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Based on parallel three-dimensional simulation of N-body and gas self-consistent
dynamics, we study the behavior of hot coronal gas in the colliding galaxies with “live”
dark matter halos. We model a few scenarios of the galactic collisions including “bull-eye”
and non-central ones, and use different values of the initial velocities of the colliding galaxies.
Taking into account the self-gravity, we demonstrate that the collision of gaseous and stellar
components does not lead to the formation of a gaseous “protogalaxy” observed in some
numerical simulations. Also, we show that about sixty percent of hot halo gas is expelled
into intergalactic space during the collision. Numerical simulations show that a considerable
amount of gas (up to 70% for a bull-eye collisions) exchanges between two colliding galaxies.
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colliding galazies.

Introduction

Norman and Silk [1] suggested that a substantial amount of hot enriched gas, produced
during early stages of galactic evolution, holding within massive extended halos can be
released into the intracluster medium during the collisions. A presence of hot gas in
the massive elliptical galaxies as well as in the halos of the spiral ones is confirmed
by observations (see e.g. [2]). Observations of massive elliptical galaxies, for example,
demonstrate that their X-ray luminosity is non-stellar in nature [3] confirming its hot
gaseous origin. The existence of a hot extended Milky Way halo has been inferred from
observations of OVI absorption lines in high-velocity clouds.

The baryon budget of the Universe shows significant evolution from z ~ 3, and results
in an apparent baryon deficit today [4,5]. At high redsthifts most of the baryonic mass is
observed in the Ly« forest [4,5], while at low redshifts roughly 60 percent of the baryons
may exist in form warm-hot (10°—107 K) intergalactic medium. Gas is driven into the IGM
by galaxy mergers. A merger rate of galaxies evolves rapidly, decreasing from ~ 50 percent
at z ~ 3 to ~ 5 — 10 percent at z ~ 1. The collisions of galaxies in the galactic clusters
is therefore the important link in understanding the budget of baryons in the Universe.
Yet there was not paid much attention to the enrichment of intergalactic medium by the
galactic collisions.

Singha and Holley-Bockelmann [6] simulated the dynamics of hot halo gas during a
merger of galaxies with the initial velocities of merging galaxies comparable or smaller to
the intrinsic velocity dispersion of the individual galaxies. A typical velocity dispersion of
galaxies within a cluster is of order of a few hundred kilometers per second, so a high-
speed collision between the galaxies within a cluster is much more probable. It is relevant
therefore to model the dynamics of hot halo gas during the collisions with more realistic
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values of the initial velocities of collisions comparable to the velocity dispersion of galaxies
within a cluster.

The dynamics of hot gaseous halo in the colliding galaxies was addressed in papers [7,8].
These authors considered a few scenarios of the collisions assuming that gravitational
potentials of galaxies. Besides fixed gravitational potentials of the galaxies, |7, 8] assumed
that galaxies move towards each other with constant velocities unchanged during the
collision, and assume also that masses of the collisionless halos and the gaseous ones are
equal. Under these assumptions the authors find that certain intitial conditions can lead
to the formation of a gaseous “protogalaxy”.

Hwang and Park [9] using N-body + SPH simulations studied the distant encounters
between an early and late type galaxies aiming to clarify the dynamics of hot halo gas.
Hwang and Park [9] find that during the encounter with closest separation about 100 kpc
between the two galaxies, about 5% of cold gas is transferred from one galaxy to another.

As it was mentioned above, galaxies in clusters experienced a number of close
interactions in the past. To understand the budget of barions in the Universe, it is
important therefore to study the consequences of close galactic collisions. In this paper we
model numerically the dynamics of colliding galaxies that have live dark matter particles
as well as hot halo gas, and vary the initial velocities and the impact parameters aiming
to determine the amount of halo gas expelled to the intergalactic medium during the
collisions. We aim also to explore the possibility of the formation of gaseous “proptogalaxy”
during the galactic collision in more realistic self-consistent model when each colliding
galaxy is modeled by “live” collisionless and gaseous components joined by common gravity.

Another important difference from the numerical simulations performed by [7,8] is that
we calculate N-body interactions between the particles directly avoiding thus a possible
influence of errors associated with approximate calculation of gravitational force in Tree-

Code.

