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Abstract: This paper is aimed to present a set of numerical simulations of a penetrating collision, in which a small gas 

core (the bullet) gets into a larger core (the target). The gravitational collapse, in the target core, is supposed to be ongoing 

before the collision. After the collision, the integral properties of the resulting mixed gas core are calculated by using all 

the  particles. Only three collision models are considered here according with their impact velocity, ranging from zero 

to Mach . The outcomes of these collision models are presented only for two values of the impact parameter . Such 

collisions models allow to reveal how the occurrence of hydrodynamical instabilities favor the fragmentation of the cores 

in their central region, pointing out the possibility to have a lot of small cloudlets. We show hereby that penetrating 

collisions may have a major and favorable influence in the star formation process.  
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1. INTRODUCTION 

By means of far-infrared and radio molecular 
observations, several authors [1, 2] have made measurements 
of gas distributions in Orion, which clearly reveal the 
existence of two dissimilar gas clumps in close gravitational 
interaction. It is then possible that a large gas cloud be 
assembled by smaller gas elements by means of ineslastic 
collisions, in which a large structure is composed of many 
smaller and denser gas cores immersed in a more diffuse gas 
medium, see [3]. From the perspective of this formation 
mechanism, collisions are occurring between dissimilar 
neighboring gas cores which are all contained in the same 
larger gas structure [4]. 

The study of gas collisions has a long history from both 
theoretical and observational points of view. Even though it 
started back in the 1970s, the academic interest in this field 
has not entirely fallen off. Let it be mentioned, from the 
observational side, that a collision model consisting of two 
separated molecular elements colliding with each other was 
considered by [5] in order to propose an explanation for the 
triggering mechanism for the star formation process in the 
NGC 1333 system. The work of [6] is among the most recent 
papers considering a collision model of two structures in 
order to foresee the dynamical future of the Barnard  
system. 

The work of [7], who considered a model of the 
interstellar medium of a galaxy, in which the galaxy is 
thought to be formed by a discrete collection of molecular 
clouds, is mentioned from a theoretical perspective. Such a 
galaxy model was applied to simulate the interaction of the  
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Large Magellanic cloud with the Small Magellanic cloud. 
Among their main conclusions they found that: (i) a very 
large number of collisions can occur between the molecular 

structures and that the most probable impact velocity  

and impact parameter  are around the values  km/sec 

and , respectively, where  is the initial radius of 
the colliding structure; (ii) the collisions of structures with 
unequal initial sizes can occur very frequently; (iii) it is 
possible in this galaxy model for a star cluster to be formed 
at the center of the colliding gas structure; (iv) the star 
formation efficiency strongly depends on the impact velocity 

and the impact parameter . 

Moreover, head-on collisions between two adjacent 
clouds were studied by [8], including several combination of 
parameters for the initial colliding clouds, such as size, 
average density and internal density structure (uniform or 
clumpy). The self-gravity of the gas was unfortunately not 
taken into account in their two-dimensional hydrodynamical 
calculations. 

The studies performed by [7] and [8] have had an 
influence in the present paper, as we have attempted to take 
some of their ideas into account in order to improve their 
simulations. Besides, the present investigation can be 
considered as a continuation of the study carried out by [9] 
(hereafter Paper I). It must be emphasized that collision 
models of two gas cores, from a purely theoretical 
perspective with no intention of making any comparison 
with some observed systems, have been numerically studied 
in both Paper I and in the present paper. 

It could be that collisions may also play an important role 
in star formation by altering the physical processes in cores, 
including their gravitational collapse, making it worthwhile 
to consider such collisions. It is currently known that most 
star forming molecular hydrogen gas clouds are mainly 
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located in the arms of spiral galaxies, where cloud collisions 
may be very common in the Interstellar Medium. 

Whether a collision does or does not help the 
fragmentation of the larger core is what this study aims to 
analyze. Consequently, some results which we consider 
noteworthy have been found in this investigation, such as the 
fact that the collapsed filament formed in the central region 
of the core fragments due to collisions. This is a very 
important result in star formation research, because each of 
the dense gas knots formed along the filament in the central 
core of the collapsing target core, could eventually form a 
proto-star. This result indicates that there are some collisions 
that have a major and favorable influence in the already 
initiated process of star formation. It is in these kind of 
collisions that the present study is mostly interested. 

Generally speaking, two main possibilities are seen when 
there is a collision between two cores. One is that with a 
sufficiently high impact velocity the cores get dispersed 
entirely irrespective of their initial physical state. There is no 
chance for the gas to become clumpy in this case; the 
continuation of the star formation process is almost 
impossible. Another more interesting possibility for star 
formation is that the cores can remain or become 
gravitationally bound during the collision. This will happen 
if the collision has a sufficiently low impact velocity. The 
new mixed gas core formed by the colliding gas cores could 
be unstable against further gravitational collapse, then the 
mixed gas system may eventually collapse to produce new 
multiple proto-stellar clumps. 

The impact velocity  parameter space of two 

colliding identical cores was explored in Paper I, where we 
saw that the resulting gas configuration after the collision 
may still be forming gravitationally bound complex gas 
systems. These systems may include irregular filaments 
connecting gas clumps (the remnants of the original cores 
showing no evidence of interpenetration of the colliding 
cores) where it has been argued that the star formation 
process is still possible despite the occurrence of the 
collision. 

The collision between two very dissimilar cores is 
studied in the present paper, considering different initial core 
sizes, masses and densities; nevertheless, it is focused on 
considering only low impact velocity collision as was the 
case in Paper I, but this time between a small core and a 
bigger core. As a result, it is possible to see that all the gas of 
the colliding cores somehow gets mixed giving rise to a new 
bound core, whose dynamical properties are going to be 
calculated. Mainly, the evolution of the thermal and 
rotational energy ratios with regards to the gravitational 
energy, denoted by  and , respectively, are determined in 
the present paper. As is well known today, the outcome of a 
core undergoing gravitational collapse is mainly determined 
by these dynamical parameters. 

