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Abstract

The existence of Dark Matter (DM) is supported by multipledewnces, achieved by means of
very different experimental strategies. Its energy density todaypohan measured to account
for almost a quarter of the total energy density in the Urgger DM is mainly sensible
to gravity and it interacts only weakly through nuclear amecgomagnetic interactions.
Under the assumption that a DM particle is its own anti-g&tiannihilation products can
be searched for in order to obtain informations about DMrithigtion and, more generally, to
infer some of its properties. This is the idea beyond Diirect detectionIn this Ph.D. thesis

| will focus only on DM annihilation into gamma-rays and diss the possibility of obtaining
clear DM signatures from the analysis of gamma-rays signBk&ing the annihilation flux
proportional to the DM density squared, natural targetsrfdirect searches are the Galactic
Center (due to its vicinity and its large amount of DM) andtiear dwarf spheroidal galaxies
(due to their large mass-to-light ratio). Experimentabdabm both these classes of sources
have not found any clear DM signal, being able only to provpleer limits on the annihilation
flux. I will present here two alternative strategies for whidM signatures may be detected
and a signal from annihilation may be disentagled from thama-ray background. In the
first case | will focus on theféect that Black Holes (BHs) can have on the distribution of DM
producing overdensities. The modtieent mechanism is the adiabatic contraction around
SuperMassive Black Holes, able to create large enhancemalédspikes However, the
scenario ofmini-spikesaround Intermediate Mass Black Holes is more realistic anll|
present prospects of detecting DM from mini-spikes in oula@aand in the Andromeda
Galaxy. | will move then to the analysis of the angular powgecirum of anistropies in
the gamma-ray emission. After that the galactic foregrofehue to cosmic rays interacting
with the Galactic interstellar medium) is subtructed froomap of the gamma-ray sky, a
residual isotropic background remains, called Extra-@al&osmic Gamma-ray Background
(EGB) and measured by EGRET. The Fermi LAT satellite willis@oovide a more precise
measurement of the EGB and | will present here predictiomsvsiy that the DM can
contribution to the EGB flux and that its presence can be teec the analysis of the angular
power spectrum of the EGB. Both Galactic and extra-gal&ticsubstructures are taken into
account, the first dominating the angular spectrum at lowtipales. This thesis is based on
the projects | have been involved in during my Ph.D. and | wmidlinly present results already
discussed in those papers where | am among the authors.
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Abstract

L'esistenza della Materia Oscura (MO) e sostenuta da mladieevidenze, ottenute con
I'utilizzo di tecniche sperimentali diversificate e commilentari. La densita energetica della
MO risulta spiegare quasi un quarto della densita di enedgill'intero Universo. Essa
risente prevalentemente della gravita interagendo sholdhente tramite interazioni nucleari
ed elettromagnetiche. Seguendo l'ipotesi che la pardicdlIMO sia anche la sua stessa
anti-particella, una strategia per ottenere informazgnicome e distribuita la MO e, piu
in generale per dedurre alcune delle sue proprieta, dagdelcercare i suoi prodotti di
annichilazione. E questa I'idea che sta alla base deileelazione indirettadi MO. Nella
presente tesi di dottorato mi limitero all'annichilazeodella MO in raggi gamma e verranno
discusse le previsioni per ottenere una chiara segnatlleaptesenza della MO dall’analisi
dei segnali gamma. Essendo il flusso di annichilazione pripaale alla densitaa di MO al
quadrato, gli obiettivi principali della rivelazione indita sono il Centro Galattico (a causa
della sua vicinanza e della grande quantita di MO stimal@yalassie sferoidali nane presenti
all'interno della Via Lattea (a causa del loro alto rappani@ssa su luce). Gli dati sperimentali
attuali provenienti da queste due classi di oggetti, nom stati in grado di rivelare un chiaro
segnale della presenza della MO, ma solamente di fornirdirdéi superiori al flusso di
annichilazione. Presenter0 in questa tesi due stratdégimative in grado di identificare
delle segnature piuttosto chiare della presenza della M@vatso le quali sara possibile
distinguere il segnale di annichilazione dal fondo gammal pMimo caso mi focalizzero
sull’effetto che i buchi neri possono avere sulla distribuzione dipd@ando alla formazione
di sovra-densita. Il meccanismo pitiieente e quello della contrazione adiabatica attorno
ai Buchi Neri SuperMassici, capace di produrre grandi irevalenti nella densita di MO
chiamatespikes D’altro canto, lo scenario piu plausibile &€ quello detkni-spikesattorno

