tasker & Tan 2009). So the
CMR mode of star formation can be crucial.

An interesting example is the comparison be-
tween the California Molecular Cloud (CMC)
and Orion A, which have similar physical prop-
erties in many aspects. However, the latter has
an order of magnitude higher SFR than the for-
mer (Lada et al. 2009). After some exploration
(Kong et al. 2015; Lewis & Lada 2016; Lada
et al. 2017), it was suggested that the lack of
dense gas in the CMC was the cause of the
low SFR. If Orion A indeed had CMR, then it
can probably explain the origin of the excessive
dense gas in Orion A because CMR can produce
dense gas much faster than free-fall collapse.
Moreover, when considering other dense molec-
ular clouds (e.g., infrared dark clouds), we may
also want to consider the possibility of CMR,
especially for those clouds created through col-
lision events (e.g., Fukui et al. 2016; Beuther
et al. 2020).

5. SUMMARY AND CONCLUSION

In this paper, we have identified a unique fil-
ament (the Stick) in the Orion A cloud, based
on Herschel data and molecular line data. Being
next to the famous L1641-N cluster, the Stick
filament stands out due to its ruler-straight
morphology. The Stick has densities nH2 & 105

cm−3 and is in an environment with a tempera-
ture of ∼ 15 K. Using the CARMA-NRO Orion
data, we have found the molecular line counter-
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part of the Stick. The densest part of the Stick
shows a moderate CO depletion factor of ∼5.
The majority of the Stick is starless. These ob-
servational results show that the Stick is at a
very early evolutionary stage.

The Stick shows very interesting kinematic
features in the optically thin C18O(1-0) line
data. In particular, it shows ring/fork-like fea-
tures in channel maps. In both C18O and NH3

position-velocity diagrams, we see double ve-
locity components on both sides of the Stick.
Their velocity separation is about 1 km s−1.
These kinematic features, especially the fork-
like structures, motivate us to consider that the
Stick formed via magnetic reconnection. We
carry out numerical simulations to model the
Stick formation and compare with the observa-
tions.

We use the latest public version of the
Athena++ code to simulate the compress-
ible, isothermal, inviscid MHD fluid, with self-
gravity and Ohmic resistivity. To match previ-
ous observational results of the magnetic fields
around the Stick, we propose an initial condi-
tion of clump-clump collision, each clump car-
rying an anti-parallel B-field (Figure 8). In the
fiducial model MRCOL, a narrow, straight, long
filament forms at the collision point. The fila-
ment reaches a density of nH2 = 1.2×105 cm−3

within 2×105 yr. The density is a factor of more
than 200 times higher than the initial clump
density (nH2 = 420 cm−3). The time for the
clump to free-fall collapse to reach the high den-
sity is seven times longer.

Most importantly, the filament formed in
MRCOL shows many ring/fork-like structures
that are reminiscent of the Stick. We carry out
radiative transfer models for the line emission
and compare it with the molecular line maps of
the region. The results are consistent with the
observations regarding the morphology and the
kinematics. In particular, the filament is nar-
row and long and shows rings and forks in the

model channel maps. A transverse PV-diagram
across the filament shows a similar two-velocity-
component feature as shown in the C18O and
NH3 PV-diagrams.

Magnetic reconnection is the cause of the fil-
ament formation in MRCOL. We find that it
happens naturally as a result of the clump colli-
sion. The region between the compression pan-
cake and the ejected parcel forms a local pres-
sure minimum. It allows faster incoming gas
from both sides of the collision midplane and
triggers magnetic reconnection. The collision-
induced magnetic reconnection (CMR) gives
rise to B-field loops circling the pancake. The
loop fields pull the pancake to the central axis.
Material accumulates along the central axis and
form the filament. The triggering mechanism
for the reconnection is independent of the nu-
merical resolution, as demonstrated by our 2D
explorations. Therefore, given favorable condi-
tions (namely, anti-parallel B-fields), magnetic
reconnection and dense filament formation are
inevitable in a clump-clump collision event.

We have studied the virial status of one core in
the filament from the MRCOL simulation and
compared it with the cores in the Stick fila-
ment studied by K17. We find that the core
in the simulations is not gravitationally domi-
nated but confined by surface pressure. Unlike
the findings in K17 that cores are confined by
surface pressure exerted by the cloud weight,
we find the core is predominantly confined by
surface magnetic pressure due to the wrapping
fields. The surface thermal pressure plays a mi-
nor role in confining the core, although includ-
ing an enclosing cloud may enhance the surface
pressure due to the cloud weight.

Meanwhile, what happens in MRCOL is not
always favorable in reality, simply because col-
liding clumps not always have conditions that
are favorable for MR to take place and form fil-
aments, in particular the anti-parallel B-fields.
Through a few tests, we find that a small
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deviation from the anti-parallel B-field setup
will greatly reduce the production of dense
gas/filaments, although the inclusion of tur-
bulence may counteract the reduction. This
may explain why the Stick is so unique in
Orion A. We speculate that the entire Orion
A formed through a cloud-cloud collision, and
magnetic reconnection happened at different
levels, meaning that some reconnection events
formed dense, quasi-straight filaments while
other events formed dense structures but with
irregular shapes.

