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Do the homework and explore galaxy collisions
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In this paper we test a code to model the collision of galaxies. This code is based on the program GALAXY, which is proposed in Appendix
J of a well-known textbook in astrophysics. The GALAXY program is in turn based on the approximation model proposed by the Toomre
brothers in 1972. With this model, it was possible to demonstrate very efficiently that the tails and bridges observed by astronomers when
two galaxies collide have their origin in the gravitational tidal forces. We have made several improvements to our code with respect to the
one described in Appendix J, such as (i) the possibility of evolving more than two galaxies (up to N-galaxies); (ii) the placement of stars
in each of the galaxies; (iii) the rotation of the galaxies according to Euler angles; and finally, (iv) coding in ansi ¢ rather than the original
Basic language. To test the code we ran the binary collision models proposed in the homework part of the book, namely the whirlpool and
cartwheel models. Then we rotated the galaxies involved in the collision and examined the differences in the results. To generate more
models we change the initial velocity of the disturbing galaxy. We found geometrically and physically more interesting star configurations.
In addition, we ran the Stephan model with five interacting galaxies. To show the final results of the models, we use our own algorithm
to perform a density smoothing procedure and create two-dimensional isodensity ploRythitim . To give the reader the opportunity

to practice and visualize the different scenarios, the source programs are shared in theggskdrive.google.com/drive/
folders/1J08YVJICYWbAZbSGceO-uOZtNrCmC70p?usp=sharing
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1. Introduction that the central masses exert an attractive force on each other
and on all the stars. The stars did not interact gravitationally
The results of the NASA/ESA Hubble Space Telescope are s@ith other stars. Using this model they were able to produce
spectacular that they have attracted the attention of the pulhe tails and bridges that were observed by astronomers, and
lic. In 2024 alone, many reports have appeared in nationayhose origin was debated at the time. The Toomre paper
newspapers relating to collisions between galaxies, see [1fhade a major contribution to clarifying this area. This is a
The first new item is about the collision between the galaxiegrilliant example of using a physical approach to discover the
NGC 6040 and LEDA 59642, see Fig. 1. It was mentionednhature of more complicated phenomena. They helped solve
that “galactic collisions and mergers are monumentally enthe mystery of the origin of peculiar galaxies: these are the
ergetic and dramatic events, but occur on a very slow timeresult of one or more collisions between galaxies.
scale”. It was also mentioned that the structures of the galax- | this paper, we have recreated the GALAXY code in a

ies change a lot during the collision “due to the enormousyodern programming language. At that time, the authors
changes in the gravitational forces acting on them”. Both

comments are true and indeed, in this paper we show in more
detail some of the physics behind such interesting phenom-
ena, through an exhibition suitable for the general public.

A high percentage of the observed galaxies are elegant,
and have beautiful disk and spiral shapes. But other galax- i
ies are not like this and are referred to as peculiar galaxies.
The origin of peculiar galaxies, as shown and described in the
newspaper’s reports [1], with deformed bodies and long tails,
has long been a mystery.