The formation of hydro-dynamical instabilities in the 
interface region has been studied numerically in both Paper I 
and the present study. One of the main purposes of this paper 
is to investigate whether these hydro-dynamical instabilities  
 

may have an influence on the dynamics of the resulting 
mixed gas core and, more specifically, on its gravitational 
collapse process. This is remarkable, because a collision 
between cores can be a source of hydro-dynamical 
instabilities and, eventually, of turbulence in the interstellar 
medium. 

It is noteworthy that [10] has also simulated cloud 
collisions (between two clouds), considering an impact 

velocity within the Mach  range and that dissimilar 
collision models were also considered by [11]. But all their 
pre-collision clouds are initially in hydrodynamical 
equilibrium since their were modeled as Bonnor-Ebert 
spheres. 

It must finally be emphasized that both Paper I and the 
present study, are devoted to studying collisions with cores 

with a clear initial tendency for gravitational collapse prior to 
collision, allowing us to uncover the formation of collapsing 
clumps by fragmentation. This observation has made an 

important difference from the results derived from 
simulations reported by [10] and [11]. 

The outline of this paper is as follows. The particle 
distribution that represents the initial target core, which will 
be involved in all the subsequent collisions, is described in 

Sections 2 and 2.1. The geometry of the collision models is 
described in Section 3. The parameters chosen for the 
evolution code Gadget2 are described in Section 3.2. The 

time evolution of the most important features of these 
simulations by means of 2D iso-density plots (although the 
collision events are fully 3D), and the collision systems's 

integral properties taken into consideration are both reported 
in Section 4. The relevance of these results in view of those 
reported in previous works is discussed in Section 5. Finally, 

some concluding remarks are made in Section 6.  

2. THE INITIAL PHYSICAL STATE OF THE 
COLLIDING CORES. 

We consider two dissimilar spherical cores made of 
molecular hydrogen gas. The cores are face to face, as is 
illustrated in Fig. (1). The bigger core acts as the target core 

and it is initially motionless in space. The smaller core plays 
the role of the bullet as it onrushes the target core with an 
initial translational velocity along the  axis. It should be 

noted that each core rotates as a rigid body around its own 
vertical axis in the counterclockwise direction. Both cores 
have a uniform radial density profile. 

2.1. Initial Kinematics 

The target core has a radius  and 

mass  This core is similar (although not 

identical) to that described by [12] and also considered in 
Paper I. The average density of this spherical core is 

, so that, it will simply be called a 
core, according to the classification scheme given by [13] in 
his Table 1. 
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It is relatively easy to observe these small cores as 
isolated systems in low mass star forming regions, such as 
Taurus, see [14]. If cores like these where located within a 
more dense gas environment, such as the Orion cluster, then 
we expect they would have already had multiple collisions. 

The mass of the onrushing core is only , 

which is very small compared with the target core mass. As 

the size of this bullet core is . As was the case with the 
target core, the bullet core can also be identified with a small 
and diffuse core according to Table 1 of [13]. Furthermore, 
the density contrast between the colliding cores is 

. As the onrushing core is almost three 

times denser than the target core, the interpenetration of 
cores will be expected, as it will be further observed.  

The cores involved in the collision events more 
frequently observed, are most likely typical giant molecular 
cores with a radius around 40 parsecs and a mass around 

. Despite this observational fact, we have chosen to 

model the penetrating process of a tiny core into an small 
core, because we would like to see whether these collisions 
are possible mechanisms favoring low mass multiple 
systems formation. 

As previously mentioned, the target core has no 
translational velocity, but it is rigidly rotating, so that the 

initial rotational velocity of the  particle is given by 

, where we have taken 

 with  being the constant magnitude of the 

initial angular velocity and . 

 

 

Besides, a solid rotation and a finite temperature of the 
onrushing core have also been provided. Therefore, in a 

kinematical sense, the onrushing core can be considered to 
be formed by the core of the target core, as both cores share 
the following values of angular speed and sound speed: 

 (1) 

As shall be seen in Section 2.2, the reason for choosing 
these values of  and  is related to the initial energies 
given to the target core. However, these values of angular 

speed and sound speed for the onrushing core are not 
significant in determining the fate of the colliding system, as 
we will see later. 

2.2. Virial Relations and Initial Core Energies 

It has been argued, from both the theoretical and the 

observational sides, that molecular cores are not likely to be 
in thermodynamical equilibrium. If they were, then the core 
energies would satisfy the following virial relation: 

 (2) 

where  is the average total thermal energy;  is the 

total kinetic energy and  is the total gravitational 

energy. The relation given in Eq. (2) can be re-written in the 
equivalent form 

 (3) 

 

 

 

 

Fig. (1). The initial geometry of the colliding clouds. 

 

Table 1. Density and time normalizing scales. 

0   t
ffc

   t
ff

  

 1.6 10 22 gr / cm3    5.8 1013 sec = 1.846 Myr.    1.64 1014 sec = 5.22 Myr.  
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where the thermal and kinetic energy ratios with respect to 

the gravitational energy, denoted by  and , respectively, 
have been introduced. 

Since the target core is rotating as a rigid body, the ratio 
between the rotational energy and the gravitational potential 

of the isolated core, can also be defined, analogously by , 

, see Eq. (4) below. According to the gravitational collapse 
literature, the dynamical properties of collapsing and rotating 
cores are commonly characterized by means of their thermal 

and rotational energy ratios,  and . 

