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Abstract

Dark matter plays a fundamental role in theories of the faionaand evolution of
galaxies. Thus every attempt to model galaxy formation amiuéon has to take
into consideration the presence of dark halos. Moreovergyens and accretion appear
to be fundamental driving mechanisms in determining thegorteday properties of

galaxies.

The aim of this thesis is to study the ultra-fine distributadrdark matter in the Solar
neighbourhood, and to investigate the implications fordimeent and next generation
of dark matter directional detectors. For this purpose weeld@ a model for halo
mergers in a Milky Way-like galaxy. The signals expectedin-based dark matter de-
tection experiments depend on the phase-space distriboricub-milliparsec scales.
With our numerical technique it is possible to resolve stiteet produced by minor
mergers of subhalos with a larger parent halo. This type b$tsucture is inacces-
sible to conventional N-body simulations. When applied irbangological context,
this method becomes a powerful instrument to reproduce aalysanthe complete

multiple merger history of a Milky Way-like system.

The results obtained simulating the Galactic halo sug@esthe velocity distribution
in the solar neighbourhood after an evolution time corradpay to the lifetime of our
galaxy ¢ 14 Gyr) is smooth. This result suggests the presence of a hugéerof
dark matter streams that overlap to form a smooth distobutNevertheless, the final
velocity distribution has overdensities for all the cadest has been analysed. They
are generated by a very large number of merger events, bauthent generation of
detectors have not the angular resolution required to ebdbese features. A future
generation of detectors with a resolution-ofl° would start to resolve them, allowing

the merger history of the Galaxy to begin to be unravelledgishis diagnostic.
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Chapter 1

Introduction

Our current understanding of the Universe relies on thetexte of dark matter, the
nature of which is still unknown. The most widely acceptedaids that it consists
of “cold”, weakly interacting, non-baryonic particles (Celw & McClelland 1973;

Szalay & Marx 1976), emitting no (or very little) electronreggic radiation. The
term “cold” derives from the fact that this material was metstivistic at the epoch
of matter-radiation equality. Its presence has been iefeaonly from indirect astro-

nomical and cosmological observations, which | briefly siarige in Section 1.1.

In Section 1.1.1 the pioneering studies of the presence sfemmatter in the Solar
neighbourhood (Oort 1932) and in clusters of galaxies (Ewit933) are presented.
The first convincing evidence for the existence of dark nmatme from the flat,
or even rising, optical rotation curves of spiral galaxigescribed in Section 1.1.2.
The specific case of the rotation curve of the Milky Way is preed in Sectior??.
Dark matter is also required to explain the dynamics of gatdusters. Section 1.1.4
presents a specific example of this class of objects: thesy&il 0657-558, commonly
known as the “Bullet” cluster. Cosmology gives us more eviddacéhe existence of
dark matter, and in Section 1.1.5 measurements of the anobumdtter present in the

Universe are reviewed.

Other explanations have been proposed for the observeddisasspancy present in
galaxies and more generally in the Universe, for exampégradtive theories of gravity

(MOND, Milgrom 1983). In this Thesis we assume that this tépancy is due to the
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presence of dark matter.

1.1 Indirect astronomical and cosmological observations

of dark matter

1.1.1 Pioneers in the search for dark matter

The idea that there is more matter present in the Universettteamount that it is
normally possible to observe started to be established §sasathe 1930s. In 1932
Oort was the first to highlight the possible presence of daaiten estimating the total
mass gravitating close to the Sun. This amount, based onumegasnts of the stellar
velocity distribution, was almost twice that accounted bgrthe visible stars in the
Solar neighbourhood.

Despite Oort’'s work, the “discovery” of dark matter is geadrattributed to the Swiss
astronomer Fritz Zwicky, who estimated the total mass ofQbma Cluster by apply-
ing the virial theorem to the measured velocities of eighit®icomponent galaxies
(Zwicky 1933). The observation of very large peculiar veiies led to an unexpect-
edly high value for the mass of the cluster. As Zwicky pointed, if the total mass
was divided amongst the constituent galaxies, each of theaidahave an average
mass of5 x 10'°M,, (wherel, is the mass of the Sun), while their average luminous
mass was estimated to be orly 10°M,,. This discrepancy clearly shows that these
galaxies could not be made up only of stars like the Sun, amtaa contribution was
hypothesised in order to maintain the cluster as a grawitaliy bound system. These

results led Zwicky to the following conclusion:

“The average density in the Coma system would have to be a4éast
times larger than that derived on the grounds of observat@iluminous
matter. If this would be confirmed we would get the surprisinglteékat

dark matter is present in much greater amount than luminoatien ”

A few years later, Smith confirmed Zwicky'’s results, by applythe same technique
to the Virgo cluster (Smith 1936).
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1.1.2 Rotation curves in spiral galaxies

Historically, one of the most convincing pieces of evidefarethe existence of dark
matter comes from the analysis of rotation curves of spaddxges. It was in the early
20th century that the rotation of spiral galaxies startedgavell established (Slipher
1914; Pease 1918). Assuming circular motion around the taleentre for the gas
and star components, it is possible to deduce the massbhdistn of the galaxy by
directly measuring the radial variation of the rotationalocity as a function of the
distance from the centre. If we consider a galaxy and a tetitlesat radial distance
r from the Galactic centre, according to Newtonian mechathie<ircular velocity is
given by

2 = GMo) (1.1)

circ
r

whereG is the gravitational constant ardd (r) is the mass within the radius(which

is assumed to be spherically symmetric).

In 1940, Oort found that the rotation curve of the galaxy NG@3was not in agree-
ment with that estimated from the luminous components. Tikerebancy was ex-
plained by the presence of a large amount of dust or unsegemrathe outer part of

the galaxy:

“It may be concluded that the distribution of mass in the sgstnust
be considerably different from the distribution of light The strongly con-
densed luminous system appears embedded in a large mégssontomo-

geneous mass of great density. ”

During the 1970s it became evident that most of the rotationes of spiral galaxies
remained roughly flat at large radii, where a Keplerian aecy o< r~2)was expected.
Given that most of the luminous matter is concentrated irbthge and in the disk and
assuming that the mass distribution within a galaxy is gdwnelight, Equation (1.1)
predicts an increase of the velocity in the central regiothefgalaxy, followed by a
relatively rapid drop.

The discrepancy between the flatness of rotation curvesnaisevell beyond the

central region of the system, and the expected Kepleriahngewas observed by a
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number of authors (Freeman 1970; Einasto 1974; Rubin et @0,11978, 1980, 1982,

1985). It implies that the mass increases linearly with #lagtocentric distance:
M(r) ocr. (1.2)

This result can be explained by postulating the presence eixtended dark matter
halo in which the spiral galaxies are located. This idea wagirally put forward
by Ostriker & Peebles (1973). Figure 1.1 shows the rotationes of a typical spiral
galaxy, in this case NGC 6503 (Begeman et al. 1991), whereoihteiloutions of three
different components are fitted. The disk and the gas areoprednt in the inner re-
gion of the system, whereas the dark matter halo starts tonddenthe gravitational
potential at large radii. Optical rotation curves are netlilest way to estimate the size
and the mass of a galaxy because in the outermost part of skensyhe stellar lumi-
nosity becomes too faint to be measured, making the detatimmof their rotation

velocity impossible.

From the late sixties, the development of radio telescopegged a complementary
approach for measuring rotation curves. At radio wavelengtis possible to detect
and map the HI 21cm emission line of the extended gaseouswdigih surrounds
spiral galaxies. HI clouds extend to distances 3 or 4 timegelathan the optical
disk, so such observations opened the way to the analysieedimematics of gas in
the outermost parts of galaxies, showing that the rotationecin the vast majority
of cases remains flat even outside the optical disk (Rogstada&t8k 1972; Bosma

1981).

1.1.3 The rotation curve and the dark matter distribution of the

Milky Way

c

It is very difficult to measure the rotation curve of the Milkyay precisely, mainly
due to the embedded position from which we observe it (wasihe of its arms). The
rotation curve presented in Figure 1.2 can be decomposedantributions from three
components: the galactic bulge, the disk and the dark héile tWo red lines represent

respectively the baryonic component (bulge + disk) and thelmaryonic one (dark
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Figure 1.1: Rotation curve of the galaxy NGC 6503. The observationstaoe/s as points, along
with the model disk (dashed), gas (dotted) and halo (dagfratation curves. Their sumin quadra-
ture is represented by the solid curve. From Begeman et@91{1

halo). The total, found by summing the components in quadgais shown in blue.
The large scatter in the data, in particular at large radicaused by the embedded
position of the Solar System. Nevertheless there is streitgerce for the presence
of a dark halo. The Solar System is situated at approxim&t&kpc (Groenewegen
& Blommaert 2005) from the Galactic centre. This is the galeentric distance of
the Sun assumed in this work, although recent estimates fwaygested it may be
as small as 7.5 kpc (Nishiyama et al. 2006; Groenewegen €Q4l8). Figure 1.3
presents the rotation curve if the dark halo is describedrbysachrone potential.
This is the potential selected to describe the Galactic bakhe Milky Way in the
model developed in this project. The rotation curve is dated for a particular set of
normalization parameteré: = GM = 1 andb = 1. The motivations of this choice,
together with a detail description of the properties of g¢ential, can be found in
Section 2.3. It is important to notice that the two rotatiomves are similar. In other
words, the circular velocity at the Solar radius deducedh tits set of normalization

parameters is consistent with observations.

The measurement of the density of dark matter present indle 8eighbourhood is
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Figure 1.2: Unified rotation curve of the Milky Way reconstructed fronettlata currently avail-
able. The contributions of the three dominant componergsatso plotted: the two red lines
represent respectively the total contribution of the butgiisk and of the dark halo, whereas the
blue thick line is the composite rotation curve. For moredstrefer to Sofue et al. (2009).
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Figure 1.3: The rotation curve of the Milky Way, calculated using the mlodescribed in Chapter
2. The potential adopted for the description of the Galdwio is the isochrone one. Although not
intended as a realistic model, this particular potential lva tuned through the quantity= G M
and the characteristic lengthscaléo approximate the rotation curve of the Milky Way, as it is
possible to see comparing it with Figure 1.2. In this simalak = b = 1.
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particularly important for direct detection experiment&gure 1.2 suggests that the
dark halo component starts to dominate the gravitation@@l of the Galaxy at- 5
kpc. The local density lies in the range 0.3 — 0.7 GeV cm 3 (Weber & de Boer
2010). The lower limit is calculated assuming that the Galaxxomposed of a central
bulge, a disc and an extended dark matter halo with a cussitgemofile; the upper
one considers the additional contribution of dark disks.e Buthe large number of
free parameters available for the fit of rotation curvessedunainly by the presence
of different components dominating at different scales, thlue of the local density

po 1S not well determined by such rotation-curve analysis.

1.1.4 Gravitational lensing and mergers of clusters: the special

case of the “Bullet” cluster

One of the best places to gravitationally infer the existepfodark matter is clusters of
galaxies, because the gravitational lensing techniqudeastraightforwardly applied
to these massive systems. In the recent past, weak gramahtensing has become a
powerful tool to investigate the presence of dark matter ustelrs of galaxies and to
trace its distribution. This technique takes advantagéefistortion of the image of
background galaxies, which is caused by the presence of avmaggect between the
sources in the background and the observer, to reconstreiobass distribution of the

lensing cluster.

Probably the most famous example is 1E 0657-558, commordwikras the “Bullet
cluster”. The peculiarity of this system, that is presente#ligure 1.3, is due to the
fact that the cores of the two merging clusters passed threagh other only 100
Myr ago at a relative velocity of abodt5 x 10 km sec!. The cluster is situated in
the relatively nearby Universe, at a redshiftzof= 0.296, which makes it possible to

obtain accurate observations in different wavelengthswe€let al. 2004, 2006).

During the collision the galaxies, which behave as collilgs systems, are spatially
decoupled from the hot intracluster gas, which is slowedrdbw the action of ram
pressure. This process heats the gas to temperaturesi 0pKo causing a shock that

typically emits at X- rays wavelengths. Clowe et al. (2006)pp&d the gravitational



Introduction 9

56

57

-5558

6M58M42S 36° e 248 18% o

Figure 1.4: Chandra image of the merging cluster 1E 0657-558, with thisevitar indicating 200
kpc. The weak-lensing reconstruction is shown in greenatost From Clowe et al. (2006).

potential of this system using weak lensing, and comparetht X-ray observations,
obtained using Chandra. As the gas is the dominant compohire baryonic mass, if
this was the only source of mass, the gravitational potkstiauld trace the distribution
of this baryonic component. However, from the lensing olstons, the potential is
spatially coincident with the collisionless galaxies, Igipg that the mass is dominated

by a dark massive component, which is collisionless likeghlaxies.

1.1.5 Dark matter in the Universe

The abundances of the components of the Universe have b&smdeed with very
high precision. The fraction of théh component to the present density of the Universe,

poi, IS denoted by the density parameter,

Q=2 (1.3)
Poc
where
3H?
e = ——= 1.4
£o 831G (1.4)

is the present day critical density for which the geometrthefUniverse is flatH is

the present-day Hubble parameter @hd- 6.672 x 10~ cm® g~! s72 is the gravita-
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tional constant. A very accurate value of the abundance i ihatter has been pro-
vided by the measurements of the temperature anisotroptes €osmic Microwave
Background (CMB). The analysis of the WMAP 7-years data (Lardosl.e2010)

finds a cosmological dark matter density of
Qcpu = 0.228 +0.013 . (1.5)

The theory of nucleosynthesis, combined with high redsibiervations of the light
element abundances, finds a baryon density of (Tytler et @002Burles & Tytler
1998, Schramm & Turner 1998)

Q) ~ 0.045 £ 0.0025 , (1.6)

in very good agreement with the baryon density from the CMBn{léitsu et al. 2009,
Larson et al. 2010):
Q, = 0.0449 £ 0.028 . (1.7)

The fact that), < Qcpyr underlines the point that we live in a universe dominated by

dark matter.

1.2 The nature and the detection of dark matter

In the first part of this Chapter the observational evidenoeshe existence of non-
baryonic dark matter in the Universe have been discusseel .nidst important prop-
erties that a well motivated dark matter candidate mussfyadire discussed in Sub-
section 1.2.1. Weakly Interactive Massive Particles (Heze8VIMPS) are considered
one of the most promising dark matter candidates. They asepted in Subsection

1.2.2, while Subsection 1.2.3 focuses on the different dietetechniques.

1.2.1 General properties of dark matter

Dark matter has never been observed directly, but what aneetfuirements for a good

candidate?

* It should be stable, or at least must have a lifetime longen the age of the

Universe. This is a consequence of the fact that we still segravitational
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effect, in the form of the structures that we observe todagh@eUniverse (for

more details see e.g. Colless et al. 2001; Dodelson 2003; arégehal. 2006).

* |t should be collisionless, in order to form extended halen-negligible self-
interaction would lead to the evaporation of dark halos.eA#ach interaction
one particle would be ejected from the halo, while the seswoald move to a
smaller radius, to a state of lower energy. The result ofghisess would be the

evaporation of the halo @hon 1969).

* It should be optically dark, without strong coupling to pdies or to the other
particles of the Standard Model. Its interaction with baryonust be weak,
since no evidence of interaction has yet been discovereldrkf matter particles
were strongly coupled with baryons, then during the fororabf a galaxy they
would fall, together with the baryons, into the potentiallve¢ the system. This
mixture of baryons and dark matter would interact, prodgg@hotons. Up to

now, no evidence of such a signal has been discovered.

* It should be electrically neutral in order to avoid the fation of anomalous
charged heavy elements and to not be in disagreement with Big Bacle-

osynthesis (Olive et al. 2000; Fields & Sarkar 2006).

» Any candidate should have a mass density smaller than @l émthe measured
dark matter abundance in the Univer@g,p,; ~ 0.228 + 0.013 (Komatsu et al.
2009, Larson et al. 2010).

1.2.2 Weakly Interactive Massive Particles

The most popular non-baryonic candidates are WIMPs, whisk ar many extensions
of the Standard Model of particle physics. One of the mostgde candidates, but not
the only one, is the lightest neutralino in Supersymmetriciets, commonly labelled
asy. WIMPs are compelling for very specific reasons: being statdakly interacting
and having mass of the order of tens to hundreds of GeWfAwe assume that they are
their own anti-particles, an estimate of their relic aburc#a(Bertone et al. 2005) gives

a result very close to the measured cold dark matter abued&aation (1.5)]. They
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decouple early from ordinary matter (they are not the onhdadate to decouple early
because axions can decouple as well) and finally, being @lativistic, they behave
as cold dark matter when matter starts to dominate and stagcstart to form. This

seems to be in agreement with observations of large-scaletste.

1.2.2.1 Relic abundance of WIMPs

Shortly after the Big Bang, the Universe was in a very hot anddetate (Lenitre
1931, for further details see Kolb & Turner 1990). WIMPs weréhermal equilibrium
and nearly as abundant as lighter particles (photons, gui@tons, etc.). Their equi-
librium abundance was maintained via rapid interconversib particle-antiparticle

pairs of Standard Model particles:
X+x=2X+X, (1.8)

whereX indicates a general particle aidits antiparticle. The process occurs when

the thermal energy is larger than the rest mass of the particl
kyT > m,c* (1.9)

wherek;, is Boltzmann’s constant andthe speed of light. In other words, due to the
fact that WIMPs are massive particles( ~ 100 GeV/c?), their momentum after the
formalism is small, limiting the final states available i tbhase-space.

For quantifying the number of WIMPs in a certain volume, it @eenient to scale
out the effect of the expansion of the Universe. This can bedyy considering the
comoving number density,, which is the number of WIMPs divided by the entropy
densitys:

Ty

Y=, (1.10)
wheren, is the WIMPs number density. As the space expands, the nuneneity
drops. Hence, the comoving number density multiplied:bis static in the presence
of expansion:

Y, o< nya® . (1.11)
In the regime of high temperatures, when radiation dominétescomoving number

of particles is proportional to the third power of the tengtare, since: oc 7!

ny o T3 . (1.12)
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As the temperature of the Universe drops the thermal endrtheqarticles becomes
smaller than the WIMP rest mass energy. In these conditions Rglkte no longer

produced, but they can still annihilate
x+xy—=X+X, (1.13)
and the non-comoving number density decreases exporgntial
ny o< (myT) "2 exp(—myc? /I T) . (1.14)

The temperature at which this happens is determine@hy), the thermal average of
the annihilation cross-sectiar, and the velocity of the particle. Freeze-out occurs

when the WIMP interaction ratey, is of the order of the Hubble parameter,
Ffo = nX<O'AU> < H. (1.15)

This sequence of events is illustrated in Figure 1.5, whidwstthe comoving number
density of WIMPs as a function of the dimensionless parameterm, ¢*/k,T. The
solid curve is the equilibrium abundance, and the dashegesuepresent the frozen
out relic WIMP population for a range of values @f,v). The present day WIMP
density can be estimated as (Jungman et al. 1996; Green 20@d.; Bertone et al.
2005)

myny(ago/ao)? 10~ 26cm3s~!
Q, ==X ~03 ————— 1.1
A EY: ) e ] Wy (1.16)

whereh = 0.7 is the dimensionless value of the Hubble constant. The WINBszr
section is~ 10~® picobarn, which corresponds 1®—** cm? (Bertone et al. 2005,
Ahlen et al. 2010). The larger the annihilation cross-sectate(o 4v) is, the later

freeze-out occurs, and the smaller the present day WIMP tgassi

1.2.3 Detection of WIMPs

There are different approaches for the detection of WIMPse fliist possibility is
to produce them in a collider. Colliders can infer the exiseenf WIMPSs, but they
will not be able to confirm them as a good cosmological darktenatandidate, as

explained in Section 1.2.3.1. This limitation can only bem@ome by observing the
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Figure 1.5: The WIMP comoving number density as a function of the dimerisgs parameter
z = m,c*/kyT. This parameter decreases with the temperature when arsjsteo longer in
thermal equilibrium. As the Universe expands and cools WP annihilation ceases and the
comoving number density “freezes out”. The larger the atatibn cross section, the longer the
particles remain in equilibrium and hence the smaller thie edbundance. From D’Amico et al.
(2009).

candidate directly (or indirectly) in an astrophysical tex. Indirect detection exper-
iments search for the products of WIMP annihilation, whedeect detection aims to

detect the scattering of dark matter particles on atomidenuc

1.2.3.1 Colliders

The Large Hadron Collider (LHC) at CERN (European Council for idaclResearch)
is a proton-proton collider and it may be able to producedhe=avy particles. The
production and detection of WIMPs at the LHC would be a verytexgachievement,
but it will not demonstrate the existence of cosmologicakdaatter. One of the main
reasons is the impossibility of proving that the detectattlaiate is a stable particle.
The limit on the lifetime of these hypothetical WIMPs will bery short & 1072 ),
whereas the lower limit on the lifetime of a good dark matterdidate must exceed the
current age of the Universe-(14 Gyr, Kamatsu et al. 2010). Even if it was stable, it

would not prove that in the early Universe WIMPs were produndde right quantity.
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This limitation can be overcome by observing the candidath m direct and indirect

astrophysical experiments and comparing the results ditbebservations.

