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Overview

This thesis summarises the work I have done as part of my Doctorate degree on the
topic of satellite galaxies interaction with the Galactic disc using collisionless N–body
simulations. The most important aspect of my research has been to investigate the
contribution of satellites’ infall towards the vertical heating of the Milky Way’s disc
and the process of bar formation. The properties of the dark matter (sub)haloes,
including the host halo, are extracted from cosmological simulations of Milky Way–like
haloes (Diemand et al., 2008; Springel et al., 2008).

Chapter 1 is an introduction to the topic, including the cosmology, Milky Way’s
structure and possible heating mechanisms. The characteristics of the DM subhaloes to-
gether with an analysis of their statistics are provided in chapter 2. Section 3.1 includes
an overview of the multi–component Model we have used for the purpose of describing
the Milky Way and the satellite candidates. Results from the heating analysis and
comparison of the measured vertical heating from different simulations are discussed
in chapter 3. The role of satellite crossing on delaying or advancing the process of
bar-formation is investigated in chapter 4. In addition, localisation of vertical heating
due to an infall of Sagittarius-like subhalo has been the focus of chapter 5. Within the
framework of this chapter, we also looked into excitation of asymmetric and symmetric
unstable modes. The thesis is finalised with a careful summary and outlook (chapter 6).

The majority of chapters 2 and 3, together with certain parts of the introduction
and conclusion are published as a paper in (Moetazedian and Just, 2016).
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“Where there is ruin, there is hope for a treasure.”

- Jalaluddin Rumi

1
Introduction

1.1 Cosmology

The 21st century can be regarded as the era of precise cosmology. With
the success of missions such as Wilkinson Microwave Anisotropy Probe
(hereafter WMAP) (Hinshaw et al., 2013) and Planck satellites (Planck

Collaboration et al., 2014), we now have very accurate measurements of the
parameters, describing the standard cosmological model of our Universe. This
model is based on Einstein’s theory of general relativity (GR), which dates back to
1915. GR is described by a set of 10 field equations (Einstein, 1915). This theory
was formulated based on the impact of matter density on the curvature of, so called
space–time. Prior to this, the Newtonian mechanics was believed to be the only
model to describe gravitational laws (Newton, 1687). In the Newtonian model, the
Universe is static and flat; as a consequence, the shortest distance between two
points in space is always a straight line. However, Newton’s laws of gravity failed
at describing the dynamics of objects with speeds comparable to the speed of light
c and proved to be inconsistent with Maxwell’s equations of electromagnetism.
Such contradictions motivated Einstein to publish his theory of special relativity
(SR) in 1905 (Einstein, 1905), which can be thought of as a special case of general

1
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8 1.1. COSMOLOGY

1988). In the particle–based tree code, the force from distant particles is approx-
imated using their multipole moments with some opening angle of the tree and a
force softening length ϵ (Barnes and Hut, 1986). An example of a N–body code
which employs both approaches is the GADGET-2 (Springel, 2005). The process
of identifying bound subhaloes in the simulations is performed using different
algorithms such as “friends–of–friends” (FOF) (Davis et al., 1985), 6–dimensional
phase–space based method (Diemand et al., 2006) and SUBFIND (Springel et al.,
2001). Millennium I simulation with 10 billion dark matter particles (Springel et al.,
2005b) is regarded as one of the largest cosmological simulations ever carried out
with the aim of understanding galaxy formation and evolution using GADGET-2.
This simulation had a cubic box of side length 500h−1Mpc and a 5h−1 kpc spatial
resolution. The follow–up Millennium II simulation (Boylan-Kolchin et al., 2009)
with 125 times better mass resolution, due to a smaller box size, provides a more
accurate picture of galaxy evolution over a more extensive redshift and mass range.

However, these simulations together with implemented semi–analytical models
(SAM) fail at reproducing the observed abundance of haloes with Mh < 1011M⊙,
also known as the “missing satellites problem”. In other words, more DM sub-
haloes are formed in simulations for this mass range, than observed in the Local
Group (Loveday et al., 1992; Kauffmann et al., 1993; Klypin et al., 1999). With
the debut of hydrodynamical codes and improved SAMs, some of the discrepancies
between observations and cosmological results can be tackled. The hydrodymaical
codes allowed for inclusion of baryonic physics on different scales; including
feedback processes, black hole growth, star formation and the Interstellar medium
(ISM). It has been concluded that supernovae feedback (Governato et al., 2007;
Brooks et al., 2013) together with reionization (Okamoto et al., 2008) are capable
of reducing the previously measured slope of the luminosity function from αH ≈ -2 ,
close to the observed value of αg ≃ -1.3.

