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Abstract We implement a numerical model reported in the literaturginwulate the evolution of a galaxy
composed of four matter components, such as: a dark-matt@rdirotating disk of stars; a spherical bulge
of stars and a ring of molecular gas. We show that the evaluiothis galaxy model is stable at least
for 10 Gyr (Gyr=10° years). We characterize the resulting configuration of glailsxy model by figures
of the circular velocity and angular momentum distributithie tangential and radial components of the
velocity; the peak density evolution and the radial dersitfile. Additionally, we calculate several models
of equal-mass galaxy binary collisions, such as: (i) frbatad (ii) oblique (with an impact parameter),
(i) two models with initial conditions taken from a 2-bodybit and (iv) a very close passage. To allow
comparison with the galaxy model, we characterize the dyeegof the collision models in an analogous
way. Finally, we determine the de Vaucouleurs fitting curvethe radial density profile, on a radial scale
of 0—-100 kpc, for all the collision models irrespective oé thre-collision trajectory. To study the radial
mass density and radial surface density profiles at a snratiiéal scale, 0-20 kpc, we use a four-parameter
fitting curve.
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1 INTRODUCTION In particular, numerical simulations aimed to follow the
gas dynamics in a collision between a pair of comparable-
The pioneering work oToomre & Toomrg1972 demon- 55 galaxies have a long history. Pioneering works were
strated that the gravitational interaction between ga&@xi gone byNegroponte & White(1983, in which the gas
results in a profound morphological transformation of theyyas represented by spherical particles of variable radius;
participating galaxies and even leads to the formationy Noguchi (1988, in which the influence of the tidal
of new types of galaxies. In that paper, the author§orce of a perturbing galaxy on the gas dynamics of
followed a dynamic approach, in which the two colliding the companion galaxy was studied. A new generation of
galaxies were represented as point masses, while theypers, in which the smoothed particle hydrodynamics
disk of the galaxies was represented with particles tha{sp) technique was already applied, was published by
had no gravitational interaction between them. In theirgaines & Hernquist(1997), Barnes & Hernquist(1999

simulations, these authors managed to reproduce system§qminhos & Hernquis1996, among others.
of galaxies in which long lines or bridges appeared, whose

similarity with real systems, such as the Antenna Galaxies Barnes & Hernquis(1991) and Barnes & Hernquist
(NGC 4038-39) or the Mice Galaxies (NGC 4676), was(1996 showed that a strong concentration of gas takes
very encouraging. place in the central region of the remnants and for

Since the 1970s, the simulation of the formation,this reason, they argued about the possible occurrence
evolution and interaction of galaxies has been a hugef a starburst in the central region. Noteworthily,
research area of computational astrophysics and continu&arnes & Hernquisf1996 demonstrated that the gas and
to be of interest even today, sé¢hanassoula & Bosma stars manifested different behaviors whether the galaxy
(2019. Although many simulations of galaxy collisions model evolved as an isolated system or during a galactic
have been carried out over the last few decades, inollision. Barnes & Hernquis{1996 also noted that the
the first years only gas-free models were considerednorphology of a merger remnant can be strongly affected
Recently, gas began to be included to study its effectdy the dynamics of the gas.
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Even more recentlyNaab et al.(200§ presented a the dynamic of this galaxy model by calculating the time
large set of simulations of uneven-mass galaxy collisiorevolution of the density peak and the radial density profile
models to understand the influence of a gas componewnf all the matter components at an advanced evolution
on the global structure of merger remnants. These authostage.
found that the presence of a gas component changes the |t must be noted that the parameter space of
shape of the merger remnanBurkert et al.(2008 also  hydrodynamical simulations is enormous, even in their
found that some physical properties of the merger remnanigost basic implementation, so a new paper can almost
depend both on the initial mass ratio of the collidingalways find a new possible variation of these parameters.
galaxies and on the gas fraction that they contain. In the case of this paper, the width of the disk is greater

Numerical simulations of the interaction between athan what is commonly utilized in many papers.
pair of galaxies have been considered in statistical tesms b |t should be emphasized that a galaxy model like this
Di Matteo et al.(2007), who studied a total sample of 240 is physically possible and interesting, because collsion
interactions. They first determined the star formation ratéetween galaxies of very different masses can thicken the
in their galaxy model to then compare these results witllisk of the most massive galaxy, s@ainn et al.(1993.
those obtained in their models of galaxy interaction. Thevillalobos & Helmi (200§ presented SPH simulations to
images they feature in their section “A gallery of galaxyexplore the problem of thick disk formation by means of
interactions” are impressive, as they were able to compariginor collisions between a satellite galaxy hitting a host
the time evolution of several matter components of theigalaxy with a pre-existing thin disk. The scale-height of
models, see for instance their figures 3, 4 and 5. the initial thin disk is 0.35 kpc while the resulting vertica

Gabbasov et al(2009 presented a rotating galaxy structure of the thick disk indicates a scale-height within
model in which three matter components were included]-2 kpc, see their figure 10.
namely: a dark-matter halo, a spherical star-bulge and a In this paper, we also consider a small sample of equal-
rotating star-disk. However, they did not include gas inmass thick-disk galaxy collision models, like the ones
their model. After six rotation periods of their galaxy obtained byVillalobos & Helmi (2008, so that we repeat
model, the galactic evolution generates a bar, so thahe characterization analysis on the merger remnants,
their model successfully reproduces the dynamics of & assess the effects of the collision process on the
barred spiral galaxy. Subsequentlyuna Sanchez etal. dynamics of the matter components, particularly on the
(2015, following the work of Gabbasov etal(200§, gas component. We find that the gas forms rapidly rotating
presented several collision models in which the spiral bastructures with a peak density in the central region.

galaxy introduced bysabbasov et al200§ was the only We then calculate the radial density profile of the
element of collisionLuna Sanchez et a(2019 also did  merger remnants and report the values of the parameters
notinclude gas in their models. be, log(p.) and R, that best fit it by using a de

In the present paper, we also follow the galaxyVaucouleurs function, so that this fitting curve apparently
model of Gabbasov et al(200§ and Luna Sanchez et al. does not depend on the particular geometry of the collision
(2019 regarding the initial dynamics of the three matterprocess on a radial scale of 0-100 kpc. It should be
components mentioned earlier, but here we also includeoted thatAguilar & White (198§ found that the de
gas, which is initially distributed as the didloster etal. Vaucouleurs surface brightness profile does not change
(2017 considered a five component galaxy model: darksignificantly after a couple of galaxies have undergone a
matter halo, stellar disk, stellar bulge, gaseous disk antidal encounter, both of which started their evolution with
gaseous halo. Consequently, our galaxy model includestae de Vaucouleurs density profile with other parameters.
gaseous disk component. Itis also important to emphasize There are many empirical formulae available in the
that all four matter components considered in this workijterature to obtain fitting curves in addition to the de
interact gravitationally and, as expected, the computatio \aucouleurs, such as the Sérsic function, core-Sérsic,
cost increases significantly with respect to papers in whiclsérsic-type transition model and Nuker model; for a review
the gravitational interaction is modeled or suppressedeeFerrarese et ak2006. In addition, Kormendy et al.
entirely. (2009 ascertained that the Sérsic functions fit the surface

This galaxy model proves to be stable. Thereforeprightness profiles of elliptical and spheroidal galaxies i
it can be advantageous to represent the galaxy M82he Virgo cluster very well. They then tried to distinguish
that was originally cataloged as an irregular amorphoubetween elliptical and spheroidal galaxies by noting the
galaxy, as reported biMayya & Carrascq2009, whose differences in these fits for small radii, so that these
galaxy model exhibited the formation of an elongated diskdifferences can be interpreted as signatures of the galaxy
shaped structure in the central region. We characterizermation mechanism.
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These formulae are improvements to the de2.1 Initial Massof Particles
Vaucouleurs function. In spite of this and in addition
to the fact that there is no astrophysical reason knowffecause the total mass of each component of the galaxy
to highlight the de Vaucouleurs function over the otherM0del is very different, the number of particles will also
formulae, we will provide a similar result in this paper P& Very different. This is mainly because we want to
to that found byAguilar & White (1986, that is, the implement only a single magmtu_de of elementary mass
merger remnants manage to take a radial density profilf" all the matter components. It is shown elsewhere that
with the form of the de Vaucouleurs function, irrespectivetN® simulations of this kind produce better computational
of the collision model. It must be emphasized that the/€Sults than those with particles having very different
reconfirmation of this result is now obtained by relying on€l€mentary masses. _ _
a more complete galaxy model, becadggiilar & White In Table 1, we list the matter component and its
(1986 included 3000 particles per galaxy model. We Properties, as follows. To achieve the total mass per matter
complement these results with the de Vaucouleur§°m_p°”em_give_n in column (3), the mass Of an elementary
function, whose details are shown in Appendix A, byParticle, which is 412500/, must be multiplied by the
testing with another formula in the radial scale of 0-20number of particles givenin column (2). The fractions that
kpc, which has given good results as a fitting modeithis matter component represent in the entire galaxy model
for the radial profiles of the HI surface density for 42 &€ shown in column (4). _ _ _
galaxies, a¥Vang et al(2014 demonstrated recently. This ~ The total number of particles in the galaxy model is

four-parameter fitting function is described in Appendix 676237, such that the total mass is 227" M, which
B. extends over a sphere of radius of 240 kpc. The average

density of the system .02 x 1072® g cm 3.
The masses reported in Taldlevere suggested in the
papers byGabbasov et a2006§ andLuna Sanchez et al.