1.2.3.2 Indirect detection

Indirect detection is based on the detection of some of tbéyats of WIMP annihila-
tion. This process generates antimatter (such as anti@aebod positrons), neutrinos,
~-rays and, subsequently, synchrotron radiation. We hase iseSection 1.2.2.1 that
the annihilation of WIMPs stops in the early Universe, whea diensity is not high
enough to maintain the reaction. Nevertheless, after tstres form, the density in
particular regions may be high enough for WIMP annihilatiorotcur. Some loca-
tions where WIMP annihilation may occur at an observableiratiede the centres of
galaxies, dark matter-dominated substructures (e.g. fdyadaxies) and the cores of
dense bodies, such as the Sun or our own planet.

A wide range of experiments is aiming to detect a signal cgrfiom the Milky Way
halo (Ellis et al. 1988; Turner & Wilczek 1990; KamionkowskiTurner 1991; Silk
& Srednicki 1984), the Galactic centre (Bergstrom et al. 1988d dwarf satellite
galaxies (Evans, Ferrer & Sarkar 2004; Bergstrom & Hoope620Bome of the most
recent experiments are the ground-based air Cerenkov tplesd/ERITAS, HESS
and MAGIC, and the satellites EGRET and Fermi, but they havgetgtroduced any

clear detection.

It is also possible to look for neutrinos produced by WIMP a&ilation in the core
of the Sun (Srednicki et al. 1987) and of the Earth (Krauss.etl@B6). IceCube
(still under construction) and ANTARES are the most recerngyes of neutrino

telescopes, but no evidence of WIMPs has been found so far.

1.2.3.3 Direct detection

The most convincing evidence that dark matter exists anasposed of WIMPs
would be a direct observation through its elastic scatyedn nuclei (Goodman &
Witten 1985). If dark matter scatters elastically with natmrmatter, it would generate

a nuclear recoil. This interaction can be detected via theggnthat is released as
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phonons (heat), ionisation, or scintillation.

The WIMP direct detection ratelRR/dFE, which is usually expressed as the number
of events detected per kg, per day, per keV, depends on thiedadamatter density
py and on the local speed distributigifv) in the detector rest frame (Jungman et al.
1996, Lewin & Smith 1996):
Z—Jg = % 0, py A2F2(E) /m @ dv | (1.17)
wherem, andm, are the mass of the proton and the WIMP respectivelyis the
scattering cross-section on the protahis the mass number of the target nucleus and
F(F) is the target form factor. This last term takes into accohbat the target nucleus

is not point-like.

The quantity

1
Vrmin = (M) 2 (1.18)
mams;,

is the minimum speed which can cause a recoil of endigyn, the mass of the
target nucleus, and.,. is the escape velocity from the Milky Way. The value usually
assumed for this quantity 14 km s! (Smith et al. 2007). Note that in Equations
(2.17)-(1.18) we set = 1. It is very difficult to give a precise estimate of the local
halo density and of the WIMPSs’ velocity distribution. Theasishment of a reliable
model for the Milky Way is currently a very active topic of raseh in astrophysics,
but it still represents a significant source of uncertairtypresent the standard halo
model assumes that the Milky Way is an isotropic, isothespakre with Maxwellian
velocity distribution, while simulations produce triakianisotropic halos, with a large
amount of substructure. Direct detection probes the ldital dark matter distribution
on sub-mpc scale, which is the distance covered in one yeatdryestrial detector, as
we will explain in detail later in this Chapter. For this reagbe possible presence of
a significant amount of fine-grained features, such as owusitiles and streams, would
have important consequences for direct detection. A strefaparticles produces a
step in the energy spectrum, and the speed of the partictepaing the stream can

be inferred from the energy at which the feature occurs (Gel&nGondolo, 2001).

The recoil energy is very small, on the scale of keV, due tofdlce that the velocity
of the Sun through the Galactic halo4s220 km s™! (Kerr & Lynden-Bell 1986) and
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that the mass of WIMPs is aboli0 GeV/c. One of the main challenges in direct de-
tection is the suppression of backgrounds that mimic WIMiRiged nuclear recoils.
Today'’s leading experiments have achieved a good rejeofitime backgrounds orig-
inating from particles which produce electron recoils,lsas photons, electrons, and
alpha particles. Neutrons are another insidious sourcadfdround because the in-
duced nuclear recoils are identical to those induced by WINesitrons are produced
by natural radioactivity of the detector’s components gl gurrounding materials,
or by high-energy cosmic rays. These backgrounds can beeddwy locating the
detectors in deep-underground laboratories, by using+adie materials in the con-
struction of the detectors, and by measuring more than oe®gichannel (ionisation,
scintillation and phonons).

Current detectors can be sensitive to one or more of thes@elsatiDMS, GENIUS,
TEXONO and CoGENT have been built to detect the ionisationaigvhile DEAP,
CLEAN, XMASS, KIMS, and ANAIS look for scintillation. The lascategory of
one-channel experiments is sensitive to phonons and ies|@JORE and CRESST-
I. Moving to two-channel detection technique: ArDM, ZEPLIN and XENON10
are sensitive to both ionisation and scintillation, where&d REKA, CDMSII, EIDEL-
WEISS and SuperCDMS are sensitive to ionisation and phonanalfrFCRESST-II

is looking for phonons and scintillation. A diagram of thesg@eriments is presented

in Figure 1.6.

1.2.3.4 The annual modulation and DAMA

Another search strategy has been used by the DAMA (DArk MA@ailaboration.
This experiment looks for an annual modulation in the evaté.r The origin of the
annual modulation is shown in Figure 1.7: the Sun moves tiirdne Milky Way, and
consequently through its dark halo, and in the meantime #réhErbits around the
Sun. The result of the Earth’s annual motion is an annual tatida of the WIMPs-
nucleus scattering rate, with an increase in June and aatecne December (Drukier
et al. 1986). It is not difficult to think of terrestrial baakginds that might mimic
this annual modulation. For this reason the DAMA group haaslyeed, tested and

eliminated many of them, such as the ones due to naturalaetiidy. At the same
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Figure 1.6: Diagram showing some of the direct detection experimentently ongoing. Cur-
rent detectors are sensitive to one or more of these sigimaisation, scintillation and phonons.
HDMS, GENIUS, TEXONO and CoGENT detect the ionisation signehereas CUORE and
CRESST-I look for phonons. The last category of one-chadetdctors are sensitive to scintilla-
tion: DEAP, CLEAN, XMASS, KIMS, and ANAIS. Two-channel det®rs, ArDM, ZEPLIN and
XENON are sensitive to both ionisation and scintillatiolRESST-1l to phonons and scintillation,
whereas EUREKA, CDMS, EDELWEISS and SuperCDMS to ionisadind phonons.

time it is very difficult to detect the modulation becausesiekpected to be very small
(a few % of the mean rate). Nevertheless, since 1996 DAMA hasmwed an annual
modulation signal consistent with what would be expect&dl¥Ps had been detected
(Bernabei et al. 2008b). However, the result is in conflichvite findings of other

direct dark matter experiments because the correspondingw of the WIMP mass
and cross-section are in portions of the parameter spaeadgirexcluded by other

experiments [See Sandick (2010) for a review of the statseaifches].
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Figure 1.7: Schematic representation of both the directional signdltae annual modulation
effect. The Sun moves through the Galactic hale @20 km s~*. Its motion causes a peak in the
WIMP flux along the same direction. The annual modulationotffecaused by the motion of the
Earth around the Sun at a speed0 km s~'. From http://www.hep.shef.ac.uk/research/dm.

1.2.3.5 Directional detection

The first to point out that the recoil event rate could be diogetl was Spergel in 1988.
The main goal of direct detection experiments is to use tfeztion dependence to dis-
criminate WIMPs from background noise. The WIMP flux is expddtepeak in the
direction of the motion of the Sun in its orbit around the Gatacentre, while the
recoil event rate is consequently expected to peak in thessfgpdirection. Compared
to non-directional detectors, directional ones have tvaatge of distinguishing neu-
tron backgrounds from WIMP signals. Recoils from neutronsighbe either isotrop-
ically distributed, or point towards where radioactive eratl is present, whereas the
WIMP signal is expected to be correlated with the directionhef Sun’s motion. A
small number of events would be enough to discriminate betvaedsotropic and an
anisotropic WIMPs distribution in the Solar neighbourhoddsing an ideal detector
capable of reconstructing the direction of the recoil nijele 10 events would prove
that WIMPs distribution is isotropic (Morgan et al. 2005), ilgh~ 30 would con-

firm that it peaks in the direction opposite to the one of th&Smotion (Green &
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Morgan 2010). Currently many experiments are ongoing, sscBRIFT, DMTPC
and MIMAC. The angular resolution that has been achieved bgetlexperiments is
~ 10° (Dujmic et al. 2008, or see Ahlen et al. 2010 for a completéerg) Models
of the predicted directional signals usually assume theMthMP distribution in the
Galaxy is predominantly smooth and isotropic, hence thdystund modelling of the

local distribution in the Milky Way is a key point of the disgsion.

1.3 Numerical simulations and alternative approaches

to the ultra-local dark matter distribution

If we look at the distribution of galaxies in the Universe, wete that they are not
scattered in arandom way. Galaxies, groups and clusteedafigs are linked together
in a pattern of sheets and filaments that is commonly knowrh@sdosmic web”.
Figure 1.8 shows the distribution of galaxies in the neawehsie (out to redshift =
0.25) as observed by the 2-degree Field Galaxy Redshift SurveyGRS, Colless
et al. 2001). The structure of the filaments and voids vidiblde survey cannot be
explained only as the result of the gravitational clumpifthe baryonic matter present
in the Universe, thus requiring the presence of dark maftemmerical simulations
provide a reliable method of calculating the dark mattetrithistion on large scales,

making robust predictions for its clustering.

This Section gives an overview of the state-of-art of nuparsimulations, focusing
in particular on Milky Way-like systems, and on the alteiveaapproaches developed
to overcome their resolution limits. The broad topic of cosrgical simulations is
overviewed in Subsection 1.3.1. Subsection 1.3.2 presleatmost important simula-
tions of a single Milky Way-like dark matter halo, focusing the amount of substruc-
ture found and on their contribution to the local dark mattistribution. The ultra-fine
WIMP distribution in the Solar neighbourhood is describedbiubsection 1.3.3. Fi-
nally, we present the motivation of this Thesis in Sectiah fiollowed by an overview

in Section 1.5.
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\8 2dF Galaxy Redshift Survey ©

Figure 1.8: The galaxy distribution obtained from the survey 2dFGRS¢tvdetermined distances
for more than 220,000 galaxies, out to a redshift 0.25. From http://magnum.anu.edu.au/ TD-

Fggal.

1.3.1 N-body simulations

The richness of structures that we observe in Figure 1.8natigs from the CMB
anisotropies, through a complex and highly nonlinear pgsckiven primarily by grav-
ity. During the last 13 billion years, ordinary matter cahleondensed and fragmented
to generate galaxies. Unfortunately observations do ratigee a complete picture of
the evolution of structures, mainly because they are smapsii the state of the Uni-
verse at a precise epoch. The link between the early, alnmifstron Universe shown
by the CMB and the large amount of structures that we can obs@wadays has been

provided by numerical simulations.

The first N-body simulations showed that non-baryonic ca@dkdnatter is the main
driver in the formation of cosmic structures (Peebles 1982nk et al. 1985), and
that it is required to match the observed large-scale ptiggeof the Universe. The
structures that we can currently observe have been formexdrbhically. The first
objects to collapse were small halos: they merged, follgvarfbottom-up” scheme,
and formed systems of increasing size (White & Frenk 1991pu@s and clusters of

galaxies formed as halos aggregated into larger systenesteBolution of the cosmo-
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logical simulations was not sufficient to resolve the innartp of the individual dark

matter halos.

In the last few years, N-body simulations have providedltesiver a unprecedented
range of scales, from halos similar to those hosting Locau@rdwarf spheroidal
galaxies to halos corresponding to the largest galaxy elsigSpringel et al. 2005,
Boylan-Kolchin et al. 2009). They have also confirmed thatymaergers are incom-
plete because some of the merging halos survive as gravigdy bound subhalos,
orbiting mainly in the outer regions within their hosts. $kas previously also found

by other authors (Moore et al. 1999, Klypin et al. 1999).

1.3.2 Milky Way halo simulations

In the last few years numerical simulations, such as Via éadt (Diemand et al.
2008), GHALO (Stadel et al. 2008) and Aquarius (Springel.e2@08), were able to
reproduce the formation and the evolution of a single galdalo. The goal of these
projects was to understand the formation and the structuaeMilky Way-like dark
matter halo down to a resolution of about 100 pc. A “Milky Waydlo refers to a
102 M, system, with no presence of massive close neighbours anmde® df recent
major mergers. This new generation of numerical simulatioas resolved a incred-
ibly large number of substructures, both gravitationalhuibd (halos) and unbound
(streams). The reason for this huge number of substrucisiteat not all the subha-
los are massive enough to suffer significant dynamicaliémctwhich causes decaying
orbits, large mass loss and in some cases complete mergifaj. stripping removes
mass mainly from the outer, less bound regions of subhalbgy(@ et al. 1998, Die-
mand et al. 2007), and the substructures often preserveaat inner, bound region,

that is mostly unaffected by mass loss.

A comparison between the three main projects is shown ireThll. The mass resolu-
tion of the three simulations, which is the mass of each @ariin the simulation, has
the same order of magnitud&0f M) and the softening assumed is of a few parsec.

In a system of particles, the gravitational force actingMaen two particles of masses
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| Name | Particle Mass (Mb/h) | Softening (pc)| N°of halos simulated

Aguarius 1.7 x 103 21 6
Via Lactea-l| 1.0 x 10° 60 1
GHALO 4.0 x 10° 40 5

Table 1.1: Summary of the recent simulations of Milky Way-like halosquarius, Via Lactea-
Il and GHALO. The three columns describe their mass resmiytine softening length and the
number of Milky Way-like halos that have been simulated.

M, and M, is

: (1.19)

wherer is the distance between them. The system reaches a sitgwaenr — 0.
To avoid this, Equation (1.19) is modified by introducing ast@ntc in the denomi-

nator:
G M, M,
F=—"—""">= 1.20
7"2 + CQ ( )
In other words a dimension is assumed for the particles cemgadhe system, while
in theory they are point-like. Nowadays more sophisticatefiening techniques are

assumed in the development of N-body simulations.

The Aquarius Project (Springel et al. 2008) is a Virgo Consortproject that per-
forms high-resolution simulations of Milky Way-like halgs-10'2M/) in a ACDM
cosmology. These single halos were firstly selected fromvaidoesolution version of
the Millennium-1l Simulation and then re-simulated at was resolutions up to about
1.5 billion particles. The mass resolutionli§ x 103M,, and the softening i81 pc.
Aquarius finds that 13 % of the total mass is resolved in sushddut below 0.1 %
of the mass within the Solar Circle-(8.5 kpc) is in resolved subhalos. Moreover, all
halos have a similar speed distribution. Figure 1.9 congodue speed distribution in a
2 kpc box centred on the Solar position with a multi-variagu&sian fit. Finally, they
argue that the local velocity distribution is smooth and itieated by overlapping of

a large number of streams. This point is discussed more ail deSection 1.3.3.1.

The Via Lactea Il simulation (Diemand et al. 2008) has sinpl@perties to Aquarius:

it has a mass resolution af0 x 1030/, and a softening length of 60 pc. The mass
of the Milky Way-like halo that has been simulated wa% x 10'2M/. The top panel
of Figure 1.10 shows the local phase-space density in a dulizkpc, revealing both
the presence of hundreds of very concentrated dark matterpsl and of numerous

cold streams. Looking at the plot it is possible to note thatdark matter clumps have
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Figure 1.9: Velocity distribution in a 2 kpc box centred on the solar piosi versus the absolute
value of the speed. The red line shows the result of the Agsiaimulation, the black dashed one
a multivariate Gaussian model fit. The residuals are showinerop panel. From Vogelsberger et
al. (2009).

high phase-space density. This is caused by their very dmmdeal region and also by
the low velocity dispersion of the particles they are made@h the other hand, the
streams are formed of material stripped from accreted asmiptied subhalos. They
have a lower phase-space density, almi@st® times lower than the local one, but
despite this they stand out in the phase-space becauseardbtih@elocity dispersion,

which is about one order of magnitude smaller than that obdekground.

GHALO (Stadel et al. 2008) is a series of high resolution Nipsimulations of a
Milky Way-like dark halo. They are simulations of the saméolet different resolu-
tions, from 10 to over one billion particles, with a mass resolutionddf x 103M,
and a softening of 40 pc. At redshift zero the simulation kesoover 100,000 or-
biting substructures. GHALO shows that the six dimensigiase-space profile is
dominated by the presence of the substructures and it ddadsllmv a power law,
except in the smooth, inner few kpc. In addition to the gatwenally bound, dense

subhalos discussed above, there are structures in the-ppase of CDM halos.

The results of these three simulations broadly agreeshkytdisagree over implica-
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Figure 1.10: Projected dark matter density in Via Lactea Il in a 800 kpceculbhe top square
focuses on the local phase-space density, the bottom ond¢hkdensity, both in an inner 40 kpc
cube. From Diemand et al. (2008).

tions for indirect detection experiments, such as the dmrtion of subhalos to the
total v-rays WIMP annihilation signal. It is important to note thlag results of these

simulations cannot be used to predict the ultra-local ithgtion, as we will see below.

1.3.3 Ultra-local WIMP distribution in the neighbourhood

Numerical simulations are a remarkable and powerful tooufalerstanding both the
large scale structure of the Universe and the galactic scdl@vever, they cannot
resolve the ultra-fine dark matter distribution, which isaial for direct detection ex-
periments. The scales relevant for these instruments ardistance that they probe
during the experiment’s lifetime. If we assume that the Swircular velocity around

the centre of the Galaxy is, ~ 200 km s}, the distance covered over an year is

Tdet ~ Vo Texp ~ (200 km/s) (1 yr) ~ 0.1 mpc. (1.21)
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This distance is six orders of magnitude smaller thé® pc, which is the best reso-
lution obtainable by state-of-the-art N-body simulatialescribed above. Moreover,
WIMPs have very small thermal velocities, allowing the fotima of micro-halos with
masses down to0 %M, (Green et al. 2004). Masses of this order of magnitude are
far smaller than the smallest subhalos resolvable, whigk h#ass of ordet0* /.
These are insurmountable problems for the conventionallatmon techniques, indi-
cating that a completely different approach is requireddscdbe in detail the ultra-
fine dark matter distribution probed by direct detectionezkpents. Finally, there is
not even agreement yet on a point as basic as whether thigdigtn is smooth or

not.

1.3.3.1 Mass and velocity distribution

The WIMPs distribution at the Solar radius depends crucm@tlthe Galaxy’s merger
history and on the presence of substructures in the velspdge. The WIMP velocity
distribution is conventionally assumed to be an isotropaxiellian distribution with
a cut-off at the escape velocity of the Galaxy (Freese et@88), but other examples
are present in the literature, such as a multivariate Ganggivans et al. 2000; Helmi
etal. 2002). These models rely on the assumption that they/Miy halo has reached
a steady state so that the ultra-local dark matter phassegfiatribution is smooth.
This would imply that the velocity distribution of the Galais smooth as well. This
assumption is questionable: because structures formréinecally, and the age of the
Universe is not large compared with relevant dynamical tocakes such as the crossing
time, it is not certain whether the ultra-local phase-spdedk matter distribution is

smooth or clumpy.