ai Buchi Neri di Massa Intermedia e verranno presentateigosy per la rivelazione della
MO nelle mini-cuspidi della Via Lattea e della galassia didkameda. Mi focalizzero
poi sulla seconda alternativa, lo studio dello spettro &rgodi potenza per le anisotropie
nell’emissione gamma. Dopo che il contributo Galatticovigo all'interazione dei raggi
cosmici con il mezzo interstellare Galattico) e statorstith dai dati di EGRET, un fondo
isotropo residuo rimane, chiamato Fondo Extra-galattieen@®a (FEG). Il satellite Fermi
LAT fornira nell'immediato futuro una nuova stima del FE@ & mostero, negli ultimi
capitoli, come la MO possa contribuire al flusso del FEG e clanseia presenza possa essere
rivelata nell'analisi del spettro angolare del FEG. Venmarconsiderate allo stesso tempo
sottostrutture Galattiche ed extra-galattiche, dove leng@rconstituiscono la componente
principale dello spettro angolare a bassi multipoli. Qaéssi € basata sui progetti nei quali
sono stato coinvolti durante il mio dottorato e present&ltati gia discussi in quei lavori
per i quali figuro tra gli autori.
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Abstract

L'existence de la Matiere Noire (MN) est supportée parm@sbreuses preuves, obtenues a
travers des techniques expérimentalgiedentes et complémentaires. La densité d’énergie
de la MN est supposé expliquer presque un quart de la @attigitergie de I'Univers entier.
Elle ressent principalement de ffet de la gravité et elle interagit seulement faiblement a
travers les interactions nucléaire et electromagnéticgious I'hypothese que la particule de
MN soit sa propre anti-particule, une fagcon d’obtenir désiimations sur la distribution de
la MN ou, en general, de déduire quelques caractérigigest de rechercher ses produits
d’annihilation. Il s’agit de I'idée sur laquelle est basia détection indirecte de MN. Dans
cette thése je vais me concentrer seulement sur I'antidnlde la MN en rayons gamma et
je vais examiner les perspectives pour obtenir une clagneasiire de la présence de la MN
par I'analyse de I'émission gamma. Comme le flux d’anntlolaest proportionnel au carré
de la densité de MN, les plus naturelles objectives pouétadlion indirecte de MN sont le
Centre Galactique (a cause de sa proximité et de I'abaredde MN estimeé) et les galaxies
spirales naines de la Voie Lactée (a cause du grand rappoigie sur masse). Les données
expérimentales actuelles de ces classes des objets nenpguas fournir une preuve de le
présence de la MN, mais ils ont seulement fixé des limitpgseures au flux d’annihilation.
Dans cette thése je vais présenter deux stratégieaaiters capables d’identifier des claires
signatures de la présence de la MN, a travers lesqueBesdlpossible de distinguer le signal
d’annihilation du fond gamma. Dans le premier cas, je vaiscoreentrer sur I'fet que
les trous noirs peuvent avoir sur la distribution de la DM emrfant des sur-densités. Le
mécanisme plusficace est la contration adiabatique autour des Trous Nopser$lassifs,
capables de produire des grands augmentations de laadesNIN appeléespikes D’un
autre coté, le cas le plus vraisemblable est celuirdes-spikesautour des Trous Noirs de
Masse Intermédiaire et je vais presenter des perspegoasia détection de MN dans le
mini-cuspides de la Voie Lactée et de la Galaxie d’AndrdeéeEnsuite je m’occuperai de
la deuxieme alternative: I'étude du spectre angulairgpuiesance pour les anisotropies de
'émission gamma. Apres la soustraction de la contrdoutbalactique aux données EGRET
(en raison de I'interaction des rayons cosmiques avec leemoyerstellaire Galactique), un
fond isotrope restera, appelé Fond Extra-galactique GafB&G). Le satellite Fermi LAT
fournira bientot une nouvelle estimation du FEG et, damelaiers chapitres, je vais montrer
comment la MN peut contribuer au flux du FEG et comment saepi@Espeut étre detectée a
travers I'analyse du spectre angulaire du FEG. Au mémedédessous-structures Galactiques
et extra-galactiques seront considérées, en condtjtieamremiéres, le composant principal
du spectre angulaire aux multipoles inférieurs. Cetés¢hest fondée sur les projets ou jai
travaillée pendant mon doctorat et les résultats que jg pasenter sont déja discutés dans le
papiers dont je suis co-auteur.
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Introduction

The pages you are about to read form the final thesis for my.Rh.Dheoretical Physics at
the Physics Department of the University of Padova. ProftoAim Masiero has been my
supervisor and | also had the opportunity of working withi@ianco Bertone in Padova and
at the Institut d’Astrophysique de Paris.