The rest of this paper is structured as follows. In
Sections2.1 to 2.3 we explain the generation of the
initial’ conditions of thg galaxy model. ".‘ Sectidh4, (2015. The meanings of the other columns of Tablare
we present the evolution code. In SectiBnwe show .

. ! ) explained below.
the results obtained: first, for the evolution of the galaxy
model in Section3.1 and second, for the collision
models in Sectior8.2 A dynamic characterization of the

matter components between different collision models isthe Monte Carlo method is implemented, so that the
presented in SectioB.3 Some results of this paper are particles are located randomly in the space available
discussed in Sectioh In Sections we will try to establish  for the galaxy model. In Column (5) of Table, we
the consistency of the simulations presented in this papgjisplay the initial radial extension achieved by the iitia
by comparing our main results with other simulations,gjstribution of particles. The number of particles in a
with observations and with virtual observations as We”-ring of radial width R and R + 6R is determined to
Finally, the main conclusions of this paper are summarizedatisfy the radial density profile that has been reported
in Sectioné. in the literature. For example, for the dark-matter halo,
we apply the density profile reported IBehnen(1993,
which includes the length parameter. For the bulge
we use the profile described bernquist(1990, which
also includes a parameter of length; for the disk we
) . ] . _utilize the formula published b¥freeman(1970, with a
In this paper, we use the SPH technique, in which a ﬂ“'qength parametes,;.. The length parameter determines
is represented by a finite sgt of particles (s¢@etal. o ragius in which the density curve falls with respect to
(2009 and references .therem), so that the galaxy modehg r4gjys of the galaxy. The values of these parameters
has four types of particles, one for each type of mattey, expressed in Column (7) of Table It should be
component: ha!o, bu-lge, disk and gas. Itis 'mp‘?”a”t tcbmphasized again that these formulas have been taken
note that there is a difference between these particle typgg,, the papers ofsabbasov et al(200§ (see egs. (1),
from a.computational point of view, as will be mentioned (2) and (3)) and_una Sanchez et a{2015 (see egs. (1),
in Section2.4. (2) and (3)) and therefore we do not reproduce them again
As usual, each particle must have a mass, a positiohere.
and a velocity at time = 0. We describe, in Sectiorsl, The gas particles were initially located between inner
2.2and2.3 how the mass, positions and, finally, velocitiesand outer radii, so that the gas particle radius is always
are assigned, respectively. greater than the initial radial extent of the star disk \eritt

2.2 Initial Positions of Particles

2 THE GALAXY MODEL
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Table1 Parameters of the Galaxy Model

Matter Number of | Total mass| Mass fraction| Initial radial Final radial a [kpc]
component| particles [Mo] extension [kpc] | extension [kpc]
Gas 10000 4.12x<107 0.0147 16-20 180 -
Disk 99950 4.12x1010 0.147 0-16 60 3.3
Bulge 33205 1.4x1010 0.049 0-60 160 1.66
Halo 533082 2.2x10™! 0.788 0-240 > 200 4

in Column (5) of Tablel and smaller than the radial limitof Table 2 The Average Velocity of the Galaxy Model
20 kpc. In other words, the gas was uniformly distributedObtained from a Distribution Function
in a ring in the range 16-20kpc. In this case, there is no

Matter Escape velocity| Average velocity
parameteu,, as included in Tablé. The width of the star component [kms—1] [kms—1]
disk must also be specified, which was set in this work at Gas 42 13

Disk 148 106
the value ofzy = 1kpc. Buige V) 30
The gas component can be located initially forming Halo 88 87

a ring, as is usually observed to be in spiral galaxies, see

Schneidef2006. The typical inner and outer radii of this magnitude in the velocity distribution function. Here,
molecular gas ring for spiral galaxies are 3 kucR < M(R) is the total mass of each matter component
8 kpc with a scale-height of 0.09 kpc. Atomic hydrogencontained up to the radiugz and G is Newton's
gas can be observed up to a radiusibf< 25 kpc with  gravitational constant.

a scale-height of 0.2 kpc. However, as we mentioned in  This means that all velocities greater than the escape
Sectionl, in this paper we consider the case of a thick diskvelocity were re-defined with the value of the escape
of gas, which can be the result of several collisions betweewelocity. Consequently, we consider that the resulting
a large disk and small companions, as was modeled byelocity distribution may be characterized by comparing
Quinn et al. (1993, who demonstrated that the original the average velocity of each matter component with its
disk is not destroyed (as usually happens in the caseorresponding escape velocity, see Tdble

of major mergers) but is slowly disturbed, so that the  The particles in the disk have an assigned angular
resulting disk spreads in radius and inflates verticalljlunt velocity, the value of which depends on the radial
it eventually settles into a new equilibrium configuration.coordinate of the particle and the value of its gravitatlona
For this reason, the ring of gas in this paper has initiallypotential in that radial coordinate. We emphasize that the
been located as explained above. average value of the angular velocity of the disk particle
distribution is1.3 x 10~ ' radians per second.

The velocity distribution functions for the disk are
characterized by three dispersion functions, in cyliralric
We determine the initial velocities of the particles by coordinategr, 0, z) these arer,., oy ando. The velocity
means of a distribution function. For example, assuminglispersion in the radial coordinate depends on the value
that the halo and bulge are isotropic, they then follow abtained from the angular velocity and the radius of the
Maxwell distribution function, with only a radial velocity disk, so that the mathematical formula was taken from the
dispersion, denoted by,, which determines the opening article byHohl (1971 (see his equation 8).
of the distribution function curve (a Gaussian curve). In Following the papers ofGabbasov et al.(2006
general, the radial dispersion of the velocity for the haloand Luna Sanchez et al(2015, the velocity dispersion
and bulge depends on the radial coordinate of the galaxyh the = coordinate,s., is given in terms of the radial
For anisotropic cases, velocity dispersions in all coatéin  dispersion as followsg, = o, /2. Following the paper
directions must also be included, for example, in sphericahy Hohl (1971, the dispersion of the velocity in the
coordinates withy and ¢ being the azimuthal and polar tangential direction becomes equal in magnitude to the
angles respectively, themy and o, are the velocity radial dispersion, thusr o,. These choices are
dispersions needed. In this work, as a first approximationsomewhat arbitrary and can be changed according to the
we only consider isotropic velocity distributions for the galactic dynamics desired. In this case, the galaxy model
halo and bulge (see egs. (4) and (6) in the paper byotates differentially (not as a rigid body), with tieaxis
Luna Sanchez et al. 20)L5 as the axis of rotation, so that the rotation period of the

Likewise, it should be emphasized that we use thegalaxy is about 1.5 Gyr.
escape velocity, defined by... = /2G M(R)/R, of The gas component, described in Sectihd, was
each matter component as an upper limit for velocityendowed with a radial velocity dispersion similar to the

2.3 Initial Velocity of Particles
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disk, except that we now use the average angular velocitysimulation is set by the choice ef In Gadget2¢ is set

of the disk for all of the gas particles, rather than theequal to the minimum smoothing length,;,, calculated
angular velocity at each radial position of the particletiWi over all particles at the end of each time step.

this procedure, we try the situation such that the ring of ~ As we mentioned at the beginning of Sect@rthere
gas rotates as a rigid body with constant angular velocityare six types of particles defined in Gadget2, which are
The tangential component of the velocity of each particldabeled from 0 to 5. When the gravitational interaction
increases linearly with its radius and is proportional to ais computed, all of the particles are treated in the same
constant, which is called the epicyclic frequency of theway by Gadget2, irrespective of the particle type. However,
system, see for example equations (6)—(63) on page 37fis allowed that each particle type can have a different
of Binney & Tremaing2009. gravitational softening.