Some recent theoretical investigations argued that the-ldtal WIMP distribution
consists of a large number of streams, of the ordefof (Helmi et al. 2002; Vogels-
berger et al. 2009, Vogelsberger & White 2010). Such a largetan of overlapping
streams would lead to a smooth local velocity distributidfoére et al. 2001, Zemp
et al. 2009). Moreover, considering that the most promistrgams contribute less
than one percent to the local dark matter density, even iStilar System was located

within one of these streams, its signal would not be strormgigh to be distinguishable
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from the background.

It has also been argued that the ultra-local WIMP distrilbutionsists of a relatively
small number of streams (Moore et al. 1999; Stiff & Widrow 300@antin et al.
2008). The most recent accretion events are possibly theimieststing ones. If some
of the particles in these subhalos have been stripped bydtentel of the Galaxy,
the tidal debris will have had little time to mix and therefdve relatively coherent.
These streams, composed of high velocity particles, magym® significant features
in energy spectrum, even if they constitute only a small fomodf the total local dark
matter density (Stiff et al. 2001, Freese et al. 2001). s taise the observed energy
spectrum would consist of a number of sloping steps. Thetipasiof steps would
depend on the WIMPs mass, on the target nuclei mass and onkhewm speed of
the streams, whereas their heights would depend on the WIkKE3-section and on
the (unknown) stream density, allowing these physical tji@s to be constrained by
potentially observable quantities. However, further sadire needed to quantify or
exclude the relevance of possible very fine grained featorde local distribution for

dark matter detection experiments.

1.3.3.2 Stiff and Widrow method

Stiff and Widrow (2003; hereafter SW) developed an eleganhateto calculate the
dark matter ultra-local velocity distribution at a singfgsial point of the phase-space.
They put down a uniform grid of massless test particles aptiet of interest (the po-
sition of an ideal terrestrial detector) of a dark matteoh&volving both the test and
the simulation particles backward to the initial time, thelculated the intersection
points between the phase-space sheet of the test partrdeha initial phase-space
distribution. Finally they calculated the distributiomfttion of the test particles at the
point of interest. Using this reverse technique they reacdsalution that cannot be
reached by N-body simulations. They found that the speedliisibn in the Solar
neighbourhood, assumed as the position of the detectdnaiscterised by the pres-
ence of a discrete number of peaks. These peaks correspat@aons of particles

passing through the detector at different speeds.

The top panel of Figure 1.11 compares the velocity distidioubbtained using a classi-
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cal forward technique (dotted line) to the reverse methotids A forward technique
simulates the evolution of a system of particles from a geenioment in the past, cho-
sen as an initial condition, to the present. This technigu®ot particularly powerful
when we are interested in the distribution in a particulaatmn because the number
of particles in any given region of space is not statistycalgnificant. In the lower
panel the angle between the local bulk motion and each imttosgpoint between the
phase-space sheet of the test particles and the initiabptzece distribution is shown.
The plots highlight the advantage in using the reverse igalen the distribution func-
tion presents very clear peaks, which highlight the presericstreams of particles.
These signatures are almost absent using a more convdrfooward evolution ap-
proach. This can be explained by the fact that with a largeniel one obtains a broad
distribution and sees little evidence for discrete streguThe reverse method allows
one to find the distribution function at a single point, opsimg the analysis of the
ultra-fine dark matter distribution.

Unfortunately the reverse integration is numerically abt# because of the presence
of chaotic motions. This problem requires the introductidra softening length of
20 kpc [for more detall, see Stiff & Widrow, 2003]. If we conrpathis value to the
distance between the Sun and the centre of the GataxXyy/{ kpc), we can see that this
softening is large enough to radically affect the phase&spgstribution imprinting on
a terrestrial detector. This technique can be used in cohpmwith standard cosmo-
logical simulations, but it has not been implemented in adasmological context.
This improvement would give the possibility to get a betteineste of the dark matter

velocity distribution in the Solar neighbourhood.

Recently a new technique for calculating the phase-spatgbdison function in the
neighbourhood of a simulation particle has been develogege|sberger et al. 2008).
This technique allows the study of the evolution of a stresagensity and the estima-
tion of the fine-grained dark matter distribution in the Gélahalo. A critical question
in the development of this technique is the possibility tineste the number of streams
expected in the Solar neighbourhood. To answer to this gquesicently Vogelsberger
and White (2010) have suggested that the picture on ultrd-$oedes will not be too
different from the one presented by N-body simulations. yTéstimate the presence

of about~ 10'2? streams and- 10° “massive” ones in the Solar position. Therefore
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Figure 1.11: Top panel: Comparison between the speed distribution médaiising the reverse
technique developed by Stiff & Widrow (solid line), and a eentional forward simulation (dot-
ted). Bottom panel: Distribution of angle measured wittpezs to some arbitrary direction in the
halo. From Stiff & Widrow (2003).

the local velocity distribution is predicted to be smoothclear conflict with the SW

results.

1.4 Motivations of the Thesis

Mergers and accretion appear to be fundamental driving aresims in determining
the present day properties of galaxies. In this contexsg ftarticularly interesting to
focus on the details at the ultra-fine spatial scales at tigeskage of the interaction

between a subhalo and a dark matter halo.

Very recently, large simulations of the formation of the kfiMay have resolved a rel-
atively small amount of substructure in the central regibtihe Galaxy. Unfortunately
the scales relevant for terrestrial instruments are of tderaf milliparsecs, too small
even for the most powerful simulation. To solve this problaiternative approaches

have to be designed.
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In this Thesis, we develop a model which studies halo merigeasMilky Way-like

galaxy, with the aim of producing the first detailed modelr@ properties of the ultra-
fine dark matter distribution in the Solar neighbourhoodnétewe make predictions
of the signal detectable in the current and upcoming geioeraf directional detec-
tors. With the numerical technique developed in this Thesis,possible to resolve
structures produced by minor mergers of subhalos with &tgrgrent halo, which are

inaccessible to conventional N-body simulations.

When applied in a cosmological context, using merger treedeteribe the history
of a Milky Way-like halo, the method becomes a powerful instent to simulate the
velocity distribution in the Solar neighbourhood. The noettwe have developed is
very flexible, allowing us to calculate the evolution of thgasal distribution and to
map out the velocity structure at any time and position aitramdy-high resolution.

Finally we interpret these results in the context of darkteragxperiments, trying to

provide predictions of useful diagnostic quantities faedtional detectors.

1.5 Thesis overview

In this Chapter we have given a brief overview of the astrojay®vidence for the
existence of dark matter. We have described the differatinigues currently avail-
able for detecting it and have discussed some of the expetsncerrently under way
around the globe. Finally, we have described the statetaffestandard cosmologi-
cal simulations, focusing in particular on the latest gatien of simulations of Milky
Way-like halos. Since the relevant scales for direct dete@xperiments, of the order
of mpc, cannot be probed by cosmological simulations, we laéso described some
alternative approaches developed in the recent past tstigaée the ultra-fine dark
matter distribution of our galaxy.

In Chapter 2, we introduce the numerical technique that we kiaveloped to simu-
late the interaction between a Milky Way-like galaxy and adaatter subhalo. The
model investigates the effect on the ultra-local dark matistribution of mergers in
the history of a Milky Way-like dark halo, focusing on theraklfine scales probed by

current direct detection experiments. The Chapter inclticdeslescription of action-
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angle variables, the main tool used in the development ofrtbéel, and the analysis
of the initial conditions. The relevant results obtainechgghis numerical technique
are presented in Chapter 3. In Chapter 4 we put the model in aotogital context.
The final results, presented in Chapter 5, produce a detail@lgsas of the ultra-fine
dark matter distribution in the Solar neighbourhood, withthe computational over-
head of a complete numerical integration. Finally, we sunseahe method, together

with the most significant results, in Chapter 6.

The model and the results presented in Chapters 2 and 3 haslbeady published
as: Fantin et al. 2008.
The work in Chapters 4 and 5 is in preparation for publicati®nFantin et al. 2010.



Chapter 2

Model of a merger between a galaxy

and a system of particles

In this Chapter we present the numerical technique we havel@#sd to investigate
the effect of mergers on the ultra-fine scales probed by diietection experiments of
DM. Section 2.1 gives a short overview of the goal of the prioj&te introduce the
action-angle variables (hereafter AA) and some of theipprties in Section 2.2, while
in Section 2.3 we describe the potential we assume for therigéen of the Galactic
dark matter halo. AA are a fundamental instrument for deyielp the backward-
in-time technique our model is based on, which is presemegeiction 2.4. Finally

Section 2.5 is dedicated to the analysis of the choice ofritialiconditions.

2.1 Goal of the model

Aiming to provide a simple approach to understanding the-$&ge evolution of a
satellite merger, we model the interaction between a untb@ystems of particles
and a Milky Way-like galaxy. We calculate the ultra-fine danktter distribution in
the Solar neighbourhood using a simplified model for the haki that expresses the
dynamics of the system in AA. Although this simplificatiomist a completely realistic
description of the Milky Way, the model has the great bendfibeing analytically

solvable. This particular approach makes it possible toyaaut an accurate and rapid
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calculation of the velocity distribution of the system aydime and at high spatial
resolution. This is vital if we want to understand the suberspale structure of the
Milky Way’s halo probed by terrestrial dark matter detestoa topic that we have
discussed in Section 1.2.3. Moreover, it makes possibletimpn a detailed analysis
of the hypothetical signature of a series of merger evengsterrestrial dark matter

detector, without the limitations in resolution usuallgpent in N-body simulations.

Although we have introduced WIMPs because they are one of tst phausible and
well-motivated non-baryonic candidate for dark mattee, ttnodel we develop is valid
for any collisionless cold, dark matter candidate, and ésdoot depend on the proper-

ties of the particular dark matter candidate.

2.2 The Action-Angle variables

Phase-space is a six-dimensional space described by thiepasd velocity coordi-
natesx andv. In this space orbits follow particular paths, and the basictures are
orbital tori (Binney & Tremaine 2008). Position and velocase not always the best
options for describing the motion on these tori, and in palér cases the choice of
other sets of coordinates, such as the @AJ), can be more appropriate. The actions

are
1

Ji:—
2 Yi

v - dx (1=1,2,3), (2.1)

wherev; is a closed path around the torus. They are adiabatic imtardd these tori, so
called because holding the actions constant define thecgsrtd the tori. Actions also
generate a set of coordinates, the angle variables, whiahedeposition on any torus.
Moreover, actions are constant during changes of the patémat are slow compared
to a typical orbital frequency. Now we have a new set of caredrdoordinates which
defines completely a point in the phase-space: the angldbawmordinates and the
actions the momenta. If we consider a dynamical system wiilma-independent

Hamiltonian H, such as the motion of a dark matter particle on a regulat,attie



Merger between a galaxy and a system of particles 34

evolution of the system in the AA is given by Hamilton’s eqaas

‘ o0H
Ji = 90, 0,
(2.2)
~ oH
0, = = (0
KA aJl ’L( ) )

where(); are the corresponding angular frequencies Anig constant on any torus.
Consequentlhy, which corresponds to the total energy of the system, is etitum of

the actions but not of the angles. Integrating Equation) (h2 evolution of the angles
is linear, allowing the solution at any epoch (either fordvar backward in time) to be

expressed trivially in terms of the initial conditions:
0i(t) = 0;(to) — (L — to). (2.3)
An important property of the angles is that they 2reperiodic:
x(0;) = x(0; + 2m) , v(6;) =v(0; +2m) . (2.4)

In conclusion, AA are an extremely powerful and useful imstent to describe the mo-
tion of dark matter particles. Nevertheless it is difficolfind an appropriate potential
in which it is possible to have analytic expressions for thguder frequencies?;. In
the rare cases in which we can obtain those frequenciestiBns#2.2) - (2.4) allow
us to determine immediately the evolution of any orbit. iStgpherical potentials are
one of these rare cases. More details about the AA and thgepties can be found

in Binney & Tremaine (2008), Gerhard & Saha (1991) and McGiB#&ney (1990).

2.3 The isochrone potential

To describe the Galactic halo we adopt the isochrone patghtenon 1959)

GM
b+ VB2 +1?

Although not intended as a realistic model for a complexesysiike the Milky Way,

o(r) = (2.5)

it can be tuned through its mad$ and characteristic lengthscdléo approximate a

range of systems.
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Poisson’s equation give us the density distribution of plugential:

1 o, do 3(a + b)a* — (b + 3a)
plr) = AxGr? dr ( dr) M { 47(a + b)3a? 7 (2.6)
where
a=VvVb?+r?. (2.7)
The density of the system at small radii< b),
3M
) = o (2.8)
is roughly constant, while at large radii > b)
Mb
plr) =55 (2.9)
The radial period’;,. is defined as
L*2
_2/ dr/[ DIEE= (2.10)

where E' is the numerical value of the Hamiltonian, which refers te #nergy of
an orbit, andr;, andr, are respectively the pericenter and apocenter distandes. T
pericenter is the point of closest approach of the orbit ® dbntre of the system,
whereas the apocenter is the furthest one. The name is@boomnes from the fact
that the radial period depends only on the energy and noteoartular momentum of
a particle orbiting in this potential:
T, = (s— 1) ds = 27TGM .
\/ﬁ sV (s2—8)(s—s1) (—QE)%

Note that in Equation (2.11) we have assumed negative ehecguse we are dealing

(2.11)

with bound orbits, whiles is an auxiliary variable:

GM r?
= =1 1+ —= 2.12
s s + + R ( )

The isochrone potential is an approximation of the Kepltedae ifb — 0, while the

limit b — oo corresponds to the spherical harmonic oscillator.

The adoption of this potential increases the timescale sacg$or the tidal disruption
of a satellite which is falling into the Galaxy. The main rea$or the increase is that

in phase-space the particles of the satellite follow tabjhths and the actions are
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constant on these tori. This does not allow any of the pagicbomposing the system
to leave the toroidal path that it is following. This limitm@ve the possibility of having
a “mixing” effect perpendicular to the torus, leaving onhet“mixing” effect due to
the angle variables, which wrap around the torus. Moreowerhave to take into
account that orbits of different angular momentum, but #maesenergy, have the same
frequency. This fact has an impact in increasing the “mikinge of the system. The
consequence of these two effects is an overestimate of drilgrity of the system
at the present time. In other words, the real dark matteriloligion will be smoother
than the one predicted by our model. Although this simplifietential provides a less
realistic representation of the Milky Way, its qualitatigeoperties are similar to the
ones of our galaxy, and it has the great benefit of being anallyt soluble, so the
dynamics of the merger can be calculated remarkably siniys, the gravitational
force does not have to be artificially softened, allowing tm&est whether this effect

did compromise the SW results, as discussed in Section.2.3.3

2.4 Technique

The model we have developed is based on a backward evoletwbmigue and it is
based on Gerhard & Saha (1991) and McGill & Binney (1990). Tloel@his able to
simulate quickly and efficiently the present-day fine-sckek matter velocity distri-
bution in a detector volume located in the Solar System.

The principal steps in constructing this model are:

1. Select initial conditions for the satellite.
2. Choose the present-day detector spatial locatj@nd a velocity of interest.
3. Convert the phase-space coordinates into AA variables.

4. Analytically evolve the AA back tey, the time in the past when the satellite fell

into the host system.

5. Transform the AA back into Cartesian coordinates.
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6. Evaluate the initial phase-space density of the mergitajlisa at this location,
which is also the phase-space density in the present-dagtdeiat velocityv.
This is justified by Louville’s theorem, which states that ttensity around a PS

point is constant in time.

7. Repeat for a grid of velocities at this location to map oetfthl velocity distri-

bution observable within the detector.

As mentioned in Section 2.3, we adopt the isochrone poteintieoduced in Equation
(2.5), for the description of the massive system, assurhing MG as normalisa-
tion for the mass of the system. Because of the assumptionsgbdtential, the best
way to express its dynamics in the phase-space is in termshefispl coordinates
(r,0, ). Consequently we need the Hamiltonian as a function of therggi coordi-
nates. Once this is obtained, we can find the relations bettieeset of variables and
the AA variables.

The Hamiltonian of the system is:

U2

k
—_— + —.
b+ Vb2 +r2 2

To calculate the actions we need to solve Equation (2.1)s fossible to use the

H(x,v) = (2.13)

Hamiltonian introduced in Equation (2.13) for the transfation between the AA and

the phase-space coordinates (Binney & Tremaine 2008) becaus

OH OH
These equations expre@andv in terms ofJ andx. Equation (2.1) becomes
1 OH
= — ¢ — .dx. 2.15
J 2r ), Ox x ( )

It is now possible to calculate the values of the actions@gmrves on which only one

of the coordinates varies:

Jo = | L. |,
Jg = L—|L,]|,
(2.16)
LV
T 2Hb
\ T
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wherelL is the magnitude of the angular momentum vectorthe z-component of the

I Iz
Y Y 217
=V m Vi (2.17)

Before proceeding further, it is convenient to define somélianx variables:

angular momentum and

k
L2
T,

siny = (2.20)

aey /L
/T2 _ ]2
0y = arctan (—2) : (2.22)

| L |

(2.22)

Note thatd, is the turning point of the orbit. The quantitiesande do not have a
simple geometric meaning, but in the Keplerian limit theyueslto the major axis and

the eccentricity, while) is the mean anomaly.
Substituting the expression fgr into Equation (2.16) allows us to rewrite the Hamil-
tonian as a function of the actions

1

and leads to the calculation of the orbital frequencies:

OH Vi L
Wy = —— = o [ S E—— 2.24
"= 0J 2(a—i—b)z< 4bk:+L2) (229
_OH  (—2H)*?

Equation (2.25) expresses the well-known property of thehsme potential: the ra-
dial period for a given energy is independent of the angulamentum.
Following Gerard & Saha (1991) and McGill & Binney (1990),9tpossible to deter-

mine the angle variables. The firstis

ae

GT:w—a—i—b

sin . (2.26)
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We need to introduce one more auxiliary variable,

B [14+e L a(l4+e)+2b
A(w)_arctan< 1_€tan2> +\/marctan< a(1_6)+26tan2 :
(2.27)

to be able to obtain the other two angles. To ensure the eotytiof A we can add

multiples ofr to the argument of the arctans:
A@W) — N (@), (2.28)
with
N()=AW) +nr. (2.29)

The other two angle variables are

0y = %9, ~ A+, (2.30)
and
tan 6
-0, — . 2.31
e o tan 6y (2:31)

This method shows that in the isochrone potential it is fmbsgd analytically evalu-
ate all the angle variables directly from ordinary phasaespcoordinates. Applying
Equation (2.3), itis thus possible to determine the evotutf any orbit at any time in
a single step. We are interested in determining the posiidimet, of a particle that
is currently located within the detector volume. Once theigla is evolved backward
in time, we need to determine its position in the phase-spasave have seen above,
the AA are a very powerful instrument to determine the ewotubf a system, but
not such a user-friendly tool to describe positions. We rteeéturn to the spherical

coordinates, expressing them as function of the AA.

The Hamiltonian can then be expressed in terms of the actions

—2k?
H(J) - I
(2J, + L? + /4bk + L?)?
For the calculation it is convenient to define the quantity

> ST+, L
vy 1o B VIl (2.33)

L2 L

(2.32)

Using the auxiliary variables defined in Equations (2.18p2) and the definition

(2.30) it is possible to obtain an expression for the sphaédcordinate-,

T:a\/(l—ecosv,b)(l—ecoszb—k%b) ) (2.34)
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The definition of the auxiliary function is given by

X = 0p —wel'(¢) + A(¥) , (2.35)

rw) =/ (a+ 0, (2.36)

and A, given in Equation (2.27), is useful for the calculation bé tother spherical

where

coordinates:

12
sinf) =4/1— L—; sin y (2.37)
and
tan 6
=6,—40 ) 2.38
¥ © 0+ tan 90 ( )

Note that this coordinate does not depend on the actionsfwva@scribe the dynamics
of the system.

