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SUMMARY: Stellar streams and shells are observed in halos of spiral galaxies. In this paper, we
investigated the formation of these structures due to mergers between the host spiral galaxy and its

dwarf satellite galaxies.

We run the N-body simulations with two morphological models of a dwarf

galaxy for different initial positions. One model is a spheroidal dwarf, dSph, and the other is a dwarf
with a disk. We found that both models form stellar shells and streams and, in the case of the progenitor
with a disk, streams are more prominent. After several pericentric passages, there is a possibility of

formation of several streams.

The remnant of the progenitor is more likely to disrupt later into the

merger in the case of spiral progenitor than in the case of dSph.
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1. INTRODUCTION

Tidal structures such as tidal tails, shells, and
stellar streams, are discovered in many spiral and
elliptical galaxies. These structures are formed in
merger events. Galaxy mergers are very important in
the standard hierarchical cosmological picture. Large
mass galaxies are growing by mergers of the smaller
ones (Purcell et al. 2007). The existence of these tidal
structures and knowledge of their properties such as
spatial extent, velocity distribution, and metallici-
ties, give an opportunity to understand the merger
history and properties of galaxies included in a par-
ticular merger. Properties of the substructures de-
pend on many parameters like mass ratios, initial dis-
tance, initial velocity, orbit inclination of the satellite
galaxy, and morphology of the galaxies incorporated
in a merger event.

Stellar streams and shells are observed in haloes
of massive galaxies (Atkinson et al. 2013, Hood et al.
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2018). In the Local Group, the Magellanic Stream
is discovered between the Magellanic Clouds (Wan-
nier and Wrixon 1972, Mathewson et al. 1974) and
the Giant Stellar Stream (GSS) is discovered in the
M31 galaxy (Ibata et al. 2001) as well as the NE and
W shelf (Ferguson et al. 2002). The overview of the
properties of the Magellanic Stream is given in Put-
man et al. (2002) and D’Onghia and Fox (2016). The
work of Martinez-Delgado et al. (2010) gives several
stellar structures formed in processes of galaxy merg-
ers. Structures in the halo of M31 are formed by
accretion of the satellite galaxy or galaxies. Many
observations are done in the last two decades and
properties of the structures are determined. The ori-
entation and spatial extent of the GSS are given in
works of McConnachie et al. (2003), and Conn et al.
(2016), velocities properties in Ibata et al. (2004),
Guhathakurta et al. (2006), Gilbert et al. (2009),
and metallicities in Ibata et al. (2007), Gilbert et al.
(2009, 2018), Conn et al. (2016), Cohen et al. (2018),
Escala et al. (2021). Data from observations (e.g.
Merritt et al. (2016)) unlocked the possibility and
gave parameters for theoretical probing of models of
galaxies in merger events.
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Many theoretical works were done to explain the
existence of tidal structures in different merger sce-
narios and the possibility of their observation due to
low surface brightness (Johnston et al. 2008). Dis-
ruption of satellite galaxies is a common scenario for
formation of those structures (Zolotov et al. 2009,
Cooper et al. 2013, 2015, Longobardi et al. 2018, Ka-
rademir et al. 2019). The works of Pillepich et al.
(2014) and Remus et al. (2017), discuss the connec-
tion between the shape of the outer halo and the
merger history. In Karademir et al. (2019) different
N-body simulations were done to find the proper-
ties of tidal structures. There are models for spiral
galaxies, where the satellite galaxies are downscaled
spirals of the host galaxy (Karademir et al. 2019).
Properties of the structures were discussed for differ-
ent merger scenarios, in particular for different mass
ratios and different position angles, which leads to dif-
ferent orientations of angular momentum. It is given
in Amorisco (2015) that these mergers are highly ra-
dial and that the satellite galaxy passes near the cen-
ter of the host galaxy. Different mass ratios give dif-
ferent types of merger: the major, mini, and minor.
In Karademir et al. (2019) it is shown that the minor
and mini mergers are important for formation of tidal
features.

Some observed properties of the GSS and shells in
the halo of the M31 were reproduced with both mod-
els - a satellite with and without a disk. The morphol-
ogy of satellite galaxy was discussed in Fardal et al.
(2006, 2007) and Sadoun et al. (2014) where the for-
mation of the GSS was analyzed. Fardal et al. (2007)
and Sadoun et al. (2014) used a satellite galaxy with a
disk and a spherical galaxy without a disk, while Miki
et al. (2016) used a disky satellite. In MiloSevi¢ et al.
(2022), the dSph galaxy was used as the GSS progen-
itor to explain the metallicity distribution along the
GSS.