In Figure 1 we display the initial configuration of In this paper, the gas particles have been assigned
all the particles for three matter components, because tHegadget2's particle type 0; in this case, there is a
dark-matter halo is not shown. The evolution of theséhydrodynamical force to be calculated in addition to the
initial conditions is carried out using the public code gravitational force, so that the former includes a pressure
Gadget2, which is presented in Sectigrl The initial ~ 9gradientgenerated by differences in the spatial distidbut
conditions were evolved up to 10 Gyr or equivalently,of the thermal pressure field. Consequently, these pasticle
for almost 6.6 times the rotation period of the galaxyare considered as collisional particles.
model. To carry out this evolution, almost 200 hours of  All of the other particle types of Gadget2 are regarded
computation time were necessary running in parallel iras collision-less particles. Thus, the dark-matter plasic
40 processors at the Cuetlaxcoapan Supercomputer of th@ve been assigned Gadget2's particle type 1, which means
Laboratorio Nacional de Supercomputo del Sureste dthatthey are treated as collision-less particles of unkmow
México (LNS-BUAP). The results obtained are presentediature. The disk particles have been assigned Gadget2’s
below in Section3, by means of figures in which the particle type 2. The bulge particles have been assigned
matter components are highlighted separately by a coldpadget2’s particle type 3, so that the disk and the bulge are

set, assigned by the public code, &szaview (2013. both composed of collision-less stars, but Gadget2 allows
them to have different masses.
24 The Evolution Code However, due to our implementation procedure based

on an elementary mass particle, described in Se@tigyin

In this paper, we use the particle-based code Gadgetﬁ?is paper the only difference between the disk and bulge
which is based on the tree-PM method for computingt@mponents is the number of elementary particles that are
the gravitational forces and on the standard SPH methoffilized to represent their total masses, see Table

for solving the Euler equations of hydrodynamics, Finally, it should be noted that there are no other
seeSpringel(2009. The Gadget2 program has immemem_differences between these particle types in addition tio the
ed a Monaghan-Balsara form for the artificial ViSCOSity,CO”iSion or collision-less nature. Moreover, this papash
see Balsara (1995. The strength of the viscosity is MOt considered Gadget2’s particle type 4, labeled in the

regulated by setting the parameters = 0.75 and 3, = code as “Stars”, which allows the implementation of a star
% x vy, S€E equations (11) and (14)3pringel(2005. We formation algorithm. Gadget2’s particle types will be very
have fixed the Courant factor to bel. useful in SectiorB, where plots will be presented in which

the particle types are handled separately, so that we will

S h(ler;ic(;ﬁdgsezﬁtt?icsl\ir ksel:rr:q;l :r:Z ::alf;/t: disuzml?ng-] ollow the spatial distribution of each patrticle type in bot
P ysy 9 y1s sp the galaxy model and in the collision models.

softened with this same kernel. There is a smoothing
length, denoted here by, which establishes the compact
support, so that only a finite number of neighbors for
each particle contribute to the SPH sums. In particularg 1 Eyolution of the Galaxy Model and its Dynamic

each particle has its own smoothing length, which evolves  ~paracterization

with time so that the mass contained in the kernel volume

is a constant for the estimated density. Particles artn Figure 2, we show the evolution obtained from the
also allowed to have individual gravity softening lengths,galaxy model up to 9.8 Gyr time or, equivalently, to 6.5
signified bye, which evolve in steps with the smoothing rotation periods of the galaxy model. It is seen that the
length h, so that the ratioe/h is of order unity. The overall system has developed an elongated shape in the
e determines the smallest possible separation for twaentral region. The disk has also experienced an expansion
individual particles, so that the spatial resolution of ain its central region. However, at the ends there is an

3 RESULTS
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Fig.1 Initial configuration for all the particles at time= 0 of the three matter components: a view of tki&” plane is
depicted in the left panel, while a view of t#&X plane is displayed in the right panel. The region shown igiwithe
interval (—20,20) kpc for th&-axis, theY -axis and theZ-axis. The colors indicate the matter components accoitding
bulge-yellow, gas-green and disk-blue.

additional extension in the form of a bow tie, which can begas have been extended spatially to a scale of 160 and 180
seen in the left-hand bottom panel of Fig@eThe right-  kpc, respectively. The disk remains more concentrated in
hand bottom panel Figuindicates that the disk keeps its the central region of the galaxy model, but some part of it
elongation along th&'Y” plane, such thatin th8 X view, reaches a length extension of 40 kpc.

it still looks like a thick disk. The bulge keeps wrapping  These curves can be compared with those calculated
the central part of the disk. by Kuijken & Dubinski (1999 (see their Figure 4) who
report rotation curves with a very pronounced drop for
3.1.1 The circular velocity profile and the time evolution the bulge and the disk. It should be emphasized that
of angular momentum for the galaxy model. the observations of the rotation curves of galaxy M82,
reported byMayya & Carrasco(2009, also manifest a
To characterize the mass distribution obtained at the endery pronounced drop, just as this galaxy model does
of evolution for the galaxy model, in the left-hand panel ofin this work. The shape of the circular velocity curves
Figure3 we plot the circular velocity curves of the galaxy obtained in this paper are similar to those ascertained by
model, so that the matter components are considerddeza et al.(2003, in which the formation of an elliptical
separately. It must be clarified that to make this plot, wegalaxy in a cosmological simulation is calculated.
take a radial partition of the galaxy model in,;, bins, In the right-hand panel of Figu@we display the time
starting from the center of mass of each matter componengyolution of the magnitude of the total angular momentum
up to a maximum radius of 100 kpc. Next, we accountedor the galaxy model. We emphasize that the magnitude
for all the particles contained in each radial bin by takingz, was calculated using all the particles in the simulation,
into account their matter component type, so that the totadnd in the case of the curve labeled “all”, irrespective
massM (R) of each matter component contained up toof the matter component type, we will consider the type
the radius,Rz, is calculated, and we then get the circularof matter component separately in the calculation of the
velocity, which is defined adi;, = /G M(R)/R, angular momentum for the galaxy model, which is shown
whereG is Newton’s gravitational constant ardlis the  in the right hand panel of Figu@
radius, as shown on the horizontal axis. The curve labeled Eq; the galaxy model, we observe that all these
“all” includes all the particles irrespective of their mett
component type.

matter components have zero initial angular momentum
(extrapolating the behavior of the curve near the origin of

The velocity curves reach their maximum velocity atcoordinates) except for the disk, whose angular momentum
a very small radius; for greater radii, the curves fall verywas given initially a non-zero value. However, in less
quickly as the distance to the center of the galaxy increasethan 2 Gyr of evolution, all these matter components very
Gas is an exception because its circular velocity curveuickly acquire a significant total angular momentum that
remains practically constant for every radius greater thais comparable in magnitude to the angular momentum of
10 kpc. It must be emphasized that both the bulge and thie disk.
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Fig.2 Attimet = 9.8 Gyr, equivalent to 6.5 rotation periods of the galaxy model provide anX'Y” view at the top left
panel and & X view at the top right panel. The region featured is withinititerval (—60,20) kpc in all the axes. Two
magnifications of these panels are shown in the lower pamsgectively, so that the region magnified is now within the
interval (—40,0) kpc on th& -axis, (0,40) kpc on th& -axis and (—20,0) kpc on thg-axis. The colors indicate the matter
components according to bulge-yellow, gas-green and lulisi-
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Fig.3 (Left) Circular velocity of the galaxy model at tinte= 13.7 Gyr. Righ) The magnitude of the angular momentum

L, in cgs units. On the horizontal axis, the evolution timexpressed in Gyr. Each curve of both panels is generated by
taking into account the center of mass of each matter comypceparately.

Although the total mass of the gas is considerably In Figure 4, we show the radial and tangential
smaller than the total mass of the other matter componentspmponents of the velocity for each matter component of
the gas follows a circular movement and rapidly gainghe galaxy model. It can be seen that the disk maintains its
angular momentum. Its angular momentum is clearly sinitial nature of a rotating rigid body. Meanwhile, the othe
maller in magnitude than that of the rest of the componentcomponents, such as the halo and the bulge, do not exhibit
Nevertheless, its magnitude is very significant, because @ny appreciable circular movement. It should be noted that
indicates that its angular velocity should be very large.  the radial length extended as much as was necessary, to
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Fig.4 Atthe same time as Fi@, in the left panel we display the radial component of velpaitd in the right panel the
corresponding tangential component of velocity.
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Fig.5 Attimet = 13.7 Gyr, we show left pane) the time evolution of the peak density for the gas compoaedtfight
pane) the radial density profile for each matter component of texgy model.