1. Equations and Equilibrium Model

To simulate the dynamics of colliding galaxies, we use a set of equations that
self-consistently describe the behavior of a collisionless-gaseous halos of galaxies. A
collisionless component (dark matter and stars) of galaxies has mass M, and consists of
N. particles, and gaseous component with mass M, has N, particles. The set of equations
for a collisionless and the gaseous components of galaxies consisting of N = N, + N,
gravitationally interacting particles is written as

N
dv;
d\; - Z fij7 1= 17 "'7N07 (1)
J=L1j#i
dv; Vp; al .
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where ~ is the adiabatic index, o;, p;, €;, v; are the mass density, gas pressure, specific
internal energy, and velocity vector of the i-th particle, respectively. The gravitational
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interaction force between i-th and j-th particles is
m; (i —r;)
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()
where G is the gravitational constant, m; is the mass of j-th particle, ¢ is the gravitational
softening length at short distances, the radius-vector r;(t) = [ v; dt determines the position
of the i-th particle in space.

The behavior of the collisionless components of the colliding galaxies is described by
the vector equation of motion (1) governed by common gravity of interaction systems.

The dynamics of hot halo gas is described by the set of hydrodynamical equations (2)
— (4) which includes a vector equation of motion of gas particles and energy conservation
equation. Only two physical source terms are included into the equation of motion of
gaseous particles: an acceleration due to a common gravity from gaseous, as well as
collisionless components (5), and acceleration arising from local gradients of gas pressure.

In simulations, conducted here, we adopt adiabatic index v = 1,2. The choice of the
parameter v strongly influences the thermodynamic properties of the gas. If the parameter
7 is close to 1 (see the equation of state in (2)), we reduce the efficiency of gas heating due
to nonlinear waves, since we have an isothermal process. Such an approach is used as the
simplest cooling model in various studies on the dynamics of astrophysical gas [10-13]. A
more realistic consideration of thermal processes requires a cooling function that depends
on temperature and density [14-17] and we plan to investigate this issue in the future.
A correct description of the gas cooling is possible for multicomponent models that take
chemical reactions into account, as is done in modelling molecular clouds in S-galaxy discs
[18-20]. A precise taking into account of gas cooling should include the multi-component
models and radiative transfer (see, e.g. [15]), and we leave this for future consideration.

Results of fluid dynamical and N-body simulations sensitively depend on the initial
conditions. To build the initial conditions for our simulation runs, we use the method,
described in [21,22]. To avoid an impact of unrelaxed initial conditions, we let collisionless—
gaseous halos to evolve during 6 Gyr prescribing the the initial velocities and the impact
parameter of the colliding systems.

A schematic picture of our numeral simulations is shown in Fig. 1. At the beginning of
simulations two colliding galaxies that have masses M; and M, move with the velocities
V. and V,, which in general case have different values and different directions. In the
inertial reference frame that moves with the velocity equal to V* = (V1 + V,)/2; both
galaxies will move in the parallel directions with the velocities V = (V; —V3)/2 and -V,
correspondingly, and will have some impact parameter s (kpc). The halos of both colliding
galaxies have the collisionless as well as the gaseous components with masses (M., My.)
and (Mg, My,) correspondingly. We assume in our simulations that the radius of the
gaseous halo is less than the radius of the collisionless one, i.e., Ry < R.. In this paper,
we limit our consideration by the collision of two equal mass galaxies.

2. Numerical Code and Parameters

To approximate numerically the spatial derivatives in the system of equations (2) — (4),
we use the smoothed particle hydrodynamics approach (SPH) [23-25|, while calculating
the gravitational interaction of gas as well as of the collisionless particles directly, we use
so-called Particle-Particle algorithm (5). To perform the collisional dynamics between the
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Fig. 1. The computational model of the collisions of live halos of galaxies