The values  and  considered in this paper, have been 
chosen so that the energy ratios for the target core have the 
following initial values: 

 (4) 

 It is important to remind that these selected values of  

and  are known to favor the collapse of the target core in 
an isolated system. 

The values of the  and  ratios during the collision will 
be calculated in order to compare the actual values with 

those given by the virial relation Eq. (3).  will also be 
calculated later in order to measure how much the colliding 
system departs from the pure target core rotational state, see 
Section 3.4. 

A density perturbation on the initial particle distribution 
of each core was implemented in such manner that, at the 
end of the gravitational collapse of the target and the 
onrushing cores, a binary system formation might be the 
final outcome. This perturbation is applied to the mass of 

each particle  according to: 

 (5) 

 where  is the unperturbed mass of the simulation 

particle, the perturbation amplitude is set to  and the 

mode is fixed to .  is the azimuthal angle of each 
particle with respect to the coordinate system based on the 
mass center of each core. The same was done in Paper I and 
in previous papers about collapse, see [15, 16], We have 
found that this mass perturbation is almost irrelevant in the 
core collision models scenario; although, it is very important 
in the filament formation as a result of the collapse in the 
isolated core, as it will be appreciated in Section 4.1. 

3. COLLISION MODELS AND COMPUTATIONAL 
CONSIDERATIONS 

In the present study a total set of  

particles generated the two initial cores by a traditional 
Monte Carlo scheme, in which the particles are located  
randomly in the volume space, as has already been 

previously described by [9].  were used to 

generate the target core and and  for the onrushing 

core. The average mass of a simulation particle (after having 
applied the mass perturbation described by Eq.(5)) is 

, where  is the total mass 

contained in the simulation box, that is, including both the 
mass of the target and the onrushing clouds. 

The mass center (MC) initial position (in rectangular 

coordinates  ) of the target core is located at 

 while the MC for the onrushing core is 

located at . As previously mentioned,  is 
the initial radius of the target core, see Fig. (1). 

The approach velocity  (or impact velocity) is 

defined as the translational velocity given to all the particles 
of the bullet core, in such a manner that its MC moves with 

the velocity . As it was mentioned, the 

target core MC is initially at rest . 

3.1. Time and Density Scales 

The impact velocity  speeds up the evolution and the 

subsequent collapse of the cores, so that the evolution of the 
colliding system is expected to be faster than the collapse of 
the isolated core left by itselft under the influence of its own 
gravitational force. 

A physically motivated time scale for describing these 
kind of collision models is the crossing time, which can be 

defined as . Other density and time scales for 

describing the core system evolution considered in this paper 
are in Table 1. This new scale is useful for comparing the 
results of these simulations with those already reported in 
Paper I. 

It should be clear that the density and times scales shown 
in Table 1, are useful just as normalizing factors for the 
forthcoming evolution plots. These scales do indeed have a 
clear physical meaning for the models studied in Paper I. For 

instance, for model , the crossing time is 

 while for model , we have 

. 

It can be appreciated that for these models the crossing 
time is, at least, of the same order as the time scale defined 

in Table 1, that is . Therefore, both time scales,  

and , are equally suitable for describing the dynamics of 

our colliding systems. 

3.2. The Evolution Code 

The fully parallelized  code is used in the 

present paper, which implements the  (smooth particle 
hydrodynamics) technique; see [17] for a detailed 

description of the code. The  code is based on the 

 method for computing the gravitational forces  

and on the standard  method for solving the Euler 
equations of hydrodynamics. The following standard 

features are incorporated by : (i) each particle  has 

its own smoothing length ; (ii) the particles are also 

allowed to have individual gravitational softening lengths , 
whose values are adjusted in such a manner that for every 
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time step  is of order unity; (iii)  fixes the value 

of  for each time-step using the minimum value of the 

smoothing length of all particles, that is, if  

for , then . 

As the particles interact in the collision system by means 
of viscosity, there is a contribution from a viscosity term 
included in the momentum equation of motion. It is thus 

very important to specify some details about the  
implementation of a Monaghan-Balsara form for the 
artificial viscosity, see [18 and 19]. The strength of the 

viscosity is regulated by setting the parameter  and 

, see Equation (14) in [17]; we have fixed the 

Courant factor to . 

3.3. Equation of State and Resolution 

The barotropic equation of state proposed by [20] is used 
to take into account the heating of the gas due to both core 

contraction and energy dissipation from artificial viscosity. 
Thus, the following equation of state was used in this paper 
to carry out all the simulations: 

 (6) 

where  and the critical density has the fixed value 

. 

A wave front is formed at the cores' interface when the 
collision takes place, as the kinetic energy is transformed 
into thermal energy by the artificial viscosity introduced in 
the evolution code (see Section 3.2). However, the cooling  
time  is much shorter than both the local sound crossing 
time and the free fall time, so the isothermal condition can be 
safely used for the wave front region, as will be shown in the 
following. 

The density in the thin dissipative region for a strong 
adiabatic shock, from the Rankine-Hugoniot jump condition, 
is about four times the pre-shock density; consequentely, the 
post-shock number density is expected to be about 

. Following [21], the cooling time can be 

estimated from the expression 

 (7) 

This was obtained by using the estimates for the wave 

front region that . 

The local sound crossing time for the bullet and target 

cores are , respectively; while 
the evolution times required to describe the collapse of the 

collision system are in the range  Myrs, as it can be 
seen in Section 3, particularly in Tables 1 and 2. Therefore, it 
can be assumed that the wave front remains isothermal as 

 and . On the other hand, the 

collisions between clumps can be considered to be inherently 
inelastic, as the kinetic energy of the collision can then be 
efficiently radiated away by waves, see [22]. 