A starting point for young students in this field of sci-
ence is provided by the textbook [2], which provides a gen-
eral introduction to the area and includes a GALAXY code in
Appendix J. The GALAXY code is based on the idea of the
Toomre brothers, see [3]. In this groundbreaking work, they
presented an approximate model for a galaxy. Such a mode:
consisted of many stars in orbit around a central point massicure 1. Image taken from the newspaper “La Jornada” of Jan-
They considered two galaxies interacting gravitationally, souary 13, 2024.
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used the Basic language to manage the plots as a result ofher papers. We mention the geometric setup of the colli-
the code. Nowadays, we use ansi ¢ and the results can lséons of each model. In the next section, we will show the
better created ifPython , to take advantage of the graphi- results of the modeling.
cal capabilities. Using this code, we completed the exercises
sugggested at the end of Chapter 24 of [2] and we present that
results in this paper. 2.1. The whirlpool model
We have added some improvements to the GALAXY
code. The first is that our code can handle more than twd he first system is known as the Whirlpool galaxy, see Fig. 2.
galaxies, whereas the code proposed in Ref. [2] only considFhe setup to simulate this system consists of a main galaxy
ered two galaxies. The second is that we place stars arouraf mass10 x 10° My, and a disturbing galaxy of mass
all the central points involved, while in Ref. [2] the stars are2.5 x 101° M, that are separated by 90 kpc. The two galaxies
only placed around one galaxy. The third is that we can rotatare in the same plane, which is chosen as the XY plane. The
the system of galaxies using the Euler angles formalism. main galaxy is at rest at the origin of a Cartesian coordinate
We clarify that this method for studying galaxy collisions system while the disturbing galaxy is approaching (or mov-
is already part of the heritage of physics. Although research i#g away from) the main galaxy with a velocity of 136 km/s.
still being carried out today in the modeling of galaxies andThis setup and its two variants, to be defined below, represent
galaxy collisions, more complete techniques are used, anan oblique galaxy collision.
therefore there are more difficult to implement for a student,
see for example [4].
The structure of the paper is as follows. In Sec. 2, we2-2. The cartwheel model
show the type of galactic systems to be simulated with this
approximate code. In Sec. 3, we show the stellar configuA second exercise proposed in the Section of Problems of
ration obtained by running the code with initial conditions Chapter 24 of [2] has to do with the so-called Cartwheel
motivated by the real systems described in Sec. 2. In Sec. galaxy, see Fig. 3. The setup for this system consists of two
and 5, we discuss the relevance of our results and make sorggually massive galaxies of mas3 x 10'° M, which are
concluding remarks. separated by 70 kpc along the Z axis. The galaxy located
in the XY plane is at rest, and we call it the target. The
. . galaxy located in a higher plane (but still parallel to the XY
2. The physical systems and computational piane) is directed towards the target galaxy with a velocity
considerations of 400 km/s. We call this the projectile galaxy. This setup
_ _ _ _ represents a head-on galaxy collision.
In this section, we briefly describe some well-known phys- - \ye il also consider a variant of the cartwheel model, as
ical systems that have been extensively modeled using vark,|ios: [7] has studied this galaxy and considered the case
ous computational methods. We decided to test our code witfy, \hich the projectile galaxy is much smaller than the tar-
these systemsin order to validate it by comparing it W|thget galaxy. This makes sense, because the Cartwheel galaxy
is part of a small group of galaxies, it is then possible that
the projectile galaxy was one of those companion galaxies,
which are smaller than the Cartwheel.

FIGURE 2. The Whirlpool galaxy. Image taken from the Wikime- FIGURE 3. The Cartwheel galaxy. Image taken from the Wikime-
dia Commons. dia Commons.
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idea behind these codes is an approximate model of a galaxy
as a dimensionless point of mass, surrounded by a series of
concentric rings. The rings are circles lying in a plane that
represent the spatial extent of the model galaxy. This ar-
rangement represents a spiral galaxy. The number of rings
is a parameter of the code. We use 50 rings for the models to
be considered in Se8.

A second parameter of the code is the number of stars
per ring. Let us explain the meaning of a star for the code.
Each ring can have a certain number of dimensionless point
particles. It must be emphasized that the stars have no grav-
itational influence on the system. However, the motion of
the stars is influenced by the gravitational pull of the central
point of mass. This is possible because the acceleration of
each star is affected by the gravitational force of the point
masses. The mass of the stars would appear on both sides of
the Newton’s second law of motion and therefore the mass of
the stars would cancel out in the equation of motion.

FIGURE 4. The Stephan quintet model. Image taken from the Wiki-

media Commons. For this reason, it is to be expected that the number of
stars per ring has no influence on the results of the system
2.3. The Stephan model evolution. This number is only used for better visualization.

In the case of the models of Sec. 3, we use 500 stars per ring.

A third exercise to test the code, which is not suggested in th must be mentioned that the book suggests using fewer rings
book, consists of a small group of 5 galaxies, called Stephan‘gnd fewer tars per galaxy. Furthermore, in the book’s code,
quintet, see Fig. 4. This group was studied by Hickson an@nly one galaxy has stars, while the other galaxy has none.
he included it in his catalog of compact groups with the labelWWe believe that these suggestions were implemented to make
group 92, see [5]. The galaxies have a mass factor differenthe code of that time more efficient. Nowadays, such restric-
as follows: 6, 3, 1.5, 1.0 and 0.5. The mass of each galax{ions are no longer necessary.
can be obtained by multiplying this factor by a base mass of This computational system will evolve in time over a cer-
2 x 10'° M,. The galaxies are distributed in an almost lineartain number of time steps. This is another parameter of the
curve as suggested by numerical simulations, see [16]. Theode: the total number of time steps. During the time evolu-
initial distances between the galaxies of the group are showtion, the separation between particles can become very small
in Table I. or even zero. Therefore, the gravitational force would have