Fig.6 Coalescence of the collision model S02 at the time 1.9 Gyujvatgnt to 1.26 rotation periods of the galaxy
model; theX'Y view is displayed in the left panel while theX view is shown in the right panel. The region depicted is
within the interval (=70, 70) kpc on th&-axis, (—60, 60) on th& -axis and (70, 70) on th&-axis. The colors indicate
the matter components according to bulge-yellow, gasrgaee disk-blue.

take into account the radial bins where there were stilsnapshot was taken at a time of 13.7 Gyr. Therefore, this

particles. panel will be useful for comparing characterizations of the
collision models to be presented in Sect&@and whose
3.1.2 Time evolution of the density peak and radial results will be discussed in Secti@rB.1

density profile for the galaxy model ) ) ) )
Recall that in the galaxy model considered in this

In the left-hand panel of Figurg, we display the time paper, the gas componentis initially located in a ring with
evolution of the peak density for the gas component wittradii in the range within 16 to 20 kpc. The left-hand panel
up to 4 Gyr of evolution, despite the fact that the finalof Figure5indicates that the gas get moved rapidly towards
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model is in the range of 0-180 kpc, see Column (6) of
Tablel.

In the right-hand panel of Figuf 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 collisio
models to be discussed in Secti®i3.1

As indicated in the right-hand panel of Figusethere
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 Wuijken & Dubinski
(1995. In addition, it should be remembered that the
average density of the system is 302028 gcm3, 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 3.810~23gcm3.

It should be noted that the curves for the gas and bulge
are very similar for large radii, except in the central regio
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 seenin
the right-hand panel of Figui® 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.

Fig.7 The ZX view of the oblique collision model
S02b. In thetop panelthe 100kpc length lever arm is Then, based on the results displayed both in the

seen implemented along tiieaxis; the approach speed is |eft-hand panel of Figur@ and in the right-hand panel
75kms! on each side; it corresponds to an evolution time

oo X . - ~of Figure 5, it can be concluded that all of the matter
of 0.86 Gyr, which is equivalent to 0.57 rotation periods
of the galaxy model; the region shown is (—400, 400) kpé:omponents of the galaxy model are strongly concentrated

on theX -axis and (—200, 200) on thé-axis. The middle in the central region, so that the mass contained up to the
panel correspondsto 2.0 Gyr or is equivalent to 1.3 rotatiomadius R grows very quickly with the radius. In fact, for

periods of the galaxy model. The bottom panel correspondgdii a little smaller than 10 kpc from the galaxy center,
to 3.1 Gyr or 2 rotation periods of the galaxy model. They,q to(a] mass contained has already reached its asymptotic

Efgg)nsgl)sﬁ:iyggt;]n obnom g_z)?sld:rllg gﬂdﬂ? éozt:[g)r(?sp?_rﬁils ISvalue, and for this reason, all the curves plotted in the left

colors indicate the matter components according to bulgedand panel of Figura decrease as/ VR for large R.

yellow, gas-green and disk-blue. It has been observed that the galaxy model is stable

after almost 10 rotation periods of evolution (equivalent
the central region of the galaxy model and then becom#& 14 Gyr of evolution) because it has reached a state of
expanded radially, so that the final radial extension of thelynamic equilibrium.
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3.2 Models of Galaxy Collision The initial conditions of the collision model, labeled
Orb in Table 3, are calculated according to the exact
The most important application of the basic galaxy modekolution of the gravitational 2-body problem, so that both
characterized in SectioB.1 is the study of collision galaxies are modeled in the exact solution as particles
models between equal-mass galaxies. In this paper wgith a total mass equal to the sum of the all the masses
only consider a few collision models, which are describedeported in Tablel. In this case, the free parameters of
below and summarized in Tab& The evolution of each the exact solution are the total energyn, and angu|ar
collision model was carried out with the public code momentuml.,, of the system with respect to the center of

Gadget2 described in Sectidh4, during 100 hours of mass. The values given to these parameters in this collision
CPU time, running in parallel with 20 processors of themodel are as followsF,,, = —1.66 x 10°® erg and

Cuetlaxcoapan Supercomputer of the LNS-BUAP. Lem = 4.21 x 107* gen? s, respectively.

In the first two models of Tabl8, two equal-mass In this model, we observe a soft approach of the

galaxies are initially separated by almost 400kpc along,,ayies. Therefore, the center of mass of each galaxy
the X-axis, so that the galaxies move with respect t0gpters in an orbit with respect to the other, in such a
each other with an initial translation velocity of 75 km's way that many complete turns of the orbital motion are
such thatl the approach velocity before the collision iSyhserved in the central region during the evolution time
150kms™. _ ~ within the short interval of 5.4-5.6 Gyr. At the evolution

In the case of model S02, both galaxies collidetime of 6.14 Gyr, the merging process is completed.
directly, so that a merging process starts at a time ofrherefore, one only sees a single rotating dense core, see
1.76 Gyr of eVOlUtion, in which the center of mass of eaCh:igure 8. This dynamic process can be understood by

galaxy is very close to each other. The merging procesgllowing the gas component, as is explained in the last
seems to finish at the time 2.1 Gyr, in which one sees onlparagraph of Sectio8.3.1

one center of mass oscillating along thieaxis. Figure6 o . .
shows a snapshot of the merging process of both galaxies The initial conditions of the collision model labeled

at a time of 1.9 Gyr. It is interesting to note that the gasTom in Table3 are taken from one of the collision models

and bulge expand spatially during both the pre-collisionCIeSCrIbed pyl'oomre & Toomre(1972. The two galaxies
re placed in the&X'Y" plane very close to each other. The

period of translation and the merging process. It is als

interesting to mention that the disk remains elongated iﬁe?\;ler gf r?te;]son}f/oTe ga-laﬁ has |f1t!t|alc;/.eI0(t:.|ty d';etﬁted
the new galactic structure formed after the collision. ou gr 0 , € piane In the p93| \ve direction of the
Z-axis, while the second galaxy is at rest. Consequently,

In. the case Of, t.he obliqye collision model S02b, bOthWe say that there is an effective impact parameter on the
galaxies are additionally displaced a distance of 50 kp(i/-axis as indicated in Tab®

along theZ axis. Consequently, this separation acts as

an effective impact parameter of 100 kpc for the collision  Itis observed that the moving galaxy describes an arc
model (this is the only difference with respect to the fronta @nd finally falls onto the motionless galaxy, so that the
collision model SO2). The galaxies move along feaxis, ~ System develops an appreciable orbital movement, which
so that the point of maximum pre-collision approach iscauses spiral arms to develop, as can be seen in Figure
reached at the time of 2 Gyr of evolution. The galaxiedt must be emphasized that these spiral arms are mainly
enter into orbit, one with respect to the other, as depicte§0mposed of disk particles. In this model, both disks have

in Figure7, in which the evolution time increases from the lost their initial elongation. Most of the bulge surrounks t
top panel to the bottom panel. central part of the disk while a small fraction of the bulge

Around an evolution time of 2.5 Gyr, the binary system particles also follows slightly the spiral arms.

has made a complete turn in its orbit. By 2.75Gyr, the  The last collision model considered in this paper was
galaxies in the binary system start separating again. Wabeled Rot in Table3. This model is very similar to
follow the evolution of the model S02b up to a time of model Orb. In fact, in model Rot the disk planes defined
6.54 Gyr, equivalent to 4.3 rotation periods of the galaxyin model Orb are rotated, as can be seen in the top panel
model. We do not observe a subsequent approach of thed Figure10. The dynamic evolution shows the formation
galaxies. Therefore, it is very likely that this system i$ no of an elongated bar, in which both the disk and the bulge
sufficiently bound to maintain its galaxies in orbit, so thattake part in this rotating structure, as can be viewed in
a galaxy will eventually escape from the gravitation fieldthe middle panel of FigurdQ. Finally, a new structure

of the other. It is again interesting to mention that the disks formed at the end of the evolution time as a merger
remains elongated while the bulge has spread to connemnant, such that a mass concentrated in the center is
both disks during their orbital motion. surrounded by a couple of spiral arms, which are mainly



Arreaga-Garcia A Galaxy Model and Simulations of Collisions 189-11

Table 3 Models of Galaxy Collisions

Model | Impact parameter] Initial positions Initial velocities
[kpc] (z,9,2)1 and(z,y, 2)2 [kpc] | (v, vy, vz)1 and(ve, vy, vz)a [kms™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 equivalen 89 rotation periods of the galaxy model. TH&”
view is displayed in the left panel and th&” view in the right panel. The region depicted is (=50, 50) kpd¢he X -axis,
(=50, 40) on thé -axis and (-60, 30) on th&-axis. The colors indicate the matter components accotdibglge-yellow,
gas-green and disk-blue.