Following [23], the smallest mass that an  

calculation can resolve is , where  

is the number of neighboring particles included in the  

kernel and  is the spherical Jeans mass defined by 

 (8) 

 Then, the mass particle  must satisfy  for 

the collision models to comply with the Jeans requirement 
from [24]. If the instantaneous sound speed is approximated 

by , according to Eq.(6),  is given by: 

 (9) 

Considering that a model reaches a peak density 

, we find that the minimum Jeans 

mass is given by , from which we 

obtain the ratio . Therefore, the Jeans 

resolution requirement is satisfied quite easily for this model. 

Table 2. Collision models. 

Model 
b

R
0

 

  

V
app

c
0

 log
10

max

0

 

 

t
max

t
ff

 

HO-0 0.0 0.0 10.35 1.95 

HO-1 0.0 7.69 5.27 1.86 

HO-2 0.0 15.39 4.82 1.84 

Ob-0 
 

1

2
 0.0 7.56 1.95 

Ob-1 
 

1

2
 7.69 5.19 1.89 

Ob-2 
 

1

2
 15.39 4.33 1.77 
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3.4. Calculation Procedure for Measuring the Physical 
Properties 

The way the gas core integral properties were calculated 
shall now be described. The first step is to read the density 

and the gravitational potential for every particle  
in the simulation from the snapshots produced by the 

 code. Secondly, the sum is made over all the  
particles to obtain the thermal energy of the system, that is 

 (10) 

where  is the pressure associated with the particle , with 

density  and mass , by means of the equation of state 
given in Eq. (6). 

The calculation of the kinetic energy is also 
straightforward, as it was the case for the thermal energy. 
Nevertheless, a word of explanation is required to calculate 

the system's rotational energy , as this must be a parameter 
that is meant to be useful for measuring the disturbance of 
the rotating mixed gas core with respect to the rotational 
state of the initial target core. It should indeed be defined 

relatived to the  of the target core itself. Let  and 

 be the position and velocity of particle  with respect to 
the coordinates origin located between the collapsing cores, 
as it can be seen in Fig. (1). 

As a result, the coordinates of particle  with respect to a 
system of coordinates fixed at the MC of the target core 

would be , where , as 
previously mentioned. The velocities are the same in both 

systems of coordinates. Then the azimuthal angle  

associated with the rotation of each particle  with respect to 

this , that is , can be calculated by taking the 

product , where the unit vectors 

are  and . 

Afterwards, the rotational energy can be estimated by 
taking the projection of the velocity of the particle along the 

unit azimuthal vector , that is 

 (11) 

where it has also been shown that the kinematic energy is 
obtained directly by means of a single sum over all the 
simulation particles.  

 

4. RESULTS 

 Although the collisions are clearly a  phenomenon, 
showing the main simulation results using  iso-density 
plots for a thin slice of matter parallel to the  plane will be 
attempted. Some  plots with arrows indicating the 
velocity fields of the particles have also been included. 

The procedure to illustrate the results with  iso-density 

plots is as follows. The  particle with the maximum 
density in the entire volume space of a simulation is located. 
The vertical height of the thin slice of material is determined 

and denoted by . The width of the slice, centered on the 

 coordinate, is determined in order to have about 

  particles entering into the slice. A color scale to 

distinguish the iso-density curves is set once the  
particles defining the slice have been selected. 

This procedure for building  iso-density plots was 
used to display the evolution of both the target core as an 
isolated system and the results of the collision systems as 
well. Looking at the electronic version of this paper is 
recommended, zooming in on the plots to truly appreciate 
the details of these two types of figures with iso-density 
curves or velocity fields. 

It should be noted that there is no relation between the 
density colors associated with different panels, not even in 
the same figure.  

4.1. The Collapse of the Target Core 

The temporal evolution of the target core, considered as 
an isolated system evolving under the influence of its own 
gravitational force, will be briefly described in this section. 

The evolution of a uniform density core has been 
reproduced by many research groups around the world using 
different codes based on both grids and particles, see for 
instance [25] and [26] and the references therein. The 
uniform model results in [15, 16] have been successfully 
reproduced, from which the reliability of our calculations for 

evolving the collapse of cores with the  code is 
established, as the collapse process until peak densities of the 

order of  has been followed. The same 

 code has been used to evolve the initial conditions 
in the present study, to follow the collision process. 

The numerical simulations performed so far have proved 
that an isolated rotating core contracts itself to an almost flat 
configuration approximately within a free-fall time of a 
dynamical evolution. However, the Monte Carlo method 
described in Section 2 for constructing the initial core, 
produces an initial density and velocity distribution of the 
particles with a peculiar behavior, which means that the core 
starts its evolution with an spatial expansion so that the peak 
density of the core decreases by up to two orders of 
magnitude. 

As expected on the basis of previous research and those 
of other groups elsewhere, it has also been observed in both 
Paper I and the present paper, that the evolution of a uniform  
density core determined by means of the Monte Carlo 
method does indeed collapse, though with some delay, in 
such a manner that the core begins to lengthen while forming 
a well-defined filament that is surrounded by a halo, still 
having cylindrical symmetry, as it can be seen in Fig. (2). 
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Thanks to the mass perturbation given in Eq. (5), we 
have reached this resultant filament. It must be noticed that 
the filament developing in the central region of the collapsed 
core does not reveal any sign of fragmentation, at least until 

the peak density of  is reached. 

The results of the collision models will be described in 
later subsections, in all of which there is a clear trend to 
collapse, as can be seen in Fig. (3). 

4.2. The Models  and . 

In these models the bullet core falls freely in the 
gravitational field of the target core. The target core 
completely engulfs the bullet, as can be appreciated in  
Figs. (4 and 5). There is no important difference in the  

results observed for model  and , because the 
latter has a small impact parameter. 

