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been reviewed based on numerical simulation using Illustris and IllustrisTNG. 210 halos were
identified visually, using the Explorer; but their number was reduced due to selection taking
into account found distances, masses and particle emission conditions, then the halos were
refined and received specific cuts using Python. Among them, 34% did not interact at all, due
to asymmetries ranging from 18 to 74%. The pair with ID 473420-473421 turned out to be the
best interacting pair, and it was most marked at z = 1 and 5. This sample provided more infor-
mation about the behavior of the gas present, such as the formation of tidal tails, with a relative
velocity of 9 to 213 km/s. The density fields were affected by distribution velocities and radial
motion in galaxy interaction processes, the gas flow created transitions between the two disks
in the radial velocity field, with longer jets in regions of cold gas compared to those of hot one.
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U3YYEHUE NAP U3OJIMPOBAHHDbIX
B3AMMOENCTBYIOLLUX FTAJIAKTUK
B ACNEKTE rungPOAUHAMUYECKOIO NOBEAEHUA TA3ZA
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HaunoHanbHbI aBTOHOMHBIV YHMBEPCUMTET MeKkcuku, r. Mexunko, Mekcuka
™ mca.ts.eduardo2015@gmail.com

Annoranusa. B pabore paccMOTpeHO TMAPOAMHAMMYECKOE MOBEACHUE Ta3a B BbIOpAaHHON
nape M30JMPOBAHHBIX rajlakTUK, OCHOBAHHOE Ha 4ucilIeHHOM MonenupoBaHuu Illustris u I1-
lustrisTNG. BusyanbHo B Opay3epe Explorer Obu10 maeHTuduiupoBaHo 210 opeojioB, HO
MX KOJIMYECTBO OBUIO YMEHBIIIEHO 3a CYeT BbIOOpA, YUYMTHIBAIOIIETO HAWACHHBIC PACCTOSIHUS,
MaccChl U YCJIOBUSI BbIOpOCaA YacTull; 3aTeM C Iomoluibio Python opeosibl OblM 1O0pabOTaHbI U
nojyunau crienindpudeckue paspesnl. Cpenn Hux 34 % BOOOIIIe HE COBEPIIATIN B3aUMOIECTBUS
BBUAY Hamuuust acumMmetpuu (18 — 74%). Haunyuiieit B3aumoneiicTByoleil mapoi okasaiach
napa ¢ uneHtudukaropoM 473420-473421, npuueMm oHa ObLa JyYllle BCEro BBIpaXKeHa IpU
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3HAYEHMAX KPACHOIO KOCMOJIOTUYECKOTO cMellleHus z = 1 u 5. BelOpaHHas mapa mo3BoJinia
MOJyYUTh Oosibllle MHOOPMALMU O TIOBEAEHUW TMPUCYTCTBYIOIIETO0 Ta3a, Hampumep OH
MPOSIBJIsIeTCS] B 00pa30BaHMU MPUJIMBHBIX XBOCTOB MOCJE B3aMMOIEHCTBUSI C OTHOCUTENIbHOIM
ckopocThio OT 9 no 213 kM/c. Ha 1mosst IIOTHOCTH BAMSIIOT CKOPOCTH pacIpeeieHUsT ra30B
W WX paaualibHOE ABMKEHWE B TpOlleccax B3aUMOACHCTBMS TaJaKTUK; MOTOK Ta3a CO3[aeT
Mepexobl MEXIy ABYMSI AUCKAMU B TI0JIE palaIbHBIX CKOPOCTEii, TpUUYeM ¢ 0oJiee JITMHHBIMU
CTPYSIMU B OOJIACTSIX XOJIOMHOTO Ta3a, Mo CPABHEHUIO C TAKOBBIMU B TOPSIYMX OOJIACTSX.

