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Abstract

Recent observations have identified hub-filament systems (HFSs) as the primary formation sites of massive stars
and star clusters. Some HFSs are characterized by multiple filaments aligned radially toward a central high-
density hub. However, the physical origin of radially aligned filaments remains unknown. Here, we propose a new
formation mechanism of HFSs driven by the interaction of a fast magnetohydrodynamic shock with a molecular
cloud characterized by an hourglass-shaped magnetic field and density inhomogeneity. Our three-dimensional
magnetohydrodynamic simulations show that the shock propagation leads to the formation of radially aligned
filamentary structures with line masses slightly above the thermally critical line mass and lengths of 1–3 pc and
widths of 0.06−0.08 pc. High-density filamentary gas (n 10 cmH

4 3
2 ) selectively exhibits inward velocities of

1–4 km s−1 that increase toward the hub center, while the ambient low-density interfilament gas retains low
velocities regardless of the radius. Mass accretion onto the hub is channeled through dense filaments. The filament
formation is driven by oblique shocks generated at the bent magnetic field lines. The resulting postshock
amplification of the tangential magnetic field induces a magnetically guided inflow. The shock–interface
interaction amplifies density perturbations, resembling Richtmyer–Meshkov instability modes, which promotes
the fragmentation of the shocked layer into multiple filaments. The process studied in this Letter explains both the
morphology of radially aligned filaments and the selective mass accretion observed in HFSs. In our simulation,
the resulting star formation efficiency (SFE) is ∼4%, suggesting that the shock-driven evolution limits the SFE to
only a few percent.

Unified Astronomy Thesaurus concepts: Magnetohydrodynamics (1964); Star formation (1569); Interstellar
medium (847); Interstellar dynamics (839)

1. Introduction

Filamentary structures in molecular clouds are the primary
sites of star formation. Among filamentary structures, the hub-
filament system (HFS), consisting of filaments radially conver-
ging to a central dense hub, is a key site for cluster and high-mass
star formation (e.g., P. C. Myers 2009; M. S. N. Kumar et al.
2020). Observations using Herschel, Spitzer, and Atacama Large
Millimeter/submillimeter Array have revealed such parsec-scale
systems in various star-forming regions. For example, in the
Mon R2 cloud, a network of filaments aligns radially toward the
hub center (M. S. N. Kumar et al. 2022). Similar structures are
identified in both high- and low-mass star-forming regions (e.g.,
L. K. Dewangan et al. 2025), suggesting their universality in
clustered star formation. While magnetic fields and gas
kinematics in HFSs have been observationally characterized
(e.g., J.-W. Wang et al. 2019, 2020a, 2020b; J. Hwang et al.
2022; J. W. Zhou et al. 2023), the physical origin of the HFS
morphology remains poorly understood.
Theoretical studies have proposed various mechanisms for

filament formation. T. Inoue et al. (2018) showed, using
simulations of shock–cloud interactions, that a shock propagating
perpendicular to the magnetic field generates complex filamen-
tary structures via the formation of oblique shocks. D. Abe et al.
(2021) revealed that formation mechanisms can be classified
into four types based on the field-flow orientation, indicating
that the interaction between the shock and the magnetic field

plays a crucial role in filament formation. On the other hand, as
attempts to understand the HFS formation process, numerical
simulations focusing on individual filament–filament collisions
(e.g., R. Kashiwagi et al. 2024) and gravitational structure
formation models based on global hierarchical collapse (e.g.,
E. Vázquez-Semadeni et al. 2025) have been proposed. However,
the formation of distinct radially aligned filaments converging to
a central hub, as observed in HFSs, has not yet been reproduced.
While previous shock–cloud interaction studies assumed a shock
propagating perpendicular to a uniform magnetic field, the effect
of field curvature has not been considered. Given that molecular
clouds are threaded by hourglass-shaped magnetic fields due to
self-gravity, investigating the interaction between a shock and
such curved field geometries is crucial for understanding the
origin of HFSs.
In this Letter, we investigate the interaction of a fast-mode

shock with a molecular cloud characterized by an hourglass-
shaped magnetic field and density inhomogeneity, using three-
dimensional ideal magnetohydrodynamic (MHD) simulations. We
demonstrate that the shock–cloud interaction generates multiple
filaments radially aligned toward a central hub. Based on these
results, we propose a new scenario for HFSs driven by external
shocks, such as those from supernova remnants or expanding H II
regions, interacting with the preexisting curved magnetic field.