The masses, positions, velocities and angles were takesn arbitrarily large magnitude, and cause an overflow prob-
from observations, but some values are still subject to uncettem in the computer. To avoid this, a softening length with a

tainty, see [8]. value of 2 in code units (which corresponds to 1 kpc in phys-
ical units) has been included in both codes.
2.4. The code Finally, there are two parameters of the code that control

. . the geometry of the galaxy, namely the radial extent of all
As we have already mentioned, we are testing here our own . S ) .
code, which is based on the one shown in Ref. [2]. The maifings and the radius of the first ring (the innermost ring of the

' B galaxy). For the whirlpool model, we use the values 20 and

10 as suggested in the book (which corresponds to a size of
TaBLE |. The distances between galaxies in the Stephan model. 10 kpc and 5 kpc). For the Cartwheel model, we reduce the
second parameter from 10 to 5. For the Stephan model, we

galaxy galaxy distance [kpc] - - .
1 5 2393 use 50 rings with 250 stars per ring, so we have 12500 stars
' in the model.
1 3 116.54 the mode
1 4 42.44
1 > 14.16 3. Results
2 3 42.73
2 4 31.73 3.1. The whirlpool model
2 5 87.90
3 4 74.36 In Fig. 5 we show two snapshots of the resulting configura-
3 5 130.57 tion of the whirlpool model. Initially, the disturbing galaxy is
4 5 56.35 located at the coordinates (30, -30, 0) in units of the code,
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FIGURE 5. Time evolution of the whirlpool model. The time (in millions of years) for every panel is as follows: a) 6, b) 21.6.

i.e, in the fourth quadrant of the coordinate system (with co-one can see that the stars of the disturbing galaxy are under
ordinatesr > 0 andy < 0) and the velocity is (0,0.34,0.34) a strong attractive force caused by the main galaxy, so that
in units of the code. Rapidly, the disturbing galaxy movesmany stars of the disturbing galaxy move towards the main
up to the second quadrant (with coordinates< 0 and  galaxy through two matter channels. In the lower-right panel
y > 0) during a brief period of 1.2 million years. It must be of Fig. 6, one can see that one of these matter channels finally
noted that the disturbing galaxy circled through the entire firstouches the main galaxy after 9.6 millions of years.

quadrant (with coordinates > 0 andy > 0). In the mean- A clarifying note is in order. The plots shown in Fig. 6
time, the main galaxy has moved a little away in the negativevere created with a software that allows the system to be
direction along the Y-axis. The left panel of Fig. 5 shows thefreely rotated to view the 3D structure, see [10]. In this type
configuration of the system after 6 million years. The dis-of plots, the axes have been rotated so that a different view
turbing galaxy is still in the second quadrant and one can segan be selected from panel to panel in the same figure.

the bridge of stars connecting the two galaxies. In addition, \ve now consider a rotation of the initial galaxy system,
one can see that the star system has expanded spatially form? using the formalism of Euler angles, described by [11]. In
ing a closed surface. The right panel shows the configuratiogyg formalism, three angles are definegindicating a rota-

of the system after 21.6 million years. This configuration iStjon around the Z axig] for a rotation around the new X-axis
basically the same configuration as in the left panel, but manyn finally,y for a rotation around the new Z-axis. It should
stars have moved very far away with respect to the galaxiegye noted that only two angles are required for a meaningful
For this reason, the scale of the coordinate axes has greayyiation of the galaxies, see for example the definition of the
increased, a sea of stars fills the space. In this plot, a po"ﬁnglesﬁ andw of [3]. For the main galaxy we consider the
reprgsents a stgr, see [9]._ The c_omparison of this resultingng|es (given in degrees) 9 ¢ = 0, 30,30 while those of the
configuration with Fig. 2 is immediate. disturbing galaxy are, 6 ¢ = 0, -30,-30, see the right panel

of Fig. 7 and compare with the left panel of Fig. 7.