Kmouesbie ciaosa: 1D 473420-473421, mapa W30JMPOBAHHBIX TallaKTWK, YHMCICHHOE
MOJIETMPOBaHUE
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Introduction

The interaction of galaxies can occur as harassment, interaction, collision, fusion or cannibalism.
Simulations have made it possible to describe these phenomena. The morphology and distribution
of galaxy radial velocities are signs of recent interaction [1]. Gas-rich systems show star formation
due to debris generated [2]. The presence of gas clouds and the density varies due to different
coupling mechanisms such as intra clouds [3]. It was shown in Ref. [4] that cold gas inputted
tend to smear the central metallicity of the galaxy, and M. Spavone et al. described in Ref. [5]
that tidal encounters considerably removed the amount of mass from galaxies, and interaction
and accretion mechanisms showed regions still being assembled. It was reported in Ref. [6] that
gas mass flow altered the azimuth angle and became longer in directions aligned with the major
and minor axes of the galaxies. Quantifying gas temperature, density, entropy, and cooling times
is difficult, because entropy is sensitive to feedback energy injection, and is an indicator of gas
cooling time [7].

Pairs of galaxies have been studied by many scientists. M. H. Hani et al. [8] analyzed 27,691
post-merger samples with 0 <z <1 (z is the cosmological redshift) uniformly distributed, obtaining
star formation effects with redshift evolution. K. A. Blumenthal et al. [9] reported 446 pairs with
z = 0, including star formation rate, galactic winds, metal enrichment, gas heating and cooling,
black hole growth, and feedback. I. Wang et al. [10] applied CNN algorithms to report 6114
unique R-band galaxies with different orientations by classification into galaxy merger fractions.

R. Davé et al. [11] compared gas properties from the Simba, Eagle, and IllustrisSTNG databases,
based on cold interstellar gas modeling, with luminosity functions and gas mass ratios. These
databases have been supported by codes for numerical simulations such as Enzo, Gadget, Flash,
Athena, Ramses, Octo-Tiger, Gizmo or Arepo [12]. The Arepo code is more precise in the
interactions between fast moving fluids and shocks such as gas, it ensures a better description due
to mixing, of vorticity in curved shocks and a more efficient and realistic extraction of gas from
the created substructures [13].

The simulations involve evolution over time and other elements; for example, the gas with
dust is released more efficiently [14]. The condensation of metals in the gas phase forms dust
grains that can reduce and induce a change in the cooling rate of the outer parts of the galaxy,
this implies a change in active galactic nuclei, due to the change in the accretion rate [15].
J. S. Millard et al. [16] established that the evolution of the dust mass can generate a bias
depending on the type of galaxies to be studied (satellite or central), leading to alterations in the
surrounding gas.
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The study of galaxy interaction has not been significant in statistical samples for large
cosmological simulations [8], as even multiple physical processes can generate the same process
asymmetry [17]. The behavior of the gas in the galactic interaction process is multicomponent,
heterogeneous, irregular and discontinuous, due to morphology, propagation speed, travel speed,
mass, density and distance, among other factors.

The goal of this research was to develop a simulation-based method for treating pairs of
isolated galaxies interacting in the hydrodynamic gas behavior.

Methodology
Fig. 1 shows the methodological procedure designed to conduct the research.

HYDRODYNAMIC SIMULATION OF
INTERACTING GALAXIES
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Fig. 1. Diagram of the methodology used (own elaboration)

Jupyter Notebook
Jupyter H5Glance
JupyterLab-H5Web

Selection of galaxy pairs, processing and reduction. It started with the review of numerical codes
[18]; an isolated galaxy was created with Enzo, Gadget-2 simulated a pair of interacting galaxies
without the presence of gas and dust. To include the Arepo code approach, the IllustrisTNG
database was used with 250 TB of data, including interactions ranging from 1 Gyr to less than 500
Myr [10]. Based on the Sublink merge tree methodology used in Ref. [8], in combination with
the methodology used in Ref. [19], haloes were associated with their hosts and descendants, and
at Jupyter-lab, haloes were identified with pairs of galaxies of similar masses, including interaction
distance maxima.

