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outline
• motivation 

• recent observational evidence of cloud cloud 
collision 

• collision time scale estimation 

• our numerical simulation
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Possible Solution 
- Cloud-Cloud Collisions -

• High Density Region

High Mass  Cores ?
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what is a trigger of high mass star formation  ?  

CO(J=231)!and!infrared!images!of!NGC3603�
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Recent Cloud Collision Observation Papers

• Furukawa+ 2009

• Kang + 2010

• Ohama+ 2010

• Torii + 2011

• Nakamura + 2012

• Fukui + 2014, 

• Higuchi +2014

• Torii + 2015, 

• Tsuboi+2015
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Fukui et al. 2014

Δv ~ 15km/s

position - velocity



分子雲衝突

CO, v ~ 20 km/s  

Cloud Cloud Collision  evidence in Spitzer bubbles 

partial arc-like structures of  8 micron 

two velocity components of CO with Δv ~ 20 km/s  

and off-center star formation regions 

5 Fukui et al. 2014

CCCs Simulation 
 Habe & Ohta(1992), Anathpindika(2010)     
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cloud cloud collision rate  ?

• two estimations of collision time scale of GMCs   

 Tasker and Tan 09,  Tasker 11

Fujimoto et al. 14ab,  Dobbs et al. 15

 e.g. McLeod 2012
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a)

b)

for random clouds with

from GMCs simulations of galaxy scale

�col � 10� 30Myr

�cloud � 10km/s

CCCs in galaxies
A cosmology simulation is only 1 choice...

Since Enzo models both gas and particles, 
it can be used for most astrophysical problems

Tuesday, May 22, 12

Tasker & Tan (2009) 
Tasker (2011)

Fujimoto et al. (2014)

CCCs in molecular cloud simulations of whole galaxy 
→　frequent enough for massive star formation 
      in our Galaxy ( Tan 2000)     
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Our Simulation

• Turbulent clouds (Larson) collisions 

•      3D Hydrodynamic AMR code (ENZO) 

•      　　High resolution:  

•      Radiative cooling 

•      Self-gravity              
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Habe & Ohta (92)

�l � 0.014pc
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Takahira et al. (14, 15)

�v ⇠ 0.9R0.5
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Fig. 1.— The composite δv, l relationship from PCA decompositions of 12CO J=1-0 imaging

observations of 27 individual molecular clouds. The small scatter of points attest to the near
invariance of interstellar turbulence within molecular clouds that exhibit a large range in

size, environment, and star formation activity. The large filled circles are the global velocity
dispersion and size for each cloud derived from the first principal component. These are
equivalent to the global velocity dispersion and size of the cloud as would be measured in

the cloud-to-cloud size-line width relationship (Larson 1981; Solomon et al. 1987). The light
solid line show the bisector fit to all points from all clouds. The heavy solid line shows the

bisector fit to the filled circles exclusively. The similarity of these two power laws explains
the connection of Larson’s cloud-to-cloud scaling law to the structure functions of individual
clouds.

Larson relation

cloud size

�
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Cloud Model

Cloud 1 Cloud 2
Mc [M⊙] 417 1635
rc [pc] 3.5 6.8
n̄ [cm−3] 47.4 25.3
tff [Myr] 5.31 7.29
σv [km/s] 1.25 1.71
TBE [K] 120 240
kmin, kmax 6-12 10-25

Table 1: Initial cloud parameters. From top to bottom: temperature, free-
fall time, radius, mass, velocity dispersion, average density and initial k-
modes used when turbulence is included.

