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Universal Filamentary Structure

Star formation process

Molecular cloud core Protostar & disk Star & planet
Molecular cloud
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__ * Many dense elongated structures (filamentary
I structures) are observed in molecular clouds.

* Filamentary structure is ubiquitous in molecular clouds.

| * *Cores are along the crests of filaments.
Studymg the properties of cores formed from

Herschel

250 filament fragmentation is important.




Role of Angular Momentum of Core

Molecular cloud core  Driving outflow and jet Formation of multiple system g .-
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Angular momentum (AM) of cores plays an
essential role in star formation process.

Birth place of planets

Ohashi et al. (2023) AR



Importance of Magnetic Field

Observations of magnetic fields WEONTR. Magnetic braking
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Magntic field plays a key role in the AM transfer.



Previous Works for AM of Cores

From the molecular cloud scale to the core scale
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Previous Works for AM of Cores

From the molecular cloud scale to the core scale
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Observed Magnetic Field Strength
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From the Davis-Chandrasekhar-Fermi (DCF) method, By ~ 10 — 100uG at

By = 10 — 80uG the filament ridge.



Observed Magnetic Field Strength
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We need to investigate the AM evolution of cores formed in

filaments in the strong magnetic field enviroment.
1.Moderately strong magnetic field (B, = 20 uG)

2.Strong magnetic field (B, = 50 uQG)

In today'’s talk,



Method and Setup of Simulations
Basic equations (ldeal MHD)
Solved by Godunov Smoothed Particle

Equation of motion: w_ 1 VvV (P + %|B|2> —~B-VB; —-V® Magnetohydrodynamics (GSPM)

dt p | | J - . s
Gas + Magnetic Pressure Magnetic tension Gravity (lwasaki & Inutsuka 2011; 2013; in perp)
: : d /B B
Induction equation: T (—) = (— -V) v
Equation of state: Isothermal

Setup

 Number of particle: 1,890,144
* Line mass: Critical line mass ). . — 18M@pc_1
» Turbulent velocity field: Kolmogorov turbulence
P(k)dk = Ak—5/3dk
o3p = 2¢s (Hacar & Tafalla 2011)
* Density profile: i 72
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Evolution of Angular Momentum

We stop the simulation when the maximum density reaches ..., = 10° em™* (before the protostar formation)
Flna! State We define a core using density contour threshold.
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Evolution of Angular Momentum

We stop the simulation when the maximum density reaches ..., = 10° em™* (before the protostar formation)
Flnal State We define a core using density contour threshold.

Final State In|t|aI State
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""" Hydro their initial AM during the
L v — filament fragmentation phase.
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Misalignment between AM and Magnetic Field

Observations suggest that the direction of the magnetic field
Is random with respect to the direction of the velocity gradient.

Outflow vs B-field

Previous works shows that the
component of AM perpendicular to B-
filed is more efficiently removed

Velocity gradient vs B-fiela compared with the parallel component.
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AM vector should be aligned with B-field?
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Misalignment between AM and Magnetic Field

Observations suggest that the direction of the magnetic field
Is random with respect to the direction of the velocity gradient.
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Our results also show that the direction of the magnetic

field is random at the final state of simulation, but why?



Misalignment between AM and Magnetic Field

Angle between local magnetic field direction and AM The minimum of Q] p during their evolution
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In the case of 201G, most of the cores experience the alignment with the magnetic field,
but the AM vector continue to oscillate.

The oscillation hides the alignment when we measure the angle at the final state of
simulations.



AM profile

Observed disk radius (Yen and Lee 2024)
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It is expected that the AM transfer become more .
effective in the strong magnetic field environment. J =/ GM, + MyigOR gy

Can disks form in the strong magnetized filaments?



Ambipolar Diffusion

® on Gravity Observation: Neutral pNH2D(1-1) - ion N2D+(2-1) velocity shift
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Ambipolar diffusion should be taken into account if the magnetic field is strong.




Importance of Dust Grain
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The dust and its size distribution play an important role to determine
the ionization state and resistivity of the molecular clouds.