There exists two main approaches in hydrodynamical codes for solving Euler
equations joined by non-relativistic ideal gas equation of state: Lagrangian and
Eulerian methods. The most famous of the former is Smooth Particle Hydrody-
namics (SPH) code (see review by Springel 2010). An example of a classic SPH
code is GASOLINE (Wadsley et al., 2004), while Springel (2005) developed an
entropy–conserving variant of the method. In the case of the second approach
which relies on grid cells for solving hydrodynamic–equations, Adaptive Mesh
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refinement (AMR) technique is the most well–known with examples such as
RAMSES (Teyssier, 2010) and H-ART (Kravtsov et al., 1997) codes with sub–grid
resolution. In addition, the AREPO code developed by Spriangel (2010) takes
advantage of both Eulerian–Lagrangian methods and uses a Voronoi tesselation
for dividing the space around particles. For a more detailed overview of numerical
hydrodynamical codes see e.g. Somerville and Davé (2015).

Cosmological simulations are carried out, starting from a set of initial con-
ditions set by the specified cosmology and generated as a linear matter power
spectrum (Eisenstein and Hu, 1999). The power spectrum is randomly sampled for
modes and advanced forward in time according to the Zel’dovich approximation
in a cubic simulation box (Bertschinger, 1998). In order to study the evolution of
galaxies in high resolution, we benefit from the zoom simulation technique. This
approach involves re–simulating a region of interest at higher resolution while
keeping the surrounding regions at lower resolution, which is computationally
cheaper. Therefore, the particles corresponding to the region of importance
are tracked back to the starting redshift and simulated with higher resolution,
including sub-grid hydrodynamical physics. Zoom cosmological simulations such as
Aquarius (Springel et al., 2008) and Via Lactea (Diemand et al., 2007) are aimed
at representing a Milky Way–size halo and its subhalo distribution.

Formation of disc galaxies has been a long–term challenge for cosmological
simulations. Prior analytical works of disc formation (Mo et al., 1998) have shown
that the accreted gas from a DM halo with conserved specific angular momentum
jjj can settle into a disc. However, observations of spiral galaxies have proven to
be rather complex interplay between angular momenta jjj of different strength,
which contradicts the picture depicted by theoreticians (Bullock et al., 2001).
Earlier simulations suffered from excess removal of high jjj during disc formation
process (Steinmetz, 1999), resulting in compact disc galaxies. More accurate star
formation feedback recipes (Governato et al., 2007) have played a major role in
ejection of low jjj and maintaining the galaxy’s gas reservoir; hence, more realistic
late–type spirals are now formed (Christensen et al., 2014; Vogelsberger et al., 2014).
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1.2 The Milky Way as a typical spiral galaxy

The Milky Way galaxy (hereafter MW) is part of the Local Group of galaxies which
consist of more than 50 members; the majority are dwarf galaxies. The MW and
M31 (Andromeda) are the most massive members, located ≈ 800 kpc apart. The
Local Group has an estimated size of 3 Mpc. Our Milky Way is regarded as a
barred Sc/Sbc spiral galaxy which consists of three components: disc, bulge and
halo. Fig. 1.2.1 is a schematic diagram of our Galaxy where different features such
as the thin and the thick discs, central nucleus, and Globular clusters (GCs) can be
seen. The MW is believed to be around 13 billion years old; this is mostly based
on determining the age of Globular clusters in the halo which are among the oldest
bound structures in the Universe and hosting second generation of stars (Sparke
and Gallagher, 2007). Our Galaxy contains few hundred billion stars which are
distributed mostly in the disc and the bulge. The MW is considered to have not
experienced a major merger with another comparable galaxy in the last 8-10 Gyr. In
addition to stars, our Galaxy also contains dust and gas components. The presence
of dust in the inner regions composes a great challenge in observing the Galactic
centre. Fig. 1.2.2 shows an artist’s impression of the MW viewed face–on; position
of the Sun is marked and some of the well-known features of the Galactic disc are
visible, such as the spiral arms and the bar.

Understanding the Milky Way is important, in order to have a better insight
of other galaxies. Our Galaxy is regarded as a typical spiral. This allows us to
study different aspects of astronomy, such as feedback processes, star formation,
galaxy evolution, turbulence etc., on different physical scales, ranging from few
to thousands of parsecs. In the last decade, many observational surveys have
been conducted to study our Galaxy: SDSS, APOGEE, SEGUE, RAVE and
Gaia–ESO (York et al. 2000; Steinmetz et al. 2006; Yanny et al. 2009; Gilmore
et al. 2012; Alam et al. 2015). The latest Gaia mission which was lunched in 2013,
is expected to deliver its first set of results in September 2016. In the following
subsections, different constituents of the MW are described.
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Figure 1.2.1: Schematic diagram of the MW, including different components and members of
our Galaxy (Sparke and Gallagher, 2007).

1.2.1 The halo

The halo consists of two major constituents: stellar and dark matter haloes.
In order to understand the large–scale gravitational potential of our Galaxy,
investigating the halo is essential. A two-component stellar halo resides in the
inner ≈ 30 kpc, while the DM component extends to 200–300 kpc. The transition
between the inner and outer stellar halo occurs at around 25≡ 10 kpc (Watkins
et al., 2009; Deason et al., 2011).

