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Abstract We implement a numerical model reported in the literature tosimulate the evolution of a galaxy
composed of four matter components, such as: a dark-matter halo; a rotating disk of stars; a spherical bulge
of stars and a ring of molecular gas. We show that the evolution of this galaxy model is stable at least
for 10 Gyr (Gyr=109 years). We characterize the resulting configuration of thisgalaxy model by figures
of the circular velocity and angular momentum distribution; the tangential and radial components of the
velocity; the peak density evolution and the radial densityprofile. Additionally, we calculate several models
of equal-mass galaxy binary collisions, such as: (i) frontal and (ii) oblique (with an impact parameter),
(iii) two models with initial conditions taken from a 2-bodyorbit and (iv) a very close passage. To allow
comparison with the galaxy model, we characterize the dynamics of the collision models in an analogous
way. Finally, we determine the de Vaucouleurs fitting curvesof the radial density profile, on a radial scale
of 0–100 kpc, for all the collision models irrespective of the pre-collision trajectory. To study the radial
mass density and radial surface density profiles at a smallerradial scale, 0–20 kpc, we use a four-parameter
fitting curve.
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1 INTRODUCTION

The pioneering work ofToomre & Toomre(1972) demon-
strated that the gravitational interaction between galaxies
results in a profound morphological transformation of the
participating galaxies and even leads to the formation
of new types of galaxies. In that paper, the authors
followed a dynamic approach, in which the two colliding
galaxies were represented as point masses, while the
disk of the galaxies was represented with particles that
had no gravitational interaction between them. In their
simulations, these authors managed to reproduce systems
of galaxies in which long lines or bridges appeared, whose
similarity with real systems, such as the Antenna Galaxies
(NGC 4038–39) or the Mice Galaxies (NGC 4676), was
very encouraging.

Since the 1970s, the simulation of the formation,
evolution and interaction of galaxies has been a huge
research area of computational astrophysics and continues
to be of interest even today, seeAthanassoula & Bosma
(2019). Although many simulations of galaxy collisions
have been carried out over the last few decades, in
the first years only gas-free models were considered.
Recently, gas began to be included to study its effects.

In particular, numerical simulations aimed to follow the
gas dynamics in a collision between a pair of comparable-
mass galaxies have a long history. Pioneering works were
done byNegroponte & White(1983), in which the gas
was represented by spherical particles of variable radius;
by Noguchi (1988), in which the influence of the tidal
force of a perturbing galaxy on the gas dynamics of
the companion galaxy was studied. A new generation of
papers, in which the smoothed particle hydrodynamics
(SPH) technique was already applied, was published by
Barnes & Hernquist(1991), Barnes & Hernquist(1996)
andMihos & Hernquist(1996), among others.

Barnes & Hernquist(1991) and Barnes & Hernquist
(1996) showed that a strong concentration of gas takes
place in the central region of the remnants and for
this reason, they argued about the possible occurrence
of a starburst in the central region. Noteworthily,
Barnes & Hernquist(1996) demonstrated that the gas and
stars manifested different behaviors whether the galaxy
model evolved as an isolated system or during a galactic
collision. Barnes & Hernquist(1996) also noted that the
morphology of a merger remnant can be strongly affected
by the dynamics of the gas.
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Even more recently,Naab et al.(2006) presented a
large set of simulations of uneven-mass galaxy collision
models to understand the influence of a gas component
on the global structure of merger remnants. These authors
found that the presence of a gas component changes the
shape of the merger remnants.Burkert et al.(2008) also
found that some physical properties of the merger remnants
depend both on the initial mass ratio of the colliding
galaxies and on the gas fraction that they contain.

Numerical simulations of the interaction between a
pair of galaxies have been considered in statistical terms by
Di Matteo et al.(2007), who studied a total sample of 240
interactions. They first determined the star formation rate
in their galaxy model to then compare these results with
those obtained in their models of galaxy interaction. The
images they feature in their section “A gallery of galaxy
interactions” are impressive, as they were able to compare
the time evolution of several matter components of their
models, see for instance their figures 3, 4 and 5.

Gabbasov et al.(2006) presented a rotating galaxy
model in which three matter components were included,
namely: a dark-matter halo, a spherical star-bulge and a
rotating star-disk. However, they did not include gas in
their model. After six rotation periods of their galaxy
model, the galactic evolution generates a bar, so that
their model successfully reproduces the dynamics of a
barred spiral galaxy. Subsequently,Luna Sánchez et al.
(2015), following the work of Gabbasov et al.(2006),
presented several collision models in which the spiral bar
galaxy introduced byGabbasov et al.(2006) was the only
element of collision.Luna Sánchez et al.(2015) also did
not include gas in their models.

In the present paper, we also follow the galaxy
model of Gabbasov et al.(2006) and Luna Sánchez et al.
(2015) regarding the initial dynamics of the three matter
components mentioned earlier, but here we also include
gas, which is initially distributed as the disk.Moster et al.
(2011) considered a five component galaxy model: dark-
matter halo, stellar disk, stellar bulge, gaseous disk and
gaseous halo. Consequently, our galaxy model includes a
gaseous disk component. It is also important to emphasize
that all four matter components considered in this work
interact gravitationally and, as expected, the computational
cost increases significantly with respect to papers in which
the gravitational interaction is modeled or suppressed
entirely.

This galaxy model proves to be stable. Therefore,
it can be advantageous to represent the galaxy M82,
that was originally cataloged as an irregular amorphous
galaxy, as reported byMayya & Carrasco(2009), whose
galaxy model exhibited the formation of an elongated disk-
shaped structure in the central region. We characterize

the dynamic of this galaxy model by calculating the time
evolution of the density peak and the radial density profile
of all the matter components at an advanced evolution
stage.

It must be noted that the parameter space of
hydrodynamical simulations is enormous, even in their
most basic implementation, so a new paper can almost
always find a new possible variation of these parameters.
In the case of this paper, the width of the disk is greater
than what is commonly utilized in many papers.

It should be emphasized that a galaxy model like this
is physically possible and interesting, because collisions
between galaxies of very different masses can thicken the
disk of the most massive galaxy, seeQuinn et al.(1993).
Villalobos & Helmi (2008) presented SPH simulations to
explore the problem of thick disk formation by means of
minor collisions between a satellite galaxy hitting a host
galaxy with a pre-existing thin disk. The scale-height of
the initial thin disk is 0.35 kpc while the resulting vertical
structure of the thick disk indicates a scale-height within
1-2 kpc, see their figure 10.

In this paper, we also consider a small sample of equal-
mass thick-disk galaxy collision models, like the ones
obtained byVillalobos & Helmi (2008), so that we repeat
the characterization analysis on the merger remnants,
to assess the effects of the collision process on the
dynamics of the matter components, particularly on the
gas component. We find that the gas forms rapidly rotating
structures with a peak density in the central region.

We then calculate the radial density profile of the
merger remnants and report the values of the parameters
be, log(ρe) and Re that best fit it by using a de
Vaucouleurs function, so that this fitting curve apparently
does not depend on the particular geometry of the collision
process on a radial scale of 0-100 kpc. It should be
noted that Aguilar & White (1986) found that the de
Vaucouleurs surface brightness profile does not change
significantly after a couple of galaxies have undergone a
tidal encounter, both of which started their evolution with
the de Vaucouleurs density profile with other parameters.

There are many empirical formulae available in the
literature to obtain fitting curves in addition to the de
Vaucouleurs, such as the Sérsic function, core-Sérsic,
Sérsic-type transition model and Nuker model; for a review
seeFerrarese et al.(2006). In addition, Kormendy et al.
(2009) ascertained that the Sérsic functions fit the surface
brightness profiles of elliptical and spheroidal galaxies in
the Virgo cluster very well. They then tried to distinguish
between elliptical and spheroidal galaxies by noting the
differences in these fits for small radii, so that these
differences can be interpreted as signatures of the galaxy
formation mechanism.
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These formulae are improvements to the de
Vaucouleurs function. In spite of this and in addition
to the fact that there is no astrophysical reason known
to highlight the de Vaucouleurs function over the other
formulae, we will provide a similar result in this paper
to that found byAguilar & White (1986), that is, the
merger remnants manage to take a radial density profile
with the form of the de Vaucouleurs function, irrespective
of the collision model. It must be emphasized that the
reconfirmation of this result is now obtained by relying on
a more complete galaxy model, becauseAguilar & White
(1986) included 3000 particles per galaxy model. We
complement these results with the de Vaucouleurs
function, whose details are shown in Appendix A, by
testing with another formula in the radial scale of 0-20
kpc, which has given good results as a fitting model
for the radial profiles of the HI surface density for 42
galaxies, asWang et al.(2014) demonstrated recently. This
four-parameter fitting function is described in Appendix
B.