For the visualization and interactive exploration of large data sets, such as those generated
by simulations [20], the IllustrisSTNG explore 2D and 3D interface was used, layers of different
types of particles (gas, stars, dark matter and black holes) were superimposed. Free galaxies and
satellite galaxies were taken into account, with massive haloes of 10'> M and the case of not
containing dark matter were considered purely stellar clusters [21]. At 400 kpc/h, through visual
identification, 210 haloes with uniform interaction were recognized, at z = 0, under criteria of
morphology, gas displacement, formation of bridges and tidal tails.

Identifying pairs in filaments was avoided due to the dense areas of gas and dust. Galaxies
with the presence of gas and halos with low star formation were selected to obtain average
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temperatures of the order of 104 K [7]. Similar to classification made in Ref. [9], each image was
visually classified as interacting or not, based on the presence of a near neighbor, perturbed disks,
and/or tidal features. Subsequently, the mass was reduced from 10'* to 10" M.

Primary and secondary orbital motion was identified; with orbital decay, the pairs could
interact or had interacted, so it was necessary to reduce the peripheral distance to 150 kpc. When
considering the complete trajectories, samples that would not interact or that had had distant
contact in the past were eliminated. To increase the reduction, it was inspected again and again,
as some were in multiple subhaloes or were in the same group.

The sizes, distances, masses and their evolution over time were refined using Python. For the
dataset of interest and the rendered images, 512 snapshots were generated and downloaded per
galaxy, on average 19 GB per simulation review. The samples were no longer cut when central
galaxies with satellites were detected, because they are not separated in the recorded observations
[21].

The slices of interest were analyzed in Jupyter-lab and the snaps in Glnemo2 to identify
interactive dynamic behavior, subsequently in Vislt and Paraview to detect variations or perceive
attributes that were not observed in Glnemo?2. The datasets and snapshots were also analyzed in
HDFView.

Mechanics of pairs galaxies. The interaction speeds of 100 <V <400 km/s were discretized,
with a similarity of masses and gas fraction greater than 20 %, in a high-velocity environment of
almost frontal collision, and trajectories with traces of bridges or tails tidal [22].

In revising the interactions from z = 0 to z = 10, several pairs deconfigured the structures,
causing a stretching of the field lines, and the vortex lines formed post-shock flows. These
vortices were associated with tides, shear, and turbulence because they showed depletion and gas
emissions [3, 23]. A normal, stationary alignment and a Mach number of 2 — 4 were needed for
smooth interactions, which further reduced the initial samples. The post-shock wind was revised
in prolonged interaction, generating a water hammer, the winds and jets aligned to generate a
slowing of the flow patterns, this depended on the properties of the host galaxy.

Of the host galaxy, the circumgalactic neighborhood and the cosmic network were reviewed,
the presence of disturbed or distorted filaments was tracked, to recognize the interaction force,
such as the balance of forces of the tail or tidal bridges, defined as Q. = (with all masses as total

mass [9]): _M,D,
tidah — 3
R
Q=3 ()
F;n'nd D2

where M is the mass of the neighboring galaxy; R is the distance from the center of the galaxy
to the nelghbormg one; M is the mass of the central galaxy; D is the diameter of the plant.
Under these criteria, the best pair that represented the interaction process was selected.
Hydrodynamics of the interacting gas. The equations of state and gravity were recognized,
along with Poisson's equation, relaxation time, time to reach thermal equilibrium, and rate of
energy change. The data sets were associated with the variables of the equations: conservation of
mass, momentum and conservation of energy, which were of the following form:

op

o +V-(pu)=0, (2a)
0 o1 S
—+u-Vu' +—0.P' =g, 2b
(c’% ju pt T8 20
E(ﬁ+u-VjT Lpigu +1v.q=E, (20)
2\ ot m p p m

where u is the velocity of dark matter; P” is the pressure tensor; 7 is the temperature; q is the
heat flux; € is the local warming rate.

