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Introduction and Motivation

Stars form in the molecular clouds

e L

The hierarchical density structure of molecular cloud
[Owen et al. 2023]
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Introduction and Motivation

Hub-filament system (HFS)
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Introduction and Motivation
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Cloud-cloud collision (CCC)

Large cloud Compressed Layer  [Habe & Ohta 1992] Ve
Small cloud Q @
Cavity

[Fukui et al. 2021]
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Cloud-cloud collision (CCC)
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Numerical Setup
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The column density maps
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The compressed layer
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The compressed layer
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The compressed layer

21.60 22.04 22.48 22.92 23.36 23.80
log[N(Hz) cm =21
5.0
1.84 a)t=0.2Myr 4 b)t=0.3 Myr 4 c¢)t=0.4 Myr
4.5
0.9 4
£
&
S ; o3
2 0.0 i s
N ; 33,
]
1

'\6~84°
-0.9 :

— 1 v 8 > High density
— e MM > Intermediate velocity
-1.84 x: [-1, 1] pc 4 x:[-1, 1] pc 4 x:[-1, 1] pc ' .
T T | T T T T T T T T T T T T “Brldge,,
1.84 d) t=0.5 Myr 4 e)t=0.6 Myr 4 f) t=0.7 Myr

<

Vz,avg [km s71]

1
-2

-1.84 x: [-1, 1] pc x: [-1, 1] pc

T T T T T T

T T T T T T
.18 09 00 09 1.8 -1.8 -09 00 09 1.8 -18 -09 00 09 1.8 -6-
y [pcl y [pc] y [pc] 175 138 1.0 -0.62 -0.25
z [pcl]




The compressed layer
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Detection of the filaments and cores using getsf

Astronomical Images

!

getsf

[Men’shchikov, A. 2021]
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Detection of the filaments and the cores using getsf
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Detection of the filaments and the cores using getsf
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Formation of filaments in CCC sites
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How do filaments converge?

y [pc]

y [pcl

T
-1.21

065

1.27

T
-1.21

T
0.65

T
1.27

Fraction

Fraction

0.24 7

0.18 7

0.12

0.06

== Surroundings
B Skeleton

Nske = 530

20 50 80

0.24

0.18

0.12

0.06

= Surroundings
[ Skeleton

Nege = 938

20 50 80
APA [degree]



Formation
it of HFSs from
CCC

Effect of
Collision

Magnetic
Field 5



Observational difficulties in CCC detection

Estimated CCC rate in our Galaxy is ~ 1 per 100 years
[Dobbs et al. 2015]

Detected CCC sites ~ 90 !!!
[Fukui et al. 2021]
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Observational difficulties in CCC detection
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New signatures of CCC
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New signatures of CCC
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New signatures of CCC

Possible signatures of CCC at 0 =90 deg

> Curved magnetic field lines
> Signature of gas flow in the PV diagrams

> Stars/YSOs at the vertex of the cone
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Summary
CCC can lead to formation of HFSs.
CCC to HFSs: A combined effect of turbulence, collision, magnetic field and gravity.
Detecting two cloud components can be challenging when the clouds have a significant
difference in size.
The curved magnetic field morphology, gas flow signatures in a cone, and spatial

distribution of stars/YSOs can be used to detect CCC sites.
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Summary
CCC can lead to formation of HFSs.
CCC to HFSs: A combined effect of turbulence, collision, magnetic field and gravity.
Detecting two cloud components can be challenging when the clouds have a significant
difference in size.
The curved magnetic field morphology, gas flow signatures in a cone, and spatial

distribution of stars/YSOs can be used to detect CCC sites.
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The ideal MHD Equations with self gravity

oU JoF, J0F, OF, :
v - o + T &+ P = §|— MHD Equations Poisson’s Equation

; VP = 4m Gip)
U = {05005 ; DUy 00 ; By, Bys. By, PE) .
Variable ( PV \ Gravitational Density

pv2+ P +|B|? /87 — B/An potential
pv vy, — B, B, e Gravitational field
* _ /.
Fl_ pv U, — B B, /4m g = (8x,8y,8:) = -V
o 0 Velocity
Flux UXBé — vyBg B = (px, Uy, UZ)T
—VU; Dy + Ux D; Magnetic field
\ (0E + P + |B|* /87)vy — By (B - v)/4n ) B=(B.,B,,B,)"
T
S = (0. pgx.pgy.Pgz,0,0,0, pg - v) E =v]>/2+P/p+|B|*/8np
Source

[Matsumoto 2007]



GENERAL CONSTANTS:

Charge on electron —e
Mass of electron e
Mass of proton mp
Mass of neutron My
Permeability of vacuum Lo
Permittivity of vacuum €
Fine structure constant o
Gravitation constant G
Boltzmann’s constant kg
Atmospheric pressure 1 atm.
Stefan-Boltzmann constant o
Avogadro’s number N
Velocity of light c
Bohr radius ag
Bohr magneton 1B
Planck’s constant h
Planck’s constant/2m h

I

[

i

| T T

Values of important constants

~1.60217733 x 1071° ¢
9.1093897 x 10~%'kg (= 0.510998902 Mev/c?)