The rest of this paper is structured as follows. In
Sections2.1 to 2.3, we explain the generation of the
initial conditions of the galaxy model. In Section2.4,
we present the evolution code. In Section3 we show
the results obtained: first, for the evolution of the galaxy
model in Section3.1 and second, for the collision
models in Section3.2. A dynamic characterization of the
matter components between different collision models is
presented in Section3.3. Some results of this paper are
discussed in Section4. In Section5 we will try to establish
the consistency of the simulations presented in this paper
by comparing our main results with other simulations,
with observations and with virtual observations as well.
Finally, the main conclusions of this paper are summarized
in Section6.

2 THE GALAXY MODEL

In this paper, we use the SPH technique, in which a fluid
is represented by a finite set of particles (seeLiu et al.
(2004) and references therein), so that the galaxy model
has four types of particles, one for each type of matter
component: halo, bulge, disk and gas. It is important to
note that there is a difference between these particle types
from a computational point of view, as will be mentioned
in Section2.4.

As usual, each particle must have a mass, a position
and a velocity at timet = 0. We describe, in Sections2.1,
2.2and2.3, how the mass, positions and, finally, velocities
are assigned, respectively.

2.1 Initial Mass of Particles

Because the total mass of each component of the galaxy
model is very different, the number of particles will also
be very different. This is mainly because we want to
implement only a single magnitude of elementary mass
for all the matter components. It is shown elsewhere that
the simulations of this kind produce better computational
results than those with particles having very different
elementary masses.

In Table 1, we list the matter component and its
properties, as follows. To achieve the total mass per matter
component given in column (3), the mass of an elementary
particle, which is 412 500M⊙, must be multiplied by the
number of particles given in column (2). The fractions that
this matter component represent in the entire galaxy model
are shown in column (4).

The total number of particles in the galaxy model is
676 237, such that the total mass is 2.79×1011M⊙ which
extends over a sphere of radius of 240 kpc. The average
density of the system is3.02× 10−28 g cm−3.

The masses reported in Table1 were suggested in the
papers byGabbasov et al.(2006) andLuna Sánchez et al.
(2015). The meanings of the other columns of Table1 are
explained below.

2.2 Initial Positions of Particles

The Monte Carlo method is implemented, so that the
particles are located randomly in the space available
for the galaxy model. In Column (5) of Table1, we
display the initial radial extension achieved by the initial
distribution of particles. The number of particles in a
ring of radial width R and R + δR is determined to
satisfy the radial density profile that has been reported
in the literature. For example, for the dark-matter halo,
we apply the density profile reported byDehnen(1993),
which includes the length parameterah. For the bulge
we use the profile described byHernquist(1990), which
also includes a parameter of lengthab; for the disk we
utilize the formula published byFreeman(1970), with a
length parameterad. The length parametera determines
the radius in which the density curve falls with respect to
the radius of the galaxy. The values of these parameters
are expressed in Column (7) of Table1. It should be
emphasized again that these formulas have been taken
from the papers ofGabbasov et al.(2006) (see eqs. (1),
(2) and (3)) andLuna Sánchez et al.(2015) (see eqs. (1),
(2) and (3)) and therefore we do not reproduce them again
here.

The gas particles were initially located between inner
and outer radii, so that the gas particle radius is always
greater than the initial radial extent of the star disk written
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Table 1 Parameters of the Galaxy Model

Matter Number of Total mass Mass fraction Initial radial Final radial a [kpc]
component particles [M⊙] extension [kpc] extension [kpc]

Gas 10000 4.12×109 0.0147 16–20 180 –
Disk 99950 4.12×1010 0.147 0–16 60 3.3
Bulge 33205 1.4×1010 0.049 0–60 160 1.66
Halo 533082 2.2×1011 0.788 0–240 ≥ 200 4

in Column (5) of Table1and smaller than the radial limit of
20 kpc. In other words, the gas was uniformly distributed
in a ring in the range 16–20 kpc. In this case, there is no
parameterag, as included in Table1. The width of the star
disk must also be specified, which was set in this work at
the value ofz0 = 1 kpc.

The gas component can be located initially forming
a ring, as is usually observed to be in spiral galaxies, see
Schneider(2006). The typical inner and outer radii of this
molecular gas ring for spiral galaxies are 3 kpc< R <

8 kpc with a scale-height of 0.09 kpc. Atomic hydrogen
gas can be observed up to a radius ofR < 25 kpc with
a scale-height of 0.2 kpc. However, as we mentioned in
Section1, in this paper we consider the case of a thick disk
of gas, which can be the result of several collisions between
a large disk and small companions, as was modeled by
Quinn et al.(1993), who demonstrated that the original
disk is not destroyed (as usually happens in the case
of major mergers) but is slowly disturbed, so that the
resulting disk spreads in radius and inflates vertically until
it eventually settles into a new equilibrium configuration.
For this reason, the ring of gas in this paper has initially
been located as explained above.

2.3 Initial Velocity of Particles

We determine the initial velocities of the particles by
means of a distribution function. For example, assuming
that the halo and bulge are isotropic, they then follow a
Maxwell distribution function, with only a radial velocity
dispersion, denoted byσr, which determines the opening
of the distribution function curve (a Gaussian curve). In
general, the radial dispersion of the velocity for the halo
and bulge depends on the radial coordinate of the galaxy.
For anisotropic cases, velocity dispersions in all coordinate
directions must also be included, for example, in spherical
coordinates withθ andφ being the azimuthal and polar
angles respectively, thenσθ and σφ are the velocity
dispersions needed. In this work, as a first approximation,
we only consider isotropic velocity distributions for the
halo and bulge (see eqs. (4) and (6) in the paper by
Luna Sánchez et al. 2015).

Likewise, it should be emphasized that we use the
escape velocity, defined byVesc =

√

2GM(R)/R, of
each matter component as an upper limit for velocity

Table 2 The Average Velocity of the Galaxy Model
Obtained from a Distribution Function

Matter Escape velocity Average velocity
component [km s−1] [km s−1]

Gas 42 13
Disk 148 106
Bulge 44 30
Halo 88 87

magnitude in the velocity distribution function. Here,
M(R) is the total mass of each matter component
contained up to the radiusR and G is Newton’s
gravitational constant.

This means that all velocities greater than the escape
velocity were re-defined with the value of the escape
velocity. Consequently, we consider that the resulting
velocity distribution may be characterized by comparing
the average velocity of each matter component with its
corresponding escape velocity, see Table2.

The particles in the disk have an assigned angular
velocity, the value of which depends on the radial
coordinate of the particle and the value of its gravitational
potential in that radial coordinate. We emphasize that the
average value of the angular velocity of the disk particle
distribution is1.3× 10−16 radians per second.

The velocity distribution functions for the disk are
characterized by three dispersion functions, in cylindrical
coordinates(r, θ, z) these areσr, σθ andσz . The velocity
dispersion in the radial coordinate depends on the value
obtained from the angular velocity and the radius of the
disk, so that the mathematical formula was taken from the
article byHohl (1971) (see his equation 8).

Following the papers ofGabbasov et al.(2006)
and Luna Sánchez et al.(2015), the velocity dispersion
in the z coordinate,σz , is given in terms of the radial
dispersion as follows,σz = σr/2. Following the paper
by Hohl (1971), the dispersion of the velocity in the
tangential direction becomes equal in magnitude to the
radial dispersion, thusσθ = σr. These choices are
somewhat arbitrary and can be changed according to the
galactic dynamics desired. In this case, the galaxy model
rotates differentially (not as a rigid body), with theZ-axis
as the axis of rotation, so that the rotation period of the
galaxy is about 1.5 Gyr.

The gas component, described in Section2.2, was
endowed with a radial velocity dispersion similar to the
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disk, except that we now use the average angular velocity
of the disk for all of the gas particles, rather than the
angular velocity at each radial position of the particle. With
this procedure, we try the situation such that the ring of
gas rotates as a rigid body with constant angular velocity.
The tangential component of the velocity of each particle
increases linearly with its radius and is proportional to a
constant, which is called the epicyclic frequency of the
system, see for example equations (6)–(63) on page 371
of Binney & Tremaine(2008).

In Figure 1 we display the initial configuration of
all the particles for three matter components, because the
dark-matter halo is not shown. The evolution of these
initial conditions is carried out using the public code
Gadget2, which is presented in Section2.4. The initial
conditions were evolved up to 10 Gyr or equivalently,
for almost 6.6 times the rotation period of the galaxy
model. To carry out this evolution, almost 200 hours of
computation time were necessary running in parallel in
40 processors at the Cuetlaxcoapan Supercomputer of the
Laboratorio Nacional de Supercómputo del Sureste de
México (LNS-BUAP). The results obtained are presented
below in Section3, by means of figures in which the
matter components are highlighted separately by a color
set, assigned by the public code, seeParaview(2013).