CMR provides another way of creating dense
gas at a rate much faster than free-fall. It may
provide a new way to explain the fast produc-
tion of dense gas in star-forming clouds and
galaxies, as cloud-cloud collision can be fre-
quent in disk galaxies. Future global simula-
tions of collisions between clumpy clouds will
help clarify how magnetic reconnection impacts
properties of molecular clouds and star forma-
tion, including the density probability distribu-
tion function, and the star formation rate and
efficiency.

ACKNOWLEDGMENTS

We thank the anonymous referee for con-
structive comments that helped improving the
manuscript. We thank Amelia Stutz for pro-
viding the Herschel Orion maps. SK acknowl-
edges helpful discussions with Xueying Tang,
Zhaohuan Zhu, Jesse Feddersen, John Bieging,
Yancy Shirley, Jens Kauffmann, Thushara Pil-
lai, and thanks the Yale Center for Research
Computing and the staff of their High Per-
formance Computing (HPC) facilities and for
their support. All simulations were run on
the Yale HPC Grace cluster. SK and HGA
were (partially) funded by NSF award AST-
1140063, which also provided partial support
for CARMA operations. V.O. and A.S-M. were
supported by the Collaborative Research Cen-
tre 956, sub-projects C1 and A6, funded by
the Deutsche Forschungsgemeinschaft (DFG),
project ID 184018867. RSK acknowledge finan-
cial support from the German Research Foun-
dation (DFG) via the Collaborative Research
Center (SFB 881, Project-ID 138713538) ’The
Milky Way System’ (subprojects A1, B1, B2,
and B8). He also thanks for funding from
the Heidelberg Cluster of Excellence STRUC-
TURES in the framework of Germany’s Excel-
lence Strategy (grant EXC-2181/1 - 390900948)
and for funding from the European Research
Council via the ERC Synergy Grant ECOGAL
(grant 855130). S. Suri acknowledges support
from the European Research Council under the
Horizon 2020 Framework Program via the ERC
Consolidator Grant CSF-648405. Part of this
research was carried out at the Jet Propulsion
Laboratory, California Institute of Technology,
under a contract with the National Aeronautics
and Space Administration.

CARMA operations were also supported by
the California Institute of Technology, the Uni-
versity of California-Berkeley, the University of
Illinois at Urbana-Champaign, the University
of Maryland College Park, and the University



The Stick Filament in Orion A 35

of Chicago. The Nobeyama 45 m telescope is
operated by the Nobeyama Radio Observatory,
a branch of the National Astronomical Obser-
vatory of Japan. The James Clerk Maxwell
Telescope has historically been operated by the
Joint Astronomy Centre on behalf of the Sci-
ence and Technology Facilities Council of the
United Kingdom, the National Research Coun-
cil of Canada and the Netherlands Organisation
for Scientific Research. Additional funds for the
construction of SCUBA-2 were provided by the
Canada Foundation for Innovation. All of the
SCUBA-2 data used in this paper can be down-

loaded from the Canadian Astronomical Data
Centre (CADC) at http://www.cadc-ccda. hia-
iha.nrc-cnrc.gc.ca/en/jcmt/ using the Proposal
ID code MJLSG31.

Software: Astropy (Astropy Collaboration
et al. 2013), Numpy (van der Walt et al. 2011),
APLpy (Robitaille & Bressert 2012), Matplotlib
(Hunter 2007), SAOImageDS9 (Joye & Mandel
2003)

Facility: CARMA,NRO45,Herschel,Yale
HPC;

APPENDIX

A. ADDITIONAL FIGURES

In Figure A1, we show histograms of different temperature estimations for the Stick body in panel
(a) and different C18O abundances based on the temperature assumptions in panel (b). Here we
also include the NH3 gas kinetic temperature from the GAS results (K17). Clearly, the gas kinetic
temperature (Tkin) matches better with the Herschel dust temperature (Tdust), while the 12CO ex-
citation temperature has higher values. The C18O abundances based on Tkin and Tdust agree well,
while that based on Tex is higher by a factor of at least two (and is also wider). This comparison
shows that in a region like Orion A that is heated by massive stars, the molecular column density
can be overestimated due to the elevated excitation temperature from 12CO. It is not surprising since
the C18O morphology is quite different from the excitation temperature map (based on 12CO peak
intensity map). The Stick must be embedded in molecular gas.

We obtained the publicly available NH3(1,1) data cube from the GAS project Friesen et al. (2017).
In Figure A2 we show NH3 PV-diagrams along the same PV-cuts as the ones shown in Figure 5.
They show very similar velocity features as those in the C18O PV-diagrams. In particular, we also
see two velocity components. The difference is that the NH3 data shows faint or no emission away
from the filament. This is likely due to that NH3 traces higher density gas than C18O.

Figure A3 shows the 0 km s−1 channel extracted from Figure 15. The two panels are the same
except that the left one has green curves overlaid on the ring/fork structures. In the figure we
highlight two rings (middle) and one fork (lower-left). A few more rings and forks are also visible to
the upper-right.
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Figure A1. (a): Histograms of temperatures in the Stick body. The 12CO excitation temperature is from
K18. The dust temperature is from SK15 based on Herschel data. The kinetic temperature is based on the
NH3 data from K17. (b): C18O abundance map [C18O/H] computed using different temperatures.
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Figure A3. Zoom-in view of channel 0 km s−1 from Figure 15. The left panel has green dashed curves
that mark the rings/forks mentioned in §3.5.
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