1.6726231 x 10~2"kg (= 938.27200 Mev/c?)
1.6749286 x 10~ kg (= 939.56533 Mev/c?)
4r x 107"Hm™!

8.854187817 x 10~ 2Fm™!

1/137.035989

6.67259 x 10" N m? kg2
1.3806503 x 10~2 JK—!
1.01325 x 10° Nm~2 (Pa)
5.6704 x 108 Wm~2K—*
6.0221367 x 1023
2.99792458 x 108 ms—1
5.2017721 x 10~ m
9.274006 x 10~24 J -1
6.62607544 x 10~3¢ J s
1.05457266 x 10734 J g

Astronomical unit;
Parsec:
Mass of the Earth

Mass of the Sun
Radius of the Sun

Radius of the Earth

Luminosity of the Sun
Thomson cross-section

Source: School of physics and Astronomy, University of Southampton

I

Il

ASTRONOMICAL CONSTANTS

1.49597871 x 10 m
3.08567758 x 10 m
5.97 x 10% kg
8.37814 x 10°m
1.99 x 10 kg

6.96 x 108 m

3.85 x 1028 W
6.652459 x 10~2° m?



Mass accumulation processes
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Bridge Feature (0 = 45 deg)

Visr [km/s)

Visr [km/s]

Observational Signatures of CCC

())Y:-10-+10 pc

[From Tikahara et al. 2014]
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Bridge Feature (6 = 90 deg)

Visr [km/s]

Visr [kmi/s]

(d)Y:-10- +10 pc

-10

[From Tikahara et al. 2014]



Introduction

Formation of the SDC13 Hub-filament System: A Cloud—Cloud Collision Imprinted on
the Multiscale Magnetic Field [Wang et al. 2022]

i Distance ~3.6 kpc
. Three velocity components: [5, 20] km/s, [32, 40] km/s, and [42, 58] km/s

. 1. IRAM 30m C'®0 (1-0) data: Resolution ~24.6 arcsec, 6 ~0.17 K

. 2. SEDIGISM "*CO (2-1) data: Resolution ~30 arcsec, 6 ~1 K ,
' 3. JCMT 850 um Stokes I image, Resolution ~14 arcsec, ¢ ~4 mJy/beam > To detect filaments

Formation of hub—filament structure triggered by a cloud—cloud collision
in the W33 complex [Zhou et al. 2023]

5 Distance ~2.4 kpc
. Three velocity components: [29.6, 43.3] km/s and [47.2, 60.2] km/s

. 1. FUGIN CO/C"™0(1 —0) data: Resolution ~20 arcsec, ¢ ~0.7/0.7 K, respectively
. 2. SEDIGISM "*CO (2-1) data: Resolution ~30 arcsec, 6 ~1 K

' 3. Integrated intensity map >>> To detect filaments



Set up the velocity dispersion

Observed velocity scaling Assumption: Flow is

relation for the molecular divergence free <l A 1>> ~k a 3
clouds = Vey=0 QA = Ck* + ki)
Avjocl v=V x A a small k cutoff to assure convergence
Kppin = 2n/L
v/% X k—4 min \
o2 — 1 k2 dkP ) = = kml; Size of the cloud
2n? 8n

Virial equilibrium condition for
a known mass and radius of

molecular cloud .
v, = lk b ¢ Ak

Now take a IFT to get the velocity field [From Dubinski et al. 1995]



Density Histograms
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a) t= 0.0 Myr
Nmax = 1.00 x 103
Nmin=100.0

z: [-2, 2] pc
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N « n—3.21

d) t = 0.3 Myr
Nmax = 5.73 x 10°
Nmin = 64.0

N « n—2-58

102

108

104 10°
n (cm™3)

g) t= 0.6 Myr
Nmax = 5-64 X 106
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N « n—2-09

10°

h) t = 0.7 Myr
Nmax = 6-65 X 106
Nmin = 54.0

N « n—1.99

102 103 104 10° 10°
n (cm™3)

b) t = 0.1 Myr c)t=0.2 Myr
Nmax = 2.02 x 104 Nmax=5.62 x 10*
Nmin=76.0 Nmin = 69.0
N « n=7:54
IIIIII T T IIIIIII
e)t= 0.4 Myr f) t = 0.5 Myr
Nmax = 1.96 x 108 Nmax = 3.56 x 10°
Npmin = 62.0 Nmin =57.0

N « n—219

p="7.54att=0.2 Myr
p=199att=0.7 Myr




The compressed layer
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z [pc]
Mass (Mg)

t (Myr) n>10° n>10* n>10° n>10°
0.2 337 262 — —
0.3 937 668 5 —
0.4 1335 1037 40 1
0.5 1743 1196 117 6
0.6 1959 1302 178 13
0.7 2149 1439 260 27
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The fluctuation in the distribution of the high-density gas indicates the
formation of structural components



Sink
t (Myr) n>10° n>10" n>10° n>10°




Details of the getsf-identified cores and the sink particles

r N Map Mak Mon NUE MEE MpE Min Most Ve
(Myr) (Mo)  (Mo)  (Mo) (Mo)  (Mo) (Mo) (Mo)
0.2 - —— - . - . . _ -