The main topic of this work is the detection and identificatmf Dark Matter (DM),
mainly through what is callethdirect detectioni.e. the search for the particles produced by
DM annihilation and the attempt of using a possible detectminfer the properties of the
DM itself.

During the three years of my Ph.D., | was involved offietient projects related to indirect
DM detection that gave me the possibility of collaboratewnitany physicists from elierent
countries and to see some papers with my name published anXhe(http;/arxiv.org) and
on international journals. The arguments that will be pnése in this thesis are essentialy the
subjects of my previous works. So, except for the introdurctin standard Cosmology and
evidences DM, this is just an attempt to unify all my papergtem during the Ph.D. years in
a more compact and complete essay.

They are the following:

e Paper I: Fornasa M, Taoso M and Bertone G, 2@Bamma-rays from DM mini-spikes
in M31, published in Physics Reviely 76:043517, preprint astro-fiv03757.

e Paper II: Fornasa M and Bertone G, 20lack Holes as annihilation Boosters
published in International Journal of Modern Phydic$7:1125, preprint 0711.3148.

e Paper llI: Bringmann T, Doro M and Fornasa M, 200&rk Matter signals from Draco
and Willman 1: Prospects for MAGIC Il and CTAublished in Journal of Cosmology
and Astrophysics 01:16, preprint 0809.2269.

e Paper IV: Fornasa M, Pieri L, Bertone G and Branchini E, 2088isotropy probe of
galactic and extra-galactic Dark Matter annihilationsubmitted to Physical Revield,
preprint 0901.2921.

The thesis is organized as follows: Chapter | introducedrdmmework in which DM
indirect detection and are located. It is a very brief ovawiof the standard model of
Cosmology, where | also try to present some experimentdbedes on the existence of DM.
The attention, then, focuses on some of the best-motivatédvadely-used DM candidates.
A particular attention is reserved to the neutralino andllsummarize the very basic notions
of SuperSymmetry, too.

Chapter Il deals more in detail with indirect DM detectiorgfiding the annihilation
flux and the terms to which it depends. The case of DM annibiiatin the Galactic Center
(GC) will be then considered: it represents a natural sofocéndirect DM detection and
| will present the results of some papers predicting the katation flux coming from that
particular direction in the sky. From an experimental pahtview, gamma-rays have been
detected from the GC, both by EGRET (htteww.cossc.gsfc.nasa.gmossgegret) and by
Air Cherenkov Telescopes (ACTSs). | will discuss these dataraotivate the reasons of why
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they are not usually interpreted as DM signals. The topid¢kede first two chapters have not
been subjects of my work during the Ph.D., thus | will simpiggent results in the literature
that | believe to be important in order to fully understand tbllowing chapters.

On the other hand, starting from Chapter lll, some of theltegtom my papers will
be discussed: in Chapter Il the attention will move to arothptimal target to detect the
presence of DM, the dwarf Spheroidal galaxies (dSphs) ofMNé In Paper Ill, Torsten
Bringmann, Michele Doro and | computed the prospects forditection of DM from the
halos of two reference dSphs, Draco and Willman I. Our aim wgsrovide an update on
the possibility for ACTs to detect DM from dSphs and, in thestest, we summarized the
principal characteristics of an ACT, emphasizing the etgetanproved performances of the
next generation of ACTs, MAGIC Il and CTA. Moreover, for thesfitime in an analysis of
this kind, we included the contribution of Virtual InterrBdemsstrahlung which was recently
proved (Bringmann et al. 2008) to be useful in the identifazabf DM from the analysis of
the energy annihilation spectrum.

In Chapter IV and V, | will write about Black Holes and theiroperty of being
Annihilation Boostersi.e. the &ect that they may have on the distribution of DM creating
overdensities and hence boosting up the annihilation fluxs fias been also the subject of
Paper Il (by Gianfranco Bertone and 1), on which these tw@tdra are based. In particular
Chapter IV will be dedicated to the case of SuperMassive lBHlales (SMBHSs) hosted at
the center of galaxies and clusters of galaxies. The latgssiting &ect will be due to the
so-calledadiabatic compressioproducing density enhancements cakdpikesthat result to
be very delicate and sensitive to the evolution of the halo.