The stellar halo contains ≈ 1% of the MW’s stellar budget. The formation
of this component can be a result of complex interplay of different scenarios,
including accretion of tidally disrupted satellite galaxies (Ibata et al., 1997), in–situ
formation (Abadi et al., 2006), ejection of disc stars into the halo and star formation
from the stripped gas of accreted galaxies (Font et al., 2011; McCarthy et al., 2012;
Cooper et al., 2015). The stars are metal–poor with high velocity dispersions. The
calculated mean rotation has a value of ≃ 40 km s−1 (Bond et al., 2010). This
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types in order to explain the current chemical budget, with 1/3 Fe contribution
from SNII. Therefore, the metal–poor thick disc is older than its thin companion.
As we move away from the disc plane, a decline in the metallicity is observed (Bovy
et al., 2012b). Furthermore, the thick disc is considered to be dynamically hot, due
to stars having higher velocity dispersions than the cold thin disc stars. The thin
component contains more than 80% of the total disc stars. The theory of a sharp
distinction between the two disc components (Lee et al., 2011), or rather a smooth
transition between different sub–populations (Bovy et al., 2012a), has been subject
of intense discussions in the past few years.

Another important aspect of our Galactic disc are spiral arms. These features
are regarded as transient density waves, responsible for the transport of material
from the outer disc to the inner regions. The majority of the MW’s star formation
takes place inside these spiral arms, where high gas pressure and turbulence result
in gas collapse. Comparing features of our Galaxy with other late–type spirals, we
come to the conclusion that the Milky Way is a fair representative of disc galaxies.
For example, the increase of vertical thickness with the sub–population’s age is
also observed in other late–types such as IC 2531 (Wainscoat et al., 1989), NGC
5907 (Just et al., 2006) and many others (de Grijs and Peletier, 2000).

1.3 Heating of the Galactic disc

High-resolution cosmological simulations have demonstrated that DM substruc-
tures survive within environments similar to the Milky Way (Moore et al., 1999).
Galaxy mergers are believed to be the main drivers for significant kinematical
perturbations of galaxies (Toomre and Toomre, 1972), and can be classified
into three categories: major, minor and infall of satellites. With regards to
theoretical (Hernquist, 1992) and observational evidences, (e.g. Woods, Geller, and
Barton 2006; Woods and Geller 2007) “major” mergers (mass ratios ≳ 1:3 of total
galaxy mass) strongly perturb the system and can even change the morphology.
However such events are less common compared to “minor” mergers with masses
in the range 1:3 to 1:50 of the total mass (1:1 of disc mass) which are likely
to destroy thin discs (Kazantzidis et al., 2008). The third type, which forms
the basis of this study, is the interaction of satellite galaxies with intermediate
mass ratios which are more commonly represented in units of the disc mass (≲
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with their dynamical history and providing constraints on the vertical structure of
the Galactic disc. Nordström et al. (2004) and follow-up studies (e.g. Holmberg,
Nordström, and Andersen 2007, 2009) have favoured a picture in which the disc has
experienced continuous heating through its lifetime. Another possible scenario is
the saturation of vertical heating of stars older than 4.5 Gyr, as suggested by an
analysis of the Geneva-Copenhagen survey (Freeman, 1991; Seabroke and Gilmore,
2007). This survey provided ages, metallicities and kinematics for ≈14,000 G and F
dwarfs in the solar neighbourhood, with absolute magnitudes V brighter than ≈ 9.4.
The results of Holmberg et al. (2009) benefit from the Hipparcos data (Perryman
et al., 1997) which greatly improved the parallaxes and consequently reduced the
uncertainties; this resulted in clear continuous heating pattern. Holmberg et al.
(2009) fitted power laws to the radial, tangential, vertical and total velocity dis-
persions of ∼ 2600 F and G dwarfs in the solar neighbourhood and derived power
law exponents of γ=0.39, 0.40, 0.53 and 0.40 for these respective quantities. Fig.
1.3.1 shows the age–velocity dispersion plot from Holmberg et al. (2009), where σU

and σW correspond to the radial and vertical velocity dispersions in the solar neigh-
bourhood, respectively. Other disc galaxies also show signs of dynamical heating;
a good example is the edge–on galaxy NGC 5907. Just et al. (2006) presented an
evolutionary model for this galaxy with a slightly declining star formation rate and
a continuous dynamical heating for young population which is slower than the ob-
served value in the solar neighbourhood.

More recent simulations (e.g. Font et al. 2001; Ardi et al. 2003; Kazantzidis
et al. 2008; Read et al. 2008; Villalobos and Helmi 2008; Kazantzidis et al. 2009)
have shown that infall of satellite galaxies could result in either destroying or greatly
heating the disc, forming a thick component; this contradicts our picture of the Milky
Way thin disc component. It is important to note these analyses focussed on the
impact of satellites at the massive end of the substructure spectrum, with masses
greater than 5 ±219M⊙. For instance, Read et al. (2008) concluded that accretion
of a satellite with a mass comparable to the Large Magellanic Cloud (LMC) of
1010 M⊙ is sufficient to explain the thick disc formation. Also Moster et al. (2010)
examined the role of a gas component in the disc instability and found that for a gas
mass fraction of 25 percent, the thickening of the disc could decrease by 20 percent
– thus suppressing vertical heating. In addition to galaxy mergers, other proposed
mechanisms are expected to contribute towards the heating:
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Figure 1.3.1: Velocity dispersion of stars in the solar neighbourhood as function of their es-
timated age from the Geneva–Copenhagen survey (Holmberg et al., 2009). σU and σW corre-
spond to the radial and vertical velocity dispersions, respectively.