Small Medium Large
Mc [M⊙] 7613 14935 26722
rc [pc] 14.4 20.9 28.0

n̄ [cm−3] 24.47 15.94 11.86
tff [Myr] 10.4 13.0 15.0

σv [km/s] 2.62 3.17 3.57
TBE [K] 480 720 960

kmin, kmax 5-12 10-19 10-25

Table 2: Initial cloud parameters in large cloud case. From top to bottom:
temperature, free-fall time, radius, mass, velocity dispersion, average density
and initial k-modes used when turbulence is included. To show the effect of
k-mode, we change the gray cells value in section ??.
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Small = 7613M�

Medium = 14935M�

Large = 26722M�

v
col

= 5, 10, 20, 30km/s
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collision velocity



Probability Density Function (PDF)
  turbulent clouds (before collision)

log ρ (g/cm^3)

8 Takahira et al.

Figure 8. Probability distribution functions (PDF) for the cloud collisions at different relative velocities. The blue dashed line shows a
log-normal fit. Top-left shows the comparison static case for the gas in Cloud 2 when it does not undergo a collision. The black solid line
depicts the profile at 1.0 Myr while the red dotted line is the gas at tff1 = 5.3 Myr. The high density gas maintains a log normal fit over
the duration of the simulation. Top-right shows the result for the 3.0 km/s collision case, bottom-left the 5.0 km/s and right the 10.0 km/s
simulation. In all three cases, the black solid line shows the profile when the maximum number of cores are present. Upon forming the
cores, the gas deviates from the log-normal to grow an extended tail.

right show the core evolution for the runs with collisional
velocity 3 km/s, 5 km/s and 10 km/s. The initial time in
the plots, t = 0, corresponds to the clouds just prior to
collision as their surfaces touch. Each plot considers four
different density values for the core definition to provide
a quantitative feel of the fragmentation of the gas: ρ =
5×10−21 gcm−3 (black solid line), ρthresh = 10−20 gcm−3

(red dashed line), ρ = 5 × 10−20 gcm−3 (green dot line)
and ρ = 10−19 gcm−3 (blue chain line). As mentioned in
the earlier sections, observationally star formatin is seen
to occur at densities around 104 cm−3 = 3×10−20 gcm−3

(Lada C. J., Lombaridi M. & Alves J. F. 2010).
In all simulations, core formation at our main threshold

density (red dashed) and at the lower threshold value
(black solid) begins at a time much shorter than the free-
fall time of Cloud 1 or Cloud 2 (tff2 ≃ 0.7tff1), ruling out

the possibility of core production purely from the cloud’s
natural gravitational collapse. Initally, a small number
of short-lived cores are formed mention this or use times
for very first core formation??

The time for the first core formation and the peak in
the maximum number of cores is dependent on collision
velocity, with a higher relative speed creating cores more
rapidly. For our threshold density, cores begin to form
at 0.4 t/tff1 in the 3 km/s simulation which is reduced to
∼ 0.18 in the 5 km/s collision and 0.1 in the 10 km/s col-
lision. The time for the maximum core number reduces
from ∼ 0.7, 0.5 to 0.25 as we increase collision speed. In
the case of the two lower core thresholds, the increase
in velocity also corresponds to a higher maximum core
count, with three times as many cores formed at the
lowest threshold in the 10 km/s run compared with the

blue line : log normal form

black line : t = 0.2 t_ff

red dotted line : t =  t_ff

f(⇢) =
Ap
2⇡�2

exp

✓
� (ln(⇢/⇢̄)� µ)2

2�2

◆
( supersonic turbulence PDF)

Padoan + 1997, Federrath + 2008
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Small-Large clouds

7⇥ 103M� 2⇥ 104M�

10km/s

White : cores 
Red  : bound cores (Gravitatinal E. + Internal E. < 0)

⇢ > 10�19 [g/cc]

ENZO code
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1� 10�19gcm�3

　shock compression

M-L model

5km/s 10km/s

20km/s 30km/s

� = 1.6

↵ = 2.3

M-L Model

cumulative Core Mass Function 

Salpeter (1955) 

�th = 10�19g/cm3

N(>M)
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Core mass range is M > 10 M_sun 
for high velocity collision 

( Orion molecular     
cores, Tatematsu 93)

resolution  limit

dN

dM
�M��



 summary  
• turbulent clouds collisions with  

• partial arc-like structure (Spitzer bubbles) 

• core mass function limited to                     with 
power index                         for   

•  massive cores with accretion rate  

• our results support CCCs have the important role 
in high mass star formation

Ṁ > 10�4M�/yr
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v = 5� 30km/sv = 5� 30km/s

M > 10M�
v > 10km/s

(McKee & Tan 2004)

� = 1.6 � 2.3