We can finally express the position of the particlef ah the classical phase-space

coordinate
rcos pcost |
X =4 rsinpcost, (2.39)
rsind
and

Uy cOs @ cos 0 — vy cos psinf — v, sing |
V=14 wu.sinpcosf — vgsinsing — v, cos g , (2.40)
v, sin 0 + vy cos 6 .

The calculation of the conjugate momenta

Ll cos x
Po =

2.41
cos@ ( )

[k aesiny
r = s 2.42
p a+b r ( )

is essential to determine the components of the velocitigerspherical coordinates

Ur = Dr (243)
vy =22 (2.44)

r

L,
v, = . (2.45)




Merger between a galaxy and a system of particles 41

The method described above explores the distribution ofptiréicles at one single
point of the phase-space, that we associate with a detedtioe iISolar neighbourhood.
Once we have defined the velocities of the particles paskimogigh this point at red-
shift zero, we are able, using the backward-in-time teamm@nd the properties of the
AA, to track the motion of these particles and to determinetiver they come from
a particular region of the phase-space. Unlike a conveattibrbody approach, the
gravitational force does not have to be artificially softeremd the phase-space can
be explored rapidly and accurately, without the computeti@verhead of numerical

integration.

2.5 Initial conditions

To see whether a particular velocity in the present-dayatietdéranslates back to a
point in the phase-space populated by the infalling subhaéneed to specify the

boundary conditions of the detector and the subhalo. These ar

The position of the detector today,

The infall time of the satellite,.

The location of the satellite in the phase-spagg, (vsat) att;.

The initial velocity dispersion of the subhlale,.

The initial spatial extent of the subhala,.

Note that all quantities at the present time are identifiedbgero” subscript. The
detector is assumed to be placed in the Solar neighbourbbadlistance, ~ 8.5 kpc
from the Galactic centre. The quantityidentifies the time in the past, corresponding

to a redshiftz, at which the satellite falls into the Milky Way’s halo.
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2.5.1 Multivariate Gaussian distribution for the satellite velocity

distribution

To complete the model, we need to specify the initial darkengthase-space distribu-
tion of the merging halo. The simplest representation thatiges enough freedom to
explore the dependence on the properties of the mergingsatovided by a bivariate
Gaussian,

fr,v) o o l(r=rsat)?/202)] o~ [(V=Vsat)?/207] (2.46)

The backwards-in-time technique allows us to pinpoint edfitly those particles from
the initial merging satellite that are to be found passinmgugh an arbitrarily-small

detector today, and by choosing the grid of velocities appately we can map out the
velocity structure with any resolution that we desire. la thoice of the extremes of

the grid we must take into account the existence of the essjaged

2k
Vose = V2| &(1) | = PR ek (2.47)

If the kinetic energy exceeds the absolute value of the pialeanergy, a particle can
escape from the gravitational field of the system. Imposigghysically-motivated
limit v < v It IS possible to focus only on the particles trapped witlhie potential

well.

2.5.2 Satellite’s initial position in the phase-space

The phase-space position of the satellite at time one of the crucial aspects of the
model. Reasonable values have to be chosen: a too largeadistanwill reduce the
number of orbits that the satellite has completed up to nows€gquently the effect
of the tidal disruption would be underestimated. On the otteerd, if the satellite
were modelled as starting to fall from a too small distanbe,tigh efficiency of the
stripping process would quickly disrupt the satellite,hwihe net result of a smooth

distribution and an overestimation of the tidal effects.

A similar analysis has to be carried out for the initial vefpof the satellitev,,;. The
assumption of a value too close to the escape velocity ofybes would increase

the probability for the satellite to pass through the Galaajo without being tidally
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perturbed. The consequence would be a underestimatioreafatk matter velocity

distribution in the phase-space.

2.5.3 Satellite’s initial size and velocity dispersion

Estimates of the initial velocity dispersion and of the gdaixtent of the subhalo are
provided by the virial theorem

2
rvirav

Mvir — 5 248
5 (2.48)
and by the definition of virial mass
4 3
Mvir = _ﬂ_Avirpcm'trmr s (249)

3

where the virial overdensith...;; is defined as the density relative to the mean density
within r,;,. relative to the critical density. The virial radius is thelias of a volume
within which the mean density ia,;,. times the critical density.,.; at that redshift
(Bryan & Norman 1998), and wheyg,.;; is

o 3H?(z)
Perit = 87TG .

(2.50)

Equation (2.50) defines the density of the system relativiéhéocritical density for
the closure of the Universe. Assuming, = co,, with the concentration parameter
¢ = 10 (Bullock et al. 2001; Benson 2005), it is possible to obtairddye estimates

of the spatial and velocity dispersions in Eq. (2.46).

In conclusion, the technique we have developed allows uaiickly calculate the
velocity distribution at any time at high spatial resolatiat a certain location. By
scanning the velocity-space, we can map out the sub-mpe-sicacture of the Milky
Way’s halo and obtain qualitative but useful insights irite likely signature of a halo

merger event in a small terrestrial dark matter detector.



Chapter 3

Results for a single merger interaction

In this chapter we describe the results obtained using timeengal technique de-
scribed in Chapter 2. The model simulates the interactiowdxst a Milky Way-like
galaxy and a single dark matter subhalo. Such an experisant intended to describe
guantitatively the merger history of the Milky Way, but it caffer useful qualitative
insights into the likely signature of a halo merger event iterestrial dark matter

detector.

The Chapter is organised as follows: Section 3.1 is dedidatdte description of the
dynamics of the interaction in phase-space, while Secti®u&scribes how the choice
of the initial conditions has been made. The relevant result presented in Section

3.3. We conclude with Section 3.4, where these results anensuiised.

3.1 Motion of a system in the phase-space

To understand the distribution of the velocities of the dagdtter particles composing
a system and to have a more detailed picture of its evolutias,useful to look at
its representation in phase-space. Phase-space is adindtinsional space where all
the possible states of a physical system are representesbahdf them corresponds
to a unique point. By “state”, we do not simply mean the posgiof all the objects
composing the system, but also the velocities, or momemtdadt both the position

and the momentum of the components of the system are negéseeder to determine
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its future behaviour. When every state occupied by partislpotted, its shape in this
multidimensional space can elucidate qualities of theesgghat might not be obvious
otherwise. It is also important to point out that the phgs&es does not show the
path of the particles composing the system, but rather allifon of velocities and

positions at a fixed time. This means that it changes and esalith time, as each

individual particle travels with time.

As discussed in Section 1.2.3.3, the WIMP direct detectiom depends directly on
the local speed distribution. This quantity is defined asrthmber of particles per
unit volume of the velocity space, once a particular spaisition has been selected.
Before the formation of cosmic structure, the distributibdark matter in the Universe
was almost homogeneous. The phase-space evolution of tHel me develop is
presented in Figure 3.1-3.2. It is possible to visualis@ ithe phase-space as a 3-d
sheet. After the gravitational collapse and the formatiba series of dark halos, the
sheet would be folded up. The components of the system, lasthrdatter particles
and stars, lie on the peaks of this folded surface. If we caiBtul sheet with a plane
that represents the detector, then we can see that thetyatdiigtiribution function at
that particular location will be characterised by velogigaks. An example of these

peaks is presented in Figure 3.3a.

For our purposes we define the axis connecting the Sun and titiee ag the Milky
Way asz, and the Galactic plane &s,y). At the beginning, the distribution of the
particles is a vertical line because we initially assume tiey are all located at =

1. This distance identifies the Solar position in the Milky W@/5 kpc from the
Galactic centre), and it also corresponds to the positioarevkhe grid of particles is
set. In Figure 3.1a we plot the evolution of a subhalo, whadhihto the Galactic
halo on radial orbit, in the phase-spagev). The spatial and velocity dispersions
of the subhalo are, ~ 2.0kpc ando, ~ 60 km s ! respectively [see Equation
(2.46)], corresponding to a mass of the ordet@f /.. One spatial-unit corresponds
to 8.5 kpc and one velocity-unit t670 km st. The scales of the plots are different to
highlight the features present in the phase-space. Therelift colours are snapshots
taken for a sequence of consecutive times: 0 Myr (red line)plack), 30 (green), 45

(blue), 60 (violet) and 75 Myr (brown line). The aim of the pi®to give an overview
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Fig. 3.1a: 0 Myr (redx t < 75 Myr(brown)

0.5~
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o
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Fig. 3.1b: 150 Myr(blackk ¢t < 225 Myr(brown)
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o
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Figure 3.1: Series of snapshots showing the evolution of a satellitedrphase-space,(x), where

x is one of the spatial coordinates. Figure 3.1a shows theigonlfrom 0 Myr (red line) to 75
Myr (brown line), through four timesteps: 15 (black), 30€gn), 45 (blue) and 60 Myr (violet),
while Figure 3.1b shows the evolution for 150 (black lin€51red), 180 (green), 195 (blue), 210
(violet) and 225 Myr (brown line). We consider a configuratmomposed by a satellite initially
atry,; = (—45, 0, 0) kpc, with velocityvs,; ~ 0 km s~! and initial phase-space distribution
function given by Equation (2.46). The spatial and velodigpersions are, ~ 2.0kpc and

o, =~ 60 km s~ respectively, corresponding to a mass of the ordei0dfM/,. The scales of the
plots are different to highlight the features present inghase-space. One spatial-unit corresponds
t0 8.5 kpc, whereas = 0.1 to 57 km s~ 1,
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of the evolution of the system for a short period of time. A®mparison, the satellite
completes an orbit in about 900 Myr. As the system evolvesdiktribution starts to
bend and fold. The structures that we observe in Figure 3eldwg to the deformation
that the subhalo is suffering as it approaches the centgadneof the Galaxy. The
evolution continues from 150 Myr (black line) to 225 Myr (lno) (Figure 3.1b), and
at the last timestep the loop is almost complete. For a loegaution time the system
continues to follows a wrapped path. It is interesting tcertbiat because each point
in the phase-space lies on exactly one phase trajectorse tingjectories can never
intersect. The presence of these complex structures iemvid Figure 3.2a and in
Figure 3.2b, which describe respectively the distributbdrthe system after 0.8 Gyr
and 13.6 Gyr. At these timesteps the subhalo has covered 15amibits respectively.
This last time corresponds to the age of the Universe (Konedtal 2010).

3.2 Choice of the initial conditions

As discussed in Section 2.5, the initial conditions of thedel@re the position of the
detector today, the evolution time of the system, the locatf the subhalo in the
phase-space at that time, the initial velocity dispersibthe merging satellite and its
initial spatial extent. It can be useful to make a rough estéwf the typical values for
some of these quantities, in particular for the quantitescdbing the internal proper-
ties of the subhalo. Substituting in Equations (2.48) -42the values already assumed
for the concentration parameter £ 10) and for the virial overdensityX,;. ~ 200)
(Bullock et al. 2001; Benson 2005a,b), the relations for tHeoity dispersiorns, and
for the initial spatial extent of the merging systembecome

My, = 1.50 x 107(0,/m) (0, /ms™1)? kg, 3.1)

My, = 825x107%" (0,/m)? kg .

Values ofo, ando, for the range of masséa8°M,-10'2M, are tabulated in Table 3.2.

These estimates are roughly in agreement with observafidisrrubia et al. 2008,
Cenarro & Trujillo 2009 ) and they can be used as realisticahtonditions for the

merging satellites.
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Fig. 3.2a:t ~ 0.8 Gyr
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Figure 3.2: Series of snapshots showing the evolution of a satellitedphase-space,(x). Figure
3.2a: the configuration of the systems at 0.8 Gyr. Figure:3l&slconfiguration of the systems at
13.6 Gyr. We consider a configuration composed by a sataillitelly at r,,; = (—45, 0, 0) kpc,
with velocity v.,, ~ 0 km s and initial phase-space distribution function given by &ipn
(2.46). The spatial and velocity dispersions age~ 2.0 kpc ando, ~ 60 km s™! respectively,
corresponding to a mass of the orderl6f M. The scales of the plots are different to highlight
the features present in the phase-space. One spatialeurésponds t8.5 kpc, whereas = 0.1
to57 kms !,
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M,ir(Mg) || ou(kms™) | o,(pc)

1010 122.5 4.0 x 103
107 56.8 1.8 x 10?
108 26.4 860
107 12.3 400
10° 5.7 185

Table 3.1: Three-dimensional velocity dispersion and spatial disiperof merging satellites with
arange of masse$) - 102 M, calculated using Equation (3.1).

3.3 Results

3.3.1 \Velocity distribution

We first consider a satellite with the initial conditions deised at the end of Section
3.2 and initial phase-space distribution function giverBayation (2.46). The spatial
and velocity dispersions are respectively ~ 2.0 kpc ando, ~ 60 km s, corre-
sponding to a mass of the orderiof )/.. These parameters are chosen to describe a
cold and concentrated satellite, as expected in realitg. Siistem merges into the par-
ent galaxy on a radial orbit alongfrom a distance,,; = (—45, 0, 0) kpc. By using

the reverse AA evolution technique presented in Chaptere&pthsent-day velocity

distribution function at the detector’s positiof3,~ 8.5 kpc, can be calculated.

Figures 3.3 - 3.4 present the distribution functiorwpfat four increasing timest .4,
7.2, 13.6 and 136 Gyr. These four timesteps are chosen as an illustrativeesepta-
tion of the evolutionary history of the system, from an eaitye (Figure 3.3a), after
only one and a half orbit around the Galactic centre, to atiate, that describes the
satellite in the distant future (Figure 3.4b) and corresjsoto 150 orbits. The other
two timesteps correspond to a number of orbits equal to &i(Eig.3b) and 15 (Figure

3.4a) respectively.

In Figure 3.3a two peaks are evident: one has positive speedther negative. Both
of them are produced by groups of particles passing thrdugldetector position. The
most prominent is due to the passage of the main body of tledlisgtthe smaller
is part of the tail, a remnant of a previous orbit. From therifigtion of the peaks
it is possible to get an idea of the current stage of the esluand of the history

of its interaction. At this early stage it is easy to concludat the satellite, which
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Figure 3.3at ~ 1.4 Gyr
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Figure 3.3: The distribution function of the velocity, at the Solar position. Two evolution times
have been consideretl~ 1.4 Gyr (Figure 3.3a)t ~ 7.2 Gyr (Figure 3.3b). The initial conditions
are the same as used in Figure 3.1. One velocity-unit casnespto570 km s™1.
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Figure 3.4at ~ 13.6 Gyr
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Figure 3.4: The distribution function of the velocity, at the Solar position. Two evolution times
have been considered: ~ 13.6 Gyr (Figure 3.4a) and ~ 136 Gyr (Figure 3.4b). The initial
conditions are the same as used in Figure 3.1. One velogitycarresponds t670 km s~ 1.
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has performed only a few orbits around the Galactic cengrestill fairly coherent.
Nevertheless, the disruption due to the action of phasengiisiarts to be effective, as

demonstrated by the presence of peak at negative

The evolution of the merger after the first timestep, unt@ f#ystem reaches the age
of the Milky Way, is shown in Figures 3.3b and 3.4a. As expectied satellite gets
strongly disrupted under the action of tidal forces and #migles spread out in phase-
space. As a consequence, a large number of streams stadrtapoand the velocity
distribution is composed of an increasing number of peakguré 3.5 zooms into
the dense forest of peaks present in the regiéh < v, < 0.9 of Figure 3.4a. The
star-like points correspond to the particles of the simaitatthat was performed using
the backward technique. To highlight the structure of thakgea logarithmic scale
on the y-axis has been assumed. This set up allows us to dtighihat the peaks
are not forming a single, dense forest, but they are coraieotraround particular
values ofv,. Each of these values describes the passage of a streanioliggan the
detector position. These streams has been generated bsath&tonal disruption of

the satellite which is falling into the Galaxy.

Finally, the configuration of the satellite does not changestically if the evolution
time is increased by an order of magnitude. In Figure 3.4dséem isl36 Gyr old,
but the distribution of the peaks is not completely homogesgeven at a stage of the

evolution when the system is expected to be almost completkxed.

3.3.2 Forward evolution: phase-space distribution

To illustrate the power of the reverse AA evolution techmigwe carried out simu-
lations using the more conventional approach of evolvingtellta composed of(°
particles forward in time. The system has the same initiaddmns as the config-
uration assumed for the backwards model: it starts to fadl the Milky Way from
r.: = (—45,0,0) kpc, with zero initial velocity. It has a spatial dispersioh

~ 2.0kpc and a velocity dispersion af 60 km s™!, corresponding to a mass of
M = 10° M,,. Figures 3.6 and 3.7 show the histograms of the speed distnibof the
subhalo calculated at evolution times»fl.4 Gyr, that corresponds to one and a half

orbit around the Galactic centre, ant2.5 Gyr (~ 3 orbits). To understand the differ-
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Figure 3.5: Zoom in the regiord).55 < v, < 0.9 of Figure 3.4a. The Figure shows the logarithm
of the distribution function of the velocity,. at the Solar position at ~ 13.6 Gyr. The initial
conditions are the same as used in Figure 3.1. One velogitycarresponds t670 km s~t. The
stars corresponds to particles of the simulation perforostug the backward technique.

ence between the techniques it is useful to compare FiguBasaBd 3.6. The systems
have the same age; 1.4 Gyr, and they evolve from the same initial conditionse Th
only difference between them is that Figure 3.3a has beesir@at performing the
backwards technique, while Figure 3.6 using a forward orgeexXpected, they present
the same peaks, but since the vast majority of particlesarfahward evolution end
up nowhere near the detector, the sampling of the peaksscéisie is extremely poor.
This is the reason why the peaks visible in Figure 3.6 are asegonly of few parti-
cles, out of thel0° particles that were composing the satellite at the beginofrthe
evolution. This example provides a simple illustrationt fioeaward evolution is not the
best technique for calculating the velocity distributidraasingle point. The problem
becomes even more severe at later times, as is possibleganiéigure 3.7. The par-
ticles now populate a larger volume of phase-space, makwveyse techniques a very
powerful instrument to investigate the ultra-fine struetof dark matter at a precise

point in the phase-space. The comparison of the resultsnalstaising the forward
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Figure 3.6: Histogram showing the distribution of thecomponent of the velocity for a satel-
lite with the same configuration as Figure 3.3, calculatéerain evolution time ~ 1.4 Gyr by
evolving the coordinates af)® particles forward in time. One velocity-unit corresponal70 km
s~!. The plot can be compared to Figure 3.3a, which describesaime system using a backward
model. One velocity-unit correspondsio0 km s~!.

and the backward techniques clarifies the different phpbses behind the two types
of technique: the forward evolution is very useful if we wémhave a global picture
of the distribution of the particles in the whole phase-gpdut it becomes useless if

we are interested in analysing the dynamics of the systenpiacdse point.

Nevertheless, the forward evolution can provide compleargnnformation by show-
ing the disruption process to which the satellite is sulejgcFigure 3.8 is composed of
thirteen snapshots at different timesteps of a satellitepmsed byl0° particles, and it
shows the distribution of the selected particles from trggriéng of the merger (black
points) to a time of 882 Myr (purple), which corresponds t@ time at which an orbit
has been almost completed. The plot highlights the distottiat the subhalo suffers
during a whole orbit, due to the presence of strong tidaldsrcThe dense and com-
pact object present at the beginning of the simulationstarbe disrupted very early
by the strong gravitational field of the Galaxy. This is evidbacause the range of
speeds of the particles composing the system starts tcasereven if the subhalo is
compact, the tidal forces acting on it are able to stretchn thstribution. The particles
composing the front part of the subhalo will be acceleratedenthan those in the tail,
increasing the range of speeds the particles have. Thisshams soon as it starts to

reach the internal part of the Galaxy. The strength of theig@onal force decreases
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Figure 3.7: As Figure 3.6, fort ~ 2.5 Gyr.

once the subhalo start to leave the central region, but theffeet at the end of the

first orbit is the production of a more dispersed configuratio

Figure 3.9 shows the distribution in the, ¢,) space of a satellite composediof par-
ticles after 2.5 Gyr{ 3 orbits around the Galactic centre) from the beginning of the
interaction. The initial conditions are the same as we assior the previous simula-
tions. The plot highlights the strength of the disruptiveqass the subhalo is subjected
to: at this stage of the evolution the original satellite besn already disrupted by tidal
forces and phase mixing and the distribution of the pasigealmost homogeneous
along the radial orbit the satellite is covering. If we foarsthe detector’s position,
which in the plot corresponds to = 1, the peak of Figure 3.7 arise from particles
that are coming only from the regions labelled with circl&se plot illustrates once
more how a classical forward-numerical simulation is ngtrapriate for our purposes
because after a few orbits only a very small number of pagidd located at a specific
position. This number decreases as the system evolveshanmbssibility to observe
features in the velocity distribution rapidly tends to ze€Fo have a significant number
of particles contributing to the velocity distribution ine detector position we would
have to increase the total number of particles of the sinmriatnormously, with a

consequent huge increase of the computational time refjuire
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Figure 3.8: Compilation of thirteen simulations reproducing the etioln of the distribution of a
subhalo. The thirteen snapshots describe the evolutioneo$tibhalo in the phase-spaegv,.)
during a single orbit around the centre of the Galaxy. Théutiam is represented from the begin-
ning of the mergert(= 0 yr, black points) to an age of 882 Myr (purple), correspogdio the
time at which an orbit is almost complete. The system, desdrby an initial velocity dispersion
o, ~ 60 km s~! and an internal spatial dispersief ~ 2.0 kpc, starts to fall into the Milky Way’s
dark halo from a distance,,; = (—45, 0, 0) kpc with zero velocity. These are the same initial
conditions assumed in the previous simulations. One dpatiacorresponds t8.5 kpc, whereas
v=0.1t057kms!.