• Carlberg (1987) and Sellwood (2013) studied the induced changes of the disc’s
phase-space distribution due to transient spiral waves and concluded that such
structures are able to increase the velocity dispersion of stars, although mostly
in the disc plane. Since the vertical oscillation frequency ν of stars in the plane
is high relative to the frequency at which stars encounter the density waves,
such spirals are inefficient at increasing the vertical motion of stars.

• Coherent bending waves are more effective at vertical heating than spiral arms.
In principle, such waves could travel across a disc until reaching vertical reso-
nance (Toomre, 1983; Sellwood et al., 1998). At this point, the wave’s energy
could transfer into increasing vertical velocity dispersion of local stars. How-
ever, Araki (1985) has shown that such a mechanism is more likely to take
place within discs with velocity ellipsoids more flattened than observed in our
solar neighbourhood, σR ≳ 4σz.

• Scattering due to massive gas clumps, e.g. Giant Molecular Clouds (GMCs),
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This work improves the current knowledge of the impact of subhalo interactions
on the observed vertical structure of our Galactic disc. Such a structure is the
result of a complex interplay of different heating mechanisms. Since we do not
yet know about the exact contribution from each of such mechanisms, quantifying
one method will provide a more accurate picture of other processes. For the first
time, we have analysed and compared the impact of subhaloes from Aquarius and
Via Lactea II Milky Way-like simulation suites (e.g. Springel et al. 2008; Diemand
et al. 2008) to provide a statistically valid study of satellite impact on the vertical
structure of the stellar disc of our Galaxy. In addition, having initial conditions for
the MW, in a much better equilibrium state compared to previous works, allows
us to minimize the bias effects. Such effects could overshadow the expected real
heating measurements. The combination of 40 pc vertical resolution together with
ICs in a robust equilibrium state differentiates this analysis compared to previous
studies. This allows minor vertical heating effects to be measured and distinguished
from other processes (Moetazedian and Just, 2016). Also, such an impact could
result in excitation of unstable modes in the disc plane. These include the bar
mode or asymmetric perturbations which are typically observed due to satellite
passages (Gómez et al., 2016b).
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difference is sensitive to the subhalo finding algorithm and also the mass resolution.
Accordingly, the substructure distribution is influenced by lower mass subhaloes
that could dominate over higher mass ones by few orders of magnitude in abundance.
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Table 2.1.2: Normalised main halo properties; mp is the original particle mass and g is the scaling factor. M200 is the normalised mass en-
closed within a sphere of radius r200, where the mean density of the halo is 200 times the critical density of the universe. c is the concen-
tration while Vmax is the maximum circular velocity of the halo. r50 is the radius of the main halo at which the halo encloses the mass with
mean density 50 times the background density and V50 is the circular velocity at this radii. fsub represents the cumulative mass fraction
which resides in substructures relative to the total enclosed mass within r50.

Simulation mp,orig g M200 r200 c Vmax r50 V50 fsub
[M⊙] [1012 M⊙] [kpc] [km s−1] [kpc] [km s−1] [%]

VLII 4.10 ± 103 1.188 1.774 242.8 13.29 212.9 425.7 151.8 4.77
Aq-A2 1.37 ± 104 0.963 1.774 242.8 16.19 205.9 428.2 156.3 12.46
Aq-B2 6.45 ± 103 2.166 1.774 242.8 9.72 204.0 418.0 152.6 9.61
Aq-C2 1.40 ± 104 1.000 1.774 242.8 15.21 222.4 417.1 152.3 6.67
Aq-D2 1.40 ± 103 - 1.774 242.8 9.37 203.2 425.7 158.1 13.14
Aq-E2 9.59 ± 103 1.497 1.774 242.8 8.26 204.8 421.3 153.8 9.85
Aq-F2 6.78 ± 103 1.564 1.774 242.8 9.79 196.3 424.7 155.0 12.80
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2.2 Identifying the most effective subhalo candidates

As mentioned above, we are interested in subhaloes which are likely to interact
with the galactic disc; hence we need to identify such subhaloes. We apply a
simple selection criterion by estimating the pericentre distances of all subhaloes.
We select these by determining the orbit of subhaloes in the presence of the
background potential of the host DM halo only. Using the initial 6-dimensional
phase-space information of the subhaloes we integrate their orbits using the
standard Runge-Kutta 4th order orbit integrator, which determines the position
and velocity of subhaloes at each integration step (Press et al., 1992), for 2 Gyr.
Any subhalo that comes closer than 25 kpc to the parent halo’s centre at any point
during its orbit is marked as a crossed candidate. This calculation does not take
into account dynamical friction and the gravitational force of the disc and the bulge.