Fig.9 The collision model Tom, at the time 1.68 Gyr, equivalent tb2Irotation periods of the galaxy model. In the left
panel, we display th& Y view and in the right panel th8Y view rotated arbitrarily. The region depicted is (—150, 150
kpc on theX -axis, (-50, 250) on th&-axis and (—50, 250) on th&-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 seemw structure is formed as a merger remnant. To elucidate
in the bottom panel of Figur#0. more details about the physical properties of these new
structures, in SectioB.3 we try to characterize them by
looking at (i) the dynamic behavior of the peak density of
he gas component in Secti@3.1and (ii) the evolution

It must be emphasized that most of the collision
models considered so far (with the exception of mode
S02b) led to the formation of a new galaxy structure, - .

. . . . of the angular momentum of the collision models in
presumably with different physical properties than thoseSectionS 39
observed for the original galaxy model, out of which the e
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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 addressttps:\drive.
google.com/open?id=1VUhCAZhWWnOHsh_
fWKKkWrhYjh8WDO08I5 . 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 SectioB.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 Fidlite
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 ind&sat
Fig.10 The collision model Rot; in thtop panewe show  that most of the gas remains bounded gravitationally to
a snapshot taken at the time 1.23 Gyr, equivalent to 0.8the galaxy center, while a small fraction of gas manages
rotf_;ltion pte{ic:jds gftthglgailﬁalxy m_odeé,_ WTich cijs_ s(ee;o{rgg}o escape away.

a view rotated arbitrarily; the region displayed is (— o :
kpc on all the axes. Intr)t/aiddle r?aneWer))m%/idetheXY It is in th(_e central region .Of _the galaxy_model
view corresponding to 1.56 Gyr or 1.04 rotation periods ofVhereé the minimum of the gravitational potential well
the galaxy model. The region shown is (-50, 50) kpc oris generated by the most massive matter component,
the X -axis and (-50, 50) on th¥-axis. It can be noticed namely the dark-matter halo. Consequently, the densest

that the elongated Configuration is formed, in which Smalbas is located in the central region of the ga|axy model,

spiral arms are seen. Finally, in thettom panelve showa 5,4 jt remains rotating in the azimuthal direction while
view rotated arbitrarily at the time 3.33 Gyr or 2.22 rotatio o . .
_oscillating radially simultaneously.

periods of the galaxy model. The region depicted is ( ; o
300, 300) on theY-axis and (0, 300) on th&-axis. It To achieve a further characterization, we next de-
can be noted that the the long spiral arms formed in théermine the radial profile of the peak density for all
merged system. The colors indicate the matter componentse collision models. To do this, we followed the same
according to bulge-yellow, gas-green and disk-blue.
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Fig.12 The radial density profile of the merger remnants formed assaltr of the collision models summarized in
Table3. Fitting curves for all the models are also included.

procedure outlined in Sectia®1 about a radial partition significant difference because the mass is assembled in the
of nyi, bins starting from the center of mass of the mergemnew galactic structure driven by the gravitational force.
remnants up to a maximum radius of 100 kpc. As was don&herefore, the mass is accumulated first at the central
previously, we accounted for all the particles containedegion, where the gravitational potential takes its deepes
in each radial bin taking into account their matter type.value, and later the mass is accumulated on the periphery.
We then get the mass contained in each radial bin for Tg take advantage of this result, in Figur2we also
each matter component and thus the density at the averaggt the fitting curves for all of the matter components in all
radius of the bin. This densityersusradius calculation  the collision models. This means that the free parameters
is plotted in four panels in Figuré2, so that each panel of a de Vaucouleurs function have been calculated for each
corresponds to a matter component and each curve todfensity profile curve shown in Figutd and averaged to
collision model. have only an overall fitting curve per matter component

It should be emphasized that due to this proceduredescribing the behavior of the radial density profile
there are no radial density profile curves for the modefor each matter component, irrespective of the merging
SO2b in the first three panels, because there wageometry. More details about this fitting process are given
no merging process in this model and therefore ndn AppendixA.
new structure was formed. However, as the dark-matter
component fills the entire volume in which the collision 3 3 5 The circular velocity profile and the time evolution
models take place, it is possible to determine the radial of the angular momentum for the collision models.
density profile for the collision model S02b in the case
of the dark-matter component, which is shown in the fourTaking advantage of the radial partition described in
panels of Figurd 2 Section 3.1, in the left-hand panel of Figurd3 we

We observed no significant difference in the curvesnow show the circular velocity curves of the collision
displayed in Figurd 2 with respect to the collision model, models, so that the matter components are not considered
especially for large radii. In the interval 0-10 kpc, the separately. In addition, in the right-hand panel of Figl@e
curves for the collision model Orb exhibit a small but we display the time evolution of the magnitude of the
noticeable difference with respect to the curves of theotal angular momentum for the collision models. We
other collision models, as can be seen in the panetmphasize that both panels in Figur@ were calculated
for the gas component. This behavior indicates that thesing all of the particles in the simulation, irrespectife o
process by which the mass is gathered does not makethe matter component type.
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Fig.13 (Left pane) The circular velocity for the collision modelRight pane)l Time evolution of the magnitude of the
angular momentuni.. In these plots, all the curves include the contributionlbfiee particles irrespective of the matter
component type. To allow comparison with the galaxy modd,durves here labeled “Galaxy” in these plots are taken
from the curves labeled “all” in Figuré

With regard to Figurd 3, two comments are in order. exhibits the lowest angular momentum magnitude, so that
First, it should be noted that the curves labeled “Galaxy'its curve is located at the bottom.
in both panels of Figurd3 are those that were labeled
“all” in Figure 3, so that these curves have been repeated DISCUSSION
here for the sake of comparison between the results of the

galaxy model with those displayed here for the collision! "€ main purpose of this paper is to follow the evolution of
models. Second, as was mentioned in Sec81, for a galaxy model, which was basically taken from the paper

the collision model S02b, there is not a new structure irpyGabbasqv et a(2009. However, the widths of the disk
which a center of mass can be defined properly, so thayere very different, because these authors used 0.001 kpc

there is no sense to the circular velocity curve for smali"\’h'le_here vye used 1 kpc, that is, a much wider disk.
radii. When the radius is large enough for the two galaxieéNe will consider a more slendgr gglaxy modgl elsewhere.
to be included within this radius, then the circular velgcit It must be emp.ha.S|.zed that this difference in the galaxy
calculation does not realize that the galaxies are sepltatratén‘)d.els.makeS it difficult to compare the -outp-uts, becagse
and the total galaxy mass generates the same behavior 1N disk favors the growth of perturbations in the orbits
the circular velocity curve, as the other collision modais d ©f stars, which will resultin the formation of a bar. .
and was observed for the galaxy model, which is that the /AS We mentioned earlier, an importantimprovementin

circular velocity curves decrease B8/R for largeR. our work with respect to that déabbasov et a[2009 is
that we have included gas in the galaxy model. While it is

According to the right-hand panel of Figuls, the true that the mass fraction of the gas is very small with
magnitude of the total angular momentum of the collisionfespect to the fractions of the other matter components,
system increases systematically with the evolution of timethe gas dynamics observed in Sect®8.1are interesting
This could be due to the fact that the matter componentdnd very important to be followed from the point of
expand radially, hence the lever arm length increases andew of star formation. For exampl8pringel & Hernquist
although we expect a decrease in the magnitude of th€009 found that when the gas fraction is small, the

circular velocity, the product of the two physical quaetiti resulting merger remnant usually resembles an elliptical
increases. galaxy; while if the gas fraction is high enough, then other

structures can be formed.