2.4 The Evolution Code

In this paper, we use the particle-based code Gadget2,
which is based on the tree-PM method for computing
the gravitational forces and on the standard SPH method
for solving the Euler equations of hydrodynamics,
seeSpringel(2005). The Gadget2 program has implement-
ed a Monaghan–Balsara form for the artificial viscosity,
see Balsara (1995). The strength of the viscosity is
regulated by setting the parametersαν = 0.75 andβν =
1

2
×αv, see equations (11) and (14) inSpringel(2005). We

have fixed the Courant factor to be0.1.

In Gadget2, the SPH sums are evaluated using the
spherically symmetric M4 kernel and so gravity is spline-
softened with this same kernel. There is a smoothing
length, denoted here byh, which establishes the compact
support, so that only a finite number of neighbors for
each particle contribute to the SPH sums. In particular,
each particle has its own smoothing length, which evolves
with time so that the mass contained in the kernel volume
is a constant for the estimated density. Particles are
also allowed to have individual gravity softening lengths,
signified byǫ, which evolve in steps with the smoothing
length h, so that the ratioǫ/h is of order unity. The
ǫ determines the smallest possible separation for two
individual particles, so that the spatial resolution of a

simulation is set by the choice ofǫ. In Gadget2,ǫ is set
equal to the minimum smoothing lengthhmin, calculated
over all particles at the end of each time step.

As we mentioned at the beginning of Section2, there
are six types of particles defined in Gadget2, which are
labeled from 0 to 5. When the gravitational interaction
is computed, all of the particles are treated in the same
way by Gadget2, irrespective of the particle type. However,
it is allowed that each particle type can have a different
gravitational softening.

In this paper, the gas particles have been assigned
Gadget2’s particle type 0; in this case, there is a
hydrodynamical force to be calculated in addition to the
gravitational force, so that the former includes a pressure
gradient generated by differences in the spatial distribution
of the thermal pressure field. Consequently, these particles
are considered as collisional particles.

All of the other particle types of Gadget2 are regarded
as collision-less particles. Thus, the dark-matter particles
have been assigned Gadget2’s particle type 1, which means
that they are treated as collision-less particles of unknown
nature. The disk particles have been assigned Gadget2’s
particle type 2. The bulge particles have been assigned
Gadget2’s particle type 3, so that the disk and the bulge are
both composed of collision-less stars, but Gadget2 allows
them to have different masses.

However, due to our implementation procedure based
on an elementary mass particle, described in Section2.1, in
this paper the only difference between the disk and bulge
components is the number of elementary particles that are
utilized to represent their total masses, see Table1.

Finally, it should be noted that there are no other
differences between these particle types in addition to their
collision or collision-less nature. Moreover, this paper has
not considered Gadget2’s particle type 4, labeled in the
code as “Stars”, which allows the implementation of a star
formation algorithm. Gadget2’s particle types will be very
useful in Section3, where plots will be presented in which
the particle types are handled separately, so that we will
follow the spatial distribution of each particle type in both
the galaxy model and in the collision models.

3 RESULTS

3.1 Evolution of the Galaxy Model and its Dynamic
Characterization

In Figure 2, we show the evolution obtained from the
galaxy model up to 9.8 Gyr time or, equivalently, to 6.5
rotation periods of the galaxy model. It is seen that the
overall system has developed an elongated shape in the
central region. The disk has also experienced an expansion
in its central region. However, at the ends there is an
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Fig. 1 Initial configuration for all the particles at timet = 0 of the three matter components: a view of theXY plane is
depicted in the left panel, while a view of theZX plane is displayed in the right panel. The region shown is within the
interval (–20,20) kpc for theX-axis, theY -axis and theZ-axis. The colors indicate the matter components accordingto
bulge-yellow, gas-green and disk-blue.

additional extension in the form of a bow tie, which can be
seen in the left-hand bottom panel of Figure2. The right-
hand bottom panel Figure2 indicates that the disk keeps its
elongation along theXY plane, such that in theZX view,
it still looks like a thick disk. The bulge keeps wrapping
the central part of the disk.

3.1.1 The circular velocity profile and the time evolution
of angular momentum for the galaxy model.

To characterize the mass distribution obtained at the end
of evolution for the galaxy model, in the left-hand panel of
Figure3 we plot the circular velocity curves of the galaxy
model, so that the matter components are considered
separately. It must be clarified that to make this plot, we
take a radial partition of the galaxy model innbin bins,
starting from the center of mass of each matter component,
up to a maximum radius of 100 kpc. Next, we accounted
for all the particles contained in each radial bin by taking
into account their matter component type, so that the total
massM(R) of each matter component contained up to
the radius,R, is calculated, and we then get the circular
velocity, which is defined asVcir =

√

GM(R)/R,
whereG is Newton’s gravitational constant andR is the
radius, as shown on the horizontal axis. The curve labeled
“all” includes all the particles irrespective of their matter
component type.

The velocity curves reach their maximum velocity at
a very small radius; for greater radii, the curves fall very
quickly as the distance to the center of the galaxy increases.
Gas is an exception because its circular velocity curve
remains practically constant for every radius greater than
10 kpc. It must be emphasized that both the bulge and the

gas have been extended spatially to a scale of 160 and 180
kpc, respectively. The disk remains more concentrated in
the central region of the galaxy model, but some part of it
reaches a length extension of 40 kpc.

These curves can be compared with those calculated
by Kuijken & Dubinski (1995) (see their Figure 4) who
report rotation curves with a very pronounced drop for
the bulge and the disk. It should be emphasized that
the observations of the rotation curves of galaxy M82,
reported byMayya & Carrasco(2009), also manifest a
very pronounced drop, just as this galaxy model does
in this work. The shape of the circular velocity curves
obtained in this paper are similar to those ascertained by
Meza et al.(2003), in which the formation of an elliptical
galaxy in a cosmological simulation is calculated.

In the right-hand panel of Figure3 we display the time
evolution of the magnitude of the total angular momentum
for the galaxy model. We emphasize that the magnitude
L was calculated using all the particles in the simulation,
and in the case of the curve labeled “all”, irrespective
of the matter component type, we will consider the type
of matter component separately in the calculation of the
angular momentum for the galaxy model, which is shown
in the right hand panel of Figure3.

For the galaxy model, we observe that all these
matter components have zero initial angular momentum
(extrapolating the behavior of the curve near the origin of
coordinates) except for the disk, whose angular momentum
was given initially a non-zero value. However, in less
than 2 Gyr of evolution, all these matter components very
quickly acquire a significant total angular momentum that
is comparable in magnitude to the angular momentum of
the disk.
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Fig. 2 At time t = 9.8 Gyr, equivalent to 6.5 rotation periods of the galaxy model,we provide anXY view at the top left
panel and aZX view at the top right panel. The region featured is within theinterval (–60,20) kpc in all the axes. Two
magnifications of these panels are shown in the lower panels,respectively, so that the region magnified is now within the
interval (–40,0) kpc on theX-axis, (0,40) kpc on theY -axis and (–20,0) kpc on theZ-axis. The colors indicate the matter
components according to bulge-yellow, gas-green and disk-blue.
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Fig. 3 (Left) Circular velocity of the galaxy model at timet = 13.7 Gyr. (Right) The magnitude of the angular momentum
L, in cgs units. On the horizontal axis, the evolution time is expressed in Gyr. Each curve of both panels is generated by
taking into account the center of mass of each matter component separately.

Although the total mass of the gas is considerably
smaller than the total mass of the other matter components,
the gas follows a circular movement and rapidly gains
angular momentum. Its angular momentum is clearly s-
maller in magnitude than that of the rest of the components.
Nevertheless, its magnitude is very significant, because it
indicates that its angular velocity should be very large.

In Figure 4, we show the radial and tangential
components of the velocity for each matter component of
the galaxy model. It can be seen that the disk maintains its
initial nature of a rotating rigid body. Meanwhile, the other
components, such as the halo and the bulge, do not exhibit
any appreciable circular movement. It should be noted that
the radial length extended as much as was necessary, to
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panel) the radial density profile for each matter component of the galaxy model.

Fig. 6 Coalescence of the collision model S02 at the time 1.9 Gyr, equivalent to 1.26 rotation periods of the galaxy
model; theXY view is displayed in the left panel while theZX view is shown in the right panel. The region depicted is
within the interval (–70, 70) kpc on theX-axis, (–60, 60) on theY -axis and (–70, 70) on theZ-axis. The colors indicate
the matter components according to bulge-yellow, gas-green and disk-blue.

take into account the radial bins where there were still
particles.