On the other hand, Chapter V studies tiEeet of Intermediate Mass Black Holes
(IMBHS): in this case adiabatic compression lead to the &irom of smallermini-spikes
The detection of a DM signal from mini-spikes will be discedsalso referring to Paper
I, where, with Marco Taoso and Gianfranco Bertone, we stlithe prospects of detecting
IMBHSs from the Andromeda galaxy.

Finally, in the last chapter (Chapter VI), | will present thesults of my most recent
paper (Paper IV) written in collaboration with Lidia Piefgianfranco Bertone and Enzo
Branchini. It is based on an alternative approach to thectieteof DM since it is proposed
to detect a DM signature from the analysis of the angular pewectrum of the anisotropies
in the gamma-ray emission. Annihilations within the Gatabialo and its subhalos will be
considered and also the contribution of extra-galactic DMctures. We will see that the
DM presence can be detected over the contribution of the@sgsical background from the
analysis of the angular spectrum as it will measured by tlo@-swailable data of the Fermi
LAT telescope (httg/www-glast.stanford.edu).

This thesis is not going to represent a conclusive discassiindirect DM detection:
the subject is quite vast, touchingf@irent disciplines on which | am not an expert. Anyway,
the organization of this essay is thought to follow a prepisth and | will try to motivate the
different steps that form this path, giving you at least a look batwhe indirect detection of
DM is.
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AstroParticle issue
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1. Overview of Standard Cosmology

In Standard Cosmology, one of the key ingredient for the mijgsen of our Universe and its
evolution is the metrig,,, which, following the prescriptions by Friedmann, Robentsind
Walker for an homogeneous and isotropic Universe, can kganras follows

d€ = —cdt? + aX(t)[d> + dy? + dZ]. (1)

c is the velocity of light anda(t) is called thescale factorand has the dimension of a
length, so that the spatial coordinatds,dy, d2) have no dimensions at all. The scale factor
depends on the time variabtt and accounts for the expansion of the metric: a particle (a
star, for example) can move with respect to the coordinati(groper motion) or can simply
follow the evolution of the griddovariantmotion). In that case its spatial coordinates remain
the same.

The expansion of the metric has been introduced to matclattiéifat the Universe itself
is in an expansion phase as it was suggested by the Hubblelzavt for a handful of near
objects, the light that we receive from all stars and gakgeedshifted proportionally to the
distanced of the particular object from us, distant stars exhibit éargedshifts than nearer
stars. The redshift is a consequence of the Dopgteceso that larger redshifts correspond
to larger velocitiey. Finally we end up with the Hubble law:

d = Hov. )

Ho is the Hubble constant, parametrized as h@n s *Mpc. The most recent estimate
of h comes from Komatsu et al. (2008) and is equal t&@ + 0.013). The correlation
between velocity and distance can be seen in Figure 1, taterthe original paper by Hubble

(Hubble 1929).
Instead of the actual velocity, the redstaftself is often used in Equation (2):
do
l+z=—, 3
+2 3 3)

being a, the scale factor today. The Hubble law can be derived, in thglsst
form of Equation (2), assuming that stars move with the canggrid of the Friedmann-
Robertson-Walker (FRW) metric so that, beinghe comoving distance costant with time,
v=d = ar = (a/a)d = H(t)d. H(t) is called the Hubble parameter beiHg its value today.

Besides its metric, one should also define the shape of theetés. As stated by
the theory of General Relativity, the shape depends on treuabhof matter present in the
Universe. More precisely the Universe is flat if the averagergy density is equal to the
critical valuep.;,, close (or positively curved) if it is more dense than, and open (or
negatively curved) if it is less dense. The critical densitgqual to 138x 10'M,pc 3 today
and, since the measurements of the total energy densityaiteda value very close @,
(Komatsu et al. 2008), the Universe results to be flat.

The evolution of the scale factor is governed by the Einséginations which, in their
most general form, are

Gy = 8nTy,. 4)
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Figure 1. Velocities of distant galaxies (units should be kmh)splotted vs. distance. Solid
(dashed) line is the best fit to the filledopeno) points which are corrected (uncorrected) for
the motion of the Sun. Taken from Hubble (1929).
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G, is called the Einstein tensor and can be derived from theicnathile T,, is the
energy-momentum tensor and depends on the matter comgagmesent in the Universe. The
fact that the metric and the energy (or matter) content da¢e through Equation (4) is one
of the most relevant fact of General Relavity. In the earlyvdrse all matter components
(photons, electrons, Dark Matter particles, etc.) are sspg to be in thermodynamical
equilibrium one with the other, so that they are describechbmogeneous and isotropic
fluids with energy densities that only depend on the time his $imple scenario, Equation
(4) becomes

