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Observed filaments typically have a width of ~ 0.1 pc
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Filaments play an important
role in setting the initial
conditions.
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Observed filaments typically have a width of ~ 0.1 pc

However, most simulations show much narrower width due to strong gravity.

—> We are missing something.
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e.g., Tomisaka & lkeuchi (1983); Kitsionas & Whitworth (2007); Balfour et al. (2015). Inoue & Fukui (2013); Vaidya et al. (2013); Inoue et al. (2018);
Chen & Ostriker (2014); Padoan & Nordlund (1999), Abe+(2021), Pineda et al. (PPVII 2023)

Magnetic Field

Filament

Filaments evolve via gas fniflow
along magnetic field lines.

We performed a simulation of this situation (Abe+ 2025).



Simulations using Athena++ code (Stone+ 2020, Tomida & Stone 2023)
Initial Condition: Gas inflows along the B field —> filament formation

Boundary Condition
* X —> gas continue to flow in
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Simulations using Athena++ code (Stone+ 2020, Tomida & Stone 2023)

Initial Condition: Gas inflows along the B field —> filament formation

/ Resolutiop - 080 Boundary Condition
/ : e x —> gas continue to flow in
 y,z—> Periodic

s Y-

MHD including ambipolar diffusion

P LV (o) =0

— . v =

ot i

opv 5
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3D Simulation of Filament Evolution (Abe et al. 2025)




3D Simulation of Filament Evolution (Abe et al. 2025)
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t= 0.770 Myr Test simulation (2D, w/o self-gravity)
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v Slow-shock Instability

Magnetic fields play an important role
in this instability.
Perturbation of the shock front grows.



t= 0.770 Myr Test simulation (2D, w/o self-gravity)
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v Slow-shock Instability v Partially ionized plasma
Magnetic fields play an important role (AmbiPOIar Diffusion)
in this instability. Neutral gas can move freely without being

Perturbation of the shock front grows. frozen into the magnetic field.



t= 0.770 Myr Test simulation (2D, w/o self-gravity)
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Magnetic fields play an important role (AmbiPOIar Diffusion)
in this instability. Neutral gas can move freely without being
Perturbation of the shock front grows. frozen into the magnetic field.

HSTORM (Slow-shock-mediated Turbulent flOw Reinforced by Magnetic diffusion)”
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Our simulation
(Abe+2025)
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The spacing of the “fingers” & the column density power spectrum

are consistent with the JWST observation.



Reinforced by Magnetic diffusion
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Filament Formation

There are 5 types of formation mechanisms

C: gravity and/or compressive

. intersection of two
type G/ component of turbulent flow !

* colliding sheets

. oblique MHD shock
t) pe O: induced flow

B

tj P . shear stretching by
es: turbulence

24

Abe+(2021), Pineda+(PPVII)

Formation process is well understood!



To Solve the 0.1 pc Problem

Pineda+(PPVII, 2023) Shock rest frame

Upstream
o <
B Vpost << Vinflow Vinflow
Shock wave

Shock waves bound the filament —> dissipation of the kinetic energy

D G

Non-thermal pressure is necessary to keep the filament width.

Mline,crit — 2652 /G — 2(682 T O-lng)/ G

Non-thermal velocity dispersion

16/34



Remarks: Stability of Shock Fronts

Shock rest frame

Upstream

<+ | <
Vpost << Vinflow Vinflow

Shock wave

|

(Usual) Shock fronts are stable to perturbations in their shape/.
17/34



Brief Explanation of Slow-shock Instability

Shock rest frame

Upstream

<+ | <
Vpost << Vinflow Vinflow

Shock wave

Accurate mechanism is different but brief understanding is OK with this.
18/34



Key Process: Instability at Filament Boundaries

Slow-shock Instability (SSI)
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Linear Growth of the SSI

Slow-shock Instability (SSI)
: Shock front

B becomes small



The Effect of Ambipolar Diffusion (AD) on SSI: The case of single shock

Nonlinear evolution of SSI + ambipolar diffusion

t= 1.500 Myr
+ Ambipolar diffusion
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The Origin of Additional Pressure: ~STORM”
STonM (Slow-shock-mediated Turbulent flOw Reinforced by Magnetic diffusion)

Slow-shock
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1. AD permits flow across
the magnetic field lines
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3. Momentum injection
induces expansion of
the shock-bound
region

>

The corrugation of shock fronts continues to grow under the effect SSI.