2. Numerical Settings

To investigate the formation mechanism of the HFSs, we have
performed three-dimensional ideal MHD simulations using the
adaptive mesh refinement code SFUMATO (T. Matsumoto 2007;
T. Matsumoto et al. 2015; H. Fukushima & H. Yajima 2021;
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S. Nozaki et al. 2025), which solves the equations of ideal MHD
with self-gravity (see also T. Matsumoto 2007 for the basic
equations). The heating and cooling processes include gas–dust
energy exchange, line emission, and chemical heating, imple-
mented with a simplified chemical network (H. Fukushima et al.
2020; H. Fukushima & H. Yajima 2021). To model the
interaction between a molecular cloud and an external shock
originating from a supernova remnant, we consider a cloud
placed within a cube simulation box with a side length of 10 pc.
The background number density in the computational domain is
initially set to nbg = 1.01 × 102 cm−3, comparable to the typical
density of a giant molecular cloud envelope (e.g., M. Heyer &
T. M. Dame 2015). We adopt the initial condition of a cloud that
is flattened along the z-direction. The density distribution
smoothly connects to the background and is given by

n n n A
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where Amax is the peak-to-background density contrast, set to
A 130max = . The parameters α and Rflat characterize the
degree of vertical flattening and the radius of the central flat
region, set to α = 0.1 and Rflat = 1.75 pc, respectively. The
vertical offset of the cloud center is set to zoff = +1.45 pc. The
total gas mass in the computational domain is 8.6 × 103M⊙.
The mass of the initial cloud, defined as gas with
n 1.02 10 cmH

2 3
2 > × , is 4.8 × 103M⊙. The initial magnetic

field is uniform and oriented along the z-axis with a strength of
B0 = 15 μG, consistent with typical values observed in nearby
molecular clouds (R. M. Crutcher et al. 2010; K. Pattle et al.
2023). The corresponding mass-to-flux ratio of the entire
computational domain is 1.9, indicating that the cloud is
slightly supercritical. The base grid consists of 1283 cells. At
the finest refinement level (l 4max = ), the cell width is
Δx = 9.8 × 10−3 pc, which resolves the local Jeans length
by more than five cells. Sink particles are introduced when the
gas density exceeds n 1 10 cmH ,thr

5 3
2 = × in order to follow

the long-term evolution of the cloud.
A planar shock propagating in the negative z-direction is

injected from the upper boundary (z = +5 pc) of the
computational domain. As for fluid boundary conditions,
the z = +5 pc plane is treated as a fixed inflow boundary,
while the remaining five boundaries are set to free boundaries.
At the fixed boundary, an inflow velocity of v = (0, 0, vshock) is
imposed, with vshock= −5.0 km s−1. All other physical
quantities at this boundary are fixed to their initial ambient
values outside the cloud, except for the gas pressure, enhanced
to 5 × 102 times the ambient pressure in order to drive the
shock. This inflow velocity corresponds to sonic and back-
ground Alfvénic Mach numbers of approximately 27 and 2.3,
respectively, for a 10 K molecular gas, exceeding the fast-
magnetosonic speed. Following T. Matsumoto et al. (2015),
we initialize a turbulent velocity field throughout the
computational domain with an rms Mach number of
M 2rms = , allowed to decay without continuous driving.
Before the shock reaches the molecular cloud, the initially

uniform magnetic field aligned with the z-axis becomes
slightly pinched near the cloud center due to gravitational
contraction, forming a weak hourglass-shaped magnetic-field
morphology. Such hourglass-shaped magnetic-field structures