3.3.3 Evolution of the interaction

A further indication of the flexibility of the backwards ajgaich is provided by Figure
3.10. This multiple figure shows the dependence of the esultthe two important
driving parameters, the internal velocity dispersion @ therging sub-halo, and its
initial orbit. Each panel depicts the simulated phase-spatocity distribution in a
terrestrial detector after 13.6 Gyr for a different set afiath conditions: o, = 6 km
s! for the top row,o, = 60 km s™! for the middle andr, = 600 km s! for the
bottom one, while from the left to the right we impose a chaimghe type of orbit
performed by the satellite, moving from a circular to a radrait. The three values of
the three-dimensional velocity dispersian & 6, 60, 600 km s™1) roughly correspond

to sub-halos of mass: 10°M,, ~ 10°M, and~ 10'2M,, respectively, and they
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Figure 3.9: Configuration of the satellite inz( v,.) after 2.5 Gyr. The same initial conditions as
Figure 3.3a have been assumed. Two black circles pinpanetjions corresponding to the origin
of the peaks in Figure 3.7. One spatial-unit correspondsitépc, whereas = 0.1 to 57 km s~1.

have been chosen to represent a wide range of systems. Tied digersion is the
same for every simulationr, ~ 2.0kpc. It is interesting to note that because of the
analytical nature of the orbit integration, the time necgsgaperform this calculation
was the same as that for a shorter timescale, with no losseafgion in the results.
As this figure illustrates, although there are interestiiftgigbnces in the details as
these parameters are varied, the generic properties oipfeudiscrete peaks remains.
The distribution function of the component of the speed endhrection of the merger
depends on the merging halo’s parameters: a high velo@pedsion £ 600 km s™1)
creates more peaks in the velocity distribution becaussubgalo gets disrupted by
the gravitational potential of the Galaxy more quickly. Meéocity dispersion is in fact
a measure of the amount of random motion of a system. A higrewarresponds to a
“hot” system, while a system with the low value®fis “cold” and less stripped by the
Milky Way. The result, in terms of the velocity distributidanction, is the presence of
a smaller number of peaks. Regarding the timescale of theplige process, it gets

longer for denser satellites. It is also evident that theetnequired for the satellite to
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Figure 3.10: The distribution function of the component of the speed endiiection of the merger
of a10? M, halo as a function of its velocity dispersion and of the oitigierforms in the Galaxy
potential. A velocity dispersion, = 0.01 corresponds to 6 ks, o, = 0.1 to 60 km s and
o, = 1.0 to 600 km s'. The nine snapshots depict the system at 13.6 Gyr. The orbit of the
dark matter halo is varied moving from the left (circularibyto the right (radial). On the y-axis an
increase (from the top to the bottom) of the velocity disjpers is considered. One velocity-unit
corresponds t§70 km s~1.

be disrupted is shorter when the satellite moves on a ciroudbat and that in this case
the distribution is smoother than the one generated by Hiwatehich in moving on a

radial orbit.

A peculiar feature, pronounced in particular for the system radial orbit, is the
absence of peaks at low velocities. This can be understotidami analysis of the
orbit the satellite is performing. When the subhalo is on dataatbit, almost all the
velocity is concentrated along thecomponent becauseis the preferential direction
for the motion. Consequently, the peaks are in areas wherathe ofv, is high. For

a circular orbit this argument is not valid anymore. In thisethe velocities along
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andz are larger than the one along which is mainly due to the internal motion of
the satellite. As a consequence the internal region of thiesparts to be populated, as

visible in the left column in Figure 3.10.

The main conclusion that we can draw is that even at late tifupso 13.6 Gyr),
when the particles have spread out through phase-space|togty-space distribution
function is still characterised by discrete, concentrggeaks. This demonstrates that
the ultra-fine structure of a system takes a long time to bectally disrupted and
that the existence of substructures for a system as old adiltkyeWay is still a definite
possibility. More generally, the analysis of these sorfeafures can provide important

information about the history and the properties of the nmgrgatellite.

3.3.4 Diagnostic for directional detection

This model is not intended to predict quantitatively theexxpental signal that a ter-
restrial detector would observe, but we can take the qtigétanalysis one step further
by considering the physical quantities that are most rekdeaisuch experiments, par-
ticularly those with directional sensitivity. A useful diaostic is provided by the speed
of dark matter particles as a function of the angleat which they impinge on the de-
tector, measured relative to the direction of Solar motiotne Milky Way. The cosine
of this angle is
cost = % ) (3.2

In Figure 3.11 these quantities are plotted at four diffestages of the evolution of
the system: 1.4 (Figure 3.11a), 7.2 (Figure 3.11b), 13.guife 3.11c) and 136 Gyr
(Figure 3.11d). The plot shows the phase-space densitifeglas a function of the
speed and the angle defined in Equation (3.2). In the eargjestaepresented by
Figure 3.11a and 3.11b, clear features are present. Theguar¢o the streams of
particles that originate during the first few orbits perfedrby the subhalo. These
four timesteps correspond to 1 and a half, 8, 15, 150 orb#ipectively. At a later

time (Figure 3.11c) the situation is more complex: althotlghdark matter particles
are quite well spread through the parameter space, it isappinat even at this late

time there is a significant amount of structure. A series @rdensities overlap to
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form a sort of “shell” structure. These features may allow tierging subhalo to be
detected, and might even ultimately be used to reconstizigroperties. The result
is in agreement with what has been deduced in Section 3.3 B&3 through the

analysis of the evolution of the satellite in phase-space.

Figure 3.11at ~ 1.4 Gyr Figure 3.11b#t ~ 7.2 Gyr
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Figure 3.11: The speed and angle (with respect to the direction of Soldiomyoof the particles
of a satellite impinging on a terrestrial dark matter deieett 1.4 (Figure 3.11a), 7.2 (Figure
3.11b), 13.6 (Figure 3.11c) and 136 Gyr (Figure 3.11d). Trital condition for each of the
four simulations arer,,; = (—45, 0, 0) Kpc,vser = 0 km st o, = 60 kms™!, o, ~ 2.0kpc.
The satellite is falling into the Galactic halo on radialitrl = 0.1 corresponds t67 km s~+.

The situation changes at a late stage of the evolution, agrsimoFigure 3.11d. If we
consider particles with a certain speed, they will be almsostpletely spread out. This
can be interpreted as the superposition of a considerabiauof streams. Neverthe-
less, although the dark matter particles are spread ouighrthe parameter space, itis

evident looking at Figure 3.11d that even at this late tiney tre inclined to assemble
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Figure 3.12: The logarithmic evolution of the number of peaks from thegeenf a single subhalo.
The plot presents the evolution of the system from the baéginof the merger up to 136 Gyr. The
initial conditions are the same as Figure 3.11. One timéaarresponds t@3.6 Myr.

around particular values of the velocity, following a stwelhfiguration. The same type

of overdensities is present for a satellite moving on cacokbit around the Galaxy.

3.3.5 Evolution of the number of substructures

In this Section we analyse the evolution of the number of pga&sent in the velocity
distribution function (Figure 3.12). The simulation was ffior a series of timesteps,
to cover the whole evolution of a subhalo from the beginnifithe merger to a later
stage, up td 36 Gyr. Different sets of initial conditions have been consade varying
the velocity dispersion, as well as the type of orbit. Theawabur of this quantity
with time is found to be qualitatively the same for all thefeliént configurations that
have been considered: changes in the initial conditionsadonfluence the general
progression of the merger process. At the beginning of tlodugen the number of
peaks grows very quickly after each orbit. It is possiblexplain this behaviour in

terms of the tidal interactions and the phase mixing whidhoacthe satellite. After
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each orbit the satellite is more disrupted. As a consequenre streams start to be
present and the number of peaks increases very rapidlyb€haviour continues until
the system reaches an age of about 30 Gyr, more than twice ¢hef dige Universe.

Finally, if we look at the long term behaviour, when the dagehas been completely

disrupted and the system is almost relaxed, it tends, asteqedo a constant value.

3.3.6 Multiple merger systems

In reality the Galactic halo is made up of multiple mergerrgge and the velocity
distribution will look more complex than that shown in Figu8.11. We will address
this issue in more detail in Chapter 4, but as an initial indigaFigure 3.13 crudely
models this effect by adding the results obtained for a sesfeone hundred single
interactions. To increase the realism of the descriptiorassumed that the subhalos
were falling into the Milky Way at different random times amid different orbits, from
radial, with the subhalo falling from a distancg, = (—45, 0, 0) kpc, to circular. We
also assumed different velocity dispersions and spatiainés, to represent subhalos
with a wide range of different properties. For the velocitypersion three values are
considered: 6, 60 and 600 km's The infall velocity of the subhalos,,, is always
taken to be zero and the spatial dispersidikpc. Although multiple-merger events
clearly lead to a configuration with more streams, if we coraghis configuration
with Figure 3.11 we can still reach the conclusion obtairedfsingle-event system:
dark matter particles are not spread enough through thegpece to produce a com-
pletely smooth velocity distribution. Focusing on the bisifeatures, the presence
of strong horizontal structures in this diagnostic figurgasy clear. They arise from
the constraint imposed by the cut-off at the escape speedeosubhalos composing
the simulation. These horizontal features suggests thahnmformation might be
gleaned about the merger history of the Milky Way halo fromdinalysis of these fea-
tures, once observed by future terrestrial dark matterctiate The presence of these
interesting features in the velocity distribution motesthe next step in this project,
which aims to place these mergers in a full cosmologicalesintThis refinement is

fully described in Chapter 4, and the results presented in t€h&p
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Figure 3.13: The dark matter speed versus angle plot, as in Figure 3.t the consequences
of the merger of one hundred subhalos merging into a MilkyAlikee potential well from a range
of distances and directions. The initial conditions arestéime as in Figure 3.11. One velocity-unit
corresponds t670 km s 1.

3.4 Summary

We have studied the distribution of particles resultingrfrthe merger of a satellite
with a parent galaxy described by an isochrone potentia. dyimamics of the merger
can be calculated remarkably simply, and the satellite esevblved forwards or back-
wards in time analytically using action-angle variablesisTsimplicity allows us to
quickly and accurately calculate the velocity distribatat any time at arbitrarily high
spatial resolution, which is vital to understand the mpalsstructure of the Milky
Way'’s halo probed by terrestrial dark matter detectors. Wik tfhat, even at late times
(up to 13.6 Gyr), when the particles are distributed almashdgeneously through
phase-space, the velocity-space distribution functi@m#acterised by discrete peaks
(Figure 3.10).

As a diagnostic for dark matter directional detection wedstudied the angle at which
particles impinge on the detector, measured relative tditieetion of Solar motion in
the Milky Way [Equation (3.2)]. In agreement with Stiff & Widw (2003), we find that
this diagnostic quantity contains significant structurpiimted by the original merging

sub-halo (see Figure 3.11). Stiff & Widrow used a more raaligiilky Way potential
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but only integrated the orbits very approximately, while wged a more approximate
potential but treated the integration exactly. The fact the presence of discrete
peaks occurs with both approximations adds weight to thatiea conclusion that the
features are generic. Although the situation becomes namplex when we consider
a halo built up from multiple mergers over the lifetime of tBalaxy, as apparent
in Figure 3.13, the evidence suggests that significant ateaitine-grained structure
persist. This could have an impact on the detectability @fréigular merging sub-halo,
and might even ultimately be used to reconstruct its originsconclusion, although
the potential is simplified in order to be tractable anablfti; the resulting features
should be generic in that the number of streams is set by thpping of the satellite
around the Galaxy, which does not depend in detail on theesbéphe potential.
Once again, it is the common properties of this ultra-higbéefution simulation in a
less realistic potential and lower-resolution simulasionmore realistic potentials that

gives confidence as to the generic nature of the results.



Chapter 4

Model for the formation of a Milky
Way-like dark matter halo

In Chapter 3 we focused our attention on the evolution of thvk daatter velocity
distribution from a single merger event in an ideal detectorreality, the formation
history of the Milky Way is characterised by the continudgklhof a large number
of subhalos, which leads to a scenario with a very completxibligion of dark mat-
ter, characterised by the presence of many more streams.nidtivated us to refine
the model described in Chapter 2, assuming a realistic giiseriof the hierarchical

growth which leads the formation of a Milky Way-like system.

As both galaxy formation models (Kauffmann et al. 1993; Colaletl994) and N-
body simulations (Springel et al. 2005, Boylan-Kolchin etz009) suggest, galaxies
formed though a continuous hierarchical process. To takdrito account we insert
the previous simple model into a cosmological context, doimly a merger tree, which
describes the formation of a Milky Way-like halo through lkiehical merging, with
the model described in Chapter 2. This allows us to producenglete and more
realistic treatment of the merger history of the Galactioha

This Chapter is organised as follows. Section 4.1 explaingt\@merger tree is and
what information it provides, while we develop the techmign Section 4.2. The
analysis of the choice of the initial conditions of the modgefinally described in
Section 4.3.
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Figure 4.1: An illustration of the merger-tree history of a galaxy in tteéd dark matter cosmology.
Time increases from top (small branches) to bottom (truAlgyalaxy is formed by the sequential
merger of systems (white circles). The different size ofdineles represents the range of masses
of the merging structures and the black circles represerqitasence of a black hole. Credit: Marta

Volonteri (University of Michigan).

4.1 Merger tree

In hierarchical models of structure formation, such\&DM, the formation of a dark
matter halo through accretion and repeated mergers of ensituctures can be de-
scribed by a merger tree (Lacey & Cole 1993). It representhitrarchical growth of
the halo and it gives information on its evolution and on thepgrties of its compo-

nents. Figure 4.1 shows the visualisation of the mergerdfeegeneric dark matter

halo.

In order to model the Milky Way for this project, Andrew Bens(@@altech) kindly
created 100 random merger trees for us. The trees have beeratgd using a semi-
analytic method based on the assumption of the following odsgical parameters:
Qg = 0.25, Ag = 0.75, 2, = 0.045, hg = 0.73 andog = 0.9. The details of the Monte-
Carlo algorithm that has been used to generate the merger wh&h go beyond the
focus of this Thesis, can be found in Cole et al. (2000) andiRsok et al. (2008).

The large number of trees is motivated by the degeneracyeoptbblem. In fact, a
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particular final system can be obtained from different ahitionfigurations and from
different evolutions, and the properties of the galaxied #re hosted in the centre of
the system presumably depend on the details of the evoluiimerger trees have

100 timesteps ifpg(a) from ay = 1 to a = 0.05, wherea is the scale factor

a 1

a0:1+z

, (4.1)

with ay the scale factor today. The value of the scale factor today= 1, corre-
sponds toz, = 0, while a = 0.05 corresponds ta = 19. All the final halos have
mass ofl0'2 M/, at z,. The information provided by the merger trees requiredH t

modelling are:

» The mass of each merging subhalo, in units/6f. The mass resolution of this

set of trees i408M..,.

* The scale factosi at which each subhalo falls into the main progenitor. Thetim
at which the merger takes place is defined as the instant wigecentre of the

smaller halo crosses the virial radius of the parent halo.

* The value, at each timestep, of the virial overdensity;.. This quantity has

already been defined in Section 2.5.3.

4.2 The refined version of the model

The principal steps of this full modelling process are:

1. Pick a merger tree that gives a realistic representafianMilky Way-like sys-

tem.
2. Calculate the initial conditions for each subhalo in thegeetree.

3. Evaluate the velocity distribution, normalised to thesmaf the subhalos, ob-
servable within the detector for each subhalo, using theeidedveloped in
Chapter 2.

4. Evaluate the total velocity distribution.
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The merger tree provides more realistic values of the magdoaithe infall time of

each subhalo of the tree.

The potential assumed to describe the system in which thgepitors are falling is
still the isochrone one, and it does not evolve in time. A abpoint of the model is
the fact that the potential would change in time. This canueealther to the presence
of recent major mergers or to the fact that the potential gharstrongly as soon as
the halo becomes more massive. The presence of major mergecluded because
the absence of these phenomena is one of the selectionacfdethe choice of the
merger tree. Because of the absence of major mergers, thaipb&yolves slowly in
time. As a consequence, the increase of the number of sohsts due to the change
of the potential would be marginal. Concerning the chang&efpotential, it would
be a relevant problem in the outer part of the Milky Way, while Solar System is
located in the central region of the Galaxy. The initial ctinds adopted for each
merger are discussed in more detail in Section 4.3. Halosotbave a sharp edges,
S0 it is convention to use the virial radius to define theiesidsing Equations (2.49)
and (2.50) it is easy to make a direct estimate of the depeerdgfrthe virial radius of

halo on its virial overdensity and on its mass, which are thithe quantities provided

2GM  \'?
Tvir = (m) . (4-2)

The Hubble parameter is redshift-dependent

by the merger tree:

H*(2) = HZ[Qn(1 + 2)* + Qu], (4.3)

so Equation (4.2) becomes

20G M 1/3
Tvir = <Am-THg[Qm(1 +2)3 + QA]> '

Using Equation (4.1) we can determine the redshift and, asnaegjuencey;,;,.. At

(4.4)

each timestep the virial radius of the main halo is assumdgktthe distance from
which the subhalos fall into the Galaxy. This assumption &lys®ed in more detalil
in Section 4.3.1. Knowing, it is straightforward to obtain the corresponding time
in years: this quantity has been calculated using a cosmalatgulator, developed
by Wright (2006). The calculator allows one to input the valo¢ Hy, €2,,,, 2, and

z, and returns the years corresponding to that particulashiidd The cosmological
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parameters used to determihare the same used by Benson to generate the merger

trees that we are using in the model.

The evolution of a halo presented in a merger tree can be rde #om the redshift
corresponding to the beginning of the simulation (in ourecas= 19) to z; = 0,
or in the opposite “direction”, following a “bottom-up” appach (fromz, = 0 to

z = 19). We decided to use the “bottom-up” approach because ivallss to easily
trace backward in time the formation history of the parerib laand because it also
allows us to distinguish the contribution of the direct prniors from the ones of all
the other secondary progenitors. Being interested in tmedbon of a Milky Way-like
system, we select a merger tree with no recent major mergetevThis assumption
is coherent with the idea that the Milky Way has not sufferey major merger in its
recent past. Moreover, there is no need of recent major meetgéorm a disk system

(Binney & Tremaine 2008)

We define a merger as “major” when the two systems have coflparzass (within
50%). To simplify the calculation only the subhalos whick arerging directly into
the main progenitor of the Galactic halo are considered. fhas been performed to
verify that with this assumption we did not ignore an impottpart of the total mass
of the final halo: simulations taking into account both thetfand the second order
of progenitors of the final halo and its complete merger nyskave been run, and we
have found that the final result of these simulations is niiiémced by the fall of the
second (or lower) order of satellites into the Galactic h&le have also checked that
the masses of the direct progenitors are already takingzdount those of the indirect

mergers.