Method and Setup

Basic equations (hon-ldeal MHD) Solved by Godunov Smoothed Particle
Av 1 1 Magnetohydrodynamics (GSPM)
Equation of motion: - =" { \Y% (P + EBZ) - V. (BB)} - Vo (lwasaki & Inutsuka 2011; 2013; in perp)
p " " .
Gas + Magnetic Pressure Magnetic tension Gravity Resistivity

. . d (B b 1 5w B Tsuk to & Okuzumi (2022

Induction equation: E(;) = (;-V>v—;Vx{nA(V xB)xBxB} SUkamolo uzumi ( )
Ambipolar diffusion (amin < dy < amax)

Equation of state: Isothermal

Setup

 Number of particle: 14,824,000

» Line mass: Critical line mass M;;,. = 18Mopc ™’

» Turbulent velocity field: Kolmogorov turbulence
P(k)dk = Ak=°/°dk Mass-to-flux ratio

o3p = 2¢ (Hacar & Tafalla 2011)
' 1 -2

= 0.25 ym, g = 3.5
A« = 0.25 ym, g = 2.5
Aoy = 2.9 ym, g = 2.5

The molecular cloud core I1s sub critical
- ( r >2 Hy = 0.05pc when

* Density profile: po(r) = pc i

(Arzoumanian et al. 2011; 2019) By > 62uG

* Magnetic fields

Perpendicular to the filament axis ( x-axis ) : o
(e.g?, Planck Collaboration XXXV §O16) By = 50uG Marginally super critical




Result: Ideal MHD

By = 50uG, Ideal MHD
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AM profile
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AM profile
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AM profile
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If the dust growth is efficient, resultant AM become large
compared with MRN distribution (red line) by a factor of 2.



Summary

*We investigate the evolution of the angular momentum of molecular cloud cores in strongly
magnetized filamentary molecular clouds.

<In the case of B, = 20 uG, the most of the cores experience the alignment with the

magnetic field, but it is difficult to observe the alignment because of the oscillation of the AM
vector.

*Ambipolar diffusion weakens the AM transfer compared with ideal MHD case by an order of
magnitude.

“*If the dust growth is efficient, resultant AM become large compared with MRN distribution
by a factor of 2.

Future work

» Effect of the dust size evolution
» Synthetic observation using radiative transfer code
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Dust Growth in Molecular Clouds

Core shine (e.g., Pagani et al. 2010) Dust opacity (Roy et al. 2013)
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Direction of the Angular Momentum

— Angle between angular momentum
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Drift Velocity on Synthetic Observation Map ™
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The drift velocity is mostly cancelled out due to the line-of-sight inteqgration.



Drift Velocity on Synthetic Observation Map ~

Dependence of the drift velocity on the maximum dust size

x|pc|

z|pc]

—0.05

0.00

<[pe]

() 05

1024

102‘

2
)

Column D(‘usn\ [(111' -

10+

[W—
ClD_

1024

v|cm

.-

1023

t

1

1022

Column Dens

_ P =23e—1d ¢
().().t)/ ( I

¢ em™7, t =7.83 tg

0.10

0.05

0.00

0.00 0.05

—0.10

2[p]

=25 um, g =

.05

2.5

_ pe =2.3e—14 g em™3, t =4.26 t4

1

" 20.05 0.00 0.05

—0.05 <

Too small to detect
In the observations.

Drift velocity reaches
~ 0.05km/s.

Dust growth is needed to
explain the observation.



Drift Velocity on Synthetic Observation Map ~

Dependence of the drift velocity on the maximum dust size
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Drift Velocity on Synthetic Observation Map ~

Dependence of the drift velocity on the maximum dust size
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Evolution of AM

Evolution of the angle between
the rotation and B-field

Core mass: | Mg

Outflow vs B-field

Velocity gradient vs B-field
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The effect of the ambipolar diffusion is
needed to explain the observations.



Evolution of B-field

Ideal MHD
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Observed Drift Velocity
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Observed drift velocity reaches ~0.05 km/s.
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Drift Velocity in Weak B-field Case

Dependence of the drift velocity on the maximum dust size
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Drift Velocity measured in By = 20 uG is comparable with B, = 50 uG



Column density vs Drift velocity
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Drift velocity measured in the projection map
in the case of 20uG is larger than that of S0uG.