As can be seen in Fig. 8, the resulting dynamic of the ro-
We now consider variants of the whirlpool model to illus- tated system is more interesting, as the arms of stars are more
trate that the resulting configurations can be very different€longated and twisted than those observed in Fig. 9. In ad-
For example, we move the initial position of the disturbing dition, the main galaxy has shown more activity than in the
galaxy to (150,100,0) in units of the code, and the initial ve-Case without rotation. In the left-top panel of Fig. 8, one can
locity is still (0, 0.34,0.34) in units of the code. It must be S€e that the stars of the main galaxy start to move to form
noted that the velocity vector of the disturbing galaxy points@n “S structure”, which is clearly visible in the upper-right
outwards and therefore it tries to move away from the mairPanel. The arms of stars from the disturbing galaxy reach the
galaxy. In Fig. 6 we show the results of our code for the newmain galaxy at two points, as seen in the lower left and right
whirlpool setup. In the top left panel one can see the mairPanels of Fig. 8.
galaxy with practically no changes to its initial configuration.  In Fig. 6 and 8 we focus on the star configurations and
The disturbing galaxy located in the right corner of the paneltherefore the physical scale of the system is not clear. It must
already shows an extension of its initial star configuration afoe noted the significant separation of the galaxy centres after
ter 2.4 millions of years. In the next panels of this Fig. 6 9.6 millions of years. In the length units of the code, the ini-

3.2. Variants of the whirlpool model
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DO THE HOMEWORK AND EXPLORE GALAXY COLLISIONS 5

FIGURE 6. Time evolution of the first variant of the whirlpool model. The time (in millions of years) for every panel is as follows: a) 2.4; b)
4.8;¢)7.2,and d) 9.6.

FIGURE 7. a) The initial galaxies of the first variant of the whirlpool model b) have been rotated.

FIGURE 8. Time evolution of the rotated first variant of the whirlpool model, whose initial galaxies have been rotated with respect to that of
the model illustrated in Fig. 6. The time (in millions of years) for every panel is as follows: a) 1.2; b) 3.6; ¢) 7.2 and d) 9.6.
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FIGURE 9. Time evolution of the second and third variants of the whirlpool model. The time (in millions of years) for every panel is as
follows: second variant, a) 7.2; b) 21.6; third variant: ¢) 1.2 and d) 21.6.

tial separation was illustrated in a plot with a width ef1(50 To save space, we will present the results of both varia-
to 150) on thez-axis and a width of £20 to 120) on the tionsinthe same Fig. 9, as follows. The two panels of the top
y-axis. After 9.6 millions of years a width of (-200,400) in row for the second variation and the panels of the bottom row
both axes is needed to cover the stellar configuration. There-
fore, the system has expanded to double the space it initially
occupied.

Z

Let us now consider a change in the direction of the initial
velocity vector of the disturbing galaxy. The second variant
of the whirlpool model consists of the same initial configura-
tion of the galaxiesi.e., (150,100,0) but the velocity vector
of the disturbing galaxy points in the opposite direction of the
first variant of the whirlpool modei,e., the components of
the velocity are now (0,-0.34,-0.34), in code units. The third X
variant consists of the same initial configuration as the first
and second variants of the whirlpool model, with the excep-
tion of the velocity vector of the disturbing galaxy, which has .
doubled in magnitude towards the negative values ofifhe VGIOClty vectors
axis, i.e., the components of the velocity are (-0.68,-0.34,0)r,gure 10. Schematic representation of the variants of the
in code units. A schematic representation of the variant modwhirlpool model. The only change is in the velocity vector of the
els is shown in Fig. 10 to summarize the different variants ofdisturbing galaxy. The components of the velocity are shown next
the whirlpool model. to the name in Cartesian coordinates.

