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Abstract

We present here the results of several numerical Newtonian N-body simulations of the accretion towards the Milky
Way of associations of dwarf spheroidal galaxies with and without dark matter content. We generated the initial
objects using ZENO and simulated an isolated environment where these associations fall towards the dark matter
halo of the Milky Way using GADGET-2. In order to test if the disk of satellites of the Milky Way (DoS) could have
been formed by that kind of accretions, we analyzed some characteristics of the final dwarf galaxies such as their
distribution with respect to the disk of the Galaxy, their density profile, velocity dispersion and radial velocities.
The associations were initially located at radial distances of 4, 2 y 1 Mpc from the center of the Milky Way, and
the evolution of the system was simulated for 10 Gyr in each of the runs. We found that associations located at
initial radial distances larger than 2 Mpc were not suitable because their time of infall was larger than a Hubble
time, and that for the case of associations initially located at 1 Mpc from the center of the Milky Way, it is unlikely
that, with the parameters used in this study, the satellites of the DoS could come from dark matter-free associations
of dwarf galaxies, while it is possible that the DoS may have been formed by the infall of associations of dwarf
galaxies embedded in dark matter haloes following parabolic orbits. However, the distances of the remnants at the
final snapshot do not reproduce those reported in the literature for the satellites of the Milky Way. © 2018. Acad.
Colomb. Cienc. Ex. Fis. Nat.
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Simulaciones numéricas de la formacion del disco de satélites de la Via Lactea a partir de la acrecién de
asociaciones de galaxias enanas

Resumen

En este articulo se presentan los resultados de simulaciones numéricas newtonianas de N-cuerpos de la caida hacia
el halo de materia oscura de la Via Lactea de asociaciones de galaxias enanas esferoidales con materia oscura y
sin ella. Se generaron las condiciones iniciales utilizando el programa ZENO y el GADGET-2 para simular un
sistema aislado en donde estas asociaciones de enanas se precipitan hacia el halo de materia oscura de la Via
Lactea. Con el fin de evaluar la posibilidad de que el disco de satélites de la Via Lactea hubiese tenido su origen en
este tipo de procesos de acrecion, se analizaron algunas caracteristicas de las galaxias enanas finales, tales como
la distribucion en torno al disco de la galaxia, el perfil de densidad, la dispersion de velocidades y las velocidades
radiales de las enanas. Las asociaciones se ubicaron a distancias radiales iniciales de 4, 2 y 1 Mpc del centro de
la Via Lactea y se dejo evolucionar el sistema durante 10 giga afios en cada una de las simulaciones. Se encontrd
que las asociaciones ubicadas a distancias iniciales mayores o iguales a 2 Mpc no son apropiadas debido a que
su tiempo de acrecion es superior a un tiempo de Hubble. Para el caso de asociaciones ubicadas inicialmente a 1
Mpc del centro de la Via Lactea, se encontrd que no es posible que el disco de satélites se haya formado a partir
de asociaciones libres de materia oscura, y que una estructura similar al disco de satélites se pudo haber formado
mediante la acrecion de asociaciones de galaxias enanas con materia oscura que cayeran al halo de la Via Lactea
siguiendo Orbitas parabolicas. Sin embargo, las distancias de los remanentes al centro de la galaxia no reproducen
aquellas reportadas en la literatura. © 2018. Acad. Colomb. Cienc. Ex. Fis. Nat.

Palabras clave: Via Lactea; Galaxias enanas; Halo de materia oscura; Disco de satélites.
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Introduction

Dwarf galaxies are small stellar structures with low surface
brightness and low stellar content in relation to their
total mass (Mateo, 1996); they are poor in metals since
they are mostly composed of old stars (Da Costa, 1999).
The importance of dwarf galaxies resides in that they are
abundant in the local universe and constitute a fundamental
tool to understand the formation processes and the evolution
of larger galaxies given that, according to the model of
hierarchical evolution, larger galaxies formed from mergers
or accretion of smaller galaxies. Additionally, these dwarf
galaxies are characterized by having low stellar masses, in
the order of 107 to 108 solar masses (M), in relation to their
total masses estimated from their mass-luminosity ratio.
This lack of luminous mass has been interpreted so far by
the existence of a dark matter halo of the order of 10® to 10'°
M,, surrounding them (Mayer, 2010).