halos of galaxies we use KDK (Kick-Drift-Kick) scheme for SPH + N-body code with
a parallel realization of the numerical algorithm for the hybrid computational systems
CPU + GPU. The calculations were carried out on GPU Nvidia Tesla computers: K20,
K40, K80. As it was mentioned above, we perform N-body simulations using direct
integration between the gravitating particles avoiding thus possible errors associated with
calculation of gravitational forces by the Tree algorithm [26,27]. The Particle-Particle
approach provides the best accuracy for the total gravitational force calculation. We use a
parallel algorithm to solving the N-body + SPH problems based on the hybrid technology
OpenMP-CUDA with the number of particles N = 10° —107. A detailed description of the
numerical algorithms SPH and N-body is given in papers [28,29]. In the papers [30,31]
it was also noted that the result of the parallel software implementation and its efficiency
depends on the details of the code and on the sequence of the numerical operations. Fig. 2
shows the sequence of running global CUDA kernels for the parallel algorithm to solve the
N-body + SPH problems. Our computer algorithm consists of the following global CUDA
kernels:
e The Sorting Particles (SP) is a set of CUDA Kernels to determine the particles’
numbering and number of particles in three-dimensional grid cells.
e The Density Computation (DC) is a CUDA Kernel for density calculation.
e The Hydrodynamics Force Computation (HFC) is a CUDA Kernel for the hydrodynamic
forces calculation.
e The Gravity Force Computation (GFC) is a CUDA Kernel for the gravitational forces
calculation between SPH and N-body particles.
e The Update System (US) is a CUDA Kernel to update particle characteristics in
accordance with the equations (1) — (3). The kernel has two states {predictor, corrector}.
We use different time steps for SPH and N-body algorithms, as shown in the Fig. 2.
This approach can significantly reduce the computational time, since the gravitational
force calculation (GFC) between the particles occurs only once in 3 — 100 hydrodynamic
time steps. We estimate the relative error in calculating the parameters of SPH-particles
within 10~ for such an algorithm. We use the following units: the gravitational constant
G = 1, the unit of mass is equal to M = 2,2 x 10° M, and the unit of length is equal to
L = 1kpc, which gives for the unit of time the value of 10 Myr, and for the velocity the
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Fig. 2. Flow diagram for the calculation module. The parentheses indicate for which
particles (SPH or N-body) CUDA kernels are used

unit of 100 km/sec. The set of parameters of the colliding galaxies in dimensionless units
we used in our numerical simulations is summarized in Table.

Table
Parameters of models in our numerical experiments
Number | Mass of halo | Mass of halo | Initial velocity of | Impact The result
of run | (DM+Stars) (Gas) galaxies parameter | of the collision

1 50 7,5 6 0 scattering
20 7,5 6 3 scattering

3 20 7,5 15 0 scattering

4 50 7,5 30 0 scattering

) 50 7,5 30 3 scattering

6 50 15 10 0 scattering

7 50 15 15 0 scattering

8 50 15 30 0 scattering

9 10 1,5 2 0 merging

10 10 1,5 2 3 merging
11 10 1,5 2 6 scattering
12 10 1,5 3 0 scattering
13 10 1,5 3 3 scattering

3. Collisional Model of Tutukov et al [8]

A collision of two gaseous halos of galaxies was studied by A.V. Tutukov et al [7,8§].
These authors considered several scenarios of collisions of gaseous halos of galaxies in
models with the fixed gravitational potential. Tutukov et al found that for certain velocities
of the collision, there is possible a formation of third galaxy made of gas.

Besides the assumption of fixed gravitational potentials of galaxies, A.V. Tutukov et al
assumed also that fixed gravitational potentials move towards each other with a constant
velocities during the collision of the galaxies. Briefly, the basic assumptions of [7] can be
summarized as follows:

1. The collisionless components of halos are assumed to be homogeneously distributed
within a sphere of some radius Ry and remain intact during a collision.
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2. The velocities of the collisionless components remain constant in a process of a collision.
3. Masses of fixed collisionless halos, and the gaseous ones are equal M, = M;.

There is interesting to study the possibility of the formation of third galaxy from gas
that is lost in a process of collision of galaxies, predicted in the model of Tutukov et al in
a more realistic self-consistent model when each galaxy is modeled by a “live” collisionless
and gaseous components joined by a common gravity as it shown in (Fig. 1).