> Y

Whirlpool (0,0.34,0.34)

Whirlpool-3 (-0.68,-0.34,0)

Whirlpool-2 (0,-0.34,-0.34)
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FIGURE 11. Time evolution of the cartwheel model. The time (in millions of years) for every panel is as follows: a) 0; b) 4.8; c) 9.6.
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FIGURE 12. Time evolution of the cartwheel model, by looking at planes parallel to the ZX plane. The time (in millions of years) for every
panel is as follows: a) 0; b) 1.2; c) 2.4 and d) 3.6; e) 7.2 and f) 8.4.
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for the third variation. In the two panels of the left column of see a concentric series of rings coming from both galaxies.
Fig. 9 we see that the two galaxies in the variants are movin Fig. 12 we show the alternative plots that completed the
ing reasonably well, as they have followed the trajectoriesime evolution shown in Fig. 11. One can note the change in
expected of a two-body problem. For the second variant, thehysical scale of the system.

disturbing galaxy is below and to the right (in the fourth quad-  We now consider a rotation of the initial galaxy system of
rant with coordinates > 0 andy < 0) of the main galaxy the cartwheel model. We use only one Euler angle; 45.
while in the third variant the disturbing galaxy has roundedThis rotation was only applied to the projectile galaxy, as one
the main galaxy from above (in the third quadrant with coor-can see in the upper-left panel of Fig. 13. In the upper-right
dinatesr < 0 andy < 0). The two panels of the right column panel of Fig. 13 one can see that the projectile galaxy is eject-
show the last snapshot of each variant taken at 21.6 millioing stars due to the gravitational force caused by the target
of years. In the case of the second variant, the display of thgalaxy. These stars do not retain the concentric rings as was
stars is impressive. They seem to stretch without limit. In thethe case in the system without rotation.

case of the third variant the development of bridges and tails As usual, we supplement the illustration of the results
is notable. with the dot plots, shown in Fig. 14. In the upper-left panel of
Fig. 14 one can see that the target galaxy remains unchanged,
while the stars of the projectile galaxy begin to move down-
wards. The stars of the projectile galaxy take on a configu-

We have run another model that represents a head-on colfidtion reminiscent of a cocoon in which the target galaxy is
sion between two equal-mass galaxies. In Fig. 11 we shofMPedded, see the last two panels of Fig. 14.

the time evolution of this model. The initial configuration
can be seen in the upper panel. It consists of the galaxies |

cated one above the other, so that the projectile galaxy movqullowing [7], we now consider that the projectile galaxy is

downwards and charges on the target galaxy located below ey in size and mass than the target galaxy. The initial

For the separation suggested in the book, the collision 0cculs, i s of the target galaxy is 30 and for the projectile galaxy
very qw_ckly. For this reason, we have used twice the mmalthe radius is 10. The mass of the projectile galaxy has been
separation between the galaxies, 70 kpc. chosen to be 0.2 the mass of the target galaxy, as was done

After 4.8 millions of years, in the middle panel of Fig. 11 py Giteata. In Fig. 15 we show the results of this model.
one can see that stars of the projectile galaxy form concen-

tric rings whose radius increases towards the bottom. Atthg 5. The Stephan model

same time, the stars of the target galaxy show no disturbance.

In the bottom panel of Fig. 11, after 9.6 millions of years, In the upper-left panel of Fig. 16 we show the initial distribu-
the view of the system is from the positive-axis, one can tion of galaxies at time 0. There are 5 galaxies and they are

3.3. The cartwheel model

65‘_.4. Variant of the cartwheel model

c)

FIGURE 13. Time evolution of the rotated cartwheel model. The time (in millions of years) for every panel is as follows: a) O; b) 2.4; c) 4.8
andd) 7.2.
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FIGURE 14. Time evolution of the rotated cartwheel model, by means of planes parallel to the ZX plane. The time (in millions of years) for
every panel is as follows: a) 0; b) 4.8; ¢) 7.2 and d) 9.6.
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FIGURE 15. Time evolution of a variant of the cartwheel model, by means of planes parallel to the ZX plane. The time (in millions of years)
for every panel is as follows: a) 0 (the initial conditions); b) 10.8; ¢) 14.4 and d) 21.6.