From the velocity dispersions in associations of dwarf
galaxies, Tully, ef al. (2006) concluded that their mass-to-
light ratios exceed in order of magnitude the values for the
globular clusters, which would indicate that a significant
amount of dark matter dominates them. However, the
high values of the mass-to-light ratios of dwarf spheroidal
galaxies could be overestimated if we consider that these
objects are not necessarily in virial equilibrium and could
be considered as systems in quasi-equilibrium, so that the
dwarfs would lack or have very little dark matter content
(Casas, et al., 2012). Studying the Milky Way dwarf satel-
lites has great importance given the discrepancy between
the predictions of the cold dark matter cosmological model
(ACDM) and the observational data: the predicted number
of satellite dwarf galaxies of the Milky Way is much higher
(of the order of hundreds) than the one currently detected in
the observations, which is barely of ~40 members (Klypin,
et al., 1999). Another important discrepancy has to do with
the way these dwarf galaxies are distributed, which in the
ACDM model should have an almost isotropic distribution
around their host galaxy. However, from observations in
the Milky Way, the galaxy of Andromeda, and, recently,
the Centaurus A group (Miiller, ef al., 2016; Tully, ef al.,
2006), these dwarf galaxies present an inhomogeneous
and anisotropic distribution (Metz, et al., 2007), which
corresponds to the Holmberg effect ( Holmberg, 1969) The
exploration of this phenomenon revealed that the satellite
system associated to the Milky Way follows a spatial
distribution mediated by a virtual plane called the disk of
satellites (DoS) (Metz, et al., 2008), more recently renamed
as vast polar structure of satellites (VPOS), which includes
other objects detected in the last decade such as the ultra-
faint dwarf galaxies (UFDG) (Pawlowski, et al.,2012). This
disk structure, composed of satellite dwarf galaxies, lies in
a geometric plane that forms an angle of approximately 88°
with the plane of the galactic disk and has a galactocentric
mean radius of hundreds of kiloparsec. Metz, ef al. (2008)
have shown that the CDM satellite orbital poles are fully
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consistent with being drawn from a random distribution,
while the MW satellite orbital poles indicate that the DoS
of the Milky Way is rotationally supported, which probably
indicates that the majority of them are of tidal origin rather
than being dark matter-dominated structures. Metz, et al.
(2009) investigated the selection bias introduced due to
the limited sky coverage of the Sloan Digital Sky Survey
(York, et al., 2000). They found that the new Milky Way
satellite galaxies follow closely the DoS defined by the
more luminous dwarfs, thereby further emphasizing the
statistical significance of this feature in the Galactic halo.
Angus, et al. (2011) performed MOND N-body simulations
of a Carina-like dSph orbiting the Milky Way and found
that the simulated galaxies are stable, but that the tidal
forces are not enough to artificially inflate their line-of-
sight velocity dispersions. Bohérquez & Casas-Miranda
(2016) found from N-body numerical simulations that a
collision between two disk galaxies can recreate a structure
like the DoS, but that the characteristics of the structures
obtained are not similar to those reported in the literature.
Casallas (2014) showed that the dynamical friction from
the dark matter halo of the Milky Way is too weak, so that
objects initially following circular orbits with initial radii ~1
Mpc cannot fall into the Milky Way during a Hubble time.
Therefore, the issue about the origin and dynamics of the
DoS or VPOS continues to be an open question in today’s
astrophysics, and constitutes one of the main motivations
for the development of this work, since studying and under-
standing the formation models of the disk of satellites would
allow to better address investigations on its origin, as well as
the search for new objects that could belong to this structure.
We present here the results of a set of numerical N-Body
simulations for the infall of an association of dwarf galaxies
towards the Milky Way following parabolic orbits. Some
preliminary parts of the research work shown in this paper
have been published in proceedings (Benavides & Casas
Miranda, 2017; Benavides & Casas-Miranda, 2018). More
details about this work can be found in the Master’s thesis
of Benavides, (2015).