Moreover, the velocity dispersion was taken to be 1D (for simplicity) [24].

The exclusion of current interactions was imposed in advance, and in those cases where
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the distribution of gas in and around a satellite galaxy was confused or perturbated [13]. When
analyzing gas, IllustrisTNG was considered to overproduce cold gas in massive galaxies and
molecular gas in small ones [11].

Results and discussion

Samples of galaxy pairs. As in Ref. [25], the selection of pairs was sensitive to the criteria and
methods used. For data analysis, even training with CNN has shown 72 % accuracy between
interactions and noninteractions [10], resulting in 28 % uncertainty. As in Ref. [9], in 34% of
cases, there were errors in visual identification, due to vision, interpretation and visualization, the
errors had the following sources:

i) finite resolution of the simulations;

ii) the stellar material was not the best indicator of a tail tidal force;

iii) the simulations instead of the observations;

iv) in very large impacts, the tidal forces were not strong enough to generate visible bridges or
tails;

v) in cases of 1 Gyr the tide was partially noticeable, due to the evolution of the bridge or tail
material that was deposited on the discs and could mix with the surrounding material.

The gas fraction ranged from 0.25 to 0.35, less than 10% of the paired samples contained no
gas. The selected pairs had an asymmetry ranging from 18 to 74%, and only 26% reflected a
symmetry being agree with that in Ref. [17]. A. B. Watts et al. described an asymmetry of more

Table 1

Positions and sizes of the pair of galaxes at different values of the redshift z

Position, ckpc/h Size (particles)
: X y z Gas Dark matter | Stars | Black holes
0.0 9796.38 31580.00 61031.80 | 111249 156742 32402 |
9810.80 31577.40 61048.00 791 1724 12280
51075.10 | 56805.90 | 41085.70 33
03 51108.10 56944.60 | 40970.80 0 29 0
63984.00 636.11 58526.30 30
1o 64012.50 659.74 58565.70 29
37898.40 | 42362.70 38639.50 23
20 22008.60 | 69636.30 14789.10 1932 7060 70
24914.00 | 28079.20 36573.80 0 29 0
30 40989.50 | 34735.90 39956.60 992 1864 5
3037.73 59471.70 64579.70 470 1388 8 0
+0 3140.84 48911.40 63645.70 738 1089 5
17824.60 | 47431.50 56736.60 15 21
>0 17823.10 | 47399.80 56704.20 13 10 0
40417.40 | 67385.70 35386.40 97 131
60 40401.40 | 67403.60 35880.20 44 112 :
27507.70 | 54003.90 67587.70 38 44 0
10 28187.10 16769.50 53251.80 35 48

Footnotes. 1. Here and in the other tables the data is presented for a pair of isolated interacting
galaxes 1D 473420-473421 (snapshots 99, 67, 50, 33, 25, 21, 17, 13 and 4). 2. For each value of z the
numbers in the Ist and 2nd rows refer to galaxes 1D 473420 and ID 473421, respectively.
Notation: ckpc/h is the comoving coordinate accepted in cosmology; where letter ¢ means
“comoving”, kpc is kiloparsec, h is hour(s) in a cell, which is a spatial location within the periodic
simulation domain of BoxSize.
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Table 2

Masses, metallicity and star formation rates of the pair of galaxes at the redshift z

Mass, 10'° M /h Gas Star
z Black ) metallicity | formation
Gas Dark matter Stars holes Wind MM, | rate, M_jyr
0.0 11.374700 | 79.244700 | 2.254370 | 0.003639 | 0.001651 | 0.017736 | 24.549200
’ 0.087954 0.871610 0.806995 | 0.004752 0.011294 | 0.338937
0.016684
0.5 0 0 0
0.014662
0.015167 0 0
1.0 0 0 0
0.014662
20 0 0.011628 0 0
' 0.209526 3.569360 0.006044 0.001747 | 0.089967
3.0 0 0.014662 0 0 0 0
' 0.111012 0.942391 0.000412 0 0.000568 | 0.009249
40 0.051526 0.701737 0.000869 0 0.001407 | 0.018829
) 0.079690 0.550570 0.000429 0.000660 | 0.018412
0.001488 0.010617
5.0 0 0 0
0.001333 0.005056
6.0 0.010942 0.066230 0.000097 0 0 0.003665
’ 0.004793 0.056624 0.000117 0.001090
10 0.003587 0.022245 0 0 0.001684
0.003486 0.024268 0.000128 0.001959