on molecular cloud scales have been reported in observations
of massive star-forming regions (e.g., M. T. Beltrán et al.
2019). In the fiducial (ψ = 0°) configuration, the fast-mode
shock propagates nearly parallel to the large-scale magnetic
field along the z-direction. The initially imposed turbulent
velocity field introduces weak inhomogeneity in the density
distribution of the molecular cloud prior to the shock impact.
The simulation is evolved up to 0.5 Myr after the shock
reaches the cloud, which is sufficient to capture the formation
of the HFS and its early dynamical evolution. Extending the
calculation to later times would require prohibitively small
time steps, mainly due to the high Alfvén speeds and outflow
velocities that are generated by the shock–cloud interaction.
This would lead to a substantial increase in computational cost.
In addition to adopting the fiducial configuration (ψ = 0°) as

the reference model, we performed supplementary simulations
in which the magnetized cloud system is rotated as a whole,
while the shock propagation direction is kept fixed along the
z-axis. This setup introduces relative inclination angles of
ψ = 10°, 15°, 20°, and 30° between the shock direction and
the magnetic field, compared to the fiducial ψ = 0° case.
In this Letter, we focus on the ψ = 0° model as a

representative case to demonstrate the key physical processes,
specifically at the epoch when the HFS is clearly established,
while showing the ψ = 15° and 30° models to assess the
robustness of the morphology against deviations from the
idealized geometry. A systematic parameter survey is deferred
to future work.

3. Results

3.1. Formation of Radially Aligned Filaments

As shown in the left panel of Figure 1, an HFS develops
when a fast-mode shock reaches the central region of the cloud
with an hourglass-shaped magnetic field and weak density
inhomogeneity introduced by turbulence. Multiple filaments
with lengths of 1–3 pc extend radially from the central hub,
exhibiting a spoke-like morphology. Their radial configuration
and column densities are comparable to those observed in
HFSs (e.g., M. S. N. Kumar et al. 2022; L. K. Dewangan
et al. 2025).
We also show simulations in which the shock propagation

direction is inclined by ψ = 15° and 30° relative to the
magnetic-field axis (Figure 1, right panels). In both cases,
radially aligned filaments develop around the central hub.
Although the overall symmetry decreases with increasing
inclination angle, the tendency for filament alignment toward
the hub is preserved. In the ψ = 30° case, filament formation
tends to be weaker on the side of the cloud that is struck first
by the shock (the left side in ψ = 30° panel of Figure 1),
leading to a more asymmetric hub-filament morphology. This
likely reflects the fact that the shock interacts with the cloud
and the curved magnetic-field structure at different times and
with different effective obliquities across the cloud. In the
following analysis, we focus on the ψ = 0° case, which
provides the clearest illustration of the underlying mechanism.
We identified filamentary structures using DisPerSE

(T. Sousbie 2011; T. Sousbie et al. 2011), as illustrated in
Figure 2(a). The extraction was performed on logarithmic
column density maps smoothed with a 2 pixel Gaussian kernel
to suppress grid noise. We adopted a persistence threshold of
0.02 dex to detect faint structures (column density contrast
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≳5%) while avoiding artifacts and removed unphysical
segments. We measured the characteristic width directly from
the column density map. Transverse profiles were sampled
perpendicular to the extracted filament skeletons and stacked
to construct a mean radial profile. Fitting this profile with a
Gaussian plus a constant background yields a characteristic
full width at half-maximum (FWHM) of ∼0.07 pc. Alternative
estimators, including Plummer fitting with fixed p = 2 and
direct half-maximum measurements (e.g., D. Arzoumanian
et al. 2019), give consistent values in the range 0.06–0.08 pc.
Using this measured width, we defined the filament region as
the area within one FWHM radius from the filament skeleton.
The total filament mass was obtained by integrating the
column density over the entire filament network identified with

DisPerSE. We derived a mean H2 column density of
8 × 1021 cm−2 for the identified filaments. This value exceeds
the star formation threshold suggested by P. André et al.
(2010), indicating that the identified filaments represent a
dense filamentary network capable of hosting active star
formation. The corresponding line mass is 22M⊙ pc