a 881G

a- 3" ®)
a 4nG

S =3 (0+3p), (6)

for which we assumed a flat geometry for the Universe and foneadal units are used
(I will keep using fundamental units for whidh= ¢ = kg = 1 if not differently indicated)G
is the fundamental Newton constant andndp are, respectively, the average energy density
and pressure. ThreeftBrent types of matter can be distinguished based on the veay th
energy densities evolve with the expansion of the Universe:

e photons and all massless particles, whose energy densilyesvasp, (t) « a™(t) due
to the fact that, while the Universe expands (and the unitmel goes aa’(t)), also the
photon frequency evolves with 1/a.

e all the remaining massive particles, with energy densiipgasom(t) o« a=3(t).
e Dark Energy remains constant with timmg = const.

In Equation (5) and Equation (6), when the enepgyr the pressur@ are present, the
sum over these three forms of matter should be considered.
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The diferent evolution behaviours of the components of the Unevargly that it is
possible to determine an epoch where the total energy gemag dominated by photons
(also called genericallyadiation) and all other forms of matter were less relevant. Such
epoch ended when the radiation energy density was so diltatenatch the value for massive
particles (here called generaltyattel). This happened at thequality a, (aroundz ~ 10%),
after that the matter was the main component in the Univétsety recently when even the
matter density was overcome by Dark Energy, which accoodiytfor almost three quarters
of the energy budget.

From simple thermodynamical considerations (for more idetee, e.g., Dodelson
2003), a fluid of relativistic particles in thermodynamiegjuilibrium has an energy density
proportional to the fourth power of the temperature (adfuthls can be thought as a definition
of the temperature of the fluid). The expansion of the scatéofaand the decrease in
the energy density are therefore accompained by the Ueivaesoming cooler. Back in
the radiation-dominated phase, the energy density wasgto(lnie can also re-phrase this
last sentence, simply saying that the Universe was so mutterhthat all particles were
relativistic. Collisions among particles were able to ntaiim thermodynamical equilibrium,
but as the temperature decreased, the cross section fisiawdl became so low that thermal
equilibrium could not be maintained any longer. It is thecatled freeze-outand, as an
example, let me consider the case of the reaction betweetiggls and neutrinos + ve <
€ + ve: With the temperature going down, also the cross sectiothisrreaction decreased
to a point that equilibrium could not be maintained anymaenveen the two species. They
freezed-out and continued separately their evolution. tA@oway of considering this, is
thinking that the Universe was expanding too fast so thdisomhs were not frequent enough
to keep the two species in equilibrium. In fact, it is usualtynsidered as a criterion to
understand when freeze-out happens, determining the ntavhen the expansion rate equals
the collision rate:nov ~ H, nis the number density and(t), being defined aa/a, is the
expansion rates- andv indicate respectively the cross section and the relatilecitg of the
interaction.

| described the freeze-out (or decoupling) in the case oftieeaction between electrons
and neutrinos, but the same happens for all the fundamepeagies that are initially in
thermodynamical equilibrium. One of the most relevant dediog is the one between
electrons and photons, which is also calledombination It happens when the scale factor is
equal toa,, aroundz ~ 10° in the matter-dominated epoch. Aftay, photons are completely
decoupled from all others species and simply travel undistal without interacting with
anything, becoming cooler and cooler as the Universe exparidhe radiation emitted at
recombination is what we saw when the Cosmic Microwave Bemkgd (CMB) Radiation
was detected for the first time in 1964: itis precisely thekibody radiation predicted for the
photon fluid which has expanded and cooled till reachingy@d&mperature of = 2.725 K.

The detection of an isotropic radiation coming from opp®sirections in the sky, as it
is for the CMB, led to thénorizon problemhow can regions what have been in causal contact
only recently exhibit the same black-body spectrum for tMB2 A possible solution for the
horizion problem (sketched in Figure 2) is a very early epofciiccelerated expansion called
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Figure 2. left panel: the shaded area indicates the region within ¢timeowving horizon, with
the Earth at the center. Points inside the comoving horizenracausal contact. The CMB
emerges from the Last Scattering Surface (LSS) at the reicatitn epoch and travels till
reaching the Earth. Two filerent regions from the LSS, therefore, can have entered the
comoving horizon only today (or recently). The horizon genb is the fact that these two
regions exhibit the same black-body spectrum for the CMihtrpanel: a very early epoch of
accelerated expansion (markieflation) with a consequently enlarged comoving horizon, can

solve the problem. Taken from Dodelson (2003).
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inflation: during this phase, regions that were in causal contactlexitomoving horizon (the
maximal distance traveled by the light till today), renerionly recently, after inflation is
finished and the Universe has followed the evolution | déscrbefore. Therefore, the reason
why these regions are characterized by the same tempefatuihe CMB resides in the fact
that they have been in causal contact long ago, before orilati