3.1.2 Time evolution of the density peak and radial
density profile for the galaxy model

In the left-hand panel of Figure5, we display the time
evolution of the peak density for the gas component with
up to 4 Gyr of evolution, despite the fact that the final

snapshot was taken at a time of 13.7 Gyr. Therefore, this
panel will be useful for comparing characterizations of the
collision models to be presented in Section3.2and whose
results will be discussed in Section3.3.1.

Recall that in the galaxy model considered in this
paper, the gas component is initially located in a ring with
radii in the range within 16 to 20 kpc. The left-hand panel
of Figure5 indicates that the gas get moved rapidly towards
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Fig. 7 The ZX view of the oblique collision model
S02b. In thetop panel the 100 kpc length lever arm is
seen implemented along theZ-axis; the approach speed is
75 km s−1 on each side; it corresponds to an evolution time
of 0.86 Gyr, which is equivalent to 0.57 rotation periods
of the galaxy model; the region shown is (–400, 400) kpc
on theX-axis and (–200, 200) on theZ-axis. The middle
panel corresponds to 2.0 Gyr or is equivalent to 1.3 rotation
periods of the galaxy model. The bottom panel corresponds
to 3.1 Gyr or 2 rotation periods of the galaxy model. The
region displayed in both the middle and bottom panels is
(–80, 80) kpc both on theX-axis and on theZ-axis. The
colors indicate the matter components according to bulge-
yellow, gas-green and disk-blue.

the central region of the galaxy model and then become
expanded radially, so that the final radial extension of the

model is in the range of 0–180 kpc, see Column (6) of
Table1.

In the right-hand panel of Figure5, we show the radial
density profile for each matter component of the galaxy
model up to a radius of 100 kpc, despite the fact that in
the final snapshot most of the particles are concentrated
within a radius of 80 kpc. This is done in this way to
allow comparison with the characterization of the collision
models to be discussed in Section3.3.1.

As indicated in the right-hand panel of Figure5, there
is a strong concentration of all types of matter in the center
of the galaxy and to the extent that we move away from
the center - say with radii greater than 40 kpc - the density
drops up to 7 orders of magnitude. These curves can be
compared with those calculated byKuijken & Dubinski
(1995). In addition, it should be remembered that the
average density of the system is 3.02×10−28 g cm−3, so it
should be noted that the increase in density in the central
region of the galaxy model is of 5 orders of magnitude; that
is, it reaches up to 3.0×10−23 g cm−3.

It should be noted that the curves for the gas and bulge
are very similar for large radii, except in the central region,
so that for a radius smaller than 10 kpc, the curve of the
bulge is steeper than the curve of the gas, as can be seen in
the right-hand panel of Figure5. In addition, the curve for
the disk falls very quickly with the radius while the curve
for the halo falls more gradually.

We have determined the extreme spatial extension of
each component by the end of the simulation. We found
that the gas has reached a huge spatial expansion; on
the contrary, the disk component remains more or less
bounded to the center. It can be noticed that the bulge
component has expanded more than the disk component.
Consequently, the gas density is obviously lower than the
density of the other mass components, as the gas spreads
at large radii from the galaxy center.

Then, based on the results displayed both in the
left-hand panel of Figure3 and in the right-hand panel
of Figure 5, it can be concluded that all of the matter
components of the galaxy model are strongly concentrated
in the central region, so that the mass contained up to the
radiusR grows very quickly with the radius. In fact, for
radii a little smaller than 10 kpc from the galaxy center,
the total mass contained has already reached its asymptotic
value, and for this reason, all the curves plotted in the left-
hand panel of Figure3 decrease as1/

√
R for largeR.

It has been observed that the galaxy model is stable
after almost 10 rotation periods of evolution (equivalent
to 14 Gyr of evolution) because it has reached a state of
dynamic equilibrium.
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3.2 Models of Galaxy Collision

The most important application of the basic galaxy model
characterized in Section3.1 is the study of collision
models between equal-mass galaxies. In this paper we
only consider a few collision models, which are described
below and summarized in Table3. The evolution of each
collision model was carried out with the public code
Gadget2 described in Section2.4, during 100 hours of
CPU time, running in parallel with 20 processors of the
Cuetlaxcoapan Supercomputer of the LNS-BUAP.

In the first two models of Table3, two equal-mass
galaxies are initially separated by almost 400 kpc along
the X-axis, so that the galaxies move with respect to
each other with an initial translation velocity of 75 km s−1,
such that the approach velocity before the collision is
150 km s−1.

In the case of model S02, both galaxies collide
directly, so that a merging process starts at a time of
1.76 Gyr of evolution, in which the center of mass of each
galaxy is very close to each other. The merging process
seems to finish at the time 2.1 Gyr, in which one sees only
one center of mass oscillating along theX-axis. Figure6
shows a snapshot of the merging process of both galaxies
at a time of 1.9 Gyr. It is interesting to note that the gas
and bulge expand spatially during both the pre-collision
period of translation and the merging process. It is also
interesting to mention that the disk remains elongated in
the new galactic structure formed after the collision.

In the case of the oblique collision model S02b, both
galaxies are additionally displaced a distance of 50 kpc
along theZ axis. Consequently, this separation acts as
an effective impact parameter of 100 kpc for the collision
model (this is the only difference with respect to the frontal
collision model S02). The galaxies move along theX-axis,
so that the point of maximum pre-collision approach is
reached at the time of 2 Gyr of evolution. The galaxies
enter into orbit, one with respect to the other, as depicted
in Figure7, in which the evolution time increases from the
top panel to the bottom panel.

Around an evolution time of 2.5 Gyr, the binary system
has made a complete turn in its orbit. By 2.75 Gyr, the
galaxies in the binary system start separating again. We
follow the evolution of the model S02b up to a time of
6.54 Gyr, equivalent to 4.3 rotation periods of the galaxy
model. We do not observe a subsequent approach of the
galaxies. Therefore, it is very likely that this system is not
sufficiently bound to maintain its galaxies in orbit, so that
a galaxy will eventually escape from the gravitation field
of the other. It is again interesting to mention that the disk
remains elongated while the bulge has spread to connect
both disks during their orbital motion.

The initial conditions of the collision model, labeled
Orb in Table 3, are calculated according to the exact
solution of the gravitational 2-body problem, so that both
galaxies are modeled in the exact solution as particles
with a total mass equal to the sum of the all the masses
reported in Table1. In this case, the free parameters of
the exact solution are the total energyEcm and angular
momentumLcm of the system with respect to the center of
mass. The values given to these parameters in this collision
model are as follows:Ecm = −1.66 × 1058 erg and
Lcm = 4.21 × 1074 g cm2 s−1, respectively.

In this model, we observe a soft approach of the
galaxies. Therefore, the center of mass of each galaxy
enters in an orbit with respect to the other, in such a
way that many complete turns of the orbital motion are
observed in the central region during the evolution time
within the short interval of 5.4–5.6 Gyr. At the evolution
time of 6.14 Gyr, the merging process is completed.
Therefore, one only sees a single rotating dense core, see
Figure 8. This dynamic process can be understood by
following the gas component, as is explained in the last
paragraph of Section3.3.1.

The initial conditions of the collision model labeled
Tom in Table3 are taken from one of the collision models
described byToomre & Toomre(1972). The two galaxies
are placed in theXY plane very close to each other. The
center of mass of one galaxy has initial velocity directed
outward of theXY plane in the positive direction of the
Z-axis, while the second galaxy is at rest. Consequently,
we say that there is an effective impact parameter on the
Y -axis, as indicated in Table3.

It is observed that the moving galaxy describes an arc
and finally falls onto the motionless galaxy, so that the
system develops an appreciable orbital movement, which
causes spiral arms to develop, as can be seen in Figure9.
It must be emphasized that these spiral arms are mainly
composed of disk particles. In this model, both disks have
lost their initial elongation. Most of the bulge surrounds the
central part of the disk while a small fraction of the bulge
particles also follows slightly the spiral arms.