A small slab of gas forms when the particles collide, 
which can be seen as a filament in the interface between the 
cores. Nevertheless, no significant increase in the peak 
density of these simulations is observed, as can be seen in 
Fig. (3). Neither does the wave front cause geometric 
distortion, as the target core continues with its rotational 
motion. 

One effect of the collision is to promote the occurrence 
of fragmentation in the central region of the mixed core. This 
observation should be contrasted with the target core 
evolution as an isolated system (see Fig. 2), which never  
 

shows any tendency to fragmentation on the filament 
developed in the central region of the core. 

4.3. The Models  and . 

During the initial stage of the the spatial expansion of the 
target core, there is a sudden increase in the peak density due 
to the gas slab formed in the region of interface with the first 
colliding particles, as can be seen in Fig. (3). After the first 
contact with the colliding particles, the peak density does 
decrease again, as was to be expected from the standard 
hydrodynamic theory. The simulations' peak density rises 
again for the subsequent evolution; although this time guided 
instead by the normal gravitational collapse of the mixed gas 
core formed after the collision. A bow is formed by the gas 
slab in the interface, whose arms grow in the outward 
direction. Meanwhile, the densest region of the onrushing 
core is still digging deep inside the target core, as can be 
seen in Figs. (6 and 7). 

A re-distribution of the densest gas mass in the central 
region of the mixed gas core has been provoked by the 
penetration of the bullet into the target core. As can be seen 
in the last panels of Figs. (6 and 7), the original circular 
motion of the target core has almost disappeared, at least in 
the new core central region. This structural change is more 

evident in the model  than in the model . A  
development of small gas clumps was observed in a 
turbulent environment in the former model, while in the  
 

  

 

Fig. (2). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the gravitational collapse of the isolated and rotating 
cloud, which we shall make collide later. 
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Fig. (3). Time Evolution of peak densities for (left) head-on collisions and (right) oblique collisions. 

 

 

Fig. (4). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the collision process of simulation H0~0. 
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Fig. (5). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the collision process of simulation 0b~0. 

 

 

 

 
Fig. (6). Contd… 
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Fig. (6). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the collision process of simulation H0~1. 

 

 

Fig. (7). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the collision process of simulation 0b~1. 
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Fig. (8). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the collision process of the simulation H0~2. 

 

 

 

Fig. (9). Contd… 
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Fig. (9). Iso-density plot for a thin slice of matter parallel to the  plane illustrating the collision process of the simulation 0b~2. 

 

latter the opposite southern side of the colliding region in the 
target core geometry, is still visible without any changes. 

4.4. The Models  and  

The impact velocity has been increased in these models 
to almost the double of what was previously used. Then 
there is a significant increase in the peak density of the 

models  and , even above the target core 
average density value, due to a strong wave front. The jump 
in the peak densities is much bigger than those observed for 
previous models, see Fig. (3). A well defined bow formed in 
the interface region prevails. 

As expected, the structural changes in the resulting gas 
core are more evident than ever, as it can be appreciated in 
Figs. (8 and 9). Following the panels of these Figures, the 
motion of the wave front itself is easily appreciated. The 
rotational motion of the initial core has been almost entirely 
destroyed, leaving behind a region where the turbulent 
motion of the mixed gas can be seen. 

The most important difference between these models can 
be observed in the results between a head-on collision and 
with its oblique partner collision, as it can be seen in the two 
panels of the last row in Figs. (8 and 9). The gas bullet still 
goes through the target core, leaving behind a trail of corelets 
in a turbulent environment; for the latter case shown in the 
right panel, the gas bullet has already gone through, tearing a 
portion of gas from the target core. 

4.5. The Development of Hydrodynamical Instabilities 

The bow shown in the first panel of Fig. (8) for model 

 at  shall be more closely considered. A 

zoom into this region is plotted in Fig. (12), showing the 
particles' velocity field in the wave front. The formation of 
small bumps can be observed in Fig. (12) in the interface 
between the particles coming in the wave front and those in  
 

 

circular motion still belonging to the target core. These small 
bumps are located along the bow at irregular separations, 
giving the impression of small gas bumps chained along the 
bow with a finger-like structure. Furthermore, by zooming in 
the electronic version of this plot, it is possible to see the 
formation of small velocity vortices, mainly in the arc side 
arms of the bow (in the lateral regions of the bow). 

Let us consider the velocity field corresponding to the 
last snapshot iso-density plot obtained for model , 

shown in the fifth panel of Fig. (10). Here we see the 
formation of gas velocity vortices in the bullet southern 
region, where a particles flow is being expelled by the wave 

front. It is clearly seen that the bullet gas is accreting 
particles which are still showing the rotational motion of the 
target core. 

All these small structures, including both the small gas 
bumps and the velocity vortices, can be recognized as 
hydrodynamical instabilities developing in the interface 
between the colliding cores. Thus, the small bumps are 
formed due to the density gradient in the interface region: 
these bumps indicate the presence of Rayleigh-Taylor 
instability (RTI). Meanwhile, the small velocity vortices are 
due to the existence of velocity gradient in the interface, 
showing the presence of the Kelvin-Helmholtz instability 
(KHI). 

It must be emphasized that all hydrodynamical 

instabilities observed in these plots for the  model are 

also present in the  and  models, although 
they are not as evident. 

4.6. The Integral Properties 

Another very important objective of this paper is to 
report on the integral properties of the gas cores after the 
occurrence of a collision, especially, to measure what are the 
changes in these properties, from the begining to the final 
state of the system. The time evolution of these integral  
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properties is also very important, as they characterize the 
changing physical state of the system under consideration, 
see for instance, [27]. 

