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Introduction and Motivation

Cloud ~1 – 10 ~102–103

Clump ~1 ~103–104

Filament ~0.1 (Width) ~104–105

Core ~0.05 – 0.1 > 105

Size [pc] Density [cm -3]

[Owen et. al 2023]

Stars form in the molecular clouds

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



Hub-filament system (HFS)

[Treviño-Morales et al. 2019]
R N(H2) + G 1.65 𝜇m + B 550 nm

Mon R2; Distance ~ 830 pc

[Myers 2009]

Introduction and Motivation

RAFGL 5085
Distance ~3 kpc

 Hub: N(H2) >1022 cm-2

[Dewangan et al. 2023]

Filament

Hub

Filament

Hub

[Kumar et al. 2020]
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 Cloud-cloud collision (CCC)

Bridge Feature

[Habe & Ohta 1992]
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[Fukui et al. 2021]
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[Fukui et al. 2021]
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Introduction and Motivation

                                               Questions
1. Can CCC lead to the formation of HFSs?
2. How do filaments converge to form HFSs in CCC sites?
3. What are the difficulties in the detection of CCC sites?
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Spherical Cloud
R = 1.5 pc, 

M = 477 Msun      
 Turbulence velocity FWHM ~1 km/s                                                         

Numerical Setup

*Proton Mass = 1.67 x 10-27 kg

Numerical Setup

[Lx, Ly, Lz] = [6, 6, 6] pc 
Resolution = 6/512 pc ~2400 AU
cs = 0.3 km/s, B = [0, 20 𝜇G, 0]
m = 2.4 Proton Mass*
            



The column density maps
y-z plane x-y plane y-z plane x-y plane



3 pixels

The compressed layer



3 pixels

The compressed layer



3 pixels

➔ High density
➔ Intermediate velocity   
              “Bridge”

The compressed layer



3 pixels

The compressed layer

➔ High density
➔ Intermediate velocity   
              “Bridge”



Detection of the filaments and cores using getsf 

Astronomical Images

                 
            getsf 

[Men’shchikov, A. 2021]

   Cores             Filaments 



Detection of the filaments and the cores using getsf

Astronomical Images

                 
            getsf 

[Men’shchikov, A. 2021]

   Cores             Filaments 



Detection of the filaments and the cores using getsf

CCC can lead to the formation of HFS

Astronomical Images

                 
            getsf 

[Men’shchikov, A. 2021]

   Cores             Filaments 



CCC can lead to the formation of HFS

Astronomical Images

                 
            getsf 

[Men’shchikov, A. 2021]

   Cores             Filaments B

Formation of filaments in CCC sites

t = 0.2 Myr t = 0.4 Myr



How do filaments converge?



1.

2.

3.

4.

Turbulence

Effect of 
Collision

Magnetic 
Field

Gravity
  Formation 

of HFSs from 
CCC
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Cartoons: From Google.com

Estimated CCC rate in our Galaxy is ~ 1 per 100 years
                                                                                        [Dobbs et al. 2015]
Detected CCC sites ~ 90 !!! 
             [Fukui et al. 2021]

Observational difficulties in CCC detection
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 CCC 

Cartoons: From Google.com

Estimated CCC rate in our Galaxy is ~ 1 per 100 years
                                                                                        [Dobbs et al. 2015]
Detected CCC sites ~ 90 !!! 
             [Fukui et al. 2021]

σ ∝ R0.5 

From “An Introduction to Star Formation”
For R = 10 pc, FWHM ~7.5 km/s 

tcol = 2R/v = 3 pc/10 km/s ~0.3 Myr 



New signatures of CCC



New signatures of CCC 



   Possible signatures of CCC at θ = 90 deg

➢ Curved magnetic field lines

➢ Signature of gas flow in the PV diagrams

➢ Stars/YSOs at the vertex of the cone

New signatures of CCC 



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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    HANK You! 