It should be noted that all the collision models We observed that the gas component, initially located
substantially increase their angular momentum within a ring, is moved quickly to the center of the galaxy
respect to that determined for the galaxy model beforenodel. Consequently, the peak density of the gas increased
the collision. The higher values of angular momentumsignificantly. Shortly after, the gas is expanded up to
are a consequence of the orbital motion developed in than equilibrium radius, which is indicated by the strong
collision models, so that for the models S02b and Tom thelecrease of the peak density determined in the left-hand
curves are at the top of the right-hand panel of FiglBe panel of Figure5. From this moment, most of the gas
The models Orb and Rot, which have followed the same 2evolves tied to the galaxy center while a small fraction of
body pre-collision path, have an angular momentum veryt manages to escape away, as is indicated by the smooth
similar in magnitude, so their curves are at the middle ofdecrease of the curve featured in this panel for large
the right-hand panel of FigudS. The collision model S02 evolution times.
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As we mentioned in SectioB.2, the galaxy model at Section3.3.1 Starting from this center, we made the radial
the evolution timet = 0 was used in all of the collision partition to calculate the physical properties presented i
models. Therefore, the initial gas behavior of the galaxySection3.3. The disadvantage of this procedure is that
model was observed to happen also in the collision modelshe centers of mass for the different matter components
as can be noticed by comparing the magnitude of thare slightly displaced. It should be mentioned that other
density peak observed for the galaxy model in the left-hanadhoices for the center of the merger remnants are possible;
panel of Figures with those determined for the collision for instance, the location of the particle with the minimum
models, which are plotted in Figufd. of gravitational potential.

We next simulate some galaxy collision modelsinor-  Ag was mentioned at the end of Secti8r8.2 we
der to determine the effects on the distribution of the matteyresented the de Vaucouleurs fitting curves for the radial
components in the new galaxy structures_formed out of th@ensity profiles plotted in Figur2. The strategy followed
merging process of the galaxy model. With respect to thyas explained in detail in Appendid. The first point to
paper byLuna Sanchez et a(2019, we emphasize that e emphasized is that there is no need to:fix the value
in this work the number of particles included to build the 4 55 \we did in this paper just for simplicity. Meanwhite
galaxy model increased significantllyqna Sanchez etal. ¢an e varied around 4 so that the best least squares fit must
(2019 use 1024-29491-245760 particles to represent thge chosen. From this value of the value ob,, can then be
bulge, disk and halo, respectively. In this paper we Us@piained from the approximate formula = 2n — 0.327,
the numbers 33205-99950-533082, which are a little morg hich was proposed b§aon et al(1993. Next, from the
than double those valueSabbasov et a(2009 presented  yajyes of4 and B given by the least squares method, the
a convergence study in the number of particles, so that thﬁarameter$e and R, can be obtained. In principle, with
highest resolution simulation of these authors used 655365 strategy, no parameter is left undetermined. However
196608—1048576 particles to represent the comp_onents Rfith the procedure outlined in Appendi the parameter
the bulge, the disk and the halo, respectively. This meang s |eft undetermined. To deal with this situation, we
that our particle numbers in this paper represent halfygied the parameteR, within the interval (0.5,20) kpc

Consequently, we conclude that the simulations presenteghq gbtained all the fitting curve parametersandb,,.
in this paper have a resolution comparable to the papers

that have served us as motivation. We briefly mention the results of another case;
In this paper, we have not observed the formation Oﬁournaud et al'(zplj_) deterr_nmed the best. f|tt|ng_ pa-
rameters of a Sérsic function for the radial profile of

long tails in the collision models considered in Secoh . .
the surface density for a set of compact spheroids,

However, when we described the results obtained in some, . ) .
. . which were the outcome of a set of high-redshift galaxy
collision models, such as Tom and Rot, we mentioned that . i . . .
. ._merger simulations with high fractions of turbulent and
some spiral arms have been formed. It must be emphasize
- clumpy gas: the average values found were= 3.4
that these structures can also be named tails, in the sense
. and R,,, = 4 kpc. Ferrarese et al2009 reported the
that they were formed in close encounters of the galax¥ ; )
. . 1sophotal parameters and the surface brightness profiles of
model, because the mutual tidal force made particles o o : .
) . 100 galaxies in the Virgo Cluster, and ascertained that the
the disk and bulge be ejected from the central region. . . . L,
. . surface brightness profiles are described well by a Sérsic
Thus, they can be named either tails or arms and these . iy
) nction. In additionKormendy et al(2009 also reported
structures are small in length. The reason for the lack o L s
o . : ; the values of the Sérsic parameters for many elliptical and
long tails in our simulations was already explained by . . . A
spheroidal galaxies also in the Virgo cluster.

Dubinski et al (1996, so that the formation of long tails in
interacting galaxies can be inhibited by the presence of a The second point that deserves attention is the
massive dark-matter halo. Lat&pringel & White(1999  application we made of the de Vaucouleurs function
demonstrated that a dark matter halo with a large enougfo directly describe a radial density profile. In fact,
spin parameter led to the formation of long tidal tails, Mellier & Mathez(1987 proposed a density function with

otherwise, no tails are observed. the form p(R) = p. (Rﬂ)ﬁ exp (R&)O‘ which was
Before the log scale is taken in the right-hand panel of - ‘ 1/4

Figure5, this plot can be compared with the four panelsobtained as a deprojection of the de VaUCOUk(‘%?)

of Figure 12. We find that the radial density profile in law. In this density functionq and 5 are free parameters

the galaxy model is very similar to that observed in newin addition top. and R.. It should be emphasized that

galactic structures formed after the collision process. Ithe observables of a galaxy are line-of-sight projectidns o

should be noted that the center of the merger remnantbe corresponding three-dimensional physical quantities

was defined as the center of mass, as was mentioned in the general case, the projected quantity is related to



189-16 Arreaga-Garcia A Galaxy Model and Simulations of Collisions

the three-dimensional quantity by an integration along the ~ As we have seen, the simulations show that the gas
line-of-sight spatial coordinate. moves rapidly towards the central region of the dark-matter

In this paper, we adopted a functional form fa(i?) halo and, therefore, the gas density increases. At some

as that of the de Vaucouleurs function and then constrainét" 't W'” be veryimportant to mod-el the transforr.’natlorj
its free parameters by comparing it to the calculated radiacl)f ggs Into_ stars. AS expected, this transformation W_'"
density profile featured in Figurg2, which is already a modify the dynamics of a.II- the matter.comp.onents n
three-dimensional quantity. As was affirmed in Sec8®) the galaxy model. In addltlc.)n-, many simulations ‘have
the de Vaucouleurs function provides an excellent fit Withdemonstrat.ed that galaxy collisions in generfil augment the
the radial density profiles shown in Figute. The reason star formatlon rate, from low Ie\{els (a few times the star
behind this success is that the de Vaucouleurs formula ngrmatlon rate detec?ted for the isolated galaxy model) to
designed to represent a central peak surrounded by a regiBHgh value; (20-60 times the |solatgd galaxy case), see for
where the variable of interest falls with the 1/4 power of the'nSt"’mceDI Matteo et al.(2007. In this case, the amount

radius, just as the radial density profile does, irrespectiv of gas a:(valla;]ble W(;l,l tl)ed redgced aIFler the CO"'S'On’dSO tkt])e
being a projected or three-dimensional quantity. curves or_t € radia e”S'W profile are expected to be
different with respect to the isolated galaxy model when

It should be emphasized thaguilar & White (1986  star formation is included somehow.

presented N-body simulations with an initial density

profile of the de Vaucoulours form. At the fin_al evolution 5 ~oNSISTENCY OF OUR SIMUL ATIONSWITH

time, they found that the density profile remains that of de rReGARD TO OTHER PAPERS

Vaucoulours but with other parameters. This statement can

be said in other terms, such as the de Vaucouleurs surfage this section, we will try to establish the consistency of
brightness profile appears to be invariant under galaxyhe simulations presented in this paper by comparing their
harassment. In this sense, it can then be considered that aessults with other simulations, with observations and with
paper confirms part of this result; as we mentioned earlierirtual observations.

the merger remnants manage to adopt a radial density

profile of the de Vaucoulours form, irrespective of the pre-5.1 Comparison with Other Simulations

collision trajectory. It must be emphasized that our galaxy

model used many more particles and matter componenfarnes & Hernquis{1996 determined the radial density
than the galaxy model oguilar & White (1986 because profile of their collision models and found a set of curves

they used 3000 particles in their galaxy collision models. falling systematically in the remnant’s innermost regikin.
should be emphasized that in this paper we also found a

We can state one last comment about some importafijar hehavior but we extend the radius up to 100 kpc
physical elements of the gas that are missing in th|§rom the remnant’s center

paper, for instanc&pringel(2000 presented simulations

. . : N ) ) For this reason, we claim that in the present paper we
of interacting disk galaxies including star formation and