The results obtained by the application of the calculation 
procedure explained in Section 3.4, to the first and to the last 
snapshots of each simulation, are shown in Table 3. Column 
1 is the label of the model. The time in which the energy 
ratios are calculated is indicated in column 2. The calculated 

energy ratios ,  and , as defined previously, are 
presented in columns 3, 4 and 5. Finally, in the last two 

columns, the result of the sums  and  are shown, 
which are indicators of the state of the system by means of 
the virial theorem, as expressed in Section 2.2.  

As a complement to the results in Table 3, the time 
evolution of the calculated energy ratios is shown in Figs. 
(13, 14 and 15). 

An approximation to the temporal evolution of the 
energy ratios of the target core evolving as an isolated 
system is shown in Fig. (13). The sense in which the curves 
are formed is indicated by the arrows in these plots. It can be 
observed that the target core goes quickly to a stage of 

maximum kinetic energy ratio , which also shows itself in a 

maximum of the rotational kinetic energy ratio . This 
maximum is produced as a consequence of the core's initial 
rotation and the conservation of angular momentum  
during all the evolution. So, by the end of this first stage of  

 

Fig. (10). Plot illustrating the velocity distribution for the last snapshot of the following runs (a) HO~0; (b) Ob~0; (c) HO~1; (d) Ob~1; (e) 
HO~2 and (f) Ob~2. 
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Fig. (11). Zoom in of the central region of the last snapshot of runs (a) HO~0; (b) Ob~0; (c) HO~1; (d) Ob~1; (e) HO~2 and (f) Ob~2. 
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Table 3. Integral properties for both the initial and final state of the system. 

Model  t    
 r

  +   + 
 r

 

Target Cloud 0 0.261620 0.159898 0.159882 0.42 0.42 

 
  
5.69* t

ffc
 0.163084 0.374863 0.163744 0.53 0.32 

HO-0 0 0.264115 0.156913 ---- 0.42 ---- 

 
  
1.95* t

ff
 0.157328 0.392484 0.169263 0.54 0.326 

HO-1 0 0.264115 0.322109 ---- 0.58 ---- 

 
  
1.49* t

ff
 0.204720 0.343520 0.170658 0.54 0.37 

HO-2 0 0.264115 0.818150 ---- 1.07 ---- 

 
  
1.77 * t

ff
 0.170593 0.385715 0.173916 0.55 0.34 

Ob-0 0 0.264339 0.157046 ---- 0.42 ---- 

 1.96* t
ff

 0.157509 0.392975 0.169549 0.54 0.326 

Ob-1 0 0.264339 0.332722 ---- 0.59 ---- 

 
  
1.51* t

ff
 0.206420 0.311773 0.138507 0.51 0.34 

Ob-2 0 0.264339 0.860218 ---- 1.12 ---- 

 
  
1.77 * t

ff
 0.153506 0.371069 0.155077 0.52 0.30 

 

 

Fig. (12). The shock front for model HO-2 corresponding to the panel 3 with t=tff =0:63 at the left side of the middle row of Fig. (8). 

 

evolution, the core center has acquired the form of a 
flattened disk that spins faster than the rest of the gas located 
at the target core outer regions. 

The core's flattening proces is interrupted because of the 
dynamical equilibrium is reached by the gas thermal 
pressure, mainly in the vertical direction. The kinetic energy 
of the core returns to a value closer to the virial line.  
 

The width of the flattened disk is determined by this 
dynamic equilibrium. The particles located near the central 
region are being strongly accreted by the disk, increasing the 
potential energy of those particles that have already fallen 
into the disk, while becoming faster than those particles still 
falling. As a manifestation of this accretion phenomenon, it 

can be seen in Fig. (13) that  is decreasing while  is 
increasing. 
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All the simulation particles are included for the 
calculation of the integral properties, as explained in Section 
3.4. Only a very small fraction of the total number of 
particles is near or inside the densest center of the core. 
Therefore, it can be seen that most of the particles in the 
outermost region are still rotating as a rigid body. 

If the core's gravitational collapse could have been 
followed further, the physical expectation for the subsequent 

evolution of the core would show both curves in the  vs.  

and  vs.  planes would approach to the virial line, but 
each one of the curves is going from their own side, as seems 
to be pointed out by the curvature of each curve in Fig. (13). 

Consequently, it would be expected that, by the end of 
the collapse of the core, the curve of the evolution of the 

energy ratios in the  vs.  plane would show a concave 
upwards curve, and its southern ending point would be 
stretched, reaching a higher level of evolution. 

It can be immediately appreciated in Figs. (14 and 15) 
that the initial kinetic energy ratio has a high value due to the  
 

translational velocity contribution of the particles in the 
bullet. As the collision takes place, and as the particles 
interact by means of the artificial viscosity included in the 
code, the excess of kinetic energy is transformed into heat. 

Let us compare the plots of the evolution of the energy 
ratios for the collision systems shown in Figs. (14 and 15), 
with those obtained for the target core as an isolated system 
showing Fig. (13). It may be concluded that it is the 
rotational motion of the target core which survives and 
passes on its energy ratios to the mixed gas core for all the 
collision cases considered in the present paper. 

4.7. The Time Evolution of the System Energies 

The evolution of the relevant energies for the 
gravitational collapse of the target core as an isolated system 
is shown in the left panel of the top row of Fig. (16). As 

expected, the mechanical energy  is always negative, 

indicating that the core is collapsing. The thermal energy  
remains almost constant until 80 % of the full evolution of  
 

 

 

Fig. (13). Integral properties for the target cloud (left) with kinetic energy and (right) rotational energy. 