The Origin of Additional Pressure: "STORM"”

The blobs stir the filament
Momentum

t= 0.810 Myr gas like "hailstorm”.
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“STORM" provides ram pressure to increase
filament width



Result: Simulation of Filament Evolution with Ambipolar Diffusion

Evolution of density field

t= 0.00omyr ldeal MHD (for reference)

e SSI causes shock front
corrugation.
e No turbulence

density, n [cm™3]

t= 0.000 Myr Partially ionised plasma

0.20

More turbulent than in ideal
MHD

density, n [cm™3]




Importance of Resolution

Density Slice -
High resolution Low resolution =
Finest resolution: Ax ~ 1.5x10-3 pc Ax ~ 6.2x103 pc

0.8

x [pc]

We need high resolution
to appropriately solve the filament evolution

25/30



Setup for 3D Simulation

Velocity and grid structure
16 cells

| — |

B-field

Filément

Initial Condition

i xpg] Ylpel 10
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: 4,000
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- 100
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Use hierarchical grids
Finest resolution: ~0.001 pc
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velocity, vy [km s™1]



Internal 1000 au Scale Structures of the R CrA Cluster-forming Cloud

y (pc)

column density (cm™2)
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Internal 1000 au Scale Structures of

column density (cm™2)
102! 1042

t=1.3 Myr
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Analytic Model considering the STORM mechanism

o
o

O
o

o o
N BN

(@)
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Central density, logn. [cm™]

FWHM [pc]

B
o

B
o

e
I

Line mass [My pc™']
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Trigger of Filament Formation

Molecular clouds are frequently (~1 Myr-1) swept by shock waves.

(ex. Super Novae, Cloud-cloud Collision, Expansion of HIl regions etc.)

Filament

_*00 }

Moleculﬁfloud
Shock Front Shock Front

Shock waves trigger filament formation.



Formation Mechanisms of Filaments

Main filament formation mechanisms

- Type G: Gravitational fragmentation of ~ TYPe O

shocked sheet

- Type C: Compressive component of
turbulent flow

- Type O: Oblique MHD shock induced
flow

Filament formation is well understood!
Abe



Properties of Magneto-Hydro Dynamics (MHD)

Magnetic field
->

Plasma

Magnetic field

D

* Plasma can move easily along magnetic fields.

* Plasma drags magnetic field
e Plasma cannot move across magnetic fields.

“Magnetic frozen-in"



MHD Approximation for Molecular Clouds Dynamics

Molecular cloud 2 :lon

O & : Neutral particle

B fields JJ J
d 9 ¢

JJ{)

o e

e




MHD Approximation for Molecular Clouds Dynamics

Molecular cloud - Plasma

O : Neutral fluid

——

B fields




MHD Approximation for Molecular Clouds Dynamics

Molecular cloud - Plasma

O : Neutral fluid

e

B fields

The dynamics of molecular clouds can be described as MHD.



An example of filament formation mechanism (Type O)

Izlloterstellar shock wave with velocity of > 5 km/s —> Type O

A dense clump in

mollhuds
B

ﬁ

Shock 1

X

Filament
Formation

Second shock

Two stages of compression —> Filament formation



Importance of Filament Width

Condition of Star Formation Core Mass
Statement in the Filament Paradigm (The most unstable mode of self-
S A e e gravitational fragmentation)
above critical line mass ~ (Filament width).
®
—> The width determines
core mass
£ | 4
o 4 Fragmentation e ildd
% > =
¢Statement by Lada et al. = 3l 4
There is a threshold column density = SED | L