Fig. 2.2.1 shows Mtid vs. rperi for subhaloes at the high mass end, with Mtid >

219M⊙, for all simulations (colour coded). The vertical dashed line marks the 25 kpc
radius, and all the objects to the left of this line are our crossed objects. Instead of
using a simple distance cut (and a mass cut at Mtid > 218M⊙), the strength of the
tidal forces on the disc and resonances of the orbital motion and the disc could have
been used. The four dotted lines correspond to lines of constant tidal force at 10 kpc
from the galactic centre. These correspond to objects with Mtid of 1, 3, 10 and 100
± 108M⊙ (from right to left) at rperi=25 kpc. All subhaloes to the left of these lines
have higher tidal forces. There is one object in Aq-E2 with a mass of ≈ 1010M⊙ and
a pericentre at 28 kpc, to the left of the red line (109M⊙) which has a tidal force
greater than a subhalo with Mtid=109M⊙ at rperi=25 kpc and should have been
included. However, there are 2 subhaloes in Aq-E2 with larger tidal force (left of
green line). It turned out, that only satellites left of the green line contribute to the
disc heating on a measurable level. We conclude that we did not miss a significant
fraction of interactions, which would change the derived dynamical heating of the
disc.

Previous analytical studies proposed a linear scaling between the heating of the
galactic disc due to satellites and the subhalo mass Msat. However Hopkins et al.
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Figure 2.1.1: Cumulative subhalo mass fraction, substructure mass relative to the halo’s en-
closed mass at r, as function of distance from the host halo centre.
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Figure 2.1.2: Inverse cumulative histogram for the number of subhaloes as function of sub-
halo mass within r50 of the host haloes. The crossed population corresponds to the subhaloes
which come closer than 25 kpc to the centre of the host halo within 2 Gyr while all represents
the total sample. The vertical line marks the mass cut at 106 M⊙.
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Figure 2.2.1: Mtid against pericentre distance rperi for all 7 simulations (colour coded). The
vertical dashed line marks the 25 kpc crossing criteria radii; all the subhaloes to the left of this
line are regarded as crossed candidates. The 4 dotted lines correspond to lines of same tidal
force at 10 kpc from the galactic centre as objects with Mtid of 1, 3, 10 and 100 ± 108M⊙
(from right to left) at rperi=25 kpc. All subhaloes to the left of these lines have higher tidal
forces.
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Table 2.2.1: Number statistics of subhaloes; psub is the percentage of the subhaloes originally within r50 while pcross shows the percentage
of subhaloes inside r50 which cross the disc in 2 Gyr. ⋆: One of the subhaloes has M > 1010 M⊙

Simulation Nsub psub pcross Ncross Ncross Ncross Ncross
[%] [%] (> 108 M⊙) (> 3 ± 108 M⊙) (> 5 ± 108 M⊙) (> 109 M⊙)

VLII 28,618 30.36 12.71 21 5 3 1
Aq-A2 108,396 14.72 9.70 20 6 1 1
Aq-B2 133,793 11.85 8.45 17 6 3 2
Aq-C2 121,334 10.68 8.39 14 3 2 0
Aq-D2 72,380 24.01 8.85 23 8 5 4
Aq-E2 93,322 17.49 6.77 12 5 5 2
Aq-F2 51,985 30.54 10.49 24 9 5 2⋆
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Figure 2.2.2: The time evolution of the orbits of subhaloes from our N-body simulations in
spherical coordinates for all seven host haloes. Subhaloes with 108 ≥ Mtid < 5 ± 108M⊙ are
shown using grey colour while objects with Mtid ∼ 6 ± 218M⊙ are represented following a
colour map.
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Figure 2.3.1: Inverse cumulative histogram of number N (dashed), Mtid (solid) and M2
tid

(dotted) of crossed subhaloes for all our seven simulations as function of subhalo mass Mtid.
The vertical line marks the mass cut at 106 M⊙.
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Figure 2.3.2: Cumulative Vmax/V50 histogram for all (solid) and crossed (dashed) subhaloes;
here Vmax is the maximum circular velocity of the subhalo while, V50 is the circular velocity of
the main halo at r50.
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Figure 2.3.4: Mean concentration ctid against the distance from centre of the host halo, r,
for all (top) and crossed (bottom) subhaloes. The dashed and dotted lines represent the aver-
age best-fitting power laws for the total and crossed candidates, respectively.
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Figure 2.3.5: Normalised distribution of ctid for all (solid) and crossed (dashed) subhaloes.
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Figure 2.3.6: Concentration ctid against Mtid for all (top) and crossed (bottom) subhaloes.
The dashed and dotted lines represents the average best-fitting power laws for the total and
crossed candidates.
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Figure 2.3.7: Pericentre (solid) and initial distance (dashed) histograms for all subhaloes.
The vertical dotted lines mark the 25 kpc crossing radii.
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Figure 2.3.8: Distribution in cos(i) (solid) and ϕ (dashed) for all subhaloes; where i is the
subhalo inclination angle with respect to the z-component and ϕ is the azimuthal angle.