Column density vs Drift velocity

Slice map on the x-y plane
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When the magnetic field is weak, the magnetic field and resultant
drift velocity has more complex non-axis symmetric structure.

|;l> This effect makes the drift velocity larger in the case of 20uG.



AM profile
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Number density vs Drift velocity
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Drift velocity becomes smaller in high density region.
If the dust growth is efficient, the drift velocity become large.



Drift velocity ( with inclination )

Dependence of the drift velocity on the maximum dust size
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Drift velocity

Dependence of the drift velocity on the maximum dust size
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B-field

F~ T T T TTITIT] T T T TTIT] T T TTTIT] T T T TTIT] T T TTTIT] T T T 111119
L
10—2_ ,e° |
o DY -
- o -
- “ =
- :
— ‘ —
“ ”
L “‘ > -
- o 727 -
L
L
_3 ““ L ~
103 : 2 -
— : “t /, ,," :
O - 5 .
m B . /,’/ )
- o® // -
‘t Y
L “" Z % -
L Y ”,
10~k < :
_ /4‘_/"/ -
B .* Q‘ -
L . " -
L , -
L / -
7
L / -
L 11l L vl L 1 1l L vl L1 11l L 11l
5 0 7 8 9 1
10 10 10 10 10 10

Nelcm™

’

H B BN Bmp]‘/Q

Ideal MHD, By = 60uC
Ideal MHD, By = 20uC

qg = 3.5,
qg = 3.5,
qg= 2.,
qg= 2.5,
qg= 3.5,
qg = 3.5,

Amax = 0.25 um, By = 60uG
Amax = 2.5 pm, By = 60uG
max = 0.25 um, By = 60uG
Amax = 2.5 pm, By = 60uG
Amax = 0.25 pm, By = 20uG
Amax = 2.5 pm, By =20uG




Internal Structure

—@— ¢ =35, tpax = 0.25 um | —@— ¢ =3.5, amax = 0.25 um g -
923 —®— ¢ =35, amax = 2.5 pm | —@— ¢ =35, Guax = 2.5 um ) .
107 —e— q = 2.5, amax = 0.25 pm 7 91| |—®= ¢=2.5, amax = 0.25 pm
—@— ¢ =125, apax = 2.5 pm 10 g —@— (=25, Qmax = 2.5 pm _E
o — : = ) ]
| T L / 4
& 211 B 7p) L = J
~_ 10 ~
S 5 107 :
S = - :
109k i - i
101E 3
1 1 1 : 1 1 1 [ T T I | 1 1 1 [ T I I | 1 1 1 |i
10° 10*
r|AU]
[~ T T T T T T 1] T T T T T T 1] T T T T T T T T T T 1] T T T T T T 1] T T T T
I —@— ¢ =35, amax = 0.25 pm || 105 | —@— ¢ =3.5, amax = 0.25 um i
—0— ¢ =3.5, Gpay = 2.5 um E —@— ¢ =35, apax = 2.5 um =
B —@— (=25, Gnax = 0.25 pm |7 | —@— ¢ =2.5, amnax = 0,25 um ]
—— q= 257 Upax = 2.9 j2atts ~ _._ q = 25, Amax = 2.D pm -
10-3L _ 10%E E
O : | _
Q D103k .
104 N 10° 3
; N : ; 5
; 1 1 1 [ T 1 1 1 [ T T I I | 1 1 1 |; I 1 1 1 [ T B I I 1 1 1 [ T T I A 1 1 1 |-
10° 10* 10° 10*



Column density vs Drift velocity

With inclination
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Magnetic Braking in Later Phase
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If the non-ideal MHD effect is taken into account, the magnetic braking is
suppressed in later evolutionary phase.



Rotation vs Infall
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Velocity Dispersion
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Velocity Dispersion
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Evolution of AM

Core mass: 1 MQ d_ad = Add_ 1 (amin <y < amax)
Evolution of the angle between

Evolution of the specific angular momentum the rotation and B-field
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In the iIdeal MHD case, the AM decrease with oscillation, the rotation
direction is aligned with magnetic field direction.