Methodology

Generation of objects and interaction environment. Metz,
et al. (2009) considered the possibility that the dwarf
galaxies that make up the satellite disk had precipitated
into the Milky Way halo in associations rather than in an
individual way, so that the spatial distribution exhibited by
this structure is directly related with the infall direction of
these associations. In this work, we considered a model in
which the dwarf galaxies grouped in associations and located
in regions peripheral to the Local Group were precipitated
by gravitational interaction towards the dark matter halo of
the Milky Way following a parabolic orbit, taking into
account the interaction of the dwarfs with the halo of
the host galaxy, the interaction between them, and the
evolution of their spatial distribution during the infall. For
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this, we performed a set of Newtonian N-Body numerical
simulations. We used the ZENO code package (Barnes,
2018) from the Institute for Astronomy of the University
of Hawaii, to generate the astrophysical objects, and
the GADGET software (Springel, 2005) to simulate the
gravitational interactions.

Since the dwarf galaxies that are part of the disk of satel-
lites of the Milky Way are mostly of the spheroidal type (Da
Costa, 1999; Tully, et al., 2006), we modeled them as bodies
with spherical symmetry specifically using the Plummer
profile (Plummer, 1911), the Hernquist profile (Hernquist,
1990) and the NFW profile (Navarro, et al., 1996).

The stellar component of the dwarf galaxies was modeled
using a Plummer profile with a radial gravitational potential
of the form: 5

IM r’\ 2
bp(1) =W<1+F) (D,
where r is the radial distance from the center, b is the
Plummer radius and M is the total mass.

To model the dark matter haloes we used a spherical

Hernquist profile, whose potential is:
GM
) p() =~ 77, ),
where G is the Cavendish constant, M is the total mass and
ais a parameter that depends on the scaling length r and the
concentration ¢ of the Navarro-Frenk-White profile of the
dark matter halo (Springel, et al., 2005):

a=r Lmaro-£] @

We used the stellar mass and dark matter halo parameter
values following Sawala (2011), and Plummer’s radius and
softening length following Casas, ef al. (2012) (Table 1).

Since the presence of dark matter in the dwarf spheroidal
galaxies (dSphs) of the Milky Way is still under debate, we
performed our simulations with initial dwarfs both with and
without a dark matter halo to study the possible differences
in the final distribution and structure of the remnant objects.

We simulated the host galaxy by an object resembling
the Milky Way and its main features and components:
Central spheroid, stellar disk and dark matter halo, the latter
being the one that would bring the largest interaction with
the group of dwarf galaxies due to its contribution in mass
and size.

For the model of the disk we used an exponential density
profile of the form (Springel & White, 1998):

p(R z)= WZ@; exp (R—Ii) sech?2 ( ZZO ) ),

where R and z are the cylindrical coordinates, M, is the mass
of the disk, R is the radial scale length, and z, is the vertical
scale length.

For the central spheroid and the dark matter halo, we
used a spherical Hernquist profile. The parameters used are
presented in Table 2.
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Before simulating the gravitational interaction between
the initial dwarfs and the host galaxy, they were simulated
separately only under their self-gravity to eliminate spurious
numerical effects caused at the numerical generation of each
object (virialization).

Once we constructed and virialized each of the objects,
we generated the initial environment for the infall of the
associations in which the Milky Way is located at the origin
of coordinates, with its disk on the xy plane and the asso-
ciation initially moving perpendicular to the plane of the
disk on the xz plane (Figure 1). We constructed the initial
association by locating a copy of the virialized dwarf galaxy
at the center of the six faces of a cube with a few kiloparsec
edges. Thus, the dwarfs initially orbited around the center of
mass of the association, which is the geometric center of the
cube, with velocities chosen to avoid collapse. We used six
dwarfs to keep the arrangement as simple as possible and
to have a spatial symmetry. In our simulations, the dwarfs
in the association interacted gravitationally with each other.
We performed the simulations taking initial distances of 4
Mpc, 2 Mpc and 1 Mpc for the associations (taking into
account the distances at which the peripheral associations
in filament 14 are with respect to the center of the Local
Group), a size of the group of 100 kpc, and a velocity
dispersion of 15.5 km/s.