 

 

Fig. (14). Integral properties for head-on collisions (left) with kinetic energy and (right) rotational energy. 
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the core's collapse has been reached. Afterwards, a slight 

increase is seen, indicating that the potential energy  
acquired by the core collapse is being transformed to thermal 

energy. The conservation of total  energy is poor at the 
final stage of evolution. 

The main objective here is to compare the energies 
evolution of the isolated target core with those of the mixed 
gas core after collision. For this purpose, the coordinate 
origin has been changed to the center of the target core in 
order to calculate its energetic evolution during the collision. 
Those particles located within  from its center  
have been considered, consequently, all the particles 
belonging to the bullet core for the calculation of the 
energies have been ignored, at least during the first stages of 
evolution of each colliding model. 

The results of this calculation are shown in the three 

additional plots of Fig. (16). The thermal energy ( ) 
evolution of the gas mixed core is shown on the right panel 
of the top row. In the bottom left panel of Fig. (16), the 
kinetic and potential energies of all of the collision systems 
are shown. It can be seen that the isolated core potential 

energy  is the main negative contribution to the potential 
energy of the collision model. 

As it can be seen in the bottom right panel of Fig. (16) 

the evolution of the mechanical energy ( ), of all the 
collision systems is always negative, indicating the bound 
nature of the mixed gas core; the kinetic energy increase is 
noticeable due to those bullet core particles just entering into 
the target core. As a result, it is worth mentioning that the 
surplus initial kinetic energy supplied by the bullet core is 
mainly transformed into potential energy of the mixed gas 

core as the collision takes place. A curve labeled  
has been included in this plot: it corresponds to the total 
energy of the target core when evolving as an isolated 
system. It is interesting to note that the total energy of all the 

collision systems are below the curve .  

 

 

 

5. DISCUSSION 

A few models of a collision system composed of two 
dissimilar cores have been considered in the present study, in 
order to see how collisions can disturb the initial physical 
state of a rotating core. Additionally, the physical properties 
of the newly formed mixed gas core resulting from the 
interpenetration of a bullet core gas into the target core have 
also been determined in the present study. Some of the 
physical features observed in the present investigation shall 
be highlighted in the following subsections. 

It is known that there are several physical phenomena 
which compete to exert more influence on the collision 
process: self-gravity, tidal torques and the frontal wave. The 
occurrence and influence of these physical factors on the 
results of a simulation are mainly regulated by the value of 
the approach velocity of the colliding cores. 

Thus, in a collision system with a low approach velocity, 
self-gravity dominates the early evolution of the colliding 
cores with the main effect being a decrease in the size of 
each core. When the two cores finally collide, a wave front at 
the interface of both collapsing clumps is formed.  

5.1. Comparison with Paper I and with Some Previous 
Papers 

Recal that in Paper I, the collision systems studied were 
composed of two identical cores, having the same mass and 
radial density profile; the same initial rotation, and with both 
cores having the same translation velocity, each in the 
opposite direction. It should be noted that the same 
prescription and values for the artificial viscosity have been 
used for the calculations of this paper as for those of Paper I. 
The colliding cores evolution code and initial configuration 
in Paper I, as well as those for the target core in the present 
paper, are also the same. 

Regardless of all these technical similarities, there are 
some very important physical differences in the results of  
 

 

 

 

Fig. (15). Integral properties for oblique collisions (left) with kinetic energy and (right) rotational energy. 
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these two papers. For instance, the cores' interpenetration 
was always observed in the present paper, whereas an 
interpenetration was observed in Paper I only for models 
with a very high impact velocity. Meanwhile, for the models 
with an impact velocity in a range similar to that of models 
of this paper, no interpenetration at all was seen in Paper I. 
Some speculations as to the dynamical reasons that could 
explain this difference in the occurrence of an interpenetra-
tion follows. 

A filament (or gas bridge) connecting the two shrunken 
cores is produced by the wave front in the low impact 
velocity simulations of Paper I. The two remaining clumps 
act upon the particles in the bridge by exerting a 
gravitational pull toward their respective centers. As the 
clumps have the same mass, the tidal pull magnitude is 
almost the same, but each in the opposite direction. 

Moreover, it must be taken into account that the direction 
of the initial rotation of the cores provides inertia to each 
collapsing core in the colliding system, with a tendency to 
lengthen the bridge of dense particles by its ends. An 
interpenetration of the cores in this kind of models is thus 
avoided by the combination of tidal forces and the initial  
 

 

geometry of the colliding systems, as was previously 
discussed in Paper I. 

The gravitational field that the target core exerts on the 
bullet core in all the models carried out in the present study, 
irrespective of the impact velocity, are obviously more 
intense, as its mass is much bigger than the bullet mass. 
There is also a filament formed in the interface region 
between the cores, but the filament and the bullet core itself 
are attracted and eventually engulfed entirely by the target 
core. Therefore, interpenetration is obviously unavoidable. 

It was also shown in Paper I that in a collision system 
with a sufficiently high impact velocity, the fate of the 
system is entirely determined by the strong flow of particles 
originating in the interface of the colliding cores. It was 
observed that the whole of the colliding cores are completely 
replaced by a single mixed gas core, forming an elongated 
and irregular filamentary structure, which increases its size 
very rapidly as it is continuously fed by the in-falling 
material coming from the original cores. The resulting mixed 
core can be considered as the only example of 
interpenetration of cores observed in Paper I. 