46 2.3. SUBHALO STATISTICS

is minimized and there exists a minor increase of e with Mtid. In other words the
orbits of crossed subhaloes become more parabolic, closer to e=1, for higher masses.

More than 85% of the subhaloes in all seven simulations have 0.5 < e <

1 – these subhaloes have bound elliptic orbits with respect to the enclosed
halo mass at the corresponding radii. Also ∼ 10% have hyperbolic trajecto-
ries with e > 1 and regarded as candidates which would cross once as they pass
by the galactic disc. VLII has the highest fraction of subhaloes with unbound orbits.

In order to determine how homogeneous is the infall time distribution of
subhaloes, we looked at the pericentric passage time of the subhaloes which
correspond to the time of the closest approach to the centre of the host halo.
The expected pericentric time of crossed subhaloes for all the seven simulations is
shown in Fig 2.3.10. The distribution is fairly homogeneous while we observe a
shallow peak around 1 Gyr time; hence the impact of the subhaloes is expected
to be continuous with time. There is a lack of encounters for the first 0.5 Gyr
which might be due to mass loss of subhaloes already located at close distances.
The possible impact of this delay on heating of the galactic disc is discussed in
section 3.4. Also the drop seen in all the simulations after 1.5 Gyr could be the
result of simulation box’s finite volume size. This plot can robustly tell us about
the interaction rate per Gyr of subhaloes with the host.

The VLII and Aquarius simulations do not show significant differences in their
spatial distribution. The higher mean eccentricities of the VLII satellites is the main
difference compared to the Aquarius simulations. However for the crossed subhaloes
such a difference disappears.
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Figure 2.3.9: Eccentricity e against Mtid for all (top) and crossed (bottom) subhaloes.
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Figure 2.3.10: Distribution of pericentric time tpericentre, time of reaching the closest peri-
centre, for crossed subhaloes. Multiple pericentre passages are not included.



“Don’t be satisfied with stories, how things have gone
with others. Unfold your own myth.”

- Jalaluddin Rumi

3
Milky Way’s disc vertical heatings

3.1 Galaxy N-body model

Prior to the numerical analysis, we need to set up our desired galaxy models
as a distribution of particles which include disc, bulge, DM halo and also the
satellite component. As mentioned earlier, one of the most important aims of

this work is to resolve the dynamical properties of the Galactic disc in the absence
of any bias originating from a system which is not originally in equilibrium.

3.1.1 Multi-component Milky Way galaxy

In the past two decades there have been a number of attempts to generate initial
conditions (IC) for multi-component spiral galaxies that include a disc, a bulge
and a DM halo component, and producing a distribution of particles which follow
particular density profiles. We have tested a few such attempts, however the true
equilibrium and steady state of the disc component is questionable. For this study
we take advantage of a recent code (GalIC) which employs a different approach to
the made-to-measure method: constructing ICs for multi-component axisymmetric
systems via an iterative scheme (Yurin and Springel, 2014).
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Figure 3.3.1: 10-90% Lagrange radii of the isolated MW for Aq-B2 simulation. The 10%
radii corresponds to the lowest value (dark purple) while 90% has the highest value (red) and
the remaining colours in between show the 20-80% Lagrange radii from bottom to top.
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Figure 3.3.2: The number density plot for the isolated system in x-y, x-z and y-z view. From
top left: Aq-B2 simulation at initial time (-2 Gyr), 0, 1 and 2 Gyr of evolution. The red cross
represents the centre of the mass of the bulge component.



≈ σR

σz

R [ 26

z

z ≈

σ2
z

2 −2

M > 6 ± 218M�

< R <

x y



CHAPTER 3. MILKY WAY’S DISC VERTICAL HEATINGS 59

Figure 3.3.3: The properties of the disc in the isolated Aq-B2 simulation. From the top left
as function of radial distance from the centre of disc: Surface density of the disc Ω, Toomre
parameter Q, vertical velocity dispersion σz, vertical σ2

z , mean disc height zmean, root-mean-
square thickness zrms. The lines represent the results at -2, -1, 0, 1 and 2 Gyr. The two bot-
tom figures show the zrms and σ2

z in the solar neighbourhood, 7.5 < R < 8.5, as function of
time.
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bourhood and the observed value allowing for 0.5 Gyr delay, which accounts for
possible initial underestimation of heating due to mass loss of subhaloes already
located in the inner halo. The jumps observed in the velocity dispersion due to
massive mergers are seen in other simulations, where such mergers cause visi-
ble signatures in the velocity dispersion profiles (Martig, Minchev, and Flynn, 2014).

Aq-D2 has twice as many subhaloes with Mtid ∼ 109 M⊙ compared to Aq-B2
which, in theory, translates into a larger impact. We also observe twice as much
heating compared to the isolated cases between the two simulations in the solar
neighbourhood.