−1,
slightly above the thermal critical line mass at 10 K
(Mline,cri ∼ 16.8M⊙ pc

−1), suggesting that these filaments are
in a mildly supercritical state.
To quantify the geometric alignment, we measured the

deviation angle, Δθ, defined between the local tangent of each
filament and the radial vector originating from the hub center
as in M. S. N. Kumar et al. (2022). As shown in Figure 2(b),
the distribution of the mean deviation angle, 〈Δθ〉, for

Cloud
z

xy

BV ψ

ψ = 0° ψ = 15°

ψ = 30°

z

xy

BV

Cloud

x

y

Figure 1. H2 column density maps in the x–y plane at t = 0.5 Myr after the shock sweeps the cloud for different inclination angles ψ between the shock propagation
direction and the magnetic-field axis. The panels show ψ = 0°, 15°, and 30°. The color scale represents the H2 column density integrated along the z-axis. The box
size is 5.0 pc on each side. Small inset schematics in each panel illustrate the definition of the inclination angle ψ (between the shock propagation direction and the
magnetic-field axis) and the corresponding initial cloud-field geometry; the gray shape, magenta line, and blue arrow indicate the initial cloud density profile,
magnetic-field direction, and shock propagation direction, respectively.
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filaments within a radius of 2.25 pc is tightly confined to the
range of −15° to 15°, indicating that most filaments are closely
aligned with the radial direction. As presented in Figure 2(c),
the rms angles of the filaments relative to the radial vector fall
within the range of 0°–45°. These values are consistently lower
than the dispersion expected for a random orientation
(rms ∼ 52°), confirming a significant tendency toward radial
alignment. These statistical results quantitatively substantiate
the formation of the radially aligned HFS visualized in the left

panel of Figure 1, showing a remarkable agreement with
M. S. N. Kumar et al. (2022).

3.2. Velocity Structure of the Hub-filament System

Figure 3(a) reveals a clear kinematic distinction between the
dense and diffuse gas components. The high-density gas
(n 3.0 10 cmH

4 3
2 × , corresponding to filaments) exhibits

high inward velocities (Vr ∼ −4 to −1 km s−1) that increase
toward the hub center. In contrast, the ambient low-density gas
retains low velocities (Vr ∼ −1 to +0.5 km s−1) regardless of
the radius. Exceptions are found in minor diffuse components.
Postshock gas located downstream of the cloud is accelerated
by pressure gradients along folded magnetic-field lines,
exhibiting rapid inflow (Vr < −1 km s−1). In addition, gas
near the hub shows localized outward motions (Vr > 1 km s−1)
driven by magnetic tension from the distorted hourglass-
shaped field. Despite these local exceptions, the overall
kinematic segregation between the dense and diffuse gas
agrees with the interpretations of observations for high-speed
inflows along filaments in HFSs (e.g., N. Peretto et al. 2014;
Y. Shimajiri et al. 2019; S. P. Treviño-Morales et al. 2019).
Figure 3(b) presents the median density-weighted velocity

dispersion vz along the z-axis, corresponding to the shock
propagation direction. We find that vz tends to increase toward
the outer radii, consistent with the observational trends
reported by N. Peretto et al. (2023). The relatively low
dispersion near the center suggests that ordered radial inflow
dominates over random turbulent motions in the dense hub
region. Combined with the radial velocity analysis, these
results indicate that, driven by the shock–cloud interaction,
mass accretion is selectively channeled through high-density
filaments rather than occurring uniformly from the entire
cloud, leaving the ambient gas dynamically detached from the
primary inflow.
For comparison with observations, Figure 3(c1) shows the

projected dense gas distribution and its corresponding line-of-
sight velocity field, and Figure 3(c2) presents the associated
position–velocity (PV) diagram. Only gas above the column
density threshold of 8 × 1021 cm−2, comparable to the mean
column density of the identified filaments, is included. The
dense radially aligned filaments exhibit a systematic variation
of Vlos,z− across the HFS, with a velocity difference of up to
∼10 km s−1 across the 5 pc region. This large-scale velocity
gradient produces a clear V-shaped pattern in the PV diagram
(Figure 3(c2)), reflecting the shock-driven reorganization of
the velocity field. The overall PV morphology closely
resembles the V-shaped signatures reported in high-mass
protoclusters and HFSs (e.g., R. H. Álvarez-Gutiérrez et al.
2024; J. Salinas et al. 2025; N. A. Sandoval-Garrido et al.
2025). In contrast to some observed regions that exhibit
multiple velocity components, our model produces a single
coherent V-shaped feature, consistent with a single shock
interaction from one direction.