One of the refinements introduced in the model involves intéoBnique we use to
obtain the final (at redshifty) ultra-fine velocity distribution. In Chapter 3, we de-
terminedf(v) of a system with a multiple merger history simulating thisqtity for
every component. After this step, a crude approximatiorheffinal velocity distri-
bution was calculated as the superimposition of the ind&idnes. To obtain a more
accurate estimate of the final velocity distribution of theld@&tic halo we now organ-
ise the values of (v) of each particle composing each direct progenitor of thenmai

halo in a three-dimensional array. To explain the approhahwe adopt, it is useful
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Figure 4.2: Speed and angle distribution (with respect to the direatiothe Solar motion) for a
subhalo of10° M, which falls into the Milky Way with zero initial velocity fim a distance of
r«a: = (—80, 0, 0) kpc. The size of the subhalois 2 kpc and the velocity dispersian 60 km
s~!. The features present in the figure are artifacts.

to consider the plotcos ¢, v). To obtain the three-dimensional representatioffi(af)
we firstly divide the two quantities intay andn, cells, creating &, x ny grid. Sec-
ondly, the contributions of the particles which occupy thee “pixels” are added up
and the logarithm of the velocity distributiolng f(v), is calculated. To represent this
velocity distribution we draw a grey-scale of the arrayhilie shade of each pixel de-
termined by the corresponding array value. This methodhiesubstantial advantage
of producing a more realistic estimate of the final velocistribution of the Galactic
halo than the one calculated in Chapter 3, and also of prayidithree-dimensional
representation of the angle distribution. Moreover, a gean the number of cells of
the grid produces an increase (or a decrease) in the resohitthe quantities we are
interested inw andcos . Particular attention has to be paid when fixing this number:
if it is of the same order of magnitude as the number of pagicomposing the system,
the array will not be populated enough and artifacts willegp Figure 4.2 gives an
example of these artifacts. We simulate the merger of a solofianass M= 10° M,

o, ~ 2 kpc ando, ~ 60 km s~!. The evolution time of the systemis~ 13.6 Gyr

and the falling distance,,; = (—80, 0, 0) kpc, with zero initial velocity. The curves



Model for the formation of a Milky Way-like dark matter halo 71

that populate the plot are not real structures but onlyaatsf Their origin is caused
by the fact that the number of particles composing the fgiinbhalos is similar to the
number of pixels composing the grid. The result is that onlye areas are populated,
producing a value of (v) large enough to be visible. There are two possible solutions
for this problem: to increase the number of particles comqp#hie satellite or to re-
duce the number of cells of the array. The second solutioraba impact on the

resolution ofv andcos ¢, which can be drastically reduced.

Some tests have been performed to verify the correctneseohethod we have de-
veloped. To verify the absence of other artifacts we firstgrged a system assuming
the contribution of each particle to the final velocity distition as a constant. This
allowed us to verify the absence of empty areas, which coeldaused by an incor-
rect division of the array. In a second test two merger trem® lbeen considered:
the first one was describing a system without any major meagtvity, the second
one with the presence of two major mergers. The test condistadding the major
mergers present in the second tree to the first one and iryweyithe similarity of the

distribution function of these two systems.

Until now, we have not yet discussed the dimension of thes @gimposing the array.
To calculate the resolution of each cell we need to know thédiof the two quantities
that we are considering. Assuming,. = 544 km s™! as the value of the escape speed
from the Milky Way (Smith et al. 2007), we assume as highesit Ifor the speed a
value slightly largerw,,,, = 570km s~!. The lowest limit isv,,;,, = 0 km s7L. Itis

straightforward to obtain the dimension of a velocity celkim s!:

Umaz — Umin 570

kms . (4.5)

Veell =
Ny Ny

If we fix n, = 100, each cell will contain particles with a velocity within ange of
~ 5.7 km s, while av-cell width of ~ 3.8 km s™! is obtained ifn,, = 150. Finally,

if we divide the range of speed in 200 pixels, the dimensioeaah division increases
to ~ 2.9 km s . Concerning the angle resolution, the limits of the cosinghef
angle are by definitioncos ¢ = +1. Moreover, the relation betweens 6 and6 is not
linear. This implies that the cells do not represent the samgge resolution. For a cell
corresponding to values obs 6 ~ +1 (angles close t6° and180°), the resolution is

almost ten times larger compared to that obtained whbef ~ 0. If we setny = 100,



Model for the formation of a Milky Way-like dark matter halo 72

the resolution of a cell for small (and large) angles-isi1° 30’, while for angles of
about~ 90° the resolution increases to 45'. Increasing the number of divisions
(ng = 120), the dimension of a cell for large angles decreases tt)° 30/, while a
resolution of1° is reached for small values obsf. The possibility of changing the
number of divisions, both in the angle and in speed, givesdiley to mimic a wide
range of resolutions. For example we compare an arglé®, that represents a good
approximation of the resolution of current directionaletgors (Dujmic et al. 2008
and Ahlen et al. 2010 for a complete review) to the resolutiecessary to resolve the
signatures possibly produced by mergers. Different clsdimethe values of., andny
have been tested. A good compromise that we adopt for mostraralysis is to set
n, = 150 andny = 120.

4.3 Satellite’s initial conditions

4.3.1 Initial position in the phase space

A rough estimate of the satellite’s initial position,;, is given by considering a value
between the virial radius of the Galactic halo and the fedkelistance. The free-fall
distance is the distance from which a body, subject only ¢ogifavitational force of
the Galactic halo, would fall to the centre of the system imet ;, once it is released
from rest. If we consider a body which falls radially into thevitational well of a
point source masa/ in a timet;, the free-fall distance can be derived from Kepler’s

third law:

Trp o< (4.6)

(2\/2GMtff> :
e

Once we pick a value fafy, the free-fall distance sets a upper limitap;. Figures

4.3 - 4.4 show the values of the virial radius (black) and effttee-fall distance (red)
for subhalos of different masses (fra® A/, to 10! M.,) at different redshiftsA{ =

0.1, 5). For the calculation of; the two redshifts are assumed as values for the

free-fall time.

At high z the virial overdensity, defined relative to the mean dendityre Universe at

that redshift, is almost constant, while at lowett starts to increase rapidly because
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the density parametét,, decreases with time. This change induces a decrease in the
virial radius. The free-fall distance has a similar behavia@onsidering a subhalo of a
certain mass, at high redshift; is larger than for a system at low redshift. At a fixed
time, a more massive halo falls into the potential well frotarger distance, compared

to a less massive halo. This leads us to set the falling distaqual to the virial radius

of the main halo at the previous timestep.

Moreover, each subhalo falls into the parent galaxy frormdoan position on a sphere
of radiusr,,; = r., following a radial orbit. The assumption of subhalos fajli

on radial orbits from random angles is a realistic represgent of the hierarchical
formation of a halo. This has been also confirmed by variousilsitions (Read et al.
2006, Diemand et al. 2007).

We also need a value for the second phase space coordiraiaitidl velocity v,;.
A good approximation is to assume the velocity that a bodyclvktarted to fall into
the host system from an infinite distance, has at the virdilsa This assumption is
also physically motivated because most of the velocity gélldue to the infall of the
satellite into the potential well of the Milky Way. Applyingpnservation of energy to

the system we obtain
2GM

Tvir

(4.7)

Vsat =

4.3.2 Internal structure

The initial dark matter phase space distribution of each issdssumed to be the bivari-
ate Gaussian discussed in Section 2.5.1. Good approximitidhe initial velocity
dispersion and the spatial extent of the satellites aregeo\by the definitions of virial
mass and the virial theorem. These two initial conditiongehalready been fully dis-
cussed in Section 2.5.3. Assuming- 10 (Bullock et al. 2001)p, = 1.9 x 10~2°h? kg
m~3 and using for the mas&/,;. and the virial overdensity ;. the values provided
by the merger tree, it is possible to obtain an estimate afetheo quantities from
Equations (2.48) and (2.48).
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Figure 4.3: Free fall (red line) and virial radius (black line) for halo§ masses in the range
105 — 10 M, that start to merge at= 0.1.

4.3.3 Falling time

The time when the satellite starts to fall into the potentiall of the halo is given by
the scale factor. As already explained in Section 4.1, in eyerdree the infall time
is defined as the moment at which the centre of the subhalsesdke virial radius
of the main halo. One further subtlety in the choice of théiahicondition can be
brought considering that observationally it is more intBngsto look at the time at
which the merging halos arrive at the detector’s positidmis Time can be reasonably
approximated by the moment in which the merging subhalorigathes the centre of
the host system. For this reason, for the last set of sinmma{{Section 5.3) we assume
that at the time given by the merger tree the subhalos aradyirat the centre of the
Galaxy. To take into account this temporal offset we anétapthe infall time of the
subhalos. The distance from which the subhalos start tad&$ not change (it is still

the virial radius), but their evolution starts at tirtie

=t + ting , (4.8)
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Figure 4.4: Free fall (red line) and virial radius (black line) for halo§ masses in the range
105 — 10t M, that start to merge at= 5.

wheret;, is the offset in time. In other words, it is the time necesdargover the
distance between the sphere of radiis from which the satellites start to fall and the
centre of the Galaxy. This change allows them to be in thereaitthe dark halo at

the time provided by the merger tree.



Chapter 5

Results for the formation of a Milky

Way-like dark matter halo

In Chapter 4 we explained the procedure of combining the mieledloped in Chapter
2 with the merger tree of a Milky Way-like dark matter halo.€lihformation provided
by a merger tree (mass of the progenitors of the parent hedshift at which they fall
into the host galaxy and virial overdensity) allows us to ptetely reconstruct the
history of the halo. This refinement enables us to describkstieally the forma-
tion history of a Milky Way-like system. After assigning thatial conditions, the
model calculates the velocity distribution from each braotthe tree, adds up all the
contributions and finds the final phase-space distributiaihé Solar neighbourhood,
focusing in particular on the velocity distribution. Theaneersion of the method can
be applied to any merger tree, and not only to a system wittaryiresembling that
of our galaxy. This in principle enables us to analyse the @isasce distribution of a

wide range of systems.

This Chapter, which presents the final results of this prpjedtructured as follows:
in Section 5.1 we briefly describe the velocity distributeord the fractional departure
of the velocity-squared of a single subhalo from a smoothridigion. Section 5.2
contains the analysis of the results obtained simulatingllyMvay-like halo. Finally,
Section 5.3 presents the contribution produced by the iaddif a new progenitor to
the Milky Way-like halo simulated in Section 5.2, in orderdetermine if late-arriving

merging subhalos might be detectable.
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5.1 Results for a single merger interaction

5.1.1 Diagnostic for directional detection

One of the goals of this project is to provide a predictiontfue signal expected by
directional detectors. Eq. (3.2) introduces a useful diggjon for directional detection
experiments: the angle at which the particles enter in thectiat measured relatively
to the direction of the Solar motion in the Milky Way. To teketrefined version of
the model presented in Chapter 4, we simulate the velocityilalision for a series of
single mergers. Figure 5.1 shows ¢ as a function of the speed of the particles. Every
cell on the x-axis corresponds te 3.8 km s™!, while the angular resolution on the
y-axis varies betweet° 30’ (for small angles) and: 1° (for large angles). The grey-
scale of the plot, with the shade of each pixel determinechbycbrresponding array
of the distribution functiory (r, v), covers six orders of magnitude. Black corresponds

to the upper limit and light grey to the lower one.

Compared to the simulations that have already been perform®dction 3.3.4, here
we assume more realistic initial conditions for the inipakition of the subhalo in the
phase-space, its size and its velocity dispersion. In thieselations we assume cold
and concentrated satellites (as expected in reality), imgigto the parent galaxy on
radial orbit from a position of..; = (—60, 0, 0) kpc. Their initial velocity is given by
Equation (4.7) and their initial phase-space distribufiomction is given by Equation
(2.46). The mass of the objects increases moving from therivet(\/ = 108 M,,)

to the second one\( = 10'° M.). The10®M, satellite has initial spatial dispersion
o, ~ 800 pc and velocity dispersiom, ~ 25 km s!, while for the more massive one
o, ~ 4kpc ando, ~ 120 km s . Two evolution stages have been considered: an
early one { ~ 1.4 Gyr, left column), which corresponds to few orbits of the Isalo
around the Galactic centre, and a later ane:(13.6 Gyr, right column), describing a

system with the same age as the Universe, which has travellédorbits.

In comparing Figure 5.1a,b to Figure 3.11, it is importanhtbe that the mass of the
two subhalos that have been considered differs of one oifderagnitude: 10® M,
in the first case 10 M, in the second. The plots are completely different. They

demonstrate that the assumption of physically motivatéionditions for
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Fig. 5.1a: M= 10® M, t ~ 1.4 Gyr  Fig. 5.1b: M= 108 M, t ~ 13.6 Gyr
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Fig. 5.1c: M= 10'° M, t ~ 1.4 Gyr  Fig. 5.1d: M= 10'° M, t ~ 13.6 Gyr
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Figure 5.1: Four snapshots of the velocity distribution of subhalos asg108 M, (top row) and
1019M, (bottom one) as a function of the speed andd. Two evolution times are considered:
t ~ 1.4 Gyr (first column) and ~ 13.6 Gyr (second column). Both satellites are initially located
atrey = (—60, 0, 0) kpc, with velocity vs,; given by Equation (4.7) and initial phase-space
distribution function is given by Equation (2.46). They geilinto the host halo on radial orbits.
The 108 M, satellite has size, ~ 800 pc and velocity dispersion, ~ 25 km s~ !, the 101 M,
oneo, ~ 4kpc and velocity dispersion, ~ 120 km s~!. The spatial and velocity dispersion
for both systems are given in Table 3.2. The plots have diloass.,, ng = (150 x 120): every
cell on the x-axis corresponds te 3.8 km s~!, while the angular resolution on the y-axis varies
betweenl0° 30’ (for small angles) and- 1° (for large angles). One velocity-unit corresponds to
570 km st
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Moreover, the grid of velocities at the Solar neighbourhoaseful to map out the
full velocity distribution observable within the detectaras set only along the x-axis,

while now it is three-dimensional.

The figures confirm that the mass of the satellite plays anitapbrole in the dynam-
ics of the system. From Figures 5.1a and 5.1b we can deducththenerger of the
smallest satellitel()® M) into the host system does not generate visible featuréein t
early stage of the evolution. The reason is that the saédlistill relatively intact and
nether it nor the streams it is composed by are passing thritvegdetector at this time.
Once the system evolves, reaching an age @8.6 Gyr, small features start to appeatr.
In Figures 5.1c and 5.1d a more massive systditf (M) is considered. From Figure
5.1c we deduce that the signature produced by streams aflpanpassing through
the detector are clearly visible, even if the satellite ha®gleted only few orbits. In
fact, after an evolution time af 1.4 Gyr two vertical stripes, characterised by narrow
ranges of velocities, populate the angle distribution. @thepassage the satellite gets
stripped, new streams form, starting to produce a more hemeaus configuration.
At the late stage (Figure 5.1d) the angle distribution bee®more complex and the
signature produced at each passage overlaps, resultihg creéation of a continuous

arc feature.

For reasons of completeness we also investigated the tyetbsiribution of less mas-
sive objects, but neithei0® nor 107 M, subhalos show any visible fine-grain feature.
We can thus conclude that the contribution of a single stgelith mass smaller than
108 My, is negligible when compared with that of a more massive systehis result

IS not surprising because we are considering very densegactrobjects (the velocity
dispersion decreases once the mass decreases, as showiiE§3.1]), with long

disruption times.

5.1.2 The energy spectrum

To investigate the evolution history of a system we can a®alis energy spectrum.
The interest in this quantity, that describes the energyilligion of the particles com-
posing the system, is motivated by the fact that it is obséevakigure 5.2 shows the

energy spectrum of a dark matter halol6f° M/, after an evolution time of 1.4 Gyr.
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Figure 5.2: Energy spectrum of dark matter particles from a subhalo afsh@'’ M, and evo-
lution time of ~ 1.4 Gyr, obtained using the forwards interaction techniques 3&tellite has size
o, ~ 4kpc and velocity dispersionm, ~ 120 km s™!. It falls from a distance..; = (—60, 0, 0)
kpc, with initial velocity vs,; given by Equation (4.7). One velocity-unit correspond$706 km

s~ L
This simulation has been performed using the forward istera technique. This halo

starts to fall into the Galaxy from a positiog,, = (—60, 0, 0) kpc and with veloc-

ity vsae given by Equation (4.7). The initial phase-space distrdsufunction is given
by Equation (2.46), while its initial spatial and velocitisgersion have already been
defined in Section 5.1.1. In the figure it is possible to infer presence of a number

of peaks, which are caused by the passage through the d&tdmtation of the main
body of the satellite.

To highlight the bumps present in the energy spectrum it isenappropriate to con-
sider the fractional departure of the square of the velafithe system from a smooth
distribution,n, rather than its energy spectrum. The fractional deparsudefined as
the estimate (as a fraction) of how much the square of thecitglof a system differs
from the smooth distribution, obtained when the satelitalmost completely relaxed.
This quantity is particularly appropriate to analyse theletion of an object because

it highlights the presence of local overdensities and alow to estimate how signif-
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Fig. 5.3a: M= 10" M., ¢ ~ 1.4 Gyr  Fig. 5.3b: M= 10'° M, t ~ 13.6 Gyr

fractional departure
fractional departure

Figure 5.3: Fractional departure af? from a smooth distribution for a subhalo of masg® /.
Two stages of the evolution of the subhalo are presented: 1.4 Gyr (Figure 5.3a) and ~
13.6 Gyr (Figure 5.3b). The initial conditions are the same asrmassl in Figure 5.1. We consider
a timet ~ 1400 Gyr when the subhalo is expected to be relaxed and smooth.v€oeity-unit
corresponds t670 km s 1.

icant they are compared to the relaxed configuration of tlseegy. It is calculated as
the difference between the number of particles in a rangeelofcities at timet, V.,
and the number of objects in the same range once the systetaxed,N,.,. This
difference is then normalised bY;,..;:

o Ne - N'rel
B N'rel .

We consider a system as being relaxed wh&nequal to zero, which for a satellite of

n (5.1)

massl10'° M., happens when the evolution timé much larger{ 1400 Gyr) than the

age of the Universe.

In the two snapshots of Figure 5.3 it is possible to notice thatfeatures that were
just visible in the energy spectrum are now evident. We a@isonly the subhalo of
massl10'° M, because it is the only one which presents evident featuriés nelocity

distribution. The plots of the fractional departure areawrid performing simulations
with the same initial conditions as Figure 5.1. It is intéirgggto note that after an evo-
lution time of ~ 1.4 Gyr (Figure 5.3a) the fractional departure of the systensemes

clear peaks, that are 10% to 20% larger than the deviatiotugexl by the system in
its relaxed configuration. Each peak represents the pasdagstream of particles,
and every stream is characterised by a specific valu€,aind consequently of the

energy, which identifies the orbit that the stream is follogvi This result is not sur-
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Figure 5.4: The velocity distribution of a Milky Way-like dark matter lzaof mass10'2 M, as a
function ofcos # and speed. The detector is located at a positios (8.5, 0, 0) kpc. We use an
array of dimensions,,,np = (150 x 120). The dimension of a pixel on the x-axis4s 3.8 km

s~ !, while the angular resolution on the y-axis varies betws#rs0’ (for small angles) and: 1°

(for large angles). The three black circles pinpoints tlggares where overdensities are present.
One velocity-unit corresponds 70 km s,

prising: the satellite does not have sufficient time to gghigicantly disrupted by the
potential of the host halo, due to the fact that it has coreglenly a few orbits around
the Galactic centre. If we look at the same quantity aftei3.6 Gyr (Figure 5.3b), we
see that the fractional departure at this evolution timets/ary different from the one
of the system at its smooth configuration. This suggeststiigamixing process is at
an advanced stage. Moreover, the analysis of these peakelmato shed light on the

evolutionary history of the satellite.
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5.2 Results for a Milky Way-like system

5.2.1 Diagnostic for directional detection

The Galactic halo is made up of multiple merger events angkitscity distribution is
very complex. To represent this scenario in Figure 5.4 wegethe angle distribution
of a Milky Way-like halo of masg40'? M,,. The first point to note is that in the case of
a complex system such as our galaxy no clear features arenprddevertheless, the
distribution is not completely homogeneous and the presehdarker areas demon-
strates the existence of some overdensities. It is podsiliientify three of them: the
first overdensity is pinpointed by a large black circle, tidantifies the particles with
velocities in the rang@85 < v < 400 km s ! and angle$5° < 6 < 115°. This
means that their direction is nearly perpendicular to théenmf the Sun in the Milky
Way. The other two overdensities are less evident that the aore, and they appear
atd ~ 55° (top circle) and) ~ 125° (bottom one) and they are composed by particles
with very high velocity & 455 km s7t), not far from the escape velocity of the system
(~ 544 km s7!). The possibility that these overdensities are artifaatsot be ruled
out, and it will be analysed in more detail in Section 5.2.8.iAvestigate the origin
of these overdensities, we group together the contribsitadrprogenitors with mass
in the same order of magnitude and we study their contribgtio the final velocity
distribution. The merger tree we adopt for this simulatisrcomposed of subhalos
with masses in the rand@®® - 10'2 M, so the four groups arén® — 10° M, (Figure
5.5a),10° — 10! M, (Figure 5.5b),10*° — 10 M, (Figure 5.5c) and0'! — 102 M,
(Figure 5.5d). The four snapshots show that the contribatfoom these four groups

of subhalos are very heterogeneous.