Table 1. Assigned values for the model of a dwarf spheroidal
galaxy with a Plummer profile and a dark matter halo following a
Hernquist profile

Parameter Value
Stellar mass 1.0x10" Mg
Plummer radius 0.3 kpc
Halo mass 9.22x10* Mg
Scale length of the halo 0.585
Softening length 0.007 kpc

Table 2. Values assigned to the model of a disk galaxy with the
characteristics of the Milky Way, which conform to those presented
by Metz, et al. (2009)

Parameter Symbol Value
Mass of the bulge M, 5x10° M,
Radial scale length of the bulge a, 0.3 kpc
Mass of the disc M, 5x10'" M,
Radial scale length of the disc R, 3.0 kpc
Vertical scale length of the disc 7 1 kpe
Mass of the dark matter halo M, 1x102 M,
Scale length of the halo a, 12.96 kpc
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Results and discussion

Virialization of the initial objects. Figure 2 shows the
results of the virialization of the dark matter-free dwarf
galaxy with initial conditions generated in GADEGT-2. The
final snapshot of the simulation can be seen to the left of
the figure, preserving its spherical shape after 2 Gyr; on the
right, the energy curves are shown as a function of time.
Total kinetic energy (green), total potential energy (red), and
the sum of kinetic and potential energies (blue) show that
the structure is in virial equilibrium.

Figure 3 shows the results of the virialization of the
dwarf galaxy surrounded by a halo of dark matter with initial
conditions generated using ZENO. The final snapshot of the
simulation (green) + halo (red) can be seen the left, with
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Figure 1. Scheme of the kinematic model of the association (green
color and located in M,) in its fall towards the Milky Way (with
the disk of the galaxy in red and the spheroid in green, located in
M,) following a parabolic orbit. The Milky Way is located at the
origin of coordinates and the center of mass of the association of
dwarfs in. The brown segment indicates the location of the impact
parameter p.
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virial radius dimensions according to the calculated values;
the curves of the halo + spheroid energies can be seen to
the right: total kinetic energy (green), total potential energy
(red) and the sum of kinetic and total potential energies
(blue), which also show that the structure is virialized as in
the case of the dark matter-free dwarf galaxy in Figure 2.

Figure 4 shows the result of the virialization simulation
of a disk galaxy with characteristics similar to those of the
Milky Way. The figure on the right shows the kinetic energy
(green), potential energy (red) and total energy (blue) as
functions of time. The leftmost panel shows the virialized
disk and bulge projected on the xy plane, while the central
panel shows the virialized dark matter halo and the disk
projected on the xz plane. It can be noticed that, after initial
large energy exchanges, the objects are stable, i.e., virialized.

Infall of associations located initially at 4 and 2 Mpc.
We performed simulations for the infall of associations with
initial galactocentric distances of 2 and 4 Mpc following
parabolic orbits, and found that these associations would
need more than a Hubble time to fall into the halo of the
Milky Way and, therefore, to start orbiting it. Thus, it is very
unlikely that associations located farther than ~1 Mpc could
have originated the DoS of the Milky Way. The following
results are for associations initially located at 1 Mpc from
the center of the Milky Way.

Infall of associations of dark matter-free dwarf
galaxies. To calculate the initial orbital conditions of the
center of mass of the dwarfs making up the association,
we took the angle 0 as the parameter to obtain an impact
parameter p of the order of half the radius of the halo of dark
matter of the Way Milky. We calculated the initial velocities
for the established orbit from the value obtained for the
impact parameter and the masses of the objects (association
+ Milky Way). The dwarf galaxies interacted gravitationally
with each other and with the potential of the Milky Way
during the whole simulation. We used an initial angle of 150°
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Figure 2. Results obtained from the virialization of the initial conditions for a dark matter-free dwarf galaxy. To the left, the snapshot of the
virialized spheroidal structure. To the right, the energy curves in units of GADGET-2 as a function of time
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Figure 3. Results obtained from the virialization of a dwarf galaxy wrapped in a halo of dark matter with initial conditions generated with
ZENO and virialized with GADGET-2. Left: Snapshot of the virialized stellar content of the dwarf spheroidal structure (green) and its extended
halo of dark matter (red). Right: The curves of energies in units of GADGET as a function of time (Benavides & Casas-Miranda, 2018)
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Figure 4. Results of the virialization of a disk galaxy with the properties of the Milky Way. The leftmost panel shows the disk (red) and the
spheroid (green); the central panel shows the whole galaxy (red: dark halo, green: disk, blue: spheroid). To the right, we can see the energy

as a function of time.