0.3 3 0.71 1.06 2.58 — — — — 2.58
04 19 0.24 3.88 1'7.05 — — — — 1705
0.5 46 0.21 .12 80.17 3 0.16 5.04 7.60 87.77
0.6 50 0.36 9.81 104.74 9 0.28 20.25 31.89 136.63

0.7 50 0.19 15.39 123.78 25 0.04 40.25 101.5 225.28




Shock compression of the interface layer

[From Inoue & Fukui 2013]

Zero magnetic field

Veoll
Cs

. . P2 _
Shock compression ratio; 7" = o1 = Msz , Where, M, =

For, Veou = 10km/s,c; =0.2km/s | M, = 50

3 3

Initial density, 121 ~ 10° em™ ; Shocked layer density, 1o ~ 10% e~

. [From Inoue & Fukui 2013]
Non-zero magnetic field

B Vco
r=2—2M, = B—j , where, M4 = £

P1 €A

For, Veoy = 10km/s,n; = 300ecm >, B; = 10 uG

P17
P1

Magnetic field plays a crucial role in massive star formation in CCC




Formation of filaments in CCC sites

shock t=04 1451 D) - 03 Myr] aedd) - v \9\15 Myr
. 0.73 /'/ \‘\‘ 0.73 ,//
&
2 0.02 -0.03
<
5 \ ’ \
= 0.7 1A% VAEREE RS
% \
&. S
-1.42 .1.54 \\\\_' __’__f/
1 |54 0I79 0.‘03 0 |73 1 l18
-« 7 .
Table 2. Physical parameters for the high-density filaments ‘ —
with N(Hz)** > 10*"7 cm™2. = = &
] ] ] L thFil
t Myr) N Lengthiji (pc) Massigt (Mo) [ pdm = < = =
Y
0.2 2 0.62 51 0.80 I ]
0.3 8 4.74 466 151] o - = -
0.4 19 10.35 864 1.03 \ y —
0.5 31 13.15 1189 117 v\j E\%E
0.6 24 8.81 780 154 l This gives rise to the filament parallel to the magnetic
0.7 23 8.50 983 1.60 field, with an increased magnetic field strength.




t=04
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Formation of filaments in CCC sites
4 My . . \ e ‘

¥,
0.8
0.02-

-0.77

[Fukui et al. 2021]

-1.56

Z T
Table 2. Physical parameters for the high-density filaments NP/W % ﬁ_
with N(Hz)** > 10*"7 cm™2. =) &=
COMy) N Length (o) Mass (Mo) oty = =
0.2 2 0.62 51 0.80 ‘ .
0.3 8 4.74 466 L5l - &=
0.4 19 10.35 864 1.03 \ b —
0.5 31 113.15 1189 LR V\/ % i—
0.6 24 8.81 730 1.54 Rise inthe projected length ratio and drop in the total mass
07 23 850 983 1.60 l and length of the high-density filaments after = 0.5 Myr.




Observational difficulties in CCC detection

N(H,) ~ 10°" cm™ (K km/s)™ [Schuller et al. 2016]
s ~ 20 Msun pc? (K km/s)!

SEDIGISM *CO (2-1) data
RMS ~ 1 K, Velocity interval ~0.25 km/s
RMS, , ~2 K km/s

<

2 pc

n = 1000 cm™ ~ 60 Msun pc™

[Priestley & A. P. Whitworth 2021]



The Cone: A mass-collecting machine

Mtot al

Mgas+Msink

)
§7
S =
(=
.9
+~
Q
< S
Y= O
o
=
=
o
>

WES
(M)

Cylindrical
shell

0.17
0.21
0.19
0.19
0.24

69
25

8.1

233
355
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C2
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25.2
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C5

Collects huge amount of gas rapidly in a small volume
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Formation of filaments in CCC sites

shock shock shock .. . . .
2 3 — Rise in the projected length ratio and drop in the total mass
RefsesHmp § and length of the high-density filaments after = 0.5 Myr.
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Observational difficulties in CCC detection

v, [km s71]

19.0 19.5 20.0 20.5 21.0 21.5 22.0 22.5 23.0 235 . . o
logn (cm=2) x AL (cm)] - T —— The Complementary Distribution
t=0.0 Mvr £=0.0 Mvr [10*cm—3 km s~!] 7.6 7.8 8.0 8.2 8.4 10.0 10.5 11.0 115 12.0
8.2 F= 84y AL,=0.4pc [|°700M ALy = 0.4 pc A S,
5.2 e
2.2
-0.2 1

y [pc]

v, [km s71]

i ) [ TR il 18 -09 00 09 18 -18 -09 00 09 18
x [pc] x [pc]
Blue: [-6.75, -3.75] km/s Compressed: [-3.25, 4.25] km/s

Compressed: [-2.25, 3.75] km/s Red: [5.25, 7.25] km/s
Red: [4.25 5.75] km/s

t =2R/v = 3pc/10 km/s ~0.3 Myr
o oC RO.S
For R =10 pc, FWHM ~7.5 km/s

From “An Introduction to Star Formation”

v, [km s71]
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