 

 

 

Fig. (16). Time evolution of energies for the isolated core (left top) and for the collision system (right top and the bottom row). The abbrevia-
tions are as follows: the mechanical energy $ME$ is defined as $ME=KE+PE$ where $KE$= total kinetic energy and $PE$= total potential 
energy; $IE$=total thermal energy and $TE$=total energy defined as $TE=ME+IE$. The curve labeled as TE-TC in the fourth panel stands 
for the total energy of the target core as was plotted in the first panel. 
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These high impact velocity models are interesting from 
the star formation point of view, as this kind of high velocity 
collisions may be the mechanism for the formation of the 
observed filamentary structure of the interstellar medium 
(ISM), as [10] has already speculated. 

It was seen in the low impact velocity models of Paper I, 
that the bridge of gas is highly irregular, as many particles 
are continuously ejected from the colliding interface and 
moving very fast in the directions perpendicular to the core 
collision axis. It should be mentioned that this resulting gas 
configuration is interesting and complex, as it is composed 
of the filament or bridge of dense particles as well as the two 
remaining collapsing cores, where there is still the possibility 
that the formation of a cluster of protostars core hopefully 
take place, as the late evolution of the colliding system is 
guided by the ongoing cores gravitational collapse. 

It is in this filament where the  instabilities were 
observed in both Paper I and in the present paper; there is 
still the chance that these hydrodynamical instabilities can 
grow further in this filamentary structure and eventually lead 
to the formation of a protostar, as [28] has previously 
speculated. 

By comparing the results obtained in Paper I with the 
calculations reported by [10] and [28], we conclude that 
having considered a collapsing and rotating initial core was 
crucial for obtaining the complex gas configuration resulting 
from the collision systems. These gas configurations will 
likely become the initial sites where protostar formation may 
eventually initiate. 

The formation and evolution of the bow, as was observed 
by [11], is also observed here. However, it appears that the 
initial rotation given to the cores plays a very important role 
in the development of the hydro-dynamical instabilities. 

As mentioned earlier in this section, we may conclude 
that collisions between dissimilar cores are less interesting 
than those collision systems composed of two similar cores, 
at least from the protostar formation perspective. 

5.2. Filament Fragmentation and other Physical 
Properties 

There is an additional very important result found by 
studying the simulations of Paper I, which fortunately we 
meet again in this paper, irrespective of the different 
collisions produced due to the very small mass of the 
onrushing core. 

For the oblique collision model of Paper I with  

and , which was labeled as model , it was 

found that a filament developed in the central region of each 
core, showing a clear tendency to fragment by forming small 
knots along the filament. This behavior contrasts with the 
fate of the filament developed by the initial core if it was 
evolving as an isolated system, in which it showed no 
tendency to fragment. 

It was then concluded that the fragmentation of the 
filaments in model  was a consequence of the collision.  
 

 

It is observed in this paper that the same behavior occurs in 
the central region of the target core for models  and 

, irrespective of the value of the impact parameter , 
as can be appreciated by comparing the first two plots of  
Fig. (11) with Fig. (2). 

It is noteworthy that fragmentation of the filaments has 
been recently reported by [29], who presented a study of 
dense structures in the L1495 filament in the Taurus 
molecular core. Highly fragmented sub-structures can be 
seen in the filaments; some of these sub-structures are 
potential star forming sites as they are indeed capable of 
further collapse. A possible mechanism for forming such 
filamentary structures with a dense substructure is provided 
here by these simulations. 

It should be noticed that the final density profile curves 
obtained for models with significant impact velocity show a 
clear tendency to become flat (at least they do not have a 
steep slope) in the innermost central region of the core while 
falling off for higher radii. This radial behavior is in better 
agreement with core density structure observations. It must 
be emphasized here that this change in the radial density 
structure from uniform to centrally condensed, was indeed 
induced by the occurrence of the collision.  

[30] have performed calculations by colliding two 
identical polytropes with their surfaces barely touching each 
other, including self-gravity and viscosity, with the purpose 
of testing the conservation of energy in codes based on the 
SPH technique. They have found that the errors in the non-
conservation of energy can be as high as 10 % when the  
terms are not included in the equation of motion of the 
particles. 

Since the public version of the  code used here 

does not include the  terms, we are in the worse non-
conserving energy scenario. Consequently, large errors in the 
system energy evolution are then to be expected. The time 
evolution of the energies in the collision models, have been 
included in Fig. (16). It is observed that the expected errors 
are more evident in the last collapsing stage, but in spite of 
this, something useful has been taken from the calculations 
described in this paper. 

6. CONCLUDING REMARKS 

Molecular core collisions may be very common in the 

Interstellar Medium. It has been mentioned by [31] and [8] 
that it is more likely that a colliding system will result in the 
disruption and dispersal of the involved cores, with no 

chance of forming protostars. But there is still the possibility 
that small cores collide forming larger gas associations by 
means of coalescence and eventually, if the gravitational 

collapse proceeds further, a low mass protostar formation 
would be possible. 

Even though this paper has been limited to considering 
only highly idealized collision systems, it has been possible 
to capture and display some of the essential physics of a 
collapsing core (the target), that is penetrated by a denser gas  
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core (the bullet). Although, the parameter space of the 
collision systems for the models of Paper I was better 
explored than in the present paper, both investigations have 
always focused on simulations avoiding disruption and total 
dispersion of the colliding cores. 

The results of this paper are summarized as follows: 

 • The observation that collisions favor fragmentation in 
molecular cores is a very important one, because each of the 
dense gas knots formed along the filament in the central core 
of the colliding core, could eventually form a proto-star. 

 • Less striking but by no means less important, is our 
observation made about the fifth panel of Fig. (11), which 
shows that high density clumps are formed behind the wave 
front left by the bullet along its way digging into the target 
core. There is still the chance that these condensations of gas 
may end up as proto-stars. 

More collision models from which the subtleties of the 
relation between the physical phenomena of collision and 
protostar formation can be pointed out as needed, see also 
[32] and [33].  
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