We do not have conclusive evidences for the theory of infhatibdonetheless much
attention has been dedicated to it with many groups workingheories of inflation all
around the world. In fact, inflation not only represents aisoh to the horizon problem but
also provides us with a mechanism to account for the peftiorsmthat have been detected
in the temperature of the CMB. Its isotropy, in fact, is psecbut small perturbations,
of the order of one part over $thave been detected. A full-sky map of the CMB
radiation, as it has been measured by the Wilkinson Micrewaristropy Probe (WMAP
http;y/map.gsfc.nasa.gavews), is presented in Figure 3.

The overview | made for the evolution of the Universe, staytivith the FRW metric in
Equation (1), is based on hypothesis that the Universe isolgemeous and isotropic, which
works well, above all for the early stages. Beyond this apipnation there are fluctuations in
the matter density (which cannot longer be considered asmogeneous fluid described only
by its energy density(t)) and in the metric, being these two connected one with therot
Understanding the evolution of fluctuations is a very irdérgy and well-developed field.
Inflation is able to provide initial conditions to this scema anisotropies in the radiation
temperature field, produced in the inflation epoch, will geadlill today and what we see
in Figure 3 is an image of these fluctuations at the momentafrmdination when photons
decoupled from electrons.
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Figure 3. Image of the anisotropies of the CMB radiation as measured/MAP (5 year
release). Taken from htijpmap.gsfc.nasa.ggmedig080997index.html

In the matter density (meaning now, everything that is ndiatzon or Dark Energy)
the fluctuations produced during inflation started to grow ttugravitational attraction when
the Universe became matter-dominatad>(a.,), they soon left the linear regime, becoming
larger and larger and being responsible from the highly lngear structures that we detect
now in the Universe as galaxies and clusters of galaxies.

2. Dark Matter evidences

In the previous section, | briefly reviewed the history of theiverse, always assuming that
the matter densityn(t) plays a significant role in the evolution of the cosmos arad ¢hbig
part of what we called “matter” is due to DM.

However, only recently the community reached a quite laggesensus on the existence
of this fundamental component of the Universe, a fact thahtboubtedly due to some strong
evidences coming from flerent research areas and obtained witfiedent experimental
techniques (for a recent review, see Bertone, Hooper & S1052.

The first time that the existence of DM was proposed (and thel vidark Matter” was
used with the modern meaning) was by F. Zwicky in the studii@f@oma cluster (also known
as Abell 1656 (Zwicky 1933, Zwicky 1937)). He argued thaeniig the mass of clusters of
galaxies from the detection of the luminous component atetrial rotation, can only lead to
a lower limit on the mass of the cluster. On the contrary hepgsed a strategy based on the
virial theorem so that, from a measurement of the velocgpeision of the galaxies belonging
to the cluster, it is possible to infer the value of its totalss. This approach remains valid (at
least as an order of magnitude estimate) even if the hypietbésquilibrium for the cluster
is relaxed. The value Zwicky found for the mass of the Comateluwas~ 200 times larger
than what usually assumed considering only the luminouspoco@nt. Therefore he claimed
the existence of a new form of non-luminous matter able tdagxghe large value he had
found for the mass of Coma.

Nowadays additional evidences have accumulated, favgptni& presence of DM at all
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scales, from cosmological distances and all the way dowalacgc scales. In the remaining
part of this section, | am going to present some of these eeile obtained by the analysis
of the CMB radiation, gravitational lensing or the studylod rotation curves of galaxies.