Rev. Mex. Fis. E23010204
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FIGURE 16. Time evolution of the Stephan model. The time (in millions of years) for every panel is as follows: a) 0; b) 1.2; ¢) 6 and d) 42.

grouped in a subgroup with three members and a second sutherefore 4096.
group with two members. It should be noted that each mem-  \we count the number of stars in each cell elemerdand

ber has been rotated. In the upper-right panel of Fig. 16, Wga|culate the distance of each star to the centre of the cell
see that the stellar disks begin to distort and expand rapidly;,  Then we normalize the distance with half the width of
This plOt Corl’esponds to a time of 1.2 million yeal‘S. In thethe Ce"’ 0g- We approximate the density of each gnd ele-
lower-left panel of Fig. 16 we see that the galaxies begin tQnent< , > using the following Gaussian smoothing func-
stack over a period of 6 million years. This stacking processjon < p >= ¥, (m; exp(d;/o0)). In this equation; ranges

continues, and we have followed it up to a time of 42 million from 1 to 40967, the mass of the star ari} indicates that
years, as can be seen in the right-bottom panel of Fig. 16. the sum is over all the particles of the cell.

Since it was not necessary to specify the mass of the stars
m;, we can now use the arbitrary value 1 and speak of the

To show the final result of a simulated model in a represengen.s'ty per unit mass, or alte_rn_atlvely, Fhmk of the density in
Ebnrary units. In any case, it is most important to compare

3.6. The final results of the models

tation that makes sense to an astronomer, a smoothing pr ; X
cedure must be applied to a snapshot. As we have alreaa e values on the color scale, shown in the vertical bar on the

mentioned, in the previous figures, a dot represents a star. ht side of the plots.
we have seen, the stars are distributed in three spatial dimen- Thus, for each cell element of the grid, we store the
sions. Astronomers can normally only see plane or sphericimoothed density. These numbers are used feytaon
projections in two spatial dimensions. We then briefly de-code to create a plot, in which it is given the coordinates of
scribe the smoothing process. the centre and the smoothed density. The resulting plots are
For the whirlpool model, consider the plots at the bottom-shown in Figs. 17, 18 and 19.
right panel of Fig. 6 and 8, which represent the last snapshots Analogously to the whirlpool model, we now show the
obtained without and with rotation, respectively. They showfinal plots of the cartwheel model, after the application of the
the spatial configuration of the stars after 9.6 million years ofsame smoothing procedure to the snapshots shown in the bot-
the model evolution. We applied the smoothing procedure téom panel of Fig. 11 for the case without rotation and to the
these files. right-bottom panel of Fig. 14 for the case of rotation. These
We read the position of the stars in the Cartesian coorplots represent the star configuration after 9.6 million years
dinates(x, y, z) and ignore the third coordinate We then  of the evolution of the model. The resulting plots are shown
place a two-dimensional grid over the resulting star projecin Fig. 18. Finally, we show the density plots for two evolu-
tion (z,y). This grid has 64 cell elements in each coordinatetion times of the Stephan model, see Fig. 19. These panels
axis X anY. The total number of cell elements in the grid is correspond to the ones shown in the bottom line of Fig. 16.

Rev. Mex. Fis. E23010204



DO THE HOMEWORK AND EXPLORE GALAXY COLLISIONS 11

14 400 20.0
204 - 17.5
300 4 15.0
300 A 10
12,5
8
200 A
200 4 10.0
6
7.5
100 1 3 19 5.0
2 25
0 A
0 100 200 300 400 : \ ) )
a) b) 0 100 200 300

FIGURE 17. The resulting smoothed density for the whirlpool model. a) Represents the model without rotation and b) represents the model
with rotation.
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FIGURE 18. The resulting smoothed density of the Cartwheel model. a) Represents the model without rotation and b) represents the model
with rotation.
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FIGURE 19. The resulting smoothed density of the Sthephan model. a) Represents the model at 6 millions of years and b) represents the
model at 42 millions of years.

4. Discussion authors of the original code in the book of [2]. For these
models, we show interesting stellar configurations from a ge-
ometrical point of view. The comparison with the physical

Th? initial conditions of the classical galaxy modéls, the models shown in Sec. 1 is immediate. Therefore, the results
whirlpool and the cartwheel models, were proposed by the
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shown in Sec. 3 allows us to validate the performance of thé.3. The Stephan model

code as we obtained the expected configurations. Then, this

code can become a tool to experience new collision modeldn the case of the Stephan quintet, we only saw the stacking
as we have done in the models shown in Sec. 3. of galaxies. The initial conditions do not seem to be very rele-

It must be noted that we have given the models plentyant, since the final product of the evolution will be a stacked

of time to evolve, but for limitations of space, we have illus- system of galaxies. Itis interesting to note that the disk struc-
trated some models very sparsely. The characterization of tHgre of the galaxies is preserved. In more complete simula-
stellar distribution in physical and geometric terms is not dis-tions, which include dark matter halo and bulge, itis seen that
cussed here for reasons of space and is reserved for a futufe collision of spiral galaxies leads to galactic systems with

publication. Below, we will emphasize some points of theélliptical distribution. In this calculation, we have followed
models. the evolution of this model up to just over 42 million years.