(~1022 em-2) for star formation to occur. iy

Physical origin of 0.1 pc width should be clarified



Importance of Filament Width

Condition of Star Formation Core Mass
Statement in the Filament Paradigm (The most unstable mode of self-
S A e e gravitational fragmentation)
above critical line mass ~ (Filament width).
®
Critical line mass Width —> The width determines
’ & core mass
2c:1G 0.1 pc
—> Column density K T
N ~ 10%2 cm™2 & I Fragmentation < 4w
€ 3 > =
¢Statement by Lada et al. = &
There is a threshold column density = Star | 4w

(~1022 em-2) for star formation to occur. iy

Physical origin of 0.1 pc width should be clarified



Instability at Filament Boundaries

Remarks: Slow-mode (Slow Wave)

Ripple in unmagnetized fluid

0.8
Gas pressure, p
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Ripple in MHD

0.8

0.6

04

0.2

Gas pressure, p
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Slow-mode: Compressional wave that gas pressure and magnetic
pressure have inverse phase of each other.



Instability at Filament Boundaries

Remarks: Slow-mode (Slow Wave)

Ripple in MHD Q.
0.8 0.1020 1 -
0.15} 9
0.6 o. 2
— 0
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o
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Slow-mode: Compressional wave that gas pressure and magnetic
pressure have inverse phase of each other.



The lon-Neutral Drift (Ambipolar Diffusion)

The neutral fluid and plasma are not perfectly coupled in molecular clouds

Ex. Magnetized self-gravitating slab of lightly ionized gas

il ((VxB)xB)xB) Color shows gas density

—=V><(v><B)+V><<
7?Iasma

ot 4mypp;

1)
v
)=

| _ \ Neutrals | .
Initial condition: ~ Assuming v, ~ 0 km/s Collapse
Hydrostatic equilibrium
Magnetic Reynolds Length scale of AD
number RAD -1 — 009 B 2 n —3/2 . ll
for ambipolar diffusion AD = U-UY PC <30 ,uG> < 103 Cm—3> < 1 km/s>

—> AD is effective in filaments (£ ~ 0.1 pc)



Aim
Discover the mechanism to keep upstream

kinetic energy
—> Understand how massive filament width is maintained

This Study

In reality, there are two shocks.

Investigate whether turbulent ram pressure can be
provided by two slow-shocks simulations with
ambipolar diffusion.



Setup for Simulations

2D simulations using Athena++ code (Stone+ 2020)

Isothermal MHD including ambipolar diffusion (w/o self-gravity)

B AD
B v )= Z _vx|wxB) -2 B (VxB)xB)| =0
%+V-(pvv—BB+P+BZ/2)=O
4 AD B2
oE ’ NAD S ——
—+V-[(E+P+B/2)V—B(B-v)+ 2{B><(J><B)}><B]=0 HaDp =
ot |B| A7 YinPrPi

1 , B? _ _
E:e+5pv +? P=(F—-1De y=101

Initial Condition: Gas inflows along the B field —> filament formation

—

velocity, v, [km s™1]

Boundary Condition
 x—> Free
« y—> Periodic

¢ = 0.2 km/s
Resolution : 3.9 x 104 pc



Time evolution of filament width
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Additional Results: Passive Scalar

t= 0.000 Myr Ideal MHD 0
0.20 10
0.15 Gas in the filament
£0.10) 10" cannot move due to
> . .
ai0s! magnetic frozen-in.
0.00 e
: —0.2 —0.1 0.0 0.1 0.2 10
X Ibel . . . .
t= 0.000 Myr  MHD including ambipolar diffusjon
0.20 10
0.15}
T" _ . .
& 010l 10 1 Gas can circulate in the
- filament.
0.05|
0.00 e
: —0.2 —0.1 0.0 0.1 0.2 10
X [pc]

Confirm that the bullets are physical gas blobs.



Dependence on Density and Magnetic Field

t= 0.000 Myr

—
-

density, n [cm~3]

—
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density, n [cm~3]

o
>

Mach number of velocity dispersion, Mgisp
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The strength of the generated anisotropic turbulence is

independent of the magnetic field and density. 4713



Dependence on Accretion Velocity

t= 0.000 Myr
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The strength of the generated anisotropic turbulence
depends on the accretion velocity.