and an impact parameter of 134 kpc. Figure 5 shows the
final snapshot of a simulation with an initial galactocentric
distance of the association of 1 Mpc. From the figure, we can
conclude that the remnant dwarfs are not located on a plane-
like structure since both the positions projected on the xy
and the yz planes show a very scattered pattern.

Figure 6 shows that the dwarf objects remained com-
pact and the apparent dispersion of particles in the final
snapshot was due to a resolution issue of the image and
not to a significant loss of particles or deformation by tidal
forces. Thus, these dark matter-free dwarf galaxies do not
reproduce some intrinsic properties of the observed dSphs
of the Milky Way such as their mass-to-light ratio, internal
velocity dispersions and luminosity profiles. Table 3 shows
the location of the dwarfs and their velocity dispersions. In
addition, with those initial conditions none of the dwarfs
managed to complete a closed orbit during the simulation
time (10 Gyr), which is an unfavorable fact because some of
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the DoS dwarfs are considered to have completed 2 to 3 full
orbits (Law, et al., 2005; Lokas, et al., 2013).

Therefore, the associations of dark matter-free dwarf
galaxies initially located at 1 Mpc from the center of the
Milky Way following the parabolic orbit simulated in this
work cannot have given origin to the disk of satellites of
the Milky Way.

Infall of associations of dwarf galaxies with a dark
matter halo. Figure 7 shows the final snapshot of a simulation
with an initial galactocentric distance of 1 Mpc, an initial angle
of 150° and an impact parameter of 134 kpc. In this case, each
of the stellar structures is embedded in a dark matter halo. In
the figure we can see that the positions of the dwarfs projected
on the xz plane are scattered over a large region, while the
positions projected on the yz plane lie on a very narrow
region. Therefore, it can be concluded that the remnants of
the initial dwarf galaxies lie on a plane that is nearly per-
pendicular to the plane of the galactic disk (xy plane).
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Comparing Figure 6 and Figure 8 we can see that when
the dwarf galaxies contain dark matter they remain more
compact than when they are free of dark matter.

Table 4 shows the location of the dwarfs and their
velocity dispersions. We can see that these properties are
consistent with those observed in the dwarfs of the disk

MW Dos formation through accretion of dSphs

of satellites of the Milky Way, presenting a distribution
perpendicular to the plane of the galactic disc, although less
dispersed than in the case of dark matter-free dwarfs. In
addition, their radial distances are greater than the 300 kpc
at which most of the dwarf galaxies of the disk of satellites
are found.
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Figure 5. Final snapshot of a simulation with an initial galactocentric distance of the association of 1 Mpc, an initial angle of 150° and an
impact parameter of 134 kpc. In red: Remnants of the dwarf objects. In black: the Milky Way’s disk.
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Figure 6. Zoom in of the remaining structures after the infall of an association of six dwarf galaxies candidate to be the progenitor of the
disk of satellites of the Milky Way, projected on the xz plane.
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Table 3. Results obtained for the kinematic properties of the association of dwarf galaxies that falls into the halo of the Milky Way from an

initial distance of 1 Mpc

Galactocentric distance Heliocentric distance Velocity dispersion Radial speed
(kpe) (kpe) (km/s) (km/s)
Dwarf 1 286.60 288.26 3.87 104.25
Dwarf 2 267.97 266.67 3.86 1.89
Dwarf 3 299.02 303.47 3.98 155.85
Dwarf 4 534.17 531.14 6.03 128.22
Dwarf 5 428.31 423.51 4.19 138.78
Dwarf 6 428.96 428.53 8.81 128.50
Average 374.17 373.60 5.12 131.12
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Figure 7. Final snapshot of a simulation with an initial galactocentric distance of the association of 1 Mpc, an initial angle of 150°, and an
impact parameter of 134 kpc. Each dwarf galaxy is embedded in a dark matter halo (not plotted). The remnants of the stellar components

of the dwarf objects are plotted in red.