Notations: M_/yr, M_/h are the solar mass by year and by hour in the cell (see notation to Table 1);
M /M, , is the ratio of the mass of all metals M_ to total mass.

than 40% within a virial radius, with morphologies reminiscent the hydrodynamic interaction of
gases.

Dynamics of interaction simulation. The gas flow generated a transition strip in the radial
velocity field, with a velocity distribution dispersing between the two disks and towards the center
of the galaxies. In regions with cold gas, defined trails and filaments, longer, larger and redder
tidal tails, were identified that differed in past interactions compared to recent ones.

In perpendicular encounters, an irregular distribution of masses was obtained, with the
rotational movement of the most massive galaxy predominating. By removing the gas from the
parallel interaction simulations, slightly inclined orbits were identified, with compensation for
energy, density and velocity of the particles. Velocity followed curved or parabolic orbits, higher
masses generated lower velocities and vice versa. This allowed us to differentiate a local maximum
in its relative velocity (pericenter) and a minimum in each apocenter [9].

Mechanics in the specific sample simulation. The pair ID 473420-473421 was the one that best
represented the interaction; its parameters are listed in Tables 1 — 4.

According to the tables data, there is interaction of the galaxy pair at z = 0.0, 0.5 and 1.0
(current era, 5.216 Gyr, 7.925 Gyr). At z = 2.0, 3.0 and 4.0 they move away (10.519, 11.658
and 12.263 Gyr). At z = 5.0 and 6.0 there is interaction (12.626 and 12.871 Gyr ago), and they
separate at z = 10 (13.071 Gyr ago), see Fig. 2.
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Table 3
Speed of the pair of galaxes at the redshift z
Speed, km/s
“ x y z Maximum | Dispersal | Max radial
-9.9233 325.0820 —81.7149 213.7140 124.4350 30.3153
00 69.5782 325.0830 —76.3504 126.2480 73.1109 3.1939
0.5 18.1919 236.0840 113.0530 9.3480 5.3219 9.9155
-20.1042 370.8730 106.8270 11.4675 5.9947 6.2147
10 113.9510 —154.9760 -156.2260 13.3961 6.5835 5.3254
64.8812 —89.2324 -235.2910 10.7468 5.3715 7.8986
20 -91.6826 —58.4907 75.3331 14.1931 7.9692 29171
-324.7330 213.6400 -16.7254 79.9984 49.7336 57.7372
1.0 -81.3137 162.9840 305.3210 12.3979 6.9828 10.2084
—100.1590 44.0363 -91.9193 54.9958 40.0558 39.2967
6.9603 -108.6070 —45.8049 61.7656 36.9068 28.9783
40 18.3043 85.7583 -151.3030 51.4435 29.4478 33.5619
50 49.0199 —46.2195 —157.8860 12.4697 7.5701 8.5875
62.9138 —41.1166 —153.0230 13.8873 7.7348 7.8690
—88.5341 -11.9263 188.1560 28.0516 17.0778 10.5887
6.0 -98.9697 —37.7205 127.6330 31.9846 18.8272 13.9484
10 —186.4820 57.2344 —18.4205 27.9581 16.0782 12.6381
19.9795 28.3001 —2.7225 27.7100 15.6528 12.4080
Table 4
The stellar photometry and spin of the pair of galaxes at the redshift z
Spin projection, (kpc/h)-(km/s) Stellar photometry, mag
“ X y z U B R
-291.0730 2942.2300 1143.6600 —22.6033 —22.1590 | —22.4746
00 —4.2051 83.4657 51.8481 -19.2736 -19.2736 | —20.1710
0.5 0.4490 0.1847 —4.5583 0 0 0
0.0693 5.6761 2.3837
L0 —0.6634 -2.3124 —1.3589 0 0 0
5.6909 —6.5446 —0.5885
20 —0.6987 0.8323 4.3076 0 0 0
—147.6000 43.1684 —8.8838 -17.2910 -16.7648 | —-16.9979
1.0 -0.5921 -2.9726 —-3.0945 0 0 0
—84.5564 13.7292 —37.6379 —14.0718 —13.8110 | —13.9165
—18.8156 —4.8045 66.8842 —15.3748 —15.0411 —15.1354
40 34.2060 -0.4913 22.9933 -13.6737 —13.5620 | —-13.7512
50 0.4352 0.5800 —4.4037 0 0 0
—2.4665 -0.7813 0.8567
—1.7047 24.5405 -2.1670 —13.4396 —12.9881 —12.9330
6.0 -1.0106 -2.3014 —2.7356 -12.6724 -12.4701 —12.5300
10 —0.1994 -1.6702 -0.8099 0 0 0
0.3973 —2.3438 -0.0715 -15.0174 —13.6546 | —13.5246