The last collision model considered in this paper was
labeled Rot in Table3. This model is very similar to
model Orb. In fact, in model Rot the disk planes defined
in model Orb are rotated, as can be seen in the top panel
of Figure10. The dynamic evolution shows the formation
of an elongated bar, in which both the disk and the bulge
take part in this rotating structure, as can be viewed in
the middle panel of Figure10. Finally, a new structure
is formed at the end of the evolution time as a merger
remnant, such that a mass concentrated in the center is
surrounded by a couple of spiral arms, which are mainly
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Table 3 Models of Galaxy Collisions

Model Impact parameter Initial positions Initial velocities
[kpc] (x, y, z)1 and(x, y, z)2 [kpc] (vx, vy, vz)1 and(vx, vy, vz)2 [km s−1]

S02 0 (-200,0,0);(200,0,0) (75,0,0);(-75,0,0)
S02b 100 (-200,0,-50);(200,0,50) (75,0,0);(-75,0,0)
Orb 0 (-197,0,0);(197,0,0) (0,-6.19,0);(0,6.19,0)
Tom 20 (20,-20,0);(0,0,0) (0,136,136);(0,0,0)
Rot 0 (-90,49,0);(90,-49,0) (31.3,-6.39,0);(-31.3,6.39,0)

Fig. 8 The collision model Orb, at the time 5.4 Gyr, is equivalent to3.69 rotation periods of the galaxy model. TheXY
view is displayed in the left panel and theZY view in the right panel. The region depicted is (–50, 50) kpc on theX-axis,
(–50, 40) on theY -axis and (–60, 30) on theZ-axis. The colors indicate the matter components accordingto bulge-yellow,
gas-green and disk-blue.

Fig. 9 The collision model Tom, at the time 1.68 Gyr, equivalent to 1.12 rotation periods of the galaxy model. In the left
panel, we display theXY view and in the right panel theZY view rotated arbitrarily. The region depicted is (–150, 150)
kpc on theX-axis, (–50, 250) on theY -axis and (–50, 250) on theZ-axis. The colors indicate the matter components
according to bulge-yellow, gas-green and disk-blue.

composed of both disk and bulge particles, as can be seen
in the bottom panel of Figure10.

It must be emphasized that most of the collision
models considered so far (with the exception of model
S02b) led to the formation of a new galaxy structure,
presumably with different physical properties than those
observed for the original galaxy model, out of which the

new structure is formed as a merger remnant. To elucidate
more details about the physical properties of these new
structures, in Section3.3 we try to characterize them by
looking at (i) the dynamic behavior of the peak density of
the gas component in Section3.3.1and (ii) the evolution
of the angular momentum of the collision models in
Section3.3.2.
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Fig. 10 The collision model Rot; in thetop panelwe show
a snapshot taken at the time 1.23 Gyr, equivalent to 0.82
rotation periods of the galaxy model, which is seen from
a view rotated arbitrarily; the region displayed is (–80, 80)
kpc on all the axes. In themiddle panelwe provide theXY
view corresponding to 1.56 Gyr or 1.04 rotation periods of
the galaxy model. The region shown is (–50, 50) kpc on
theX-axis and (–50, 50) on theY -axis. It can be noticed
that the elongated configuration is formed, in which small
spiral arms are seen. Finally, in thebottom panelwe show a
view rotated arbitrarily at the time 3.33 Gyr or 2.22 rotation
periods of the galaxy model. The region depicted is (–
300, 300) on theY -axis and (0, 300) on theZ-axis. It
can be noted that the the long spiral arms formed in the
merged system. The colors indicate the matter components
according to bulge-yellow, gas-green and disk-blue.
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Fig. 11 Time evolution of the peak density for the gas in
all the collision models.

3.3 Dynamic Characterization of the Merger
Remnants of the Collision Models

Using the visualization software PV-Wave version 8,
we managed to track the evolution of the gas and post
short movies at the web address:https:\drive.
google.com/open?id=1VUhCAZhWWnOHsh_
fWKkWrhYjh8WD08I5 . It must be noted that the gas
manifests an interesting dynamic despite the fact that it is
always bounded gravitationally during the evolution time
either to the central region of the galaxy model or to the
merged system.

3.3.1 Time evolution of the density peak and radial
density profile for the collision models

As we mentioned in Section3.1, the gas in the galaxy
model expanded very quickly to reach an equilibrium
configuration, as characterized by an almost flat curve in
the peak density.

One way to quantify the effects of this gas expansion
of the galaxy model on the collision models is by again
calculating the time evolution of the peak density of the gas
for all the collision models, as has been done in Figure11.
In this plot, one can see that all the peak density curves
rise and fall very quickly at a very small radius and then a
stabilization stage follows for large radius. This indicates
that most of the gas remains bounded gravitationally to
the galaxy center, while a small fraction of gas manages
to escape away.

It is in the central region of the galaxy model
where the minimum of the gravitational potential well
is generated by the most massive matter component,
namely the dark-matter halo. Consequently, the densest
gas is located in the central region of the galaxy model,
and it remains rotating in the azimuthal direction while
oscillating radially simultaneously.

To achieve a further characterization, we next de-
termine the radial profile of the peak density for all
the collision models. To do this, we followed the same

https:drive.google.com/open?id=1VUhCAZhWWnOHsh_fWKkWrhYjh8WD08I5
https:drive.google.com/open?id=1VUhCAZhWWnOHsh_fWKkWrhYjh8WD08I5
https:drive.google.com/open?id=1VUhCAZhWWnOHsh_fWKkWrhYjh8WD08I5
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Fig. 12 The radial density profile of the merger remnants formed as a result of the collision models summarized in
Table3. Fitting curves for all the models are also included.

procedure outlined in Section3.1 about a radial partition
of nbin bins starting from the center of mass of the merger
remnants up to a maximum radius of 100 kpc. As was done
previously, we accounted for all the particles contained
in each radial bin taking into account their matter type.
We then get the mass contained in each radial bin for
each matter component and thus the density at the average
radius of the bin. This densityversusradius calculation
is plotted in four panels in Figure12, so that each panel
corresponds to a matter component and each curve to a
collision model.

It should be emphasized that due to this procedure,
there are no radial density profile curves for the model
SO2b in the first three panels, because there was
no merging process in this model and therefore no
new structure was formed. However, as the dark-matter
component fills the entire volume in which the collision
models take place, it is possible to determine the radial
density profile for the collision model S02b in the case
of the dark-matter component, which is shown in the four
panels of Figure12.

We observed no significant difference in the curves
displayed in Figure12 with respect to the collision model,
especially for large radii. In the interval 0–10 kpc, the
curves for the collision model Orb exhibit a small but
noticeable difference with respect to the curves of the
other collision models, as can be seen in the panel
for the gas component. This behavior indicates that the
process by which the mass is gathered does not make a

significant difference because the mass is assembled in the
new galactic structure driven by the gravitational force.
Therefore, the mass is accumulated first at the central
region, where the gravitational potential takes its deepest
value, and later the mass is accumulated on the periphery.

To take advantage of this result, in Figure12 we also
plot the fitting curves for all of the matter components in all
the collision models. This means that the free parameters
of a de Vaucouleurs function have been calculated for each
density profile curve shown in Figure12 and averaged to
have only an overall fitting curve per matter component
describing the behavior of the radial density profile
for each matter component, irrespective of the merging
geometry. More details about this fitting process are given
in AppendixA.

3.3.2 The circular velocity profile and the time evolution
of the angular momentum for the collision models.

Taking advantage of the radial partition described in
Section 3.1, in the left-hand panel of Figure13 we
now show the circular velocity curves of the collision
models, so that the matter components are not considered
separately. In addition, in the right-hand panel of Figure13
we display the time evolution of the magnitude of the
total angular momentum for the collision models. We
emphasize that both panels in Figure13 were calculated
using all of the particles in the simulation, irrespective of
the matter component type.
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Fig. 13 (Left panel) The circular velocity for the collision models. (Right panel) Time evolution of the magnitude of the
angular momentumL. In these plots, all the curves include the contribution of all the particles irrespective of the matter
component type. To allow comparison with the galaxy model, the curves here labeled “Galaxy” in these plots are taken
from the curves labeled “all” in Figure3.

With regard to Figure13, two comments are in order.
First, it should be noted that the curves labeled “Galaxy”
in both panels of Figure13 are those that were labeled
“all” in Figure 3, so that these curves have been repeated
here for the sake of comparison between the results of the
galaxy model with those displayed here for the collision
models. Second, as was mentioned in Section3.3.1, for
the collision model S02b, there is not a new structure in
which a center of mass can be defined properly, so that
there is no sense to the circular velocity curve for small
radii. When the radius is large enough for the two galaxies
to be included within this radius, then the circular velocity
calculation does not realize that the galaxies are separated
and the total galaxy mass generates the same behavior of
the circular velocity curve, as the other collision models do
and was observed for the galaxy model, which is that the
circular velocity curves decrease as1/

√
R for largeR.

According to the right-hand panel of Figure13, the
magnitude of the total angular momentum of the collision
system increases systematically with the evolution of time.
This could be due to the fact that the matter components
expand radially, hence the lever arm length increases and
although we expect a decrease in the magnitude of the
circular velocity, the product of the two physical quantities
increases.

It should be noted that all the collision models
substantially increase their angular momentum with
respect to that determined for the galaxy model before
the collision. The higher values of angular momentum
are a consequence of the orbital motion developed in the
collision models, so that for the models S02b and Tom the
curves are at the top of the right-hand panel of Figure13.
The models Orb and Rot, which have followed the same 2-
body pre-collision path, have an angular momentum very
similar in magnitude, so their curves are at the middle of
the right-hand panel of Figure13. The collision model S02

exhibits the lowest angular momentum magnitude, so that
its curve is located at the bottom.