Perhaps we need to follow the evolution up to hundreds of
millions of years to see the formation of an elliptical galaxy
as a result of the collision of this 5-galaxy system.

We have considered several variations of the classic

whirlpool model in order to illustrate the enormous differ- )

ences in the resulting star configurations. At the initial®- Concluding remarks

time, the differences between these variants and the classic .

whirlpool model were: (i) the disturbing galaxy is located In this paper we have tested a new code to simulate galaxy

initially further away; (ii) the initial velocity vector of the collisions. The code is based on the approximate model
disturbing galaxy has changed. of [3]. Although this model is very old, simulations based

These variant models are characterized by the formatioRn this model allow students to quickly gain physical intu-
of wide branches of stars connecting the main and the disturtion. Galactic dynamics is a field of research with a very old
ing galaxies. In the case of the first variant of the whirlpoolNistory, and yet there are still open problems that need to be

model with and without rotation, accretion is the main pro-considered, see [12].

cess. Accretion is clearly evident as two long arms of stars  The main product of this paper is a tested and validated

form from the disturbing galaxy towards the main galaxy.code based on that code kindle provided in the Appendix J

The results in the rotated models are visually more interestof the book [2]. The code passes dynamic tests so it looks
ing. It must be noted that the main galaxy shows different€asonable. Since this code can be run on a laptop, it is an
behavior with respect to whether the disturbing galaxy is ro€asy way to motivate students to explore the field of galaxy

tated or not. In the non-rotated case, the gravitational forc&ollisions. Students can investigate different physical config-

between the galaxies is almost vertical, since the Componemrations, and calculate the conservation of linear momentum,
in the plane of the main galaxy is very small. But in the ro-angular momentum and other physical properties. Further-

tated case, the gravitational force has a larger component ffore, a geometric characterization of the stellar structure can
the plane of the main galaxy. be an interesting task. For instance, [13] presents a catalogue

In the first variant of the whirlpool model, the main of observed ring-shaped galaxies, and other rather rare galaxy

galaxy was barely affected. In the second and third variant§onfigurations. It would pe interesting for gtudents to select
of the whirlpool model there is a noticeable movement of theSome of these ring galaxies and run numerical models to un-

main galaxy. In addition, long bridges of stars have appearedlerstand their main physical properties.
Another proprietary tool we developed for this work was

the code for smoothing the star distribution in terms of ap-
proximate density. We tried to summarize the result of a nu-

In the case of the cartwheel model with and without rotationmerical model by means of this smoothing process and make
the expansion of the stellar configuration is clearly visible.the comparison with observations more plausible.

This motion is a consequence of the conservation of momen- The dynamics of galaxies during collision has become a
tum of the system, as follows. The initial momentum of thevery important digital tool for science education and teach-
system is clearly directed along the negative values ofahe ing, see for example [14]. On this website, users were in-
axis, since the projectile galaxy has a translation velocity irvited to participate in the classification of galaxies and the
that direction while the target galaxy has no momentum. Ini-generation of galaxy collisions so that the results could be
tially, the total momentum in the plane parallel to thg” seen immediately. More recently, a virtual observatory with a
plane must be zero. When the stars of the projectile galaxglatabase of galaxy collisions has been presented in Ref. [15].
approach the target galaxy, the stars in the projectile galaxy Of course, this is an approximate method. To go beyond
must move radially outward in pairs, in order to keep the systhis approximation, a lot of hard work is required. A self-
tem having zero momentum in the plane parallel toXig  consistent galaxy model must be created, that includes sev-
plane. As expected, the results in the rotated models are veral components, such as a bulge of stars, the disk formed by
sually more interesting. stars, the dark matter halo and gas, see for example [6] and

4.1. The whirlpool model

4.2. The cartwheel model
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