) %~ also observe this redistribution of gas to the central regio
feedback, where the_ gas IS able_ to. cool radlatlvelyand show that the gas is linked to the central region during
to form stars. There is an exte_nswe literature _deVOte%Imost all the evolution time, even in cases in which a
to the St“dY of _galax_y formation and_ eyolutlon bY collision with another galaxy occurs. We did not observe
hydrodynamlgal S|mulat|ons,_some of which include thlsthe well defined spiral pattern of the gas in our galaxy
kind of complicated gas physics. model, as was observed Barnes & Hernquis(1999. It
Many efforts have been made to date to incorporate sshould be mentioned that this spiral pattern is a transition
tar formation and feedback in simulations of galaxy forma-stage that ends quickly. We believe that this failure is due
tion and evolution, see for instanc®pringel & Hernquist  to the lack of radiative cooling in the gas component.
(2003. It has proven to be a difficult problem to manage, In addition,Hernquist & Mihos(1995 determined the
as many recipes have been introduced and tested duritigne evolution of the total angular momentum of the galaxy
many years, see for instan&tinson et al(2009. We have components in their satellite merger model, and found that
not even attempted to consider this complicated problemyhen the primary galaxy model includes a bulge, then
which is beyond the scope of this paper, since our intereshe curves grow systematically. Meanwhile, the curves
at the moment is only to put the gas on a consistent basfer the gas component fall systematically. Because the
in a general model of a galaxy. However, we would likemagnitude of the latter curves is quite smaller than that of
to comment about the importance of the lack these gathe former curves, 0.08ersus0.25 as can be appreciated
physics on simulations of galaxy collisions, like the onesin their figure 8, we conclude that the general behavior
presented in this paper. of the total angular momentum, when all the components
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are included together, should be similar to the curveshe profiles of both elliptical and spheroidal galaxies
presented in Figurg3of the present paper, that is, growing astonishingly well over large ranges in surface brightness
systematically with the evolution time. For most galaxies, the Sérsic fits accurately describe the
On the other handviihos & Hernquist(1996 demon- Major-axis profiles over radius ranges that include 93-
strated that the geometry of the orbits of the approachin§9 percent of the light from the galaxies (see Figure
galaxies does not seem to be important in determiningl). At small r, all profiles deviate suddenly and
the resulting dynamics of the gas. It seems to be mor&ystematically from the best fits.” Later, in their Section
important for the internal structure of the galaxies, for9-2, Kormendy et al(2009 continued in this way: “This
instance, the presence or absence of a bulge in the galaxgsult is remarkable because there is no astrophysica basi
model and its physical properties. Although consideringor the Sérsic function. We know no reason why violent
only a very limited collection of approaching orbits, in the relaxation, dissipation, and star formation should corespi
present paper we confirm this result\dfhos & Hernquist ~ surely in different ways in different galaxies-to produce s
(1996, as we mentioned at the end of Sectigrwhere ~ simple and general a density profile.”
we connect our results with those of the paper by
Aguilar & White (1986. 5.3 Comparison with Virtual Observations

The lllustris cosmological hydrodynamic simulation,
which is described byVogelsberger et al(2014, has
All of the simulations reported in the papers mentionedsuccessfully reproduced the distributions of galaxies in
above in Sectiorb.1 contribute with different elements clusters, so that both spirals and elliptical galaxies aan b
to support the idea of the formation of elliptical galaxiesdistinguished morphologically for the first time, as far as
by means of collisions between spiral galaxies. Aswe know.
Barnes & Hernquist(1996 mentioned, it happens that By using a suite of simulations based on the lllustris
centrally concentrated gas systems, like the ones observsinulation, Taylor et al. (201§ determined the mass
in those simulations, have been detected by means @fofile of a dark-matter halo in which there is a galaxy
CO interferometer observations of galaxies, for instancembedded with a mass comparable to the Milky Way’s
Arp 220, seeScoville et al. (198§ and NGC 520, see mass. In the left panel of their figure 2 they show the
Sanders et a(1988, among others. circular velocity curves for the chosen mass systems

We believe that the present paper reaffirms this ideiCOﬂSider only the curves labeled “D12"). The curves grow
as the collision remnants seen in F|gu|&sg and 10 rapldly for small radiUS, until a peak circular VE|0City is
seemto be Spheroida| Systems Supported by rotation, |ike5ﬁaChed, from which the curve falls Smoothly as the radius
resembling the kind of systems usually classified as normancreases. It must be emphasized that the shape of these
elliptical E, seeKormendy & Djorgovski(1989, as the curves is very similar to those featured in the left panel of
size and mass of our merger remnants are around 100 kfiigure3, calculated in the present paper to characterize the
of radius and the total mass contained up to this radiugalaxy model.
is around X 10! My, in which all the mass components When they include all their matter components (dark-
have been included. matter, gas and stars) in the calculation of the circular

On the other hand, by Combining new SurfaceVGlOCity, their peak Velocity is a little below 200 km‘s in
photometry with published dat&ormendy et al.(2009  our case, when we included all the four matter components,
constructed composite brightness profiles over large sadiuve obtained a peak value around 270 km,ssee the curve
ranges of all known elliptical galaxies in the Virgo labeled“all”in the left panel of Figur8. The peak velocity
cluster. It must be noted thatormendy etal.(2009  of the curve for the dark-matter halo is a little above 200
asserted a conclusion (see their section 7.2), whickms ', see the curve labeled “halo” again in the left panel
seems to generalize and at the same time provides sorféFigure3.
observational support to the idea described at the end When they separate their mass components in their
of Section4 in this paper, that is, the idea that the decalculation of the circular velocity, see the right panel of
Vaucouleurs profile curve fits well all of the resulting their figure 2, they obtained a curve around 50 krh for
merger remnants of the galaxy collisions considered in thishe gas. In our case, our corresponding curve for the gas
paper, irrespective of the collision geometry. componentis around 30 k.

Let us now quote that conclusion Kormendy et al. We can compare their circular velocity curves with
(2009’s own words: “One of the main conclusions of the ones we obtained for the merger remnants, which are
this paper is that Sérsic functions fit the main parts ofdepicted in the left panel of Figurk3. Because the mass

5.2 Comparison with Observations
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assembled in the remnants is a bit more massive than the do not capture the moment at which the merging
galaxy model, all the curves are higher in magnitude than process of the two galaxies takes place.
those ofTaylor et al. (2016. The peak circular velocity 8. It seems to be that the radial density profile does

of the curves displayed in FigurE3 occurs for a radius not make any difference with respect to the collision
around 10 kpc, while that radius ®&ylor et al.(2016 for process that gathers the mass together. Therefore it is
their curves is around 20 kpc. possible to obtain an overall general de Vaucouleurs

As the radial profile of the circular velocity is a good curve to describe the general behavior of the radial
indicator of the mass distribution of a system, we can density profile of the merger remnants. The fitting
conclude, on the basis of the previous comparison, that we parameters of the de Vaucouleurs curve are described
have roughly modeled a system with a similar mass and in TableA.1 and in FigureA.1.
size as those chosen f@aylor et al.(2016 to model the 9. The four-parameter formula considered in Appendix
Milky Way Galaxy. 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.

In this paper, we implemented a galaxy model that provegh cknowledgements The author gratefully acknowledges

to be stable over a long evolution time. As an improve+the computer resources, technical expertise, and support

ment overGabbasov et a(200§ andLuna Sanchez etal. provided by the Laboratorio Nacional de Supercomputo

(2019, on which this work is based, here we included age| Sureste de México through grant number O-2016/047.

gas component. The author would like to thank the referee for his/her report
Utilizing this galaxy model, we then explored severalon this manuscript, which has helped a lot in improving its

collision models of equal-mass galaxies to study the effectcontent.

of different interaction scenarios on the dynamics of the

matter components of the new structures formed afteAppendix A: THE DE VAUCOULEURSFITTING

such a merging process. As expected, the interaction CURVES

between galaxies produces notable changes in the galaxies i i

participating and in their physical properties. Here, wel€t us thus adapt the de Vaucouleurs fgnctlon to descr.|be

focused specifically on the density profile. Some of thethe .rad|al prof|.le _Of the peak .densuy cglculated n

conclusions to be emphasized from the models calculr;ue%_ec“orﬁ'3'l which in this paper will be considered to be

here follow: given as
1/4
()"}

that it has reached a state of dynamic equilibrium) uqn the case of the surface brightndssk. is known as the

to an evolution time of 14 Gyr. . _ . . o
2. Most of the gas in the galaxy model evolved S,[ronglyeffectlve radius or half-light radius, because this inthsa

: . . . “the radius within which the brightness of the elliptical
tied to the galaxy center, while a small fraction of it . . . .