Footnotes. 1. Spin projections on the axes were computed for each as the weighted
by mass sum of relative coordinates, multiplied by the relative velocity of all particles
participating in the cell. 2. Mag units are taken as eight bands according to IllustrisTNG.

Notations: U, B, R are ultraviolet, blue and red magnitudes.
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The velocity pattern at z = 0.0, 1.0 and 5.0 was similar for both galaxies in the y and z
directions, this reflected a more stable and balanced interaction. The maximum dispersion velocity
was 124.35 and 73.11 km/s, respectively, for galaxies 473420 and 473421 at z = 0. The interaction
resistance was very low of InQ, = 1.5 for masses close to 10'* and 2.5 for 10'°, so only the most
distant ones contributed to a small tidal field. For the hydrodynamic analysis, greater precision

was confirmed when analyzing the interaction part of the particles and subsequently analyzing the
hydrodynamic part [11].
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Fig. 2. Trajectory of snapshots 99, 67, 50, 33, 25, 21, 17, 13, 4 (own creation)

Gas hydrodynamics and the specific sample. Not all pairs contained gas, the halo finder did
not associate gas particles despite the significant stellar masses. This represented 12 %, within
the range of 7 % for Ref. [21]. Thus, gas averages were not appropriate for the interacting
distributions [21]. Of the 300 snapshots examined, more than 60 % of the external gas had no
effect on the internal one, the rebound caused changes in the relative speed, with small variations
in angle and direction.

For the pair 1D 473420-473421, the formation of tidal tails depended on the properties and
geometry of the galaxies. The dominant metallicities produced massive star formation in the
tidal tails, with strong interaction at z = 1 and 5. The specific relative velocity was from 9.34
to 213.71 km/s from 0 to 13.071 Gyr. High speeds separated the dark matter from the hot gas
and compressed it by rebound, for the formation of star-like bodies, according to Ref. [22]. The
interaction decreased towards low mass regions, due to distorted morphologies.

Galaxy 473421, with fewer particles and a smaller disk, was dominated by dark matter, generating
similar rotation curves at z = 5. Heterogeneous, discontinuous and dispersed interactions were
part of the evolution [13]. In Fig. 3, dramatic morphological transformations are observed, with
deformation and distribution of gas in the galaxies, framed with rounded edges in each image.
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Gas content showed no correlation with morphology. The gas fractions were very high and
depended on the speed, mass and size of the galaxies.