3.3. Formation Mechanism of the Hub-filament System

Figure 4(R1) presents the distributions of density, velocity,
and magnetic fields in a slice along the axis of a single filament
with a width of ∼0.1 pc. Across the dense filamentary
structure, distinct refraction of magnetic-field vectors and
field strength enhancement are evident. This signature is
characteristic of an oblique fast-mode shock on the hourglass-

Figure 2. (a) H2 column density map from the left panel of Figure 1, overlaid
with filament skeletons identified using DisPerSE (T. Sousbie 2011;
T. Sousbie et al. 2011). The lines labeled R1 and R2 denote cuts parallel
and perpendicular to the filaments, respectively (see Figure 4 for details). The
white circle (diameter of 4.5 pc) indicates the region centered on the density
peak. (b)–(c) Radial profiles of the mean angle 〈Δθ〉 (b) and the rms angle (c)
of the filaments relative to the radial vector from the hub center. The hub
center is defined as the column density peak, distinct from the geometric center
of the simulation box. The angle Δθ ranges from −90° to 90°, where 0°
corresponds to the radial direction. The plots cover the region within the white
circle in (a). Error bars represent the standard errors.
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(a)

(b)

(c1)

(c2)

Figure 3. Velocity structure of the HFS 0.5 Myr after the shock impact. (a) Radial velocity Vr plotted as a function of the cylindrical radius r from the hub center. Vr
and r are defined in a cylindrical coordinate system aligned with the z-axis. The color of each point corresponds to the H2 number density. Only cells within a
cylindrical radius of r = 2.25 pc are plotted. (b)Median of the density-weighted velocity dispersion vz along the z-axis as a function of r. Error bars indicate the 95%
confidence intervals. Note that in both panels, the hub center is defined as the position of the peak gas density at this epoch and does not coincide with the origin of
the computational domain. (c1 and c2) Observationally motivated kinematic maps constructed from the same snapshot as in the left panel of Figure 1. (c1) Column-
density-selected line-of-sight velocity map. Only regions with N 8 10 cmH

21 2
2 > × , corresponding approximately to the mean column density of the identified

filaments, are included. The line-of-sight velocity components are measured along the z-axis from an observer located at z = −∞ and are shown in the laboratory
frame. (c2) Position–velocity (PV) diagram showing the line-of-sight velocity Vlos,z− as a function of the projected x-coordinate, weighted by the column density.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
d (pc)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

z(
pc

)

R1 5km s 150 G

1 × 102

1 × 103

1 × 104

1 × 105

n H
2
(c

m
3 )

0.0 0.2 0.4 0.6 0.8 1.0 1.2
d (pc)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

z(
pc

)

R2 5km s 150 G

1 × 102

1 × 103

1 × 104

1 × 105

n H
2
(c

m
3 )

Figure 4. Distributions of density, velocity, and magnetic fields in slices along the filament axis (R1) and across the filament width (R2). The positions of these cuts
are indicated by white lines in Figure 2(a). Magenta bars and blue arrows denote the magnetic field and velocity vectors, respectively. The velocity vectors are
presented in the shock rest frame (vshock = −5 km s−1). The grayscale represents the H2 number density. The horizontal axis d corresponds to the distance along the
cut, where the white circle with a gray outline in Figure 2(a) marks the starting points (d = 0). The vertical axis z represents the vertical position within the slice.
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shaped magnetic field, where shock compression amplifies the
tangential magnetic component and locally bends the field
lines. In the upstream region (z ≈ 0.8–1.0 pc), the magnetic
field is oriented parallel to the filament surface and perpend-
icular to the velocity vectors in the shock rest frame. In
contrast, within the dense filamentary structure and the
downstream region (z ≲ 0.7 pc), the field lines thread the
filament and align parallel to the velocity vectors. These
features indicate that the interaction between the fast-mode
shock and the curved magnetic field redirects the gas flow and
channels the postshock gas along the field lines, forming the
radially aligned filament, as schematically illustrated in
Figure 5(a).
Figure 4(R2) presents the distributions of density, velocity,