4 DISCUSSION

The main purpose of this paper is to follow the evolution of
a galaxy model, which was basically taken from the paper
by Gabbasov et al.(2006). However, the widths of the disk
were very different, because these authors used 0.001 kpc
while here we used 1 kpc, that is, a much wider disk.
We will consider a more slender galaxy model elsewhere.
It must be emphasized that this difference in the galaxy
models makes it difficult to compare the outputs, because
a thin disk favors the growth of perturbations in the orbits
of stars, which will result in the formation of a bar.

As we mentioned earlier, an important improvement in
our work with respect to that ofGabbasov et al.(2006) is
that we have included gas in the galaxy model. While it is
true that the mass fraction of the gas is very small with
respect to the fractions of the other matter components,
the gas dynamics observed in Section3.3.1are interesting
and very important to be followed from the point of
view of star formation. For example,Springel & Hernquist
(2005) found that when the gas fraction is small, the
resulting merger remnant usually resembles an elliptical
galaxy; while if the gas fraction is high enough, then other
structures can be formed.

We observed that the gas component, initially located
in a ring, is moved quickly to the center of the galaxy
model. Consequently, the peak density of the gas increased
significantly. Shortly after, the gas is expanded up to
an equilibrium radius, which is indicated by the strong
decrease of the peak density determined in the left-hand
panel of Figure5. From this moment, most of the gas
evolves tied to the galaxy center while a small fraction of
it manages to escape away, as is indicated by the smooth
decrease of the curve featured in this panel for large
evolution times.
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As we mentioned in Section3.2, the galaxy model at
the evolution timet = 0 was used in all of the collision
models. Therefore, the initial gas behavior of the galaxy
model was observed to happen also in the collision models,
as can be noticed by comparing the magnitude of the
density peak observed for the galaxy model in the left-hand
panel of Figure5 with those determined for the collision
models, which are plotted in Figure11.

We next simulate some galaxy collision models in or-
der to determine the effects on the distribution of the matter
components in the new galaxy structures formed out of the
merging process of the galaxy model. With respect to the
paper byLuna Sánchez et al.(2015), we emphasize that
in this work the number of particles included to build the
galaxy model increased significantly:Luna Sánchez et al.
(2015) use 1024–29491–245760 particles to represent the
bulge, disk and halo, respectively. In this paper we use
the numbers 33205-99950-533082, which are a little more
than double those values.Gabbasov et al.(2006) presented
a convergence study in the number of particles, so that the
highest resolution simulation of these authors used 65536–
196608–1048576 particles to represent the components of
the bulge, the disk and the halo, respectively. This means
that our particle numbers in this paper represent half.
Consequently, we conclude that the simulations presented
in this paper have a resolution comparable to the papers
that have served us as motivation.

In this paper, we have not observed the formation of
long tails in the collision models considered in Section3.2.
However, when we described the results obtained in some
collision models, such as Tom and Rot, we mentioned that
some spiral arms have been formed. It must be emphasized
that these structures can also be named tails, in the sense
that they were formed in close encounters of the galaxy
model, because the mutual tidal force made particles of
the disk and bulge be ejected from the central region.
Thus, they can be named either tails or arms and these
structures are small in length. The reason for the lack of
long tails in our simulations was already explained by
Dubinski et al.(1996), so that the formation of long tails in
interacting galaxies can be inhibited by the presence of a
massive dark-matter halo. Later,Springel & White(1999)
demonstrated that a dark matter halo with a large enough
spin parameter led to the formation of long tidal tails,
otherwise, no tails are observed.

Before the log scale is taken in the right-hand panel of
Figure5, this plot can be compared with the four panels
of Figure 12. We find that the radial density profile in
the galaxy model is very similar to that observed in new
galactic structures formed after the collision process. It
should be noted that the center of the merger remnants
was defined as the center of mass, as was mentioned in

Section3.3.1. Starting from this center, we made the radial
partition to calculate the physical properties presented in
Section3.3. The disadvantage of this procedure is that
the centers of mass for the different matter components
are slightly displaced. It should be mentioned that other
choices for the center of the merger remnants are possible;
for instance, the location of the particle with the minimum
of gravitational potential.

As was mentioned at the end of Section3.3.2, we
presented the de Vaucouleurs fitting curves for the radial
density profiles plotted in Figure12. The strategy followed
was explained in detail in AppendixA. The first point to
be emphasized is that there is no need to fixn at the value
4, as we did in this paper just for simplicity. Meanwhile,n

can be varied around 4 so that the best least squares fit must
be chosen. From this value ofn, the value ofbn can then be
obtained from the approximate formulabn = 2n− 0.327,
which was proposed byCaon et al.(1993). Next, from the
values ofA andB given by the least squares method, the
parametersρe andRe can be obtained. In principle, with
this strategy, no parameter is left undetermined. However,
with the procedure outlined in AppendixA, the parameter
Re is left undetermined. To deal with this situation, we
varied the parameterRe within the interval (0.5,20) kpc
and obtained all the fitting curve parametersρe andbn.

We briefly mention the results of another case;
Bournaud et al.(2011) determined the best fitting pa-
rameters of a Sérsic function for the radial profile of
the surface density for a set of compact spheroids,
which were the outcome of a set of high-redshift galaxy
merger simulations with high fractions of turbulent and
clumpy gas: the average values found weren = 3.4

andR1/2 = 4 kpc. Ferrarese et al.(2006) reported the
isophotal parameters and the surface brightness profiles of
100 galaxies in the Virgo Cluster, and ascertained that the
surface brightness profiles are described well by a Sérsic
function. In addition,Kormendy et al.(2009) also reported
the values of the Sérsic parameters for many elliptical and
spheroidal galaxies also in the Virgo cluster.

The second point that deserves attention is the
application we made of the de Vaucouleurs function
to directly describe a radial density profile. In fact,
Mellier & Mathez(1987) proposed a density function with

the form ρ(R) = ρe

(

R
Re

)β

exp
(

R
Re

)α

, which was

obtained as a deprojection of the de Vaucouleurs
(

R
Re

)1/4

law. In this density function,α andβ are free parameters
in addition toρe andRe. It should be emphasized that
the observables of a galaxy are line-of-sight projections of
the corresponding three-dimensional physical quantities.
In the general case, the projected quantity is related to
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the three-dimensional quantity by an integration along the
line-of-sight spatial coordinate.

In this paper, we adopted a functional form forρ(R)

as that of the de Vaucouleurs function and then constrained
its free parameters by comparing it to the calculated radial
density profile featured in Figure12, which is already a
three-dimensional quantity. As was affirmed in Section3.3,
the de Vaucouleurs function provides an excellent fit with
the radial density profiles shown in Figure12. The reason
behind this success is that the de Vaucouleurs formula was
designed to represent a central peak surrounded by a region
where the variable of interest falls with the 1/4 power of the
radius, just as the radial density profile does, irrespective of
being a projected or three-dimensional quantity.

It should be emphasized thatAguilar & White (1986)
presented N-body simulations with an initial density
profile of the de Vaucoulours form. At the final evolution
time, they found that the density profile remains that of de
Vaucoulours but with other parameters. This statement can
be said in other terms, such as the de Vaucouleurs surface
brightness profile appears to be invariant under galaxy
harassment. In this sense, it can then be considered that our
paper confirms part of this result; as we mentioned earlier,
the merger remnants manage to adopt a radial density
profile of the de Vaucoulours form, irrespective of the pre-
collision trajectory. It must be emphasized that our galaxy
model used many more particles and matter components
than the galaxy model ofAguilar & White (1986) because
they used 3000 particles in their galaxy collision models.

We can state one last comment about some important
physical elements of the gas that are missing in this
paper, for instanceSpringel(2000) presented simulations
of interacting disk galaxies including star formation and
feedback, where the gas is able to cool radiatively
to form stars. There is an extensive literature devoted
to the study of galaxy formation and evolution by
hydrodynamical simulations, some of which include this
kind of complicated gas physics.

Many efforts have been made to date to incorporate s-
tar formation and feedback in simulations of galaxy forma-
tion and evolution, see for instance,Springel & Hernquist
(2003). It has proven to be a difficult problem to manage,
as many recipes have been introduced and tested during
many years, see for instance,Stinson et al.(2006). We have
not even attempted to consider this complicated problem,
which is beyond the scope of this paper, since our interest
at the moment is only to put the gas on a consistent basis
in a general model of a galaxy. However, we would like
to comment about the importance of the lack these gas
physics on simulations of galaxy collisions, like the ones
presented in this paper.