In this paper, we investigate the influence of mor-
phology of the satellite galaxy on formation of tidal
structures in the host galaxy in merger events. Two
morphological types of satellite galaxy were used: the
spherical galaxy and galaxy with a disk. In both sce-
narios, a similar mass ratio was used and the same
initial distance for different position angles.

This paper is organized as follows: Section 2 gives
N-body models for the host galaxy and satellites
with different morphology, in Section 3 we present
the main results of merger events, and the discussion
and conclusion are given in Section 4.

2. METHODS

2.1. N-body models

We used an N-body representation for the host
spiral galaxy and satellite galaxies. The main mor-
phological parts of the host galaxy are a spherical
bulge, exponential disk, and dark matter halo. This
model corresponds to the M31-like galaxy. A sim-
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ilar model is used in Geehan et al. (2006), Fardal
et al. (2007), Sadoun et al. (2014) and Milosevi¢ et al.
(2022). Pure N-body models for all three types of
galaxies are generated with the GalactICs package
(Widrow et al. 2008).

Density profiles of all three components in the
host galaxy and dSph are taken from Milosevié et al.
(2022) and these profiles are similar to one given in
Geehan et al. (2006) and Sadoun et al. (2014). These
density profiles are well established and used in pre-
vious N-body models for spiral galaxies similar to
the Milky Way and M31 galaxies, and also for dwarf
galaxies with or without a disk. The bulge is rep-
resented with the Prugniel-Simien profile (Widrow
et al. 2008):

P = po (") exp(r/r) " (1)
(A

Here, pyg is the density at r = 7, and 7, is the bulge

scale radius.

The disk is represented by a combination of two
profiles: an exponential profile of surface density in
the 2 — y plane and the sech? law in the vertical,
z-direction. The exponential profile is given by (Gee-
han et al. 2006, Sadoun et al. 2014):
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Here, My is the total mass of the disk, ¥ is the surface

density and Ry is the disk scale radius. In the last

two equations, r is the spherical radius and R is the
cylindrical radius.

The sech? profile is used in vertical z-direction

(Sadoun et al. 2014) and the combined profile is given

by:
_ X(R) 9 ( %
p(R, Z) = %Sech <ZO) .

Here, zj is the scale height of the disk. The inclina-
tion of the disk is 77 degrees, the position angle is
37 degrees (Fardal et al. 2007), and the heliocentric
distance to Andromeda is taken to be 785 kpc.

A spherical dark matter halo is a more general
form of the Navarro-Frenk-White profile (Navarro
et al. 1996) given in GalactICs (Widrow et al. 2008):
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Here, all parameters are the same as in MiloSevic¢
et al. (2022): ry, is the halo radius at which the den-
sity starts decreasing, oy, is the typical velocity, d, is
the distance along which the density falls to zero, rg
is the scale radius for halo, and « is an exponent in
the NFW profile and we took o = 1. The total mass
of the host galaxy is the same as for M31 in Milogevié
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Fig. 1: The initial positions for dwarf progenitor with
a disk, D models. The positions for the S3, S1, and SO
models were used in simulations with the dSph model of

<

progenitor. The last two positions are symmetric with
the first two for the dSph model.

et al. (2022) as well as the values for the host galaxy
parameters.

For the satellite galaxies we used two models: the
first one is the dSph model and the second is a dwarf
with a disk. Both models contain a spherical bulge
of baryonic matter and a spherical dark matter halo.
The second model contains a baryonic disk unlike
dSph, represented with the same density profile as
that for the disk of the host. The parameters used
for generating models of these two galaxies are given
in Table 1.

2.2. Merger Parameters

We set, up eight initial positions for merger events
for five position angles between the disk of the host
and the directions to the infalling satellite. In Ka-
rademir et al. (2019) five orbits were tested to de-
scribe how the structures are forming due to differ-
ent infall. Here, we are interested in how morphology
affects the formation of tidal structures due to differ-
ent infall. Three positions were tested for the dSph
model, and two additional for the dwarf with a disk.
These additional two positions for the dwarf with a
disk were tested because of different directions of the
angular momentum. The position angles are 0, 45,
90, 135, and 180 degrees as seen in Fig. 1. All galaxies
start their infall from the distance of 100 kpc due to
timescale of the tidal strucsture formation described
in previous works (Sadoun et al. 2014, Hammer et al.
2018, Milosevié¢ et al. 2022). We named these mod-
els D3, D1, DO, D11, and D9, respectively, in the
case of the dwarf with a disk, and S3, S1, and SO for
the dSph progenitor. The model labeling numbers
are taken in the counterclockwise direction. To run
simulations we used the cosmological simulation code
Gadget2 (Springel 2005).