However, a conclusive evidence for DM (and hopefully thet filstermination of its
characteristics) will be asserted when an incontrovertsiignal will be produced in one of
the three “classic” channels for DM detection:

e production of the DM particle at colliders. It has been pcéelil that the recently activated
Large Hadron Collider (httppublic.web.cern.ctPubligfr/LHC/LHC-fr.html) may be
able to produce some of the most studied DM candidates. Tpesieles, due to their
very low cross section, will soon leave the detector, remgahemselves only through
unbalanced, missing energy. In this case, it will be readgto pin down the presence of
DM, since missing energy is the typical signature of manyades for physics beyond
the Standard Model.

e direct detection of DM. When a DM particle passes through Heth, it can
interact with the nuclei of a detector and deposit a small amof energy of the
order of the keV. Cryogenically controlled, undergrouncbexments as XenonlO
(httpy/xenon.astro.columbia.efuor COUPP (httgywww-coupp.fnal.goy) can detect
such small deposits of energy and potentially infer DM props. The italian
DAMA collaboration (www.Ings.infn.fingghtextgdamd) recently published results for
a detection of DM by the DAMALibra experiment (confirming and extending their
previous results in Bernabei et al. 2008) sensitive to thmiahmodulation of the DM
flux on the Earth. Their claim still remains controversiakedio the fact that other
collaborations tested the region in the parameters spacat (east a large fraction of
it) where the DAMA collaboration detected a signal, wihounding a correspondent
detection.

e indirect detection of DM. The topic of this Ph.D. thesis: DBMrevealed through the
detection of the products of its annihilation, mainly gamrags, positrons, anti-protons
and neutrinos. In this case large attention should be redetw the analysis of the
background since one has to be able to distinguish a DM sigyralother astrophysical,
less exotic sources. This is why, in order to use indirecéct&n as an evidence for
DM, particularly characteristic signatures have to be thwas e.g., a class of gamma-ray
sources with the same cuffan the energy spectrum or a clear feature in the angular
power spectrum of gamma-ray emissivity.

2.1. Angular spectrum of anisotropies in the CMB radiation

The analysis of the angular spectrum of anisotropies of @& Cadiation (see Figure 3) is
one of the most striking result of physics for, at least, Hst Hecade. In particular, it provides
us with a value fo), h?, the ratio of the average DM densijty to the critical energy density
Puios SO that it can be considered one of the strongest evidemcbda@xistence of DM (for
the latest release of WMAP data, see Komatsu et al. 2008).
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As we have already mentioned, the CMB radiation was emitteth@ moment of
recombination when the primordial plasma of photons (imrtteg equilibrium and, therefore,
radiating as a black-body) decoupled from the electronspmsitrons and propagates till us
becoming cooler and cooler. In fact today, the photons ofGMB exhibit a black-body
radiation spectrum with a very low temperatureTof= 2.725 K. Little fluctuations in the
temperature of the CMB, around the isotropic valu& 6f 2.725 K, have also being detected,
so that, photons are hotter when arriving from some regiorke sky with respect to other
regions. These fluctuations are very small (of the order efgart over 18) and they can be
seen in Figure 3 as they have been measured by WMAP.

Following the standard explanation, these little aniqutge are produced, as quantum
fluctuations, during the inflationary epoch and are usuatotnposed in their Fourier modes,
so that the wave vectdk is used to characterize fluctuations with wavelength eqoal t
A = 2x/k. During inflation the Universe expands so quickly that altfiiation waves of
cosmological interest fall outside the horizon, i.e. ararahbterized by a wavelength that
is larger than the comoving horizon. Modes larger that thézbo are freezed and cannot
evolve until inflation ends and the comoving horizon staltsvly to increase again so that
the mode will finally re-enter the horizon. The exact momenéwthe perturbation re-enters
the horizon depends, of course, on the wavelength of theipations: large scale modes
(smallerk) re-enter later than small scale modes (ldeg@Vhen causality is recovered and the
perturbation is within the horizon, it can start to evolva|dwing prescriptions that depend
on the patrticular epoch of the history of the Universe (efytheé perturbations re-enters
the horizon before or after recombination, or if the Unieeis in its radiation- or matter-
dominated era).

The amplitude of a sub-horizon perturbation in the dendigghmtons (and consequently
in their temperature) oscillates during matter domina¢iog 10%) so that the power spectrum
of fluctuations at recombinatioa, (z ~ 10°) will be a series of peaks and valleys (see
Figure 4) as a consequence of théfefient moments that fierent modes re-entered the
horizon (for a more detailed description on the evolutiopmiordial fluctuations, see, e.g.,
Dodelson 2003). More precisely, instead of the wavevectdne multipolel is present in
Figure 4, since the temperature map is considered in itsaeasition in spherical harmonics.
Each mode will then correspond to a fluctuatioranfularscale equal to2/¢.