As we have seen, the simulations show that the gas
moves rapidly towards the central region of the dark-matter
halo and, therefore, the gas density increases. At some
point, it will be very important to model the transformation
of gas into stars. As expected, this transformation will
modify the dynamics of all the matter components in
the galaxy model. In addition, many simulations have
demonstrated that galaxy collisions in general augment the
star formation rate, from low levels (a few times the star
formation rate detected for the isolated galaxy model) to
high values (20-60 times the isolated galaxy case), see for
instanceDi Matteo et al.(2007). In this case, the amount
of gas available will be reduced after the collision, so the
curves for the radial density profile are expected to be
different with respect to the isolated galaxy model when
star formation is included somehow.

5 CONSISTENCY OF OUR SIMULATIONS WITH
REGARD TO OTHER PAPERS

In this section, we will try to establish the consistency of
the simulations presented in this paper by comparing their
results with other simulations, with observations and with
virtual observations.

5.1 Comparison with Other Simulations

Barnes & Hernquist(1996) determined the radial density
profile of their collision models and found a set of curves
falling systematically in the remnant’s innermost region.It
should be emphasized that in this paper we also found a
similar behavior but we extend the radius up to 100 kpc
from the remnant’s center.

For this reason, we claim that in the present paper we
also observe this redistribution of gas to the central region
and show that the gas is linked to the central region during
almost all the evolution time, even in cases in which a
collision with another galaxy occurs. We did not observe
the well defined spiral pattern of the gas in our galaxy
model, as was observed byBarnes & Hernquist(1996). It
should be mentioned that this spiral pattern is a transitional
stage that ends quickly. We believe that this failure is due
to the lack of radiative cooling in the gas component.

In addition,Hernquist & Mihos(1995) determined the
time evolution of the total angular momentum of the galaxy
components in their satellite merger model, and found that
when the primary galaxy model includes a bulge, then
the curves grow systematically. Meanwhile, the curves
for the gas component fall systematically. Because the
magnitude of the latter curves is quite smaller than that of
the former curves, 0.03versus0.25 as can be appreciated
in their figure 8, we conclude that the general behavior
of the total angular momentum, when all the components
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are included together, should be similar to the curves
presented in Figure13of the present paper, that is, growing
systematically with the evolution time.

On the other hand,Mihos & Hernquist(1996) demon-
strated that the geometry of the orbits of the approaching
galaxies does not seem to be important in determining
the resulting dynamics of the gas. It seems to be more
important for the internal structure of the galaxies, for
instance, the presence or absence of a bulge in the galaxy
model and its physical properties. Although considering
only a very limited collection of approaching orbits, in the
present paper we confirm this result ofMihos & Hernquist
(1996), as we mentioned at the end of Section4, where
we connect our results with those of the paper by
Aguilar & White (1986).

5.2 Comparison with Observations

All of the simulations reported in the papers mentioned
above in Section5.1 contribute with different elements
to support the idea of the formation of elliptical galaxies
by means of collisions between spiral galaxies. As
Barnes & Hernquist(1996) mentioned, it happens that
centrally concentrated gas systems, like the ones observed
in those simulations, have been detected by means of
CO interferometer observations of galaxies, for instance
Arp 220, seeScoville et al. (1986) and NGC 520, see
Sanders et al.(1988), among others.

We believe that the present paper reaffirms this idea,
as the collision remnants seen in Figures8, 9 and 10
seem to be spheroidal systems supported by rotation, likely
resembling the kind of systems usually classified as normal
elliptical E, seeKormendy & Djorgovski(1989), as the
size and mass of our merger remnants are around 100 kpc
of radius and the total mass contained up to this radius
is around 3×1011 M⊙, in which all the mass components
have been included.

On the other hand, by combining new surface
photometry with published data,Kormendy et al.(2009)
constructed composite brightness profiles over large radius
ranges of all known elliptical galaxies in the Virgo
cluster. It must be noted thatKormendy et al. (2009)
asserted a conclusion (see their section 7.2), which
seems to generalize and at the same time provides some
observational support to the idea described at the end
of Section4 in this paper, that is, the idea that the de
Vaucouleurs profile curve fits well all of the resulting
merger remnants of the galaxy collisions considered in this
paper, irrespective of the collision geometry.

Let us now quote that conclusion inKormendy et al.
(2009)’s own words: “One of the main conclusions of
this paper is that Sérsic functions fit the main parts of

the profiles of both elliptical and spheroidal galaxies
astonishingly well over large ranges in surface brightness.
For most galaxies, the Sérsic fits accurately describe the
major-axis profiles over radius ranges that include 93-
99 percent of the light from the galaxies (see Figure
41). At small r, all profiles deviate suddenly and
systematically from the best fits.” Later, in their Section
9.2, Kormendy et al.(2009) continued in this way: “This
result is remarkable because there is no astrophysical basis
for the Sérsic function. We know no reason why violent
relaxation, dissipation, and star formation should conspire-
surely in different ways in different galaxies-to produce so
simple and general a density profile.”

5.3 Comparison with Virtual Observations

The Illustris cosmological hydrodynamic simulation,
which is described byVogelsberger et al.(2014), has
successfully reproduced the distributions of galaxies in
clusters, so that both spirals and elliptical galaxies can be
distinguished morphologically for the first time, as far as
we know.

By using a suite of simulations based on the Illustris
simulation, Taylor et al. (2016) determined the mass
profile of a dark-matter halo in which there is a galaxy
embedded with a mass comparable to the Milky Way’s
mass. In the left panel of their figure 2 they show the
circular velocity curves for the chosen mass systems
(consider only the curves labeled “D12”). The curves grow
rapidly for small radius, until a peak circular velocity is
reached, from which the curve falls smoothly as the radius
increases. It must be emphasized that the shape of these
curves is very similar to those featured in the left panel of
Figure3, calculated in the present paper to characterize the
galaxy model.

When they include all their matter components (dark-
matter, gas and stars) in the calculation of the circular
velocity, their peak velocity is a little below 200 km s−1; in
our case, when we included all the four matter components,
we obtained a peak value around 270 km s−1, see the curve
labeled “all” in the left panel of Figure3. The peak velocity
of the curve for the dark-matter halo is a little above 200
km s−1, see the curve labeled “halo” again in the left panel
of Figure3.

When they separate their mass components in their
calculation of the circular velocity, see the right panel of
their figure 2, they obtained a curve around 50 km s−1 for
the gas. In our case, our corresponding curve for the gas
component is around 30 km s−1.

We can compare their circular velocity curves with
the ones we obtained for the merger remnants, which are
depicted in the left panel of Figure13. Because the mass
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assembled in the remnants is a bit more massive than the
galaxy model, all the curves are higher in magnitude than
those ofTaylor et al. (2016). The peak circular velocity
of the curves displayed in Figure13 occurs for a radius
around 10 kpc, while that radius ofTaylor et al.(2016) for
their curves is around 20 kpc.

As the radial profile of the circular velocity is a good
indicator of the mass distribution of a system, we can
conclude, on the basis of the previous comparison, that we
have roughly modeled a system with a similar mass and
size as those chosen forTaylor et al.(2016) to model the
Milky Way Galaxy.

6 CONCLUDING REMARKS

In this paper, we implemented a galaxy model that proved
to be stable over a long evolution time. As an improve-
ment overGabbasov et al.(2006) andLuna Sánchez et al.
(2015), on which this work is based, here we included a
gas component.

Utilizing this galaxy model, we then explored several
collision models of equal-mass galaxies to study the effects
of different interaction scenarios on the dynamics of the
matter components of the new structures formed after
such a merging process. As expected, the interaction
between galaxies produces notable changes in the galaxies
participating and in their physical properties. Here, we
focused specifically on the density profile. Some of the
conclusions to be emphasized from the models calculated
here follow:

1. The galaxy model has proved to be stable (in the sense
that it has reached a state of dynamic equilibrium) up
to an evolution time of 14 Gyr.

2. Most of the gas in the galaxy model evolved strongly
tied to the galaxy center, while a small fraction of it
managed to escape away with the evolution of time.

3. The collision models considered in this paper are not
intense enough to significantly eject the gas from the
central mass distribution of the galaxy model.

4. The gas is gravitationally bounded to the center of
each of the galaxies even during the process of
collision.

5. The gas manifests interesting dynamics, despite the
fact that it is always bounded gravitationally to the
central region of the newly formed system.

6. It should be noted that all the collision models
substantially increase their angular momentum with
respect to that of the individual galaxy before the
collision.

7. The dynamic variables studied in Section3.3 (e.g.
peak density, density profile and angular momentum)

do not capture the moment at which the merging
process of the two galaxies takes place.