and magnetic fields in a slice across the multiple filaments. The
density map reveals a corrugated high-density layer, where the
gas density is locally enhanced along the mountain-like ridges
in the z-direction. These ridges spatially correspond to the
filament positions identified in Figure 2(a). This corrugated

structure reflects the growth of instabilities resembling the
Richtmyer–Meshkov instability, triggered by the shock impact
on the weakly turbulent cloud. The magnetic field and velocity
structures across this corrugated layer are consistent with those
seen in the slice along the filament axis (R1). In the upstream
region, the magnetic field is oriented parallel to the corrugated
layer and perpendicular to the velocity vectors in the shock rest
frame. In contrast, in the downstream region, the field lines
thread the layer and align parallel to the velocity vectors,
which exhibit a converging flow toward the mountain-like
ridges. These features suggest that the gas is not compressed
uniformly across the shock plane but is locally accumulated
along the corrugations—originating from weak density
inhomogeneity—thereby forming the multiple radially aligned
filaments (see Figure 5(b)).

4. Discussion

We show that the interaction of a fast-mode shock with a
molecular cloud, characterized by an hourglass-shaped

V
Before shock sweeping After shock sweeping

(b)(a)

B

Molecular 
Cloud

z

z

xy

v*

Oblique Shock

x y

(b) Nearly Perpendicular Slice

z

xy

xy

z =

Vn,1

Vn,2

Vn,1> Vn,2

(a) Filament Longitudinal Slice 
=

Figure 5. Schematic illustration of a fast-mode shock propagating through a self-gravitating molecular cloud with hourglass-shaped magnetic-field lines. The upper
panels show a two-dimensional slice in the x–z-plane, in which the cloud is flattened along the z-direction. The grayscale shading represents the gas density. The blue
arrows indicate the velocity field, the magenta curves show the magnetic-field lines, and the orange line represents the shock front. (a) Longitudinal slice of the
filament, corresponding to cut R1 in Figure 4. (b) Nearly perpendicular slice of the filament, corresponding to cut R2. The velocity v* denotes the velocity in the
shock rest frame.
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magnetic field bent by self-gravity and density inhomogeneity,
forms a radially aligned filament system via a novel formation
pathway. This setup, while simplified, corresponds to a
physically motivated scenario where a shock (e.g., from a
supernova remnant or an expanding H II region) impacts a
dense cloud (n 10 10 cmH

3 4 3
2 – ; e.g., S.-i. Inutsuka et al.

2015). While previous studies have shown that shocks
propagating perpendicular to the magnetic field create
complex, disordered filamentary density structures (T. Inoue
et al. 2018), our results highlight the critical role of the
preexisting field geometry. Even with a shock propagating
globally parallel to the background field, the hourglass
geometry induces an oblique interaction with the curved field
lines. This generates a distinct radially aligned morphology, in
contrast to the random structures driven by turbulence.
Notably, despite this global morphological difference, the
local magnetic-field lines still thread the individual filaments,
consistent with the local properties reported by T. Inoue et al.
(2018) and D. Abe et al. (2021). We also examined models in
which the shock is not initially parallel to the magnetic field
and found that radially aligned filaments still develop
(Figure 1, right panels), although the overall symmetry
becomes weaker with increasing inclination. For an isotropic
distribution of shock incidence directions, the probability that
a shock arrives within an angle ψ (for ψ < 90°) of the
magnetic-field axis (counting both ± directions) is 1 cos .
For example, this gives ∼13% for ψ = 30°, indicating that
moderately aligned configurations are not exceedingly rare.
These results indicates that the formation of an HFS does not
require a perfectly aligned shock-field configuration.
The morphology of the radially aligned filaments formed in