4. Results of Our Modelling

Fig. 3 (frames (a) and (e) at ¢ = 0) shows the initial density distributions in both
galaxies for our “fiducial” case, the collision of two equal mass galaxies containing amount
of hot gas equal to fifteen percent of mass of the collisionless halos (number of run 1 in
the Table). At the beginning, gas as well as the collisionless particles of both halos are
symmetrically distributed around their centers of mass. The galaxies start to run towards
each other with zero impact parameter and with the initial velocity equal to 600 km /sec.
At the initial stages of collision (time t = 19, snapshots (a) and (e) of Fig. 3), a common
envelope containing both stars and gas is formed, and the powerful shock fronts appear
in the gaseous components of the halos. The lifetime of the shock fronts though does not
exceed 10 Myr. Later, after time ¢ = 26, in the new cone-like shock fronts arise caused by
supersonic flows of the gaseous components moving through gravitational potential wells
of the galaxies. The estimated lifetime of these secondary conical fronts is about 50 Myr.

The conical fronts, although less prominent, are seen in the collisionless components
as well. Qualitatively, can be explained by the impact on each particle caused by the
gravitational field of another galaxy in the direction of the line of the collision of two
galaxies.

The cones in the gaseous components are more prominent, and are formed from hot
gas that passed through the shock fronts. At later stages of the collision (see Fig. 3 (h)),
a gaseous bridge connecting two moving away galaxies is formed.

By our estimate, about 40 percent of stars and about 70 percent of gas is expelled into
the intergalactic space during the head-on collision.

Let’s discuss in more detail the structure of the shock wave in the region of the
formation of the cone-like shock front as shown in Fig. 3 (f). Fig. 5 illustrates the profiles
along the axis of collision for density, o, the speed of sound, c,, and gas velocity u,,
measured relative to the shock front. The front itself is located around x = 11, 35, where
cs = Uy, and where the density jump is observed. Fig. 4 shows the structure of flow in the
vicinity of the cone-like shock wave.

Fig. 6 shows the results of our simulations in case of the non-central collision of two
equal mass galaxies with the impact parameter equal to 3 kpc. In this case, the deceleration
of two colliding galaxies is smaller, and each galaxy gets its own angular momentum due
to a non-central galaxy-galaxy interaction. As one can see from Fig. 6, the ejected gas and
the collisionless particles are also located in two cones, and estimated masses of gas and
the collisionless particles of gas and stars expelled into the intergalactic space are about
40 and 20 percent correspondingly.

Our simulations thus show that a considerable amount of hot halo gas becomes
gravitationally unbound after the galaxy-galaxy collisions. We confirm therefore the
envision of Norman and Silk [1] that at early stages of evolution collisions of hot gaseous
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Fig. 3. Surface density distributions of galaxies at different times of their head-on collision.
Left panels, collisionless component, right panels, gas surface density distributions

halos of galaxies was a powerful mechanism of expelling of large amounts of gas into the
intergalactic space, and also a mechanism of exchange of gaseous components between the
colliding galaxies.

The SPH-method allows to follow the dynamics of particles belonging previously to
each galaxy. We find that the colliding galaxies exchange 80% of their gaseous components
and about 5% of their collisionless components during a head-on collision. In case of a non-
central collision, the percentage of exchanged gaseous component is about 30% and about
1% of their collisionless component. This conclusion, in particular, makes improper a usage
of the “closed box” models in studying the chemical evolution of galaxies.

Goulding et al [32] recently studied the properties of hot gas in a sample of local
elliptical galaxies. They conclude that within the inner 30 kpc region, the early type
galaxies contain pressure supported hot gas, and the majority of galaxies demonstrate
evidence for an additional gas heating. As one can see from our numerical simulations,
collisions of galaxies can be a natural mechanism for such an extra-heating, and provides
additional argument in favor of collisions of galaxies in the past. Remarkably, Chandra
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Fig. 4. Structure of the shock front along the axis of the collision taken at t = 26. The
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Fig. 5. Distributions of density and the velocity field of gas taken at time equal to ¢t = 26
within the cone-like shock front

ACIS-S images of local ellipticals demonstrate that hot gas in many systems is located
in cones of the type predicted in our simulations. Examples are the galaxies NGC 0383,
NGC 1132, and NGC 7618. Fig. 2 in the article [32, p. 10| shows an exposure-corrected
ACIS-S Chandra X-ray image of NGC 7618. A cone-like distribution of hot gas, similar to
that observed in our numerical simulations, is seen in this image, (see Fig. 7).