In Section 5.1.1 we concluded that the contribution of alsiodject of mass0® M,
was negligible, but when we add together the contributidradldhe progenitors with
mass of this order of magnitude (Figure 5.5a) we note thasitbation is completely
different. The number of direct progenitors in the range absi0® — 10° M, is large
and now their contribution to the final velocity-space dlttion is not negligible any-
more. The main contribution seems to come from particle€lwvhre moving mainly

perpendicular to the plane of the Solar motiGa°(< ¢ < 105°), but there is no ev-
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idence for a preferential range of velocity. This fact sugggéehat the particles which
compose the satellites with mass of the ordet®f)\/, are not distributed homoge-
neously in the velocity space. This is probably due to thetfeat they are compact: the
timescale on which they get disrupted is longer than thatafenmassive systems and
S0 even after an evolution time equal to the Milky Way’'s ageytare not completely

disrupted.

The contribution to the velocity distribution of the mostseae subhalos, with mass in
the rangel 01112 M, (Figure 5.5d), is small if compared to the other three caEbis.
can be interpreted as a confirmation that the merger tree wedkesen to represent

the Galactic halo has not suffered any major merger eveheimdcent past.

Finally, looking at the last two groups of progenitors (Figg!5.5b and 5.5¢) we note
that the contributions produced by subhalos of ma¥s'® M., and 101t M, are
very similar. Nevertheless, an important difference cahigblighted: the contribution
produced by10° M., subhalos is almost smooth, while in the velocity distribotof
10 M., satellites there is a large and overdensity, which peakkdncentre of the
plot and does not present any visible substructure. Thiglewsity covers every other
small difference in the velocity distribution that may dgjdut it suggests that the most
pronounced overdensity of Figure 5.4 is mostly produceddglite with masses in

the rangel 01911 M.

Figure 5.4 also tells us that some areas of the parametee gpadnaccessible. Two
restrictions are responsible for the creation of this ieasitble area. The first one is
the presence of an escape speed, from the Milky Way: if a particle has speed
larger than this, it will leave the system without contribgtto the angle distribution.
This generates the two peaks preserbat) ~ +0.6. The second restriction is related
to the definition ofcos 6, given in Eq. (3.2), and to the fact thatos# |< 1. These
two conditions imply limits for each of the three componeotghe velocity. The
presence of these limits, together with the existence of eapesvelocity, explains the
presence of the irregular shape of the inaccessible areaatbe of each of the three
components can only vary in a range which is limited by thei@slof the other two

and by the definition ofos 6.

As mentioned above, some overdensities are present ineFgdr Nevertheless, we
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Fig. 5.5a:10% M, < M < 10° M, Fig. 5.5b:10° M, < M < 10 M

0.5
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Fig. 5.5¢:1010 M, < M < 10'' M,  Fig. 5.5d:10' M, < M < 10'2 M,

0.5
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Figure 5.5: Series of snapshots showing the contributions to the MillayMike halo angle distri-
bution, simulated in Figure 5.4, from four different grougfssatellites. The satellites are divided
depending on their masg0® M, < M < 10° M, (Figure 5.5a),10° My, < M < 10'° M
(Figure 5.5b),10'° M, < M < 10'* M, (Figure 5.5¢) and0'' M., < M < 10'2 M., (Figure
5.5d). The dimension of a pixel on the x-axis:s3.8 km s~!, while the angular resolution on
the y-axis varies betweel®)° 30’ (for small angles) and: 1° (for large angles). One velocity-unit
corresponds t670 km s 1.
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Figure 5.6: As Figure 5.4, but composed of a smaller number of cells;ny = (150 x 18).
The dimension of each cell along the y-axis is nawl0°, resembling the resolution of current
directional detectors. The velocity resolution remainsstant at~ 3.8 km s~1. One velocity-unit
corresponds t670 km s~1.

should remember that in that plot the dimension of each psxel 1°. These small
angles are not accessible to ongoing experiments, thatmaydar resolution of 10°
(Dujmic et al. 2008, Ahlen et al. 2010 for a complete revieligure 5.6 presents the
velocity distribution for a resolution comparable to thetorrent directional detectors.
The resolution is~ 27° for the two cells for whichcos ~ +1, but it increases to
~ 10° for cos @ ~ +0. Looking at the figure it is obvious that the features pregent
Figure 5.4 are indiscernible once we decrease the resolafiour “ideal” detector.
The small, local overdensities are completely washed auttthe main one, which
was centred in the rangeh° < 6 < 115°, is not. Nevertheless, we can conclude
that the detectors currently available do not have the piisgito detect the features
present in the velocity-space distribution of Figure 5.4aaese the boundary between
the overdensity and the smooth “background” distribut®mot clear. The angular

resolution required for their detection is at least®.
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5.2.2 Smoothed angle distribution

To investigate the presence of overdensities in the angtelalition we apply a stan-
dard “boxcar” smoothing technique. The assumption of #ethique is meant to both
remove the possible presence of artifacts and to highlighbterdensities that might
be present in the angle distribution. This procedure assasée value for each cell
composing the array the average of the data points over etsélarea. The area we

assume is a square of sidesandn,. The smoothed distribution function of each cell,

fcell(v)’ iS

fcell(U) _ iil Zji1 fi,j (U) ’ (5.2)

NyMNg

where f; ;(v) is the value of the distribution function of each pixel bejorg to the
box. The advantage of using this technique is that the ef@itome smoother as
the size of the box increases, highlighting the presenceaidensities in the velocity
distribution of the system. However, important details rbaylost, in particular when

the data points are averaged over large areas.

It is possible to use a more sophisticated version of the biaecdinique through a
refinement in the calculation gf.;(v). The idea is to weight the contribution of the
pixels depending on their positions in the box. In the refitemdhnique that we adopt

here
f ( ) . fcentre(v)/2 + 2:21 Z?il(fh] (U)/Q)
celllV) = 1+ %(nvne _ 1)

Figure 5.7 presents four different smoothed versions oféhacity distribution already

. (5.3)

performed in Figure 5.4. In the first row we apply the techeigefined in Eq. (5.2).
The difference between the two plots is given by the sizerasdufor the box: § x 3)
in the left corner, § x 5) in the right one. In the second row we considered the same

configurations, but we apply the refined technique [Eqg. [5.3)

Looking at the four plots of Figure 5.7, the “original” vessis of the boxcar smoothing
technique (Figure 5.7a-b) and the “refined” one in3ax(3) box (Figure 5.7c) do
not produce any notable improvement if compared to the maiglistribution (Figure
5.4). On the other hand, a significant improvement is eviddr@n we analyse Figure
5.7d. This plot corresponds to the “refined” version of thesthing technique over

a (b x 5) box. The application of this technique has the advantagernbving all the
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Fig. 5.7a: “Original” boxcar technique,Fig. 5.7b: “Original” boxcar technique,
(3 x 3) box (5 x 5) box

Fig. 5.7c: “Refined” boxcar technique,Fig. 5.7d: “Refined” boxcar technique,
(3 x 3) box (5 x 5) box
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Figure 5.7: Smoothed velocity distribution of the Milky Way-like haloggsented in Figure 5.4.
The four plots are calculated using the boxcar techniqueritesl in Section 5.2.2. In the first
row the velocity distribution is smoothed using the “bagethnique, that averages the data points
over an area3( x 3) (Figure 5.7a, left column) and (x 5) (Figure 5.7b, right column). In the
second row we refine the smoothing technique. The contoibwdf every pixel is now weighted,
depending on its position in the area that we consider: 1082thie central pixel, 50% for all
the others constituting the selected area. In Figure 5&aittgle distribution is smoothed over
an area{ x 3), while in Figure 5.7d we consider & ( 5) box. The four plots have constant
cell-dimensionsn,, = 150, ny = 120. One velocity-unit corresponds 550 km s~ 1.
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small differences present in the velocity-space distidloytthat are mainly due to the
presence of pixelation artifacts. For this reason in thiefahg sections we will use
only the 6 x 5) “refined” version of the boxcar technique to investigate pinesence

of overdensities in the velocity distribution.

The application of a smoothing technique confirms the preseh an overdensity in
the angle distribution of the Galactic halo. As mentionedva the smoothing proce-
dure has also the effect of spreading out the features grasére plot, in particular
when a large area is considered. This effect explains whydéiméral overdensity is
now more clear, but it also covers a broader range of angtésn@ing froméd ~ 60°
to # ~ 120°. A second level of overdensities seem to be present, thdugldifficult
to separate them from the main one. On the other hand, whewakefdr the two
overdensities composed by particles with speed close teshape limit, they have
vanished completely, raising the hypothesis that they veetiéacts. The presence
of features which are highlighted also by the applicatiothef smoothing technique,
raises the possibility of disentangling at least the rep@rgyer history of the halo. This
could be achieved by directional detectors with angle amalcity resolution of~ 1°
and~ 3.8 km s~!. Unfortunately, as we have already mentioned, this redurgular
resolution is an order of magnitude better than that of ctidetectors (Dujmic et al.
2008, Ahlen et al. 2010).

In the simulations described to this point, each progemitarts to fall into the Milky
Way from a distance equal to the virial radius of the main prowr at timet;. Figure
5.8 presents the velocity-space distribution of the sami&yMiay halo considered
in Section 5.2.1, but assuming thattathe subhalos are already in the centre of the
host halo. In other words, we anticipate the moment in whighgubhalos start to
fall into the potential well of the Galaxy. This change, diseed in Section 4.3.1, is
introduced to analyse the effects produced by an increasdeavolution time of the
Galaxy and also to assume a definition of a merger between tsterag closer to the
one relevant to observations. The velocity distributial geaks in the speed range
285 km st < v < 400 km s7!, but the most interesting difference is that in Figure
5.8 this overdensity is not as evident as in Figure 5.4. Tiaams that a small increase

of the evolution time of the direct progenitors leads to aasdble decrease in the
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Figure 5.8: The same«, cos ) plot presented in Figure 5.4, but assuming that at thelitifaé
provided by the merger tree the progenitors are alreadyecémtre of the Galaxy. The image is
smoothed using thé & 5) “refined” technique, to highlight the overdensities prese the velocity
distribution of the system. One velocity-unit correspotws70 km s—1.

granularity of the velocity-space distribution.

5.2.3 Fractional departure of the Galactic halo from a smooth dis-

tribution

In Section 5.1.2 we have defined the fractional departurbefelocity-squared of a
halo from a smooth distribution, an alternative diagnostigvestigate the evolution
history of a system and to highlight the traces left by thespge of streams of dark
matter through an ideal detector. In that Section we alsalsatithe merger of a single
subhalo can produce clear velocity peaks. Given thosesstieg results, in Figure 5.9
we present the same quantity, for the Galactic halo that wecarrently analysing.

The system we consider has a mas$®@f 1/, and an age of 13.2 Gyr.
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Figure 5.9: Fractional departure of the velocity-squared of the Galdwlo (simulated in Section
5.1.1 and presented in Figure 5.4) from a smooth distributio an evolution timg ~ 13.2 Gyr.
The merger history of this halo does not include any majorgeieiVe consider a time~ 1400
Gyr when the system is expected to be relaxed and smooth. @oeity-unit corresponds t670
kms 1.

The fractional departure of this halo, which resembles df#tte Milky Way in terms

of age, mass and formation history, is indiscernible fromdrstribution that the halo
assumes when completely relaxed. The absence of any fdaad® to the conclu-
sion that the ultra-fine dark matter distribution in the $alaighbourhood of a halo
evolved for13.2 Gyr is composed of a huge amount of streams that produce an en-
tirely featureless energy spectrum. The result is in agezgnvith the recent work by
Vogelsberger & White (2010), in which they conclude that teeity distribution in

the Solar System should be very smooth.

5.3 Contribution of single merger events to the ultra-

fine distribution of a Milky Way-like system

The fractional departure of the velocity-squared of thekilWay-like system from a

smooth distribution, simulated in Section 5.2.3, suggistsnowadays the dark matter
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distribution in the Solar neighbourhood is overall almosbsth. However, Figure 5.4
suggests that the dark matter distribution may not be coeldglemooth, particularly
if there has been a relatively recent merger. The idea behathst part of the project
is to combine the work developed in the previous Sectiontisf@hapter, analysing
the contribution from single mergers. We are interested swaning the following

guestions: what is the contribution to the final velocitytdimition of a single merger?

Will it lead to a detectable signature in the global disttiba?

The method we adopt consists of adding a dark matter satédlithe Galactic halo
and of analysing its contribution to the final velocity-sealistribution. This analysis
is done for subhalos of different mass and for various eiaiuimes. The evolution
history of the host system is provided by the same mergethegaevas used in Section
5.2, but in these simulations we assume that at the timegedwby the merger tree the
progenitors of the Galactic halo are already in the centrin@fdark halo. We make
the same assumption for the subhalos of different massewséhadopt as additional
progenitors. Every extra progenitor fall into the pareriagg from a random position
on a sphere of radius,; = ., following a radial orbit. Consequently, there is the
possibility that these extra progenitors have alreadyoperéd a passage in the Solar
neighbourhood in the time necessary to reach the Galaatitece The reasons for
this modification oft; have been already discussed in Section 4.3.1 and at the end of

Section 5.2.2.

As mentioned above, the two properties of the additionagy@ndtor that we vary are
the mass and the time at which it falls into the Galaxy. Coriogrthe mass, we
consider four different casesM; = 10" M, My = 10° M, M3 = 10° M, and
M, = 10'Y M. The absence of major mergers in the recent history of thkyMilay,
together with the fact that massive systems can stronglytethe potential of the
Galactic halo, motivates the exclusion of subhalos more r&disanM/,. To get a
complete overview of the evolution of the mergers we selegt fimes in the past at

which the progenitor falls into the host halo:

e t;1 ~ 1.75Gyr ago ¢ = 0.14): this time is chosen so that the subhalo is making

its first passage through the detector today at redshift).

* 15 ~ 2.0Gyr ago ¢ = 0.17): early stage of the evolution, chosen so that the
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| MassM,, / Infall Time (Gyr ago)| 1.75] 2.0| 7.5[ 13|
107 X

x | x | x
10% X x | x | x
10° vV | x| v |V
1010 v vV |V |V

Table 5.1: Table showing the presence (or absence) of differenceseettie velocity distribution
of a system composed of the Milky Way-like halo plus the dbntion of a single subhalo and the
Milky Way-like halo only. Different masses are considered the new progenitor, as well as
different infall times. The symbalt'is used when there is at least the value of one pixel thatrdiffe
in the six orders of magnitude considered for the two vejodistributions (Galactic halo and
Galactic halo plus progenitor). On the other hand, if theigalof all the pixels composing of the
two f(r,v) are identical in the six orders of magnitude defined abowesjimbolx is used.

satellite is not passing through the detector today.

* t3 ~ 7.5Gyr ago ¢ = 1.0): this timestep is chosen so that the merger is at an

intermediate stage of its evolution today.

* t, ~ 13Gyr ago ¢ = 8.5): a satellite which merged at an early stage of the

formation of the Milky Way.

These timesteps take into account the time necessary feubielo to reach the centre
of the Galaxy. All the results we are going to present desqpitoperties of a Milky
Way-like halo at redshift, = 0.

5.3.1 Diagnostic for directional detection

In Figures 5.10 - 5.13 we plot in thigos#, v) space the velocity distribution of the
systems composed by the Milky Way-like halo and the fouredéht satellites that we
have selected. Each Figure is composed of four plots that #changes produced
by the four infall times of the satellite. Each plot is smathusing the “refined”
boxcar technique over @ x 5) box. To optimise the analysis of the results we group
them according to the mass of the subhalo: the angle distiisiof M/; at the four
selected timesteps are grouped together in Figure 5.10e Wigure 5.11, 5.12 and
5.13 present the same quantity for the satellites M3 and M, respectively.

It is interesting to compare the results presented in thgsees to the velocity distri-
bution of the “original” Milky Way halo (Figure 5.8). This ocaparison is presented in

Table 5.1, which shows the presence (or the absence) ofetiffes between the veloc-
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ity distribution of a system composed of the Milky Way-likalb plus the contribution
of one of the extra progenitors and the Milky Way-like haldyorThe comparison is
done by subtracting the value of the distribution functidrih@ Milky Way halo in
each cell of the grid from the corresponding value for theugein which the extra
progenitor is added. The shade of each pixel of the plot isrdehed by the corre-
sponding array value and it covers six orders of magnitudeervalue of the velocity
distribution f (r, v). The black colour corresponds to the upper limit and thet gy

to the lower one. The symbefis used when there is at least the value of one pixel
that differs in the six orders of magnitude considered ferttho velocity distributions
(Galactic halo and Galactic halo plus progenitor). On thephand, if the values of
all the pixels composing of the tw(r, v) are identical in the six orders of magnitude

defined above, the symbal is used.

The table tells us that the addition of eithéy or M, to the Galactic halo does not have
any impact on the ultra-local velocity distribution at In other words, the effect of
the addition of an extra progenitor of mass betw#eh\/., and10® M, to the merger
tree of the Galactic halo is negligible. This is valid for thle evolution times that we
consider:t, to, t3 andt,. The contribution of a single progenitor starts to be raiva

when the mass of the new merging subhalo is equal or largerltial/.,.

Some of the conclusions of Table 5.1 seem in conflict with tieyesis of the results
presented in Figures 5.10 - 5.13. In fact they reveal thaatiyge distribution of some
of the new systems is almost identical. This is the case ®isttstems composed of
the Milky Way-like halo plus the subhald/; (Figure 5.10) ,M; (Figure 5.11) and
Ms; (Figure 5.12), and it is valid for all the timesteps; t¢-, t3 andt,. For example,
the table indicates the presence of differences betweevetheity distribution of the
system composed by the Milky Way plig; and the one of the Milky Way halo-only
attq, t3 andt,. On the other hand, a comparison between Figure 5.12 andeFig8
does not show any clear sign left by the presence of an extgepitor. Nevertheless,
the information provided by Table 5.1 and by Figures 5.1Q3%re complementary
rather than contradictory. As already explained abovetahke provides information
on the contribution generated by the addition of a satdllitdhe velocity distribution

of the Milky Way-like halo, but it does not provide any infoation about the strength
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Fig. 5.10a:t; ~ 1.75 Gyr Fig. 5.10b:t, ~ 2.0 Gyr
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Figure 5.10: Series of snapshots presenting the angle-velocity pleg af a system composed
by the Milky Way-like halo already simulated in Figure 5.8am subhalo of mask)” M. The
distribution is smoothed using the “refined” boxcar techieiglescribed in Section 5.2.2, selecting
a (5 x 5)box. The four plots describe configurations in which the progr falls into the host halo
at different times. In Figure 5.10a it fett 1.75 Gyr ago. This time is chosen so that the subhalo
is making its first passage through the detector today ahi¢tds= 0. Figure 5.10b corresponds
to a infall time of~ 2.0 Gyr ago, chosen so that the satellite is not passing thrduglilétector
today. Figure 5.10c¥ 7.5 Gyr ago) is chosen so that the merger is at an intermediaje sfdts
evolution today. Finally, in Figure 5.10d the satellite get~ 13 Gyr ago, at an early stage of
the formation of the Milky Way. The dimensions of each pixelh® four snapshots is the same as
Figure 5.4. One velocity-unit correspondss) km s~1.