3. RESULTS

We present the merger history and formation of
structures for different initial positions of the satel-
lite galaxy. The comparison is made between two dif-
ferent morphologies and different orientations of mo-

mentum vectors of the host and satellite galaxy. In
Fig. 2 and Fig. 3 we can see the merger history of the
dSph galaxy for three different initial positions due
to the characteristic trajectory of infall. We traced
the progenitor galaxy from the beginning of the sim-
ulation till 2 Gyrs. The initial position is 100 kpc
with null initial velocity and the first pericentric pas-
sage occuring after 0.6 Gyrs. In three simulations
the inclination angles were 0, 45, and 90 degrees with
respect to the disk of the host galaxy.

For the progenitor with a disk, we presented five
simulations with characteristic orientations of the
momentum vectors. As in the previous case, the ini-
tial position is 100 kpc with null velocity. Fig. 4
presents merger events for initial angles: 0, 45, 90,
135, and 180 degrees, in other words, the models D3,
D1, DO, D11, and D9. Again, we traced the merger
history to 2 Gyrs after several pericentric passages.
The timescale of the merger events and several or-
bits of the progenitor galaxy are presented in Figs. 2,
3, and 4. After 2 Gyrs, the progenitor galaxy makes
several orbits around the host galaxy and experiences
a tidal disruption.

In the mass density plot presented in Fig. 5 we
can see more clearly the formation of morphological
substructures such as shells and streams. Also, it is
possible to trace the remnant of the progenitor. In
this figure, we present the merger event between 1
and 2 Gyrs, after the second and third pericentric
passage.

In Fig. 6 we can see the mass density plots for the
case of D models. In the case of models D1 and D11,
more clear substructures are formed. In all simula-
tions after 1 Gyr, there are strong stellar streams and
shells. After several pericentric passages, streams be-
come faint, and shells are more prominent. We can
also trace the progenitor remnant in all cases till it
finally disrupts.

Morphological substructures that are produced by
merger events are represented in phase-space plots.
These are d — v plots, where d is the radial distance
of the particles from the center of the host galaxy,
and v is the velocity. In Fig. 7, phase-space plots
for the three different initial positions of the dSph
and the progenitor with a disk are represented. In
the first row in Fig. 7, the merger for the case of
0 degrees, the D3 model, we can see the formation
of one stream after the second pericentric passage
and two shells. After 1.4 Gyrs there are two stellar
streams and two shells. We can also see the remnant
of the satellite galaxy in one of the shells. We have a
similar situation in the case of the D9 model, in the
second row. There are also two streams and two shells
after 1.4 Gyrs and a visible remnant of the progenitor
galaxy. In panels: ¢, j, k, and [ the infall of the dSph
galaxy, the S3 model, is represented.

We can see the formed shells and one prominent
stellar stream after the second passage, but later, the
stream became faint and the remnant of the progen-
itor is disrupted.
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Table 1: The values of parameters for the N-body model of progenitor galaxy. Similar values for the baryonic

matter are used in Sadoun et al. (2014).

dSph

Baryonic matter m, = 1.03kpc op =93 km/s M, =2.18 x 10°M
Dark matter halo rhn = 5 kpc on =185 km/s M, = 2.4 x 1010M@
Dwarf disk
Baryonic matter Mg = 1.69 x 10°Ms  rq = 0.8 kpc M = 2.18 x 10° M,
M, =0.49 x 10°Ms 7, = 0.4 kpc op, = 78 km/s
Dark matter halo rn = 5 kpc on =127 km/s M, =2.2 x 1010M@
t=0 Gyrs t= 0.2 Gyrs t= 0.4 Gyrs t= 0.6 Gyrs t=0.8 Gyrs t=1 Gyrs
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N L]
o
S 0 + + + +
N
-100
100
L ]
—_ ®
[}
2 0 - + + + ¥
N
-100
100
é— 0+ + | + 9 + o + ’ﬂ »
N :
_100 T T T T T T
-100 0 100 -100 O 100 -100 O 100 -100 O 100 -100 O 100 -100 O 100
x[kpc] x[kpc] x[kpc] x[kpc] x[kpc] x[kpc]

Fig. 2: Merger history for the dSph progenitor from the beginning of simulation till 1 Gyrs. Gray dots represent a

satellite galaxy and the center of the host is represented by a blue dot. Particles of the host are omitted for better

visibility. The upper row represents the merger for the SO progenitor model, the middle row for S1, and the bottom

row for S3.