Conclusions

We report about the development of the software package, allowing to perform massive
parallel N-body + SPH simulations using OpenMP-CUDA tools of our realizations of
computational fluid dynamics [28,29]. The software package allows to perform massive
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X-ray image of the galaxy NGC 7618 (see e.g. [32]). A cone of hot X-ray gas is clearly seen
in the image
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parallel simulations of realistic dynamics of gaseous-collisionless systems joined by their
common gravity. As the example of application of our software package, we perform
massive parallel three-dimensional N-body and gas-dynamical simulations to study the
dynamics of hot halo gas in the colliding galaxies. We model two different collisional
scenarios — the “bull-eye” and the non-central collision to check whether the collisions of
galaxies in their past can explain observed deficit of baryons in the Universe. The results
of our modelling can be summarized as follows:

1. Contrary to the conclusion made by [7] and [8], we demonstrate that the self-consistent
consideration of the problem and taking into account the self-gravity of the gaseous and the
collisionless components of the galactic halos does not lead to the formation of a gaseous
“protogalaxy” after the collision.

2. We demonstrate that up to 70 percent of the hot halo gas can be expelled into the
intergalactic region, and confirm the prediction of [1| that a substantial amount of hot
gas can be released into intracluster space during galactic collisions which can explain the
observed deficit of baryons in today’s Universe.

3. We show that a considerable amount of hot halo gas exchanges between the colliding
galaxies, thus making galactic collisions the important mechanism of mass and heavy-
elements exchange in the Universe.

4. We show that the cone-like shock fronts are formed in hot halo gas during the collisions,
which can explain the existence of hot gaseous cones observed in the X-ray emission of
some nearby elliptical galaxies.
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YN CJIEHHOE MOAEJINPOBAHUE /INHAMUWKU 'AJIAKTUTYECKUX
I'AJIO B CTAJIKUBAROIINXCHA 'AJTAKTUUKAX

C.C. Xpanoe', A.B. Xonepckos', B.U. Kopuaau?
! Bosrorpasckmit rocynapeTBenHbli yEnBepeuTeT, . Bosrorpas, Poccniickas ®enepannsa
2 TOxublit denepanbublit yausepeutet, . Poctos-na-lony, Poccniickas ®ejeparnus

I/I3y‘IeHO IIoBeZieHue ropga4vero KOpoHaJIbHOI'O ra3a B CTAJIKUBAIOIUXCA TraJJaKTHUKaX C

<2KUBBIMU TaJIO> TEMHOM MaTepun Ha OCHOBE IIapPaJlJIEIbHOT'O TPEXMEPHOI'O MOAE/INPOBaHUA
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I[TPOI'PAMMIPOBAHNE

CaMOCOIJIACOBAHHON AuHAMUKY N-TeJI U ra3a. PaccMOTpeHbl pa3/IndHble CIeHAPUU TaJaKTh-
YECKUX CTOJIKHOBEHHUM, B TOM YHCJIe IIEHTPAJbHOIO U HEEeHTPAJbHOI0, U HCIOJIb30BAJINCH
pa3Hble 3HAYEHNs HaYaIbHBIX CKOPOCTEl CTaJIKUBAIONINXCS raJakTuk. IlokazaHo, 94To ¢ yde-
TOM COOCTBEHHOI I'PaBUTAIMNA CTOJKHOBEHHS I'a3000PA3HBIX W 3BE3AHBIX KOMIIOHEHTOB HE
IPUBOJUT K 0OPA30BAHUIO Ta30BOI <IIPOTOTAJAKTUKI>, HAOJIOIAEeMONl B HEKOTOPBIX YMC-
JIEHHBIX MOJEJsIX. TakskKe IMMOKa3aHO, 4TO OKOJIO INECTHUJIECSATH IPOIEHTOB TOPSYEro rasa
raJlo BBITECHSAETCS B MEXKIaJIAKTUIECKOE IIPOCTPAHCTBO BO BpeMsl CTOJKHOBeHus. [Ipu duc-
JICHHOM MOJIEJIMPOBAHUK HADJIONAETC 3HAYUTEIbHDIH 06Men razom (10 70% st 1060BBIX
CTOJIKHOBEHUIT) MEXK/Ly JABYMS CTAJKABAIOIIUMUCS IAJIAKTUKAMHU.

Karoueswie caosa: Multi-GPU; OpenMP-CUDA; GPU-Direct; NVIDIA TESLA; 3ada-
vwa N-men; SPH; cmaskueaowuecs 2aiakmuk.
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