In Fig. 3, the material was initially uncoupled and recoupled hydrodynamically and the winds
removed the metal content of the mass, to keep it in equilibrium during the interaction. According
to Ref. [9], the gas masses were ejected from the star-forming regions in the interactions, and the
wind speed was proportional to the dispersion speed of the dark matter.

In the density fields, radial motion generated dense sweep, drag, and tidal tails, so gas
coupling was strong. This led to the transfer of the thermal and ionization state of the evolved
gas. Density increased with size, with dispersion speed not so great; in brighter regions the
effect of gravity was greater, compared to the external pressure of the system. According to
Ref. [8], this could lead to a substantial improvement in the density of the interacting gas. The
interactions resulted in gas flows, created turbulence and could compress the gas. This process
may be involved in the formation of new bodies. Like the possible formation of stars in areas
with excess gas or denser gas, 2/3 of the central part of the galaxies is formed in this pair.
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Fig. 3. Images of gas hydrodynamic parameters for a pair of interacting galaxies
1D 473421 (left) and ID 473420 (right) based on simulation of TNG100-1 at z = 5.
Parameters: cold gas density (1st row), gas temperature (2nd row),
radial velocity (3rd row), volumetric density (4th row)

The gas entropy served as a good tool for diagnosing feedback (closed-loop) injection, because
the gas was ejected by the shock which led to the emergence of wind with colossal kinetic energy
not only due to the extinction of the masses, but also to the change in the thermodynamic
properties of the gas elements itself, both inside galaxies and on their periphery. This affected
ongoing star formation, with gas accreting up to several hundred kiloparsecs [7]. In terms of
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massiveness, galaxy 473420 had a greater mass in the interaction process at z = 1 and 5, with little
new gas which affected the kinetic feedback due to head-on collisions, with injection by sweeping
and dragging of particles.

The gas metallicity was correlated with the radial velocity and flow direction along to the
trajectories, as an indicator of the properties of the medium, the position and speed of the
particles [6]. In interactions, the amount of gas participating in them exceeded the stellar mass,
trajectory, density and temperature.

The hydrodynamic survey made it possible to trace the evolution before or after interaction,
merger, contact or harassment, and the temporal influence of properties on galaxies, although
the observations cannot trace the evolution due to the timing scheme. As in Ref. [19], the variety
of tools and information provided by IllustrisTNG, made it possible to evaluate interactions, gas
evolution and properties of galaxies (metallicity, morphology and star formation, orbital tracking).

Conclusions

Astrophysical and cosmological simulations require updated information, high-performance
supercomputers and rigorous numerical codes for the analysis and interpretation of large data sets
(gas, stars, black holes and dark matter), that, at different scales, shape the structure and evolution
of the galaxies.

Of 210 samples of galaxy pairs, the visualization method presented disadvantages due to errors
such as vision and interpretation of 34 %, less than 10 % did not present gas, and only 26 %
reflected an interaction symmetry.

Of 300 snapshots, in more than 60 % the external gas did not influence the internal one, the
interaction decreased towards low mass regions, due to distorted morphologies. The gas fractions
depended on the speed, mass and size of the galaxies.

The pair that best represented the interaction evolution was ID 473420-473421 at z =0, 1 and
5, where the distance between pairs of galaxies influenced the tidal tails, only at long distances was
a relative degree of resistance to the interaction of 1.5 observed. The gas flow generated transitions
in the radial velocity field between the two disks, with longer filaments in regions of cold gas
compared to those of hot one.

The speed of the gases depended on their temperature and density, as well as on the rates
of chemical reactions, which in turn depended on the rates of heating and cooling. These rates
affected the interaction depending on the amount of added mass. In light interactions, bursts,
weak flashes and short-lived asymmetries were observed, in interactions with a large amount of
gas they were more prominent and lasting, until the system stabilized and the gas regrouped again,
as shown in the pair ID 473420-473421.

Data availability

Related data is available at www.tng-project.org/, www.illustris-project.org/, https://www.
youtube.com/@ingenieriacienciasbasicasy2477/videos
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