Morphology is more important for the substruc-
ture formation than the direction of rotation of the
same model, as we expected, but the influence of the
momentum vector of the disk progenitor is not neg-
ligible.

In Fig. 8 we can see a phase-space plot for spiral
progenitors with the D1 and D11 models, and the
dSph progenitor, the S1 model. In all three cases, we
see formed streams and shells. In the case of the S1
model, we see two streams after 1.4 Gyrs, and in the
case of the S1, presented in panels: i, j, k, and [, only
one stream. There is a clear influence of morphology
on substructure formation. These models represent
infall when the orbit of the progenitor is not in the
same plane as the disk of the host, and also it is not
along the z-axes as it was the case with the SO and
D0 models.

A similar situation we have in the case of the an-
gle of 90 degrees in both progenitors, with a disk and
the dSph. On highly radial orbits they form sub-
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structures in the halo of the host galaxy. In Fig. 9,
the upper row is the DO model, and the bottom row
is the SO model. For the dSph progenitor, after 1 Gyr
it is hard to follow the remnant of the progenitor and
the formed stream becomes faint due to dynamical
evolution. The infall angle affects the formation of
shells and streams and in the case of models D1, D11
and S1 the formed structures are more prominent and
live longer than in the cases DO and SO.

The influence of rotation is presented in Fig. 10.
The upper row shows the formed shells and the
stream in the D3 scenario, where the momentum vec-
tors of progenitor and host galaxy are parallel. In the
bottom row, we represent the D9 scenario, where the
momentum vectors are antiparallel. Both cases are
represented for ¢ = 1Gyrs, after several orbits of a
satellite galaxy. We can see that the direction of ro-
tation influences structure forming after the merger.
In the case of the same directions of the host and
satellite, in the D3 scenario, we have one stream and
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Fig. 3: Merger history for the dSph progenitor between 1 and 2 Gyrs. Symbols and rows represent the same as in
Fig. 2.
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Fig. 4: Merger history for the progenitor with a disk, between 1 and 2 Gyrs. Gray dots represent a satellite galaxy
and the center of the host is represented by a blue dot. Particles of the host are omitted for better visibility. Rows
from top to bottom correspond to models D3, D1, DO, D11, and D9, respectively.
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Fig. 5: The surface density plots for the SO, S1, and S3 models, from top to bottom, for the interval between 1 and

1.6 Gyrs.

two shells, and a similar situation in the D9 case.
It is possible to follow the remnant of the progeni-
tor later into the merger in the D3 case, than in D9.
The scenario of forming structures is similar in these
two merger events but there are differences in the
way how the progenitor galaxy is disrupted because,
in the case of disks with parallel momentum vectors,
the remnant of the progenitor disrupts later.

We directly compare satellites with different mor-
phology in Fig. 11. In the upper row, the model D1 is
presented while the model S1 is shown in the bottom
row. In the case of the progenitor with a disk, we can
see two shells and one stream and all structures are
more prominent than in the case S1. Both galaxies
have the same initial position and velocities as well
as the initial orbit inclination of 45 degrees. In the
case of the galaxy with a disk, we have a more visible
remnant, while in the case of dSph, after 1 Gyrs, the
remnant started to disrupt, and it is in one of the
shells. We can see that morphology plays the main
role in shell formation, and shells are more prominent
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in D models and so is also the remnant of the progen-
itor galaxy. Besides the progenitor morphology, the
direction of rotation and infall angle also affect the
formation of streams and shelves in merger events.

4. DISCUSSION AND CONCLUSIONS

In this paper, we investigated how different mor-
phologies of the progenitors influence forming struc-
tures in the mergers between the host galaxy and
satellites. We ran pure N-body simulations with two
models of progenitor galaxies: dSph and progenitor
with a disk. In the case of structures formed after the
merger in the halo of the host, it is sometimes unclear
which morphology type of the progenitor produced
those structures. Mass, initial position and veloc-
ity are the main parameters that dictate the merger
events. We showed that in both cases of the mor-
phology of the progenitor, stellar streams and shells
are formed.
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Fig. 6: The surface density plots for the D3, D1, D0, D11, and D9 models, from top to bottom, for the interval

between 1 and 1.6 Gyrs.