our simulation closely resembles the HFSs observed in star-
forming regions (e.g., M. S. N. Kumar et al. 2020, 2022;
D. Arzoumanian et al. 2022; L. K. Dewangan et al. 2025). The
filament lengths (1–3 pc) and mean column densities
(∼1022 cm−2) are qualitatively consistent with observed values
(e.g., D. Arzoumanian et al. 2022; M. S. N. Kumar et al. 2022).
The measured filament width (0.06–0.08 pc) is comparable to,
though slightly smaller than, the characteristic ∼0.1 pc
width reported for nearby star-forming filaments (e.g.,
D. Arzoumanian et al. 2019). Although HFSs with different
spatial scales are also known (e.g., M. S. N. Kumar et al. 2022;
L. K. Dewangan et al. 2025), these variations can likely be
explained by differences in initial cloud properties (mass and
size) and shock parameters (arrival frequency and speed). We
note that the mean filament line mass obtained in the present
simulation (∼22M⊙ pc

−1) is significantly lower than the values
reported in massive protocluster HFSs such as G351.77-0.53
and G012.80, where line masses of ∼103–104M⊙ pc

−1 have
been measured (e.g., S. D. Reyes-Reyes et al. 2024; J. Salinas
et al. 2025). Our model represents either a lower-mass cloud
environment compared to massive protocluster HFSs or an
earlier evolutionary stage of such systems. The underlying
shock–magnetic interaction mechanism is expected to operate
over a broad range of cloud masses and shock strengths and may
extend to systems with higher filament line masses. A
comprehensive study on these dependencies, including the
effects of cloud geometry and shock incidence angle, will be
presented in a forthcoming Letter.
Regarding kinematics, Figure 3 shows that high-density gas

exhibits larger inward radial velocities toward the hub center,
whereas the ambient low-density gas retains low radial

velocities. This trend is consistent with the kinematic features
of observed HFSs (e.g., N. Peretto et al. 2023; N. K. Bhadari
et al. 2025). While M. S. N. Kumar et al. (2022) attributed the
filament alignment to the gravitational potential of the hub, our
results indicate that high-density filaments become radially
aligned and selectively exhibit inflow motions immediately
after the shock passage. This selective inflow suggests that the
observed alignment is driven primarily by the interaction
between the external shock and the magnetic-field structure,
rather than self-gravity. This kinematic segregation is also
reflected in the observationally motivated PV diagram
(Figures 3(c1) and (c2)), where the dense filamentary compo-
nents trace a clear V-shaped structure. The overall PV
morphology closely resembles the V-shaped signatures reported
in recent high-resolution studies (e.g., R. H. Álvarez-Gutiérrez
et al. 2024; J. Salinas et al. 2025; N. A. Sandoval-Garrido et al.
2025), indicating that such kinematic patterns can arise from
shock–magnetic field interactions without requiring hub-domi-
nated gravitational focusing.
Our model also provides a simple observational prediction

for the projected magnetic-field morphology in HFSs. In the
postshock dense filamentary region, the magnetic field exhibits
refraction and local enhancement due to oblique fast-mode
compression of the hourglass-shaped field. As shown in
Figure 4, the field lines thread the filaments and tend to align
with the gas flow in the downstream region. The projected
orientation of the magnetic field relative to the filament axis
depends on the viewing geometry. When viewed from a
direction perpendicular to the shock propagation (i.e., along
the x- or y-axis), the projected magnetic field can appear
largely perpendicular or oblique to the filament axis (see
Figure 4(a)). In contrast, when viewed along the shock
propagation direction (i.e., along the z-axis), the amplified
tangential components dominate the plane-of-the-sky projec-
tion, and the magnetic field may appear preferentially aligned
with the filament. Such projection effects may help explain the
coexistence of filament-parallel and filament-perpendicular
magnetic-field morphologies reported in polarization observa-
tions of high-mass star-forming regions (e.g., P. Sanhueza
et al. 2021; J. Hwang et al. 2022). A detailed synthetic
polarization analysis based on our simulations will be
presented in future work.
Finally, we discuss the star formation efficiency (SFE) in the

radially aligned filament system. In our simulation, dense gas
regions (n 1 10 cmH