8. It seems to be that the radial density profile does
not make any difference with respect to the collision
process that gathers the mass together. Therefore it is
possible to obtain an overall general de Vaucouleurs
curve to describe the general behavior of the radial
density profile of the merger remnants. The fitting
parameters of the de Vaucouleurs curve are described
in TableA.1 and in FigureA.1.

9. The four-parameter formula considered in Appendix
B also fits well in general the radial density profile
for radii within 10-20 kpc. But, for some collision
models, like the Orb and Tom, there are considerable
deviations for very small radii.
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Appendix A: THE DE VAUCOULEURS FITTING
CURVES

Let us thus adapt the de Vaucouleurs function to describe
the radial profile of the peak density calculated in
Section3.3.1, which in this paper will be considered to be
given as

ρ(R) = ρe exp

{

−be

[

(

R

Re

)1/4

− 1

]}

. (A.1)

In the case of the surface brightnessI, Re is known as the
effective radius or half-light radius, because this indicates
the radius within which the brightness of the elliptical
galaxy includes half the light of the image. For this paper,
ρe, be andRe are free parameters of Equation (A.1), which
must be determined.

By taking the natural logarithm on both sides of
Equation (A.1) and definingx = R1/4, xe = R

1/4
e ,

y = log ρ andye = log ρe we get

y = A+B x (A.2)

whereA andB are parameters to be determined by the
least squares method applied to the data shown in the plots
of Figure12, wherey andx take the valuesyi andxi with
i = 1..nbin, as was done in Section3.1, where the radial
partition was described. These parameters are related to the
de Vaucouleurs parameters by means of

A = be + ye

B = − be
xe

(A.3)
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Fig. A.1 Averaged values of the de Vaucouleurs parameters as a function of the value of the parameterRe, (left) be and
(right) ρe.

Table A.1 The averaged parameters of the de Vaucouleurs
fitting curves for the radial density profile. The parameter
Re = 0.5 kpc.

Matter component be ρe
Gas 4.97 2.767×10−24

Disk 6.03 1.006×10−22

Bulge 5.85 1.925×10−23

Halo 4.75 1.108×10−22

so that there are three free parameters on the right-hand
side of Equation (A.3), while the least squares method
gives us only two parameters on the left-hand side of
Equation (A.3). To solve this issue, we consider the
following strategy, which is obviously not unique, see
the end of Section4. We make a partition in the radial
parameterRe so that we scan a relevant interval, for
example from 0.5 to 20 kpc. Then having the values
of A and B by following the procedures ofPress et al.
(1992) and fixing the value forRe, we then obtain the
corresponding values of de Vaucouleurs parametersbe and
ρe by means of

be = −xeB

ye = A− b .
(A.4)

It is interesting to mention that this strategy led us
to a unique curve from all the curves for eachRe. This
means that the increment in the value of the parameterRe

produces a change in the values of the parametersbe and
ρe, so that the three parameters produce the same curve by
means of Equation (A.1), for every value ofRe within the
scanned interval.

Finally, given that there are four matter components
and four collision models, once we have the fitting curve
for every model and matter component, we then take the
averaged values of the parametersbe and ρe for a fixed
value ofRe, so that the resulting averaged fitting curves
have been plotted in each panel of Figure12. It can be
noticed that these averaged values for the de Vaucouleurs
parametersbe andρe are reported in TableA.1.

With the procedure followed in this AppendixA, the
parameterRe is left undetermined. To alleviate this issue,
in FigureA.1 we show the values ofbe andρe obtained as
a function ofRe.

Appendix B: FOUR-PARAMETER FITTING
CURVES

The objective of this AppendixB is twofold. First,
to complement the curves of the radial density profile
featured in Section3.3.1, which were constructed by
utilizing a radial partition up to a maximum radius of
100 kpc, so that now we shorten this radial range up to
40 kpc, to reveal the gas distribution of the innermost
region of the merger remnants in more detail. Second,
to complement the results of AppendixA, where a de
Vaucouleurs function was proposed to describe the radial
density profile, so that now we test another radial formula
which has given good results as a fitting model, as we
explain below.

Recently,Wang et al.(2014) focused on understand-
ing the radial distribution of the gas in a sample of
spiral galaxies, demonstrating that there is a mathematical
function that works well as a fitting model for the radial
profiles of the HI surface density for the 42 galaxies,
which are part of a sample of galaxies of the Bluedisk
project, seeWang et al.(2013). The formula is expressed
in equation (1) ofWang et al.(2014) and we repeat it here
for the reader’s convenience

Σ(x) =
I1 exp (−x/rs)

1 + I2 exp (−x/rc)
(B.1)

where Σ is the surface density andI1, rs, I2, rc are
free parameters to be determined by adjusting the curve
to the data available. By using an ANSI C translation
of the MPFIT program, seeGarbow et al. (2013), we
calculate the best fitting parameters to solve the least-
squares problem applied to the dataρave(R) versusR,
where ρave(R) is the average density for a thin radial
shell centered around the radiusR with a width given by
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Table B.1 Parameters of the Four-parameter Fitting Curves Shown in Eq. (B.1) for the Radial Density Profile

Model I1 [g cm−3] rs [kpc] I2 [] rc [kpc] ρΣave(0)[ 10
10 ×

M⊙

kpc3
]

S02 2.01 × 10−24 0.948 1.34 1.13 1.27 × 10−3

Orb 2.28 × 10−25 0.9489 1.32 1.21 1.45 × 10−4

Tom 7.29 × 10−25 0.94 1.34 1.17 4.6 × 10−4

Rot 1.1 × 10−24 0.94 1.34 1.15 6.95 × 10−4

Table B.2 Parameters of the four-parameter fitting curves shown in Eq.(B.1) applied directly to the log-log data of the
radial density profile.

Model I1 [log10(
M⊙

pc2
)] rs [log10(kpc)] I2 [] rc [log10(kpc)] Σave(0)[

M⊙

pc2
]

S02 –0.94 –1.05 1.8 0.56 0.46
Orb –30.89 –1 40 760 0.17
Tom –5.5 –0.9 12.12 3.13 0.38
Rot –7.19 –1.7 14.22 1.17 0.33

δR. The resulting curve is displayed in the left panel of
FigureB.1. The set of parameters per each collision model
is listed in TableB.1.

In this case, the functionΣ(x) defined in
Equation (B.1) has been identified directly with the
mass densityρ(R) and the independent variablex with
the radiusR. Let us compare our results with those of
Aumer & White (2013), who presented simulations of
gas disk formation and evolution, so that they located
gas at redshift 1.3 in some dark-matter halos chosen
from a dark-matter-only simulation. The gas evolved
up to a redshift zero in a zoomed-in cosmological re-
simulation. In the right panel of the second line of their
figure 12, they reported the surface gas density (in units
of 1010 × M⊙

kpc3 ) versusthe disk radius (in kpc), so we
include the values obtained for the following combination
of fitting parameters in the sixth column of TableB.1:
ρΣave(0) = I1

1+I2
, which corresponds to the value of the

fitting curve atR = 0, see Equation (B.1). Aumer & White
(2013) reported a value of10−1 at R = 0, which is very
high compared to our values, which are in the range from
1.2 × 10−3 to 6.95 × 10−4.

In order to compare withWang et al. (2014), we
calculate an approximate surface density profile based on
the procedure already explained above to obtain the radial
density profile (see also Sections3.1 and 3.3.1). As we
mentioned, we made a radial partition of the spherical
galaxy in terms of spherical shells centered on a radiusRi,
so that the number and type of particles contained in each
radial shell were accounted for and we simply divide it by
the surface area of the shell at the radius, which is4πR2

i on
average. We present our results in a log-log plot and change
the units of the surface density to make comparison easier.

It must be noted that we have applied the fitting
process on the log-log data directly to determine the
parameters of the best fitting curve. In this case, we
have identified theΣ(x) defined in Equation (B.1) with
log(Σave) and thex with log(R). The fitting curve is
shown in the right panel of FigureB.1 and the parameters
are reported in TableB.2.

The average values of the parametersrs andrc for the
43 galaxies reported byWang et al.(2014) are< rs >=

5.77 kpc and rc = 4.23 kpc respectively, while our
average values obtained for the plot depicted in the left
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panel of FigureB.1 are 〈rs〉 = 0.9 kpc andrc = 1.17

kpc. While it is true that the curves in the right panel of
FigureB.1 exhibit a similar shape to the curves reported
by Wang et al.(2014) in their figures 1, 4 and 5, our curves
are quite below their curves, as can be seen in the sixth
column of TableB.2, in which we provide the expected
value of our fitting curveΣave(0) (now without the log
scale) atr=0. Wang et al.(2014) reported a value of the
surface density atr=0 within 1 to 10, while our values are
always below 1.
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