We showed that beside mass, different morpholo-
gies produce different shells and streams. In some
cases, streams are more prominent. In the case of
the progenitor with a disk, and after several pericen-

tric passages, there is more than one stream. Also, in
the case of the satellite galaxy with a disk, it is pos-
sible to follow the remnant of the galaxy later into
the merger.
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Fig. 7: The phase-space plots for timescales ranging from 1 to 1.6 Gyrs. The upper row is the D3 model, the middle
row shows the D9 model, and the bottom row is for the S3 model.
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Fig. 8: The phase-space plots for timescales ranging from 1 to 1.6 Gyrs. The upper row is the D1 model, the middle
row is the D11 model, and the bottom row is the S1 model.
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bottom row is the SO model.
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Fig. 10: The phase-space plots at 1Gyrs. The upper row
is the D3 model, and the bottom row is the D9 model.

The dSph galaxy also forms structures, similar to
D models. Stellar streams are faint and there is only
one stream even after several orbits. There are also
formed shells. Two observed streams in halos of the
host can indicate the progenitor with a disk, but for
a single stream we need additional constraints. In
both models, S, and D, the orbit inclination plays a
role, because we have a different shape of the formed
structures; a similar result is given in Karademir et al.
(2019).

In this paper, we also investigated the orientation
of the satellite galaxy. The orientation of the progen-
itor with a disk is not negligible in a merger, because

T
100 O 50

100 0 5|0
d[kpc]

100
d[kpc]

The phase-space plots for timescales ranging from 1 to 1.6 Gyrs. The upper row is the DO model, and the
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Fig. 11: The phase-space plots at 1Gyrs. The upper row
is the D1 model, and the bottom row is the S1 model.

there isn’t the same scenario when we have parallel
and antiparallel momentum vectors of the host and
progenitor. The direction of the rotation of the pro-
genitor with a disk is a parameter that influences the
distribution of particles in a merger event. Although
we have two shells and one stream in the D3, as well
as in the D9 model, we can trace the remnant of the
progenitor in the case of parallel momentum vectors
in the D3 model.

In our simulations, the largest influence on the
substructure formation has the morphology of the
progenitor. The orientation of orbit, and also the ori-
entation of the rotation for the disk progenitor, plays
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an important role, especially in shelf formation and
the timescale of the remnant disruption. The shelves
are more prominent in the case of orbit with incli-
nation of 45 degrees than in the cases of 0 and 90
degrees.

The observed properties of structures in halos of
massive galaxies, such as streams and shells, can
give constraints not only on the merger history, and
timescale, but also on the morphology of the progen-
itor.
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STELLAR SUBSTRUCTURES IN GALAXY MERGERS

3ABMCHOCT 3BE3IJAHUX IIOACTPYKTYPA ¥Y TAJIAKCNJAMA TWIIA M31
O MOP®OJIOTUJE CATEJINTA Y CYOJAPVIMA TAJIAKCUJA
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Opuzunasiy HaywHY Pao

3Be31aHU TOKOBU W JbYCKE Cy MOCMATDaHU y
XaJIOUMa CIUPAJIHUX TaJIaKChja. Y OBOM DALy WC-
TpaKyjeMo (GpopMupame OBUX CTPYKTYypPa, HACTA-
JUX Yy CyJapuMa COUpaJiHe TajJaKChje ca maTy-
JbaCTOM TaJIAKCUjOM KOja je meH careaur. M3-
BpuieHe cy cumyinanuje N Tena ca nsa Mopdo-
JIOIIKA TUIA NATyJhacTe TaJIaKCHUje 3a pPa3Indu-
Te IoYeTHe no3unuje. Jeman Mozmen je chepongHa
MaTyJ/bacTa TaJlaKCUja, & APYTY MaTyJbacTa Ta-

JaKCHUja ca JUCKOM. Y TBPIMJIU CMO na oba Moze-
Ja MOTY Ja (OpMHUPAajy TOKOBE M JbYCKE U Oa CY
TOKOBU Yy CJIyYajy HMaTyJbacTe TaJIaKCUje ca AUC-
KOM BuIle m3paskenu. Hakon mekosmko opbura, y
oBoM ciyuajy moryhe je ¢popmupare u Buiie TO-
roBa. Ocrarak rajakcuje ce KacHUje pacruana y
CcIy4ajy IaTyJbacTe rajlakKCuje ca OUCKOM y OJ-
HOCY Ha C(EpOUIHY.
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