Poisson’s Equation

Gravitational field 

Velocity 

Magnetic field 

Gravitational 
potential 

DensityVariable

Flux

Source

MHD Equations

The ideal MHD Equations with self gravity

[Matsumoto 2007]



Values of important constants

Source: School of physics and Astronomy,  University of Southampton



How does core accumulate mass?
➢ Monolithic collapse 

[McKee & Tan 2002]
➢ Competitive accretion 

[Bonnel & Bate 2006]

What is the role of filaments in mass accumulation?
➢ Hub-filament systems 

[HFS; Myers 2009]
➢ Edge-collapse in 

isolated Filament [EDC;
 Bastien (1983); 
Pon et al. (2012)]
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[Yuan et al. 2020]

Mass accumulation processes 
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➢ Global Hierarchical collapse
 [Semadeni et al. 2007, 2017]  ➢ Cloud-cloud collision (CCC) [Habe & Ohta1992; Inoue & Fukui 2013]
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Massive stars             => 103 
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Bridge Feature (θ = 45 deg)
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Bridge Feature (θ = 90 deg)

Observational Signatures of CCC



[Zhou et al. 2023]

[Wang et al. 2022]

                                                    Distance  ~3.6 kpc 
Three velocity components: [5, 20] km/s, [32, 40] km/s, and [42, 58] km/s
1. IRAM 30m C18O (1–0) data: Resolution ~24.6 arcsec, σ ~0.17 K
2. SEDIGISM 13CO (2–1) data: Resolution ~30 arcsec, σ ~1 K
3. JCMT 850 μm Stokes I image, Resolution ~14 arcsec, σ ~4 mJy/beam > To detect filaments

                                                    Distance  ~2.4 kpc 
Three velocity components: [29.6, 43.3] km/s and [47.2, 60.2] km/s
1. FUGIN 13CO/C18O(1 −0) data: Resolution ~20 arcsec, σ ~0.7/0.7 K, respectively
2. SEDIGISM 13CO (2–1) data: Resolution ~30 arcsec, σ ~1 K
3. Integrated intensity map >>> To detect filaments

Introduction



Set up the velocity dispersion 

k -6
-3

[From Dubinski et al. 1995]

Observed velocity scaling 
relation for the molecular 
clouds

Assumption: Flow is 
divergence free

Virial equilibrium condition for 
a known mass and radius of 
molecular cloud

Size of the cloud

Now take a IFT to get the velocity field



N∝ n-p

p = 7.54 at t = 0.2 Myr
p = 1.99 at t = 0.7 Myr

Density Histograms 

z: [-2, 2] pc



The compressed layer

The fluctuation in the distribution of the high-density gas indicates the 
formation of structural components



3 pixels

The compressed layer

Sink 
Particles



Details of the getsf-identified cores and the sink particles 



Zero magnetic field

Shock compression ratio;                                , where,

                     For,                                                            ,

    Initial density,                                  ;  Shocked layer density,

Non-zero magnetic field

                                                              , where, 

                 For,                                                                                     

                     

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

[From Inoue & Fukui 2013]

[From Inoue & Fukui 2013]

Shock compression of the interface layer



Formation of filaments in CCC sites
t = 0.4 Myr

z

y

t = 0.4 Myr

x

This gives rise to the filament parallel to the magnetic 
field, with an increased magnetic field strength.
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Rise in the projected length ratio and drop in the total mass 
and length of the high-density filaments after t = 0.5 Myr.

Formation of filaments in CCC sites
t = 0.4 Myr

z

y

t = 0.4 Myr
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σ ∝ 
R0.5 

The Complementary Distribution

Blue: [-6.75, -3.75] km/s
Compressed: [-2.25, 3.75] km/s
Red: [4.25 5.75] km/s

Compressed: [-3.25, 4.25] km/s
Red: [5.25, 7.25] km/s

From “An Introduction to Star Formation”

For R = 10 pc, FWHM ~7.5 km/s 
tcol = 2R/v =  3 pc/10 km/s ~0.3 Myr 

Observational difficulties in CCC detection 

N(H2) ~ 1021 cm-2 (K km/s)-1

          ~ 20 Msun pc-2 (K km/s)-1

                 

[Schuller et al. 2016]

SEDIGISM 13CO (2-1) data
RMS ~ 1 K, Velocity interval ~0.25 km/s
RMSM0 ~ 2 K km/s 

1 pc

2 pc

[Priestley & A. P. Whitworth 2021]

n = 1000 cm-3 ~ 60 Msun pc-3



The Cone: A mass-collecting machine

Collects huge amount of gas rapidly in a small volume
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t = 0.2 Myr

B

t = 0.4 Myr

Rise in the projected length ratio and drop in the total mass 
and length of the high-density filaments after t = 0.5 Myr.

Formation of filaments in CCC sites



The Complementary Distribution

Blue: [-6.75, -3.75] km/s
Compressed: [-2.25, 3.75] km/s
Red: [4.25 5.75] km/s
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σ ∝ R0.5 

From “An Introduction to Star Formation”
For R = 10 pc, FWHM ~7.5 km/s 

tcol = 2R/v =  3 pc/10 km/s ~0.3 Myr 

Observational difficulties in CCC detection 
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