Conclusions

Regarding the formation of the disk of satellites of the Milky
Way, we discarded associations of dwarf galaxies initially
located at distances equal or greater than 2 Mpc because their
time of infall was larger than a Hubble time. We can also
state that associations of peripheral galaxies located at these
distances from the Local Group cannot be considered as
objects that could be part of the disk of satellites in the future.

As for the morphology of the dwarf galaxies, after 10
Gyr of interaction with the Milky Way we observed that if
they are surrounded by a dark matter halo they remain more
compact despite the effects of tidal forces, which supports the
hypothesis of the presence of dark matter in dwarf galaxies.

In terms of the location distances of the simulated dwarf
galaxies around the Milky Way, we can conclude that the
distances at which they were located were better adjusted
to the dark matter-free model for the dwarf satellites, since
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most of the galaxies are at galactocentric distances ranging
between 280 kpc and 500 kpc and, in that case, the forma-
tion of a disk of satellites could not be reproduced in the
present study. Thus, with the parameters used in this study
it is unlikely that the satellites of the DoS come from dark
matter-free associations of dwarf galaxies that fall into the
Milky Way halo.

On the other hand, we were able to reproduce a disk-
like spatial distribution of the remnants of the initial objects
when embedded in a dark matter halo, which supports the
widely accepted hypothesis about dark matter content in
dwarf galaxies. Thus, we have shown that it is possible
that a feature like the DoS could have been formed from
the infall of associations of dwarf galaxies embedded in
dark matter haloes following parabolic orbits. However,
the distances of the remnants to the center of the Milky
Way at the final snapshot do not reproduce the distances
reported in the literature for the satellites of the Milky Way.



Rev. Acad. Colomb. Cienc. Ex. Fis. Nat. 42(162):32-40, enero-marzo de 2018
doi: http://dx.doi.org/10.18257/raccefyn.561

MW Dos formation through accretion of dSphs

-320 T T T -340 T T T -360 T T T T
-362 | .
325 | = -345 | - d
— . 34l |
[$) [8) [8)
g 330 | 1 g -350L 1 g
N N N -366 [ .
- - . -355 | .
335 -368 [ —
340 L ! I -360 L s [ -370 1 I I Hp i
20 15 10 5 0 65 60 55 50 45 60 58 -56 54 52 50
x (kpc) x (kpc) x (kpc)
-370 T T T T T T T T
-406 |- . -446 | .
=372 | _
408 | i 448 | i
_aral 4 - =
g g 40| 1 & sl i
N 376 L 1 N ~
-412 | . 452 | .
-378 .
414 | _ 454 |. _
-380 L1 1 | L 1 1 | 1 1 | | I I I
-54 -52 -50 -48 -46 -32 -30 -28 -26 -24 22 36 38 40 42 44
x (kpc) x (kpc) X (kpc)

Figure 8. Zoom in for the set of six dwarf galaxies wrapped in a halo of dark matter after 10 Gyr of infall towards the halo of the Milky Way

from an initial distance of 1 Mpc, projected on the xz plane.

Table 4. Results obtained for the kinematic properties of the association of dwarf galaxies with a dark matter halo falling towards the Milky

Way from an initial distance of 1 Mpc

Galactocentric distance Heliocentric distance Velocity dispersion Radial speed

(kpe) (kpe) (km/s) (km/s)
Dwarf 1 327.40 327.97 5.41 146.41
Dwarf 2 409.80 410.34 5.77 119.47
Dwarf 3 351.71 352.21 5.57 126.06
Dwarf 4 374.08 374.82 6.58 132.01
Dwarf 5 450.93 451.37 6.10 149.28
Dwarf 6 367.35 367.93 6.41 143.15
Average 380.21 380.77 5.97 136.06

This discrepancy could be solved with a larger simulation
time, and by selecting the final time of the simulation as
that one in which the distances of the simulated objects are
close to the observational ones, as well as by fine-tuning
some quantities like the initial dark matter content of the
association, the number of complete orbits the satellites
should have done, the velocity dispersions and their circular
velocities around the Milky Way.
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