The mean values of zrms,t zrms,0 for all 7 simulations with satellites (solid),
with satellites except Aq-F2 (dotted) and isolated system (dashed) are shown in
the top panel of Fig. 3.4.2 with their subsequent 1σ statistical dispersion around
the mean. The blue, pink and green colours correspond to all the simulations with
satellites, with satellites except Aq-F2, and for the isolated system, respectively.
We observe a very shallow increase of the thickness with time in all systems after
the initial 0.4 Gyr. The mean value of all the systems with satellites experiences
an increase of 35 pc compared to the initial state and only less than 10 pc – ≈
40% – compared to the isolated system. If we exclude the impact from Aq-F2, the
thickening in the solar neighbourhood from satellites is almost indistinguishable
from the isolated case.

According to the bottom panel of Fig. 3.4.2 there exists a slow increasing trend
of the mean value of σ2

z,t – σ2
z,0 for all systems. The heating rates for the initial 1 Gyr

are 20, 15 and 10 km2s−2Gyr−1 for systems with satellites, with satellites except
Aq-F2, and the isolated system, respectively. These reduce to 15 km2s−2Gyr−1 for
all the systems later. This means the rate at which the vertical dispersion increases
with time in the solar neighbourhood decreases slightly after 1 Gyr. Not taking into
account Aq-F2, the difference between the mean heating due to satellites and the
isolated systems is very small and only 5 km2s−2 at 2 Gyr. The 1σ dispersion region
from all the simulations (blue) reaches 50 km2s−2 at the final snapshot which is 35%
of the observed value of 144 km2s−2. The additional heating for subhaloes below
1010M⊙ is of the order of ≈ 10-15%. The dotted and dash-dotted lines represent the
observed vertical heating rate in the solar neighbourhood and the observed value
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Figure 3.4.1: Top: Time evolution of the root-mean-square of the disc thickness subtracted
by the initial value for systems with satellites (solid) and isolated (dashed) for VLII (blue),
Aq-B2 (green), Aq-D2 (red) and Aq-F2 (orange) simulations in the solar neighbourhood. Bot-
tom: The time evolution of the difference of the disc vertical heating for VLII (blue), Aq-B2
(green), Aq-D2 (red) and Aq-F2 (orange) simulations. The dotted and dash-dotted lines rep-
resent the observed vertical heating rate in the solar neighbourhood and the observed value
with 0.5 Gyr delay, respectively.
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high fraction of barred spirals (e.g. van den Bergh et al. 1996; Abraham et al.
1999). The properties of the host disc galaxy are affected by the presence of a
bar, which possesses strong gravitational potential. For instance, redistribution of
stars/gas within the bar’s corotation radius, together with evolution of the bulge
are strongly correlated with the bar (e.g. Hohl 1971; Kormendy 1982; Athanassoula
2005). Early N-body simulations were successful in generating spiral galaxies,
hosting bars (e.g. Miller, Prendergast, and Quirk 1970; Ostriker and Peebles 1973;
Athanassoula and Sellwood 1986). Initially, the bar mode instability was assumed
to be responsible for the bar-formation. However, later works (e.g. Mark 1971,
1974; Sellwood 2000) have proposed other possible mechanisms.

Noguchi (1987) concluded that tidal interactions with external fly-bys, are
able to induce bar structures. According to observations, larger number of barred
spirals are found in denser environments, such as galaxy clusters, than in isolation.
This supports the importance of tidal interactions for bar-formation (Elmegreen,
1999). Toomre’s swing amplification (Toomre, 1981) can be regarded as the main
mechanism for the growth of such perturbations, if the satellite has a mass ratio
greater than 1:1 of the host disc mass. However, in the case of lower mass fly-bys,
such encounters, have the capability to induce perturbations in the disc plane,
which can be amplified after few disc rotations (Goldreich and Lynden-Bell, 1965;
Julian and Toomre, 1966).

This chapter is aimed at investigating the importance of satellite galaxy
encounters on the bar-formation in the Milky Way via N-Body simulations. In
order to have realistic initial conditions (ICs), we use a distribution of subhaloes
extracted from cosmological simulations, which are likely to host Milky Way-like
galaxies (Diemand et al., 2008; Springel et al., 2008). We explore different
subhalo mass ranges in order to quantify the relevance of such quantity. The spec-
tral analysis employed for this chapter follows that described by Polyachenko (2005).

4.2 Cosmological initial conditions

In order to account for a realistic image of satellite galaxies’ infall to the Milky
Way’s disc, the distribution of subhaloes was withdrawn from the Aquarius
cosmological suite (e.g. Springel et al. 2008; Diemand et al. 2008). For the purpose
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Figure 4.4.2: The contour plots of the projected disc number density for the B-1 run in x-y,
x-z and y-z view at 0 (left) and 4 Gyr (right). The colour coding has a logarithmic scale.

Figure 4.4.3: The relative projected disc surface density for the B-1 run in x-y, x-z and y-z
view at 0 (left) and 4 Gyr (right). The colour coding has a logarithmic scale.
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Figure 5.1.1: The spherical distance r of the satellite from the disc, as a function of simula-
tion time (blue). Also, the fraction of satellite’s bound mass is shown using dotted red line.