48/13



Dependence on lonization Degree

t= 1.000 Myr 1.2
E Large & Typical ionization degree in M.C.
%o.m 10 E g
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| T Bullet mechanism exists even if the
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Discussion: Line mass v.s. FWHM (Theoretical Model)

Does flow-driven turbulence explain the observed line mass independent width?

Outline of our model
Velocity dispersion within the filament:

Av = fvg . (f = 0.5)

-

—_
—_—
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Discussion: Line mass v.s. FWHM (Theoretical Model)

Does flow-driven turbulence explain the observed line mass independent width?

Thermally supported filament w/ external gas pressure
Fischera & Martin (2012)

5.8 ("?_I
- E
- . - \\\Vﬂow =1kms~! 2 kms™! 15.6 O,
3) % o
e LY 5.4 go
% 52 2
n
= 50 O
©
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7 Turbulently syp rtec%fllament confined by inflow
10 f ram pressure 4.6 O
-O I . (Abed+ submiftedli 4 4

10 10’ 10°
Line mass [Mg pc™!]
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Nonlinear Thin-Shell lnstability (NTSI)

Nonlinear Thin Shell Instability (NTSI): ﬁZZiﬁfd UHBEER2KICEEENTE
WY — ~CHBITIEBEEDEL T IRE

t= 0.890 Myr

Hl

density, n [cm™3]

O . ? W f |
Eb\b A U 0.0p N T o magneﬂg\ipl

e H 2DV T xba
DEREEE &3(11 I DEHZEREAND
' BEIHNSIHT E’JE? ;l_.b\zlsé

0 fi415 (Slow shock) TIENTSIOEZHIFHI T 5

% NTSIHCIZEMD BV ELRISEIF TETRUDT T 14 TAY FOIEDEIFIC
(I @ HVRUNEE



Future Works




Star Formation Rate Problem

Contradiction between the observation & the theoretical estimation

Simple estimation
of SFR

The observed
star formation rate (SFR) Molecular clouds mass in MW ~ 109 Mgyn.

Free-fall time scale of ~ 106 yr
~ 1 Mgun/yr ’
sunly << _>The SFR ~ 1,000 Mgyu,/yr.

An example of solutions
—> Only a small fraction of the molecular cloud becomes stars.

How can such a situation to be realized?



Our Strategy: Filament “Resetting”

|dea: The effect of multi-compression causes filament destruction & formation
—> Filament mass fraction keeps low value?

TIME = 0.98 [Myr] "
— IX

L1 1x1022

x [pc]

First, | would like to reveal the conditions of the destruction.



Other Future Work

Link between CMF and Line Mass Function?

C\ R T T T Pt T T T
£ : |
= | _ (Core Mass Function) |
% 1 OO 3 Kroupa‘ (2001) ' v 4GC_; 1 OO I |
S [ -7~ | Prestellar c |
s F g ‘:"'*-\CMF‘ p |
Q L N S L2 g= :
a £ : 2y N " |
O Q10 | N ;3 ° i
Gi‘ c syIsL;.;m | %\ ? () |
_8 O C?abriﬁr : I M F G’@A\\\ \ iE) :
2005 > I
- | N\ > I
2 1 emane | “H Z | Line mass functjon
) g8 e P ey P I MY R R il
Q 1 100
c 0.1 1 10
3 .
> Mass, m [Solar Mass] Line mass [Msun pc']

| would like to clarify the origins of the IMF
through an understanding of filaments.



Summary & Future Works

We perform non-ideal MHD simulations and investigate filament evolution
simulations.

“Anisotropic turbulence driven by the Bullet mechanism

(SSI + ambipolar diffusion)” can maintain the width of
massive filaments.

Future Works

* Solve the 0.1 pc problem
« Understanding the “filament resetting.” —> Solve the SFR problem

 Clarifying the origin of filament line mass function and relation with IMF