. . . galaxy includes half the light of the image. For this paper,
managed to escape away with the evolution of time.

3. The collision models considered in this paper are nof’ be and i, are free parameters of Equatigh 1), which

intense enough to significantly eject the gas from themUSt be de-termined. . .
By taking the natural logarithm on both sides of

central mass distribution of the galaxy model. : - 1 1/4
— Rl/A4 — RY
4. The gas is gravitationally bounded to the center OFquatlon 6.1) and definingz RS e R
log p andy,. = log p. we get

each of the galaxies even during the process of =
collision. y=A+Bx (A.2)

5. The gas _mgnifests interesting dyngmif:s, despite th\7(‘/hereA and B are parameters to be determined by the
fact thlat 't_'s aI]:NEys bo:mfded g(;awtatlonally fo the least squares method applied to the data shown in the plots
6 <I:entrr]a rlzglgno t ednezvy Olrlm(; systﬁrr_]. del of Figure12, wherey andzx take the valueg; andx; with
- It shou e noted that all the collision mo s, — 1..nin, as was done in Sectidhl, where the radial

substandially increase theq fangular momentum W'thpartition was described. These parameters are related to th
respect to that of the individual galaxy before thede Vaucouleurs parameters by means of

collision.
7. The dynamic variables studied in Secti8r8 (e.qg. A=be+ye
peak density, density profile and angular momentum) B= 2%

Te

6 CONCLUDING REMARKS

p(R) = pe exp {be

1. The galaxy model has proved to be stable (in the sense

(A.3)
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Fig.A.1 Averaged values of the de Vaucouleurs parameters as aduaraftithe value of the paramet@&., (left) b, and
(right) pe.

Table A.1 The averaged parameters of the de Vaucouleurs With the procedure followed in this Appendi, the
fitting curves for the radial density profile. The parametemparametelR, is left undetermined. To alleviate this issue,
R. = 0.5kpc. in FigureA.1 we show the values df. andp. obtained as
a function ofR..

Matter component| b, Pe
Gas 497 | 2.767 x10~ 2%
Disk 6.03 | 1.006 x10~22 Appendix B: FOUR-PARAMETER FITTING
Bulge 5.85 | 1.925 x10 23 CURVES
Halo 475 ] 1.108 x10— %2

The objective of this AppendixB is twofold. First,

so that there are three free parameters on the right-haf@ complement the curves of the radial density profile
side of Equation A4.3), while the least squares method featured in Section3.3.1, which were constructed by
gives us only two parameters on the left-hand side 0{;Jtilizing a radial partition up to a maximum radius of
Equation A.3). To solve this issue, we consider the 100 kpc, so that now we shorten this radial range up to
following strategy, which is obviously not unique, see40 kpc, to reveal the gas distribution of the innermost
the end of Sectior. We make a partition in the radial '€9ion of the merger remnants in more detail. Second,
parameterR, so that we scan a relevant interval, for ©© complement the results of Appendi, where a de
example from 0.5 to 20 kpc. Then having the valuesvaucouleurs function was proposed to describe the radial
of A and B by following the procedures oPress et al. density profile, so that now we test another radial formula
(1992 and fixing the value forR,, we then obtain the which has given good results as a fitting model, as we

corresponding values of de Vaucouleurs paraméteasd ~ &XPlain below.
p. by means of Recently,Wang et al.(2014 focused on understand-

ing the radial distribution of the gas in a sample of
(A.4) spiral galaxies, demonstrating that there is a mathentatica
Ye=A—b. 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, seaVang et al.(2013. The formula is expressed

means that the mcre_ment in the value of the paramieter ; equation (1) ofVang et al(2014 and we repeat it here
produces a change in the values of the paraméteasd for the reader’s convenience

pe, SO that the three parameters produce the same curve by
means of EquationX1), for every value of?. within the S(z) = Iy exp (~/7s) (B.1)
scanned interval. L+ I exp (—a/re)

Finally, given that there are four matter componentsvhere . is the surface density andéy, rs, I, r. are
and four collision models, once we have the fitting curvefree parameters to be determined by adjusting the curve
for every model and matter component, we then take théo the data available. By using an ANSI C translation
averaged values of the parametérsand p. for a fixed of the MPFIT program, se&arbow et al. (2013, we
value of R., so that the resulting averaged fitting curvescalculate the best fitting parameters to solve the least-
have been plotted in each panel of Figd It can be squares problem applied to the data,.(R) versusR,
noticed that these averaged values for the de Vaucouleuvghere p,..(R) is the average density for a thin radial
parameters, andp. are reported in Tabla.1. shell centered around the radiftswith a width given by

be = —x. B

It is interesting to mention that this strategy led us
to a unique curve from all the curves for eaBlh. This
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Fig.B.1 The radial density profile of the merger remnants (expresstdlines) and the fitting curves (signified with
points) for the collision models.

Table B.1 Parameters of the Four-parameter Fitting Curves Shown ifBE#) for the Radial Density Profile

Model | Iilgem=®] | rolkpc] | L2 0 | relkpe] | p3e(0)[ 101 x o
S02 | 2.01 x 10~ 2% 0.948 | 1.34 1.13 1.27 x 10~3
Orb 2.28 x 10~2° | 0.9489 | 1.32 1.21 1.45 x 10~ %
Tom | 7.29 x 10~ 2° 0.94 1.34 1.17 4.6 x107%

Rot 1.1 x 10~%% 0.94 1.34 1.15 6.95 x 10~ %

Table B.2 Parameters of the four-parameter fitting curves shown i(B&q) applied directly to the log-log data of the

radial density profile.

Model | 11 [log1o(£3)] | 7s llogio(kpo)]l | 20 | 7e [logio(kpo)]l | Save(O) 23]
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

0R. The resulting curve is displayed in the left panel of

In order to compare withwang et al. (2014, we

FigureB.1. The set of parameters per each collision modetalculate an approximate surface density profile based on
is listed in TableB.1. the procedure already explained above to obtain the radial
In this case, the functionX(z) defined in density profile (see also SectioBsl and3.3.1). As we
Equation B.1) has been identified directly with the mentioned, we made a radial partition of the spherical
mass density(R) and the independent variablewith ~ galaxy in terms of spherical shells centered on a rattiys
the radiusR. Let us compare our results with those of SO that the number and type of particles contained in each
Aumer & White (2013, who presented simulations of radial shell were accounted for and we simply divide it by
gas disk formation and evolution, so that they locatedhe surface area of the shell at the radius, whictrig? on
gas at redshift 1.3 in some dark-matter halos chosefverage.We presentour results in alog-log plotand change
from a dark-matter-only simulation. The gas evolvedthe units of the surface density to make comparison easier.
up to a redshift zero in a zoomed-in cosmological re- It must be noted that we have applied the fitting
simulation. In the right panel of the second line of theirprocess on the log-log data directly to determine the
figure 12, they reported the surface gas density (in unitparameters of the best fitting curve. In this case, we
of 1010 x /3;{?3) versusthe disk radius (in kpc), so we have identified theZ(z) defined in EquationR.1) with
include the values obtained for the following combinationlog(¥av.) and thex with log(R). The fitting curve is
of fitting parameters in the sixth column of TabBe1:  shown in the right panel of Figui.1 and the parameters
02 . (0) = 1fl2, which corresponds to the value of the are reported in TablB.2.
fitting curve atkR = 0, see EquatiorR.1). Aumer & White The average values of the parameterandr.. for the
(2013 reported a value of0~! at R = 0, which is very 43 galaxies reported byang et al.(2014 are< r; >=
high compared to our values, which are in the range fron5.77 kpc andr. = 4.23 kpc respectively, while our
1.2 x 1073 106.95 x 104 average values obtained for the plot depicted in the left
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panel of FigureB.1 are (r;) = 0.9 kpc andr, = 1.17 33,491

kpc. While it is true that the curves in the right panel of Luna Sanchez, J. C. L., Meza, M. A. R., Arrieta, A., & Gabhaso
FigureB.1 exhibit a similar shape to the curves reported R. 2015, Numerical Simulations of Interacting Galaxiesr Ba
by Wang et al(2014) in their figures 1, 4 and 5, our curves  Morphology (Springer International Publishing)

are quite below their curves, as can be seen in the sixtMayya, Y. D., & Carrasco, L. 2009, in Revista Mexicana de

column of TableB.2, in which we provide the expected
value of our fitting curveX,,.(0) (now without the log
scale) atr=0. Wang et al.(2014 reported a value of the
surface density at=0 within 1 to 10, while our values are
always below 1.
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