Figure 5.1.2: The number density plots for the Aq-F2-1e10 in x-y, x-z and y-z planes at
time 1 (left) and 4 Gyr (right). Logarithmic colour scaling is employed.
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Figure 5.1.3: The projected number density plots for the Aq-F2-1e10 in x-y plane with loga-
rithmic colour scaling. The simulation time is shown in the top–right side of each panel.
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Figure 5.2.2: Projected surface plots of mean vertical velocity < vz >, in kms−1, of disc
particles for Aq-F2-1e10. Starting from the top, the panels correspond to simulation times of
1, 2, 3 and 4 Gyr.
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Figure 5.2.3: Projected surface plots of the median z–coordinate normalised by radial dis-
tance, zmedian/R, of disc particles for Aq-F2-1e10. Starting from the top, the panels corre-
spond to simulation times of 1, 2, 3 and 4 Gyr.
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Figure 5.2.6: Top: Difference of root-mean-square of the disc height zrms at t and 0 Gyr for
systems with satellites (solid) and isolated (dashed) at 1, 2, 3 and 4 Gyr. Bottom: The differ-
ence of the disc vertical heating between t and 0 Gyr. Filled and open diamonds represent the
observed value of vertical heating in the solar neighbourhood at 4 Gyr and the observed value
with 0.5 Gyr delay.
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Figure 5.2.7: Projected surface plots of σ2
z,t σ2

z,0 for disc particles in the case of the iso-
lated (left) and with satellite (right) runs. Starting from the top, the panels correspond to
simulation times of 1, 2, 3 and 4 Gyr. The annulus shows location of the solar neighbourhood,
8.6 < R < 9.6 kpc.
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“Raise your words, not voice. It is rain that grows
flowers, not thunder.”

- Jalaluddin Rumi

6
Summary & Outlook

6.1 Summary

Th ambition of this study was to understand the significance of the impact of
satellites on the dynamics of the Milky Way disc. For this purpose, we used
realistic initial conditions for the DM substructures from the cosmological

simulations of Milky Way-like dark matter haloes. Such impacts are analysed in
the form of vertical heating of the Galactic disc in the presence of satellite galaxies,
together with excitation of unstable modes in the disc. This work benefits from
four major assets: 1. N-body simulations that reach resolutions of 40 parsecs for
the disc in the vertical direction, 2. initial conditions for the multi-component
Milky Way galaxy, residing in much better equilibrium and steady state in the
isolated case compared to previous works, 3. realistic initial conditions for DM
substructures and 4. statistical set of initial conditions performed for the first time.
Within the first part of the PhD, the vertical heating of the Galactic disc was
investigated. This included an analysis of the properties of subhaloes from different
simulation suites. In final part we studied the disc dynamics and the evolution of
unstable modes due to interaction with satellite galaxies.
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heating in the solar neighbourhood after 2 Gyr is expected to be 144 km2 s−2. The
time evolution of the heating in the solar neighbourhood was analysed and a slowly
increasing trend for σ2

z,t - σ2
z,0 was observed in all our systems. For the first 0.4 Gyr

a minimal heating was observed, since no massive satellite with Mtid ∼ 5 ± 108 M⊙

crosses the disc within this period. However, the heating rate in the initial 1 Gyr
is slightly higher than in the final 1 Gyr. The observed value of 144 km2 s−2 lies
more than 3σ above the mean vertical heating taking into account all simulations.
According to our analysis, the choice of orientation of the satellites distribution
for the Aq-D2 case affects the measured vertical heating by less than 8% after 2
Gyr in the solar neighbourhood, which is lower than the self-heating of the isolated
system. Thus, the orientation plays only a minor role in heating the disc vertically.

The measured heating from this analysis is sub-dominant and significantly
smaller than in previous studies (e.g. Ardi et al. 2003; Kazantzidis et al. 2009). This
mainly arises from the fact that our cosmological simulations do not include many
subhaloes with Mtid/Mdisc > 0.2, as was the case in other works, that are thought
to heat the disc more significantly. Moreover, the DM clumpiness in Aquarius and
VLII is much smaller than that in earlier cosmological simulations, as they suffered
from lower mass resolution. The insufficient heating in our simulations could also
be subject to further decrease if we allow for the presence of gas in the disc (Moster
et al., 2010). Alternative mechanisms are more likely to dominate the heating of
the disc. Heating by transient spiral arms or by disc growth via mass accretion are
discussed in other works (e.g. Villalobos, Kazantzidis, and Helmi 2010; Martig,
Minchev, and Flynn 2014). The increase of the disc surface density results in an
enhanced σz, with contributions towards the heating ranging from less than 5% to
60% for increasing surface density, thus playing an important role in simulations
which allow for disc growth. Coherent bending waves and buckling instabilities
are other possible scenarios responsible for increasing the vertical dispersion of
disc particles, althoughToomre (1983) and Sellwood et al. (1998) have shown such
mechanisms are inefficient in terms of reproducing the observed vertical heating.
Also Lacey (1984) and Ida, Kokubo, and Makino (1993) found that the scattering
of disc stars due to GMCs is able to redirect the peculiar velocities of stars out of
the plane. However, the inputted energy is ineffective in increasing the velocity
dispersion in the plane.

The results of this study show that the impact of the subhaloes on the vertical
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