5 3
2 > × ) are replaced by sink particles,

yielding a total sink mass of 1.4 × 103M⊙ at 0.5 Myr after the
shock impact. The total gas mass in the computational domain
at this epoch is 1.2 × 104M⊙. Since a continuous inflow is
imposed at the boundary (z = +5 pc), the total mass increases
with time by continuous mass supply into the domain.
Assuming a core-to-star conversion efficiency of ∼1/3
(M. N. Machida & T. Matsumoto 2012), the SFE at this
epoch is estimated to be 4%. This value is already consistent
with the typical SFEs observed in nearby molecular clouds
(e.g., N. J. Evans et al. 2009; C. J. Lada et al. 2010) but might
be slightly overestimated because of the relatively low-density
threshold for sink particle creation in Eulerian grid-based
simulations. We expect that simulations with much higher
spatial resolution and much higher density threshold for sink
creation may reduce the total mass of the sink particles. The
total filament mass as illustrated in Figure 2(a) is
1.8 × 103M⊙. This mass is computed by integrating the
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column density over the full filament network identified with
DisPerSE, adopting the measured characteristic width, and
includes both the prominent central filaments and lower-
contrast structures distributed throughout the cloud. The
resulting filament mass fraction is 14%, comparable to the
observed fraction of 10%–20% in nearby molecular clouds
(D. Arzoumanian et al. 2019). Considering that 15% of
filament mass typically evolves into prestellar cores (e.g.,
P. André et al. 2010; V. Könyves et al. 2015) and applying the
1/3 conversion factor (M. N. Machida & T. Matsumoto 2012),
the potential SFE of the filamentary dense gas is estimated to
be roughly 0.7%. As shown in Figure 3, the ambient low-
density gas retains significantly lower radial velocities
compared to the dense gas. Kinematic segregation limits the
rapid mass supply to the central dense region, thereby
preventing an excessively high SFE and limiting SFE.

5. Summary

We have investigated the formation of HFSs using three-
dimensional ideal MHD simulations of a fast-mode shock
propagating into a molecular cloud characterized by an
hourglass-shaped magnetic field and density inhomogeneity.
Our results are summarized as follows:

1. The shock–cloud interaction forms a parsec-scale HFS
(1–3 pc) consisting of multiple filaments radially aligned
toward a central hub. The measured filament width is
0.06–0.08 pc, and the corresponding mean line mass
(22M⊙ pc

−1) is slightly above the thermal critical value
at 10 K. Statistical analysis confirms a strong radial
alignment of the filaments, with deviation angles
significantly smaller than those expected for a random
orientation. Moderate misalignment between the shock
direction and the magnetic-field axis weakens the
symmetry but does not suppress the formation of radially
aligned filaments.

2. The velocity structure of the system exhibits a clear
segregation between dense and diffuse gas. Driven by the
shock–cloud interaction, high-density gas within the
filaments displays inflow velocities increasing toward the
hub center, whereas ambient low-density gas retains low
radial velocities. This indicates that mass accretion is
channeled through the dense filamentary network.

3. The filament formation is driven by the interaction
between the planar shock and the curved magnetic field.
The oblique shock generated at the bent field lines
amplifies the tangential magnetic component, inducing a
magnetically guided inflow. The growth of instabilities
resembling Richtmyer–Meshkov modes at the shock
interface promotes the fragmentation of the shock-
compressed layer into multiple filaments.

4. The estimated SFE is 4%, consistent with observations of
nearby molecular clouds, but might be reduced in future
simulations with higher spatial resolution. The potential
SFE in filamentary gas is estimated to be only 0.7%.
These results suggest that the kinematic segregation
described above limits the rapid mass supply to the
central dense region, thereby preventing an excessively
high SFE and naturally regulating star formation.
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