Results for the formation of a Milky Way-like dark matter halo 96

Fig. 5.11ait; ~ 1.75 Gyr Fig. 5.11b:t, ~ 2.0 Gyr
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Figure 5.11: As Figure 5.10, for a subhalo of mas$® M.

of the contribution. For example, it is possible that thetdbation of f(r,v) in the
three-dimensionalcos 6, v) array is very low and therefore completely “obscured”
by the “background ” distribution produced by the Galacttoh In fact, comparing
carefully the four plots of Figure 5.12 to th&r, v) of the “original” Milky Way-
like halo (Figure 5.8), the weak contribution 6f; can be noted. It is visible when
we consider long evolution times, such#sandt,. In Figure 5.12d a black circle
pinpoints the region corresponding to the presence of tmgriboition: it is populated

by particles with high speed@0 km s™! < v <460 km s7!) and anglé) ~ 90°.

The only case in which the merger of an extra progenitor geasiclear features in the

angle distribution of the Milky Way at redshif is when the mass of the subhalo is
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Figure 5.12: As Figure 5.10, for a subhalo of mas$’ M. The black circle identifies the region
of the space where the contribution of the satellite is melevant.

equal to10'° M. Looking at the four plots Figure 5.13 is composed of, it isgible

to note the presence of relevant differences between ewveegtep and the “original”
configuration, and also between one timestep and anothgurd=b.13a represents
the fall of M, into the Galaxy approximately 1.75 Gyr ago. Two verticalfroa
stripes are clearly visible in the plot. They are localisead ismall region of the angle
distribution and they are associated with very preciseesbf the velocity: the first
one tov ~ 400 km s™!, the second one to ~ 430 km s~!. They both have an angular
width of approximatelyl5° — 20°: the first is not well defined, not allowing a precise
measurement of its borders, while the second is more defingd ancentred in the

range79° < 6 < 96°. This means that their direction is nearly perpendicular th
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motion of the Sun in the Milky Way.

The features are localised in a small region of the paransgiace becausg was
chosen to match one of the first passages of the subhalo thtbegletector position.
At this early stage of its evolution, the satellite does natéhsufficient time to get
significantly disrupted by the gravitational field of the hegstem. Nevertheless, the
presence of the two stripes shows that the subhalo is begjrini get stripped and
that streams start to form. The angular spread of the feaaneaccessible to ongo-
ing experiments (we have already seen that the current angedolution is~ 10°),
raising the possibility to detect these peculiar featufidss possibility obviously de-
pends on the probabilities of finding the remnant afdd’ M, subhalo in the Solar
neighbourhood and that this subhalo merged into the Galhatd in the very recent

past.

We can be sure that the two stripes are generated by the nodrgér firstly because
they are completely absent in Figure 5.8, that represeptsédlocity distribution of
the “original” Milky Way-like halo. A second, indirect comfnation of their origin
comes from the comparison between the velocity distrilouéitt; and Figure 5.13b,
in which f(r,v) is calculated at,. At this timestep the two vertical stripes, that
were evident at;, have almost completely disappeared. This behaviour iscted
becauseé, describes the system in a phase of its evolution in which thie mmody of
the satellite is not located anywhere nearby the locatiah@etector. The fact that
the contribution of)/, to the velocity distribution at,, which describes an early stage
in the evolution history of the system, is negligible suggedkat the subhalo is still

coherent.

The timestep; corresponds to a system in whigdh, fell into the Galactic halo ap-
proximately 7.5 Gyr ago, a time long enough to perform several orbits arotned t
Galactic centre. This scenario is represented in Figur&5 At each orbit the amount
of streams and debris into which the subhalo is disruptectases, due to the phase
mixing that acts on the satellite. An increase of the numlbestr@ams in the space
translates in an increase of the stripes in the plotos#). Each of them is charac-
terised by a similar, but slightly different, value of thda@ty, which is related to the

orbit performed by the stream. If the number of stripes igda@s in this case, they
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Figure 5.13: As Figure 5.10, for a subhalo of mass® M.

overlap and the velocity distribution of the subhalo stastbecome smooth and uni-
form. Nevertheless, the presence of a vertical stripe atitgl~ 430 km s~! and with
an angular spread af 20°, with the angle centred in the ran@®° < cosf < 96°,
can be interpreted as the trace left by a dense, massivenst@aposed by particles
originally part of M,. Another possibility is that the stripe indicates the pgesaf the
central region of the satellite. Both these interpretatsunggest that the disruption of
My is not complete. If the stripe is generated by the core of thedlga, it also implies

that this region is still compact and dense.

Figure 5.13d presents the same quantity for the configuratievhich the merger of

M, happened 13 Gyr ago. We can see thatyahe stripes are completely washed
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out. This is interpreted as the superimposition of a verydarumber of streams which
overlap and form an almost homogeneous distribution. Nlegsss, it is possible to
identify an overdensity: it is located in the speed raf@gekm s < v <430 km s,
and it has an angular width of abatt5°, in the range87° < 6 < 92°. The presence
of this overdensity suggests that the progenitfy is not completely disrupted even
after an evolution time of 13 Gyr. It has been stripped anddistl by the gravitational
field of the Galaxy, but the remnant of the central part of titeltite is not completely
disrupted and it still shows up in the observafiles 0, v) space as an overdensity. The
probability of detecting such a phenomenon with ongoingeexpents is however low,
due to the lack of strong features, together with the inadegangular resolution of

the current generation of instruments.

To summarise, this discussion leads to a main conclusidgtiee merger of 40'° A,
subhalo generates significant features in the ultra-logklcity distribution. The an-
gular width of these features is larger thei, a resolution accessible to ongoing ex-
periments. On the other hand, the contribution to the vglalistribution of the Milky
Way produced by satellites with a mass in the range betwéen/., and10° M, is
completely undetectable. This is due to the presence ofdaloeity distribution of the

Milky Way halo, which “obscures” that produced by the newgenitors.

5.3.2 Contribution of the subhalos to the global velocity distribu-

tion

The results of Section 5.3.1 have shown that only the mossinesatellitel/, gen-
erates features that are visible in the angle distributfianMilky Way-like halo. Nev-
ertheless, this fact does not imply that the contributiong/e, M, and M5 are com-
pletely negligible. As already explained above, it is pblesthat the contribution of
these three subhalos is partially or totally “covered” by #elocity distribution of the
Milky Way-like halo. To investigate this point we need tolete the velocity distri-
bution of the additional progenitors defined above from the of the host halo. We
do this by subtracting (r, v) of the Milky Way-like halo from each of the systems
composed by the Milky Way-like halo plus one of the extra gmitprs considered
in Section 5.3. The contributions produced by the subhalgsand M, in the space
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(cosf,v) are presented in Figures 5.14 - 5.15. As in Section 5.3.1ydigure is
composed of four plots, which descrilfér, v) at the timesteps,, t,, t; andt,. They
correspond to infall times of abouwt75 Gyr, 2.0 Gyr, 7.5 Gyr and14 Gyr ago. The
limits of the grey-scale of the plot are the same of the previfigures, covering six
orders of magnitude in the value of the distribution functiowe also investigate the
velocity distributions ofM; and M,, but they are not plotted because none of them
shows visible fine-grained features. This absence can bly eaplained: at each
timestep the velocity-space distribution of the systemegarbut it is “invisible” be-
cause it is below the resolution limit. We can thus concluae the contribution of a

single satellite with mass smaller or equall & M, is negligible.

The four plots of Figure 5.14 show thaf; provides a non-negligible contribution to
the ultra-local velocity distribution of the Milky Way-lg&halo. The fall into the Milky
Way-like halo of a subhalo of mad$® M, approximately 1.75 Gyr ago generates a
singe stripe in the spacdeos 6, v). It has a speed ~ 430 km s™! and itis centred in the
range79° < 0 < 93°. As already explained in Section 543,represents the passage
of the system through the detector position, and the stsiffea signature produced by
the presence of the subhalo, that is still coherent, at thectte position. Observing
Figure 5.14a it is possible to note that the contributiodffatt,, even if present, is
too low for being visible in the final velocity distributiorf the system composed by

the Milky Way-like halo and\/s.

Figure 5.14b shows the contribution 6f; at ¢,, a time at which the satellite is not
passing through the Solar neighbourhood. The lack of featsmggests that; is still
coherent and it has not been severely stripped by the gravigtfield of the Milky
Way. Its streams are not passing through the detector atinéstep, consequently

f(r,v)isnull.

Figure 5.14c displays the velocity distribution/df in the case in which it merged into
the host halo 7.5 Gyr ago. The plot shows an overdensityddaatthe speed rang®0
km st < v <430 km sL. Its angular width is~ 20°, in the ranges0° < 6 < 100°.
This overdensity seems to be composed of a small number dappéng stripes and is
located in the same region in which the contribution of thaslio M5 to final velocity

distribution was identified by a black circle in Figure 5.13c.
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Fig. 5.14a:t; ~ 1.75 Gyr Fig. 5.14b:t, ~ 2.0 Gyr
%o | %o

Fig. 5.14c:t3 ~ 7.5 Gyr Fig. 5.14d:t, ~ 13 Gyr
1 | E

—0.5
—0.5

v v

Figure 5.14: Contribution of the satellitd/; (= 10° M) to the velocity distribution of the Galac-
tic halo at redshift. The four plots describe configurations in which the proggerialls into the
host halo at different times~ 1.75 Gyr ago (Figure 5.14a)- 2.0 Gyr (Figure 5.14b)x~ 7.5 Gyr
(Figure 5.14c) and~ 13 Gyr (Figure 5.14d). The four plots have constant spread £ 150,
ng = 120) and are smoothed using the “refined” boxcar technique bestin Section 5.2.2, se-
lecting a(5 x 5)box. The dimension of a pixel on the x-axiss3.8 km s~!, while the angular
resolution on the y-axis varies betwekit 30’ (for small angles) and: 1° (for large angles). One
velocity-unit corresponds 870 km s~
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Finally, the adoption of the timestep (Figure 5.14d) does not produce any major
variation in the velocity distribution ofl/;, compared to the situation 4. The an-
gle distribution of the satellite is still localised in thensa small region of the space
(cosf,v) and it still does not appear smooth and homogeneous. Thigstgthat the

disruption process is still ongoing after an evolution tiofid.3 Gyr.

Concerning the satellitd/,, its evolution is very similar to that of/;, confirming
the analysis already discussed in Section 5.3.1. The pfosgore 5.15 highlight
the presence of stripes when the subhalo falls in the Galhatd at the timestef.
When longer timesteps are considered, suck; @adt,, these features overlap and
start to generate a uniform velocity distribution. The ceaw/hy the contribution of
M, to the ultra-local velocity distribution is smoother thdmat one ofM; is due to
the properties of the two progenitors. As explained in $&c8.2, the initial spatial
extent of the subhalo, identified with the quantity and its initial velocity dispersion
o, are related to the mass of the system. The relations betwese three quantities
are expressed in Equation (3.1). An increase of the massgirttgenitor generates
an increase in the values of these two quantities, makihdess concentrated and
“hotter” than M5;. These changes in the internal properties of the subhatbttea
decrease in the time necessary to disrupt the system andraase in the number of

streams present at a certain time.

Finally it is interesting to compare the velocity distritmurt of M/, to the results pre-
sented in Section 5.1.1. Figures 5.1c - 5.1d describe tloengldistribution of M, as

a function of the speed and ofis § after evolution timeg ~ 1.4 Gyr andt ~ 13.6
Gyr. They are simulated using the same version of the model imsthis section,
but selecting a set of arbitrary initial conditions rathieart using the more realistic
ones provided by a merger tree. The two plots can be comparttetsimulations
performed at; andt, because these two timesteps are similar to the evolutiosstim
considered above. The comparison between Figure 5.1c guodePs.15b highlights
a underestimation of (r, v) when the initial conditions of the satellite are arbitrgaril
fixed. This is demonstrated by the fact that the stripes inifei¢p.1c are less remark-
able than in Figure 5.15b. For a longer evolution, represergspectively by 13.6

Gyr andt,, the differences between the two velocity distributiomsitéo disappear, as
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it is possible to see comparing Figure 5.1d and Figure 5.EBan these two compar-
isons it is possible to conclude that the use of the mergefdreébe merger history of

a Milky Way-like halo improves the precision of the results.
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Fig. 5.15a:t; ~ 1.75 Gyr Fig. 5.15b:t, ~ 2.0 Gyr
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Figure 5.15: As Figure 5.14, for a subhalo of mags, = 10'° M,



Chapter 6

Summary

Very recently, large simulations of the formation of MilkyaWtlike dark matter halos
have made predictions on the amount of substructure presehe Solar position,
and on their contribution to the local dark matter distribatdown to a resolution of
100 pc (Stadel et al. 2009, Diemand et al. 2008, Springel.eR@0D8). They have
resolved a incredibly large number of substructures, bahitationally bound (halos)
and unbound (streams). Unfortunately, they cannot redbleailtra-fine dark matter
distribution on scales relevant for terrestrial instrutsehese scales are of the order
of one tenth of a milliparsec, so six orders of magnitude Em#tan 100 pc. To solve

this problem alternative approaches have to be designed.

In this project, we have developed a model which allows usuiokdy calculate the
velocity distribution resulting from the merger of a unbdwsystem of particles with
a parent galaxy at a single point in space. For our purposesthgle point was as-
sociated with a detector in the Solar neighbourhood. Udnmg model the velocity
distribution can be calculated at arbitrarily high spatedolution at any time during
the evolution of the system. Once the present-day detecttiagjocationx, and a
velocity v of interest are defined, the method consists of analyti@lblving these

phase-space coordinates backward-in-time to determaieitiitial location.

We can then calculate the amount of material in a merginglgatilat originated from
these initial phase-space coordinates, and hence will prad the selected velocity in

a terrestrial detector today. As a result, we can map out tbeept-day phase-space
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structure of the disrupted merging satellite on an ultre-Bpatial scale, obtaining
gualitative but useful insights into the likely signaturfeachalo merger in a small ter-
restrial dark matter detector. Unlike a conventional Nypadproach, the gravitational
force does not have to be artificially softened, and the pbpaee can be explored
rapidly and accurately, without the computational ovechebnumerical integration.
The parent galaxy is described by an isochrone potentiah@A 1959) because this
is one of the few forms of potential that allows the calcwaatof analytic expressions
for the angular frequencies. This property allows the vapid ultra-high-resolution
calculations performed here. The initial phase-spaceilligion of the merging halo
is represented by a bivariate Gaussian (Evans et al. 200\ ideal. 2002), which is
also simplified but has both spatial and velocity scalesdhatbe tuned to match the

properties of the real halos.

In this model the dynamics of the merger can be calculatednieably simply, and the
satellite can be evolved analytically forwards or backwardtime. By scanning the
velocity-space, we can map out the sub-mpc-scale struofuree Milky Way’s halo

and obtain unique insights into the likely signature of aohakrger event in a small
terrestrial dark matter detector. As such, this study isgementary to others, in that

it uses a less realistic potential but has a unprecedentégiyresolution.

The velocity-space distribution function is charactetidg®y discrete peaks, even at
late times (up to 13.6 Gyr), when the particles are distatwdlmost homogeneously
through phase-space. As a diagnostic for dark matter éhredtdetection we have
studied the angle at which particles impinge on the detenteasured relative to the
direction of Solar motion in the Milky Way. In agreement wihiff & Widrow (2003)
we have found that this diagnostic contains significantstmes imprinted by the orig-
inal merging sub-halo (Figure 3.11). Stiff & Widrow used amneealistic Milky Way
potential but only integrated the orbits very approximatehile we have used a more
approximate potential but treated the integration exastijthe agreement of the two

techniques suggests that the results are fairly robust.

When applied in a cosmological context, this method beconpesverful instrument
to calculate the velocity distribution in the Solar neighldemod. We have combined

a merger tree, which describes the hierarchical growth ofleyMVay-like halo, with
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the model described in Chapter 2. This allowed us to producarlete and more
realistic treatment of the merger history of the Galactio hAfter assigning the initial
conditions, the model calculates the velocity distribatfor each branch of the tree,
adds up all the contributions and calculates the final pspsee distribution in the
Solar neighbourhood. The new version of the method can Hesdip any merger tree
but, being interested in the formation of a Milky Way-likesgsm, we have selected a

halo with a history broadly resembling that of our galaxy.

A second observable quantity is the energy spectrum of tesy which describes the
energy distribution of the particles composing the systerfigure 5.2 it is possible to
infer the presence of a number of peaks, which are causecelpyassage through the
detector’s location of the main body of the satellite. Tohtight these small bumps
we introduced a second diagnostic quantity: the fractialegdarture of the system
from a smooth distribution. It is defined as the estimate (&seation) of how much
the square of the velocity of a system differs from the smalikribution, obtained
when the satellite is almost completely relaxed. We haveutatied it for the merger
of two systems of mask)® M., and10'°M,, considering a time¢ ~ 1400 Gyr when
the subhalo is expected to be relaxed and smooth. In an d¢adg sf the evolution
(t ~ 1.4Gyr) the fractional departure of both systems presents geaks (Figure
5.3), that are 10% to 20% larger than the deviation produgethé system in its
relaxed configuration. Each peak represents the passagstiafaan of particles and
the detection of these features could help to shed light eretiolutionary history
of the satellite. Afterl3.6 Gyr the features are almost indiscernible from the smooth

configuration, suggesting that the mixing process is alroostplete.

The velocity distribution of a Milky Way-like halo does notgsent any clear features
(Figure 5.7). Nevertheless some overdensities appearedvesdensities are mostly
produced by progenitors with mass10'°M,. The contribution of- 10, objects
is completely smooth, while most of the particles which cos® progenitors with
mass of~ 108 M, are moving with speed in the ranges km s! < v <400 km s,
These progenitors are less massive, but their number is kg consequently their
contribution is not negligible. Thus, we can conclude thattiple mergers complicate

the net angle distribution. Nevertheless, a few structpeesist, raising the possibility
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of disentangling at least the recent sub-halo merger lyisitinis can be achieved by
using directional detectors with angle and velocity resotuof ~ 1° and 3.8 km s!
respectively. Unfortunately at the current instrumentala resolution, which isz 10°
(Dujmic et al. 2008, Ahlen et al. 2010), all the overdensitiee washed away.

The analysis of the fractional departure of the Galactio fam a smooth distribution
(Figure 5.9) shows that it is indiscernible from a smoothrdistion, leading to the
conclusion that the ultra-fine dark matter distribution e Solar neighbourhood is
composed of a huge number of streams. These overdenseisgioterlap, generat-
ing a uniform and smooth velocity distribution. Figure 5.@s8 clearly that it is not
possible to discern the presence of these structures dssgadrticular quantity. The

result is in agreement with recent work by Vogelsberger & WIi010).

We have also added an additional dark matter satellite t&Hiactic halo, assuming
that at the time given by the merger tree the subhalos aradgii@ the centre of the
Galaxy. A summary of the results is shown in Table 5.1. Onby dlddiction of a
massivel0'° M, subhalo to the Galactic halo has a visible impact on the atigta-
bution and on the direction from which the particles enter dietector. The angular
dimension of these features is larger thah, which is the resolution limit of ongoing
experiments, so it would be detectable. On the other haed;dhtribution to the ve-
locity distribution of the Milky Way produced by individualtellites with a mass in
the range betweer)” M., and10° M, is negligible. This is due to the presence of the
velocity distribution of the host halo, which “obscuresattproduced by the new pro-
genitors. Nevertheless, the final velocity distributios baerdensities for all the cases
that has been analysed. These overdensities have beezdstudection 5.2.1, reach-
ing the conclusion that they are generated by a very largdruof merger events and
that the current generation of detectors does not have tp@arresolution required
to observe these features. However, a future generatioatettbrs with a resolution
of ~ 1° would start to resolve these features, allowing the merigoty of the Milky

Way to begin to be unravelled using this diagnostic
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