At a first approximation the height of the peaks in the angsfactrum should be
constant. But two additionabects have to be considered:

e first of all the presence of DM: at recombination DM is alreadiycoupled from
radiation and it is characterized, as radiation, by smaitypeations with respect
to the homogeneous energy density. These pertubationghwhem-selves evolve,
gravitationally influence the fluctuations in the radiati@mperature. One can think
that taking DM into consideration corresponds to “streegththe dfect of gravity.
The odd peaks in the angular spectrum of Figure 4 refer tmnsgivhere the photons
are overdense: considering DM will make the potential wekeper so that these
overdensities tend to be even denser. On the other hand, me@ks indicates
regions where the density of photon is suppressed (one gheuhember that the
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Figure 4. Angular power spectrum of anisotropies in the CMB radiatibata refers to the
5th data release from WMAP. Taken from hftmap.gsfc.nasa.ggvewgindex.html
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angular spectrum gives the fluctuation amplitude squardsb#o positive and negative
fluctuations appears as peaks): gravitational attracti@Mwill contrast the smearing
effect of pressure radiation with the consequence that theserdensities are somewhat
mitigated. The netféect of introducing DM is that odd peaks result to be higher and
even peaks lower, as it can be easily seen it Figure 4.

e thermodynamical equilibrium in the photons is maintaingabllisions. Between two
collisions a photon, on average, covers a distance equadtae¢an free pati,-» which
depends from the baryon density (a larger baryon densitgsponds to a smalley).
As a consequence a density fluctuation with a wavelengthlenhbht the photon mean
free path cannot propagate and its amplitude will be sugpresThis is why all scales
larger than a certain multipole in Figure 4 are damped.

With this brief and incomplete description of the CMB anguspectrum, | simply
want to stress that the physics of CMB perturbations dependdifferent €fects and in
particular is very sensitive to the composition and the prbes of the early Universe.
The curve in Figure 4, therefore, represents a very richcgoaf informations. The most
important to us are the density ratigh? for DM and for baryons, being equal, respectively
to Q,h? = (0.1099+ 0.0062) and,h? ~ 0.0023%, proving that DM is a large component of
the Universe and that it has a non-baryonic nature. The \@ltlee baryonic density agrees
from what predicted by Big Bang nucleosynthesis (Yao et@D&).

1 these values at taken from Table 1 of Komatsu et al. (2008)epresent the result to a fit only to the WMAP
data, in contrast with the case where data from the matteepspectrum, as e.g. from SDSS (see Section 2.2),
are considered.
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2.2. Large Scale Structure

Maybe the strongest evidence in favour of DM is the fact tlaaybnic structures (from the
large scales of clusters of galaxies to the smaller scaleslaf systems) exist. This would
have not been possible without DM.

During the matter-dominated epoch before recombinatioa,fiuctuations in the DM
density grows proportionally to the scale fac®r « a. In the meanwhile radiation
perturbations oscillate forcing the perturbations in tlaeybn density to do the same since
photons and baryons are tightly coupled before recomlainatihis coupling comes to an
end at the moment of recombination and the baryons, free fealiation pression, are free
to grow. Gravitationally fiected by the potential wells created by DM (which have become
deeper and deeper), the amplitude of their fluctuationsexplerience a rapid growth in order
to match the amplitudes of DM fluctuations and they will thelhdiw the evolution of DM.

Froma, andz ~ 1, baryonic perturbations (starting with an amplitude ibavhat we
detect in the CMB) have just enough time to become non-liaediform collapsed structures
as we see now everywhere in the Univere around us. Without th&te would have been
nothing driving the rapid growth phase just after recomtiamaand baryonic fluctuations
would not have time to grow (by themselves) till reachingiaearity.

Therefore, cosmological informations can be extractedhgy @nalysis of the matter
fluctuations too, as it has been done for the CMB radiatiore $loan Digital Sky Survey
(www.sdss.orf) extensively scanned the sky and detected almost 1 milligakaxies (over
more 300 millions of objects) atfllerent redshifts (Abazajian et al. 2008). The survey can be
used to extract the three-dimensional power spectrum demffuctuations (see Figure 5).

The theory of inflation predicts that the power spectrum thba a Harrison-Zel'dovich-
Peebles one, proportional to the third power of the wavevdB(k) o« k%) at small scales and
exhibit a turn-over at large scales in correspondence ostlé of the fluctuation that re-
enters the comoving horizon exactly at the moment of equaljt(Dodelson 2003). The
exact location in time of,, depends on the components of the Universe so that fitting the
galaxy power spectrum and determining the position of the-twer, one can estimate the
cosmological parameters in an independent way than witariag/sis of the CMB (Tegmark
et al. 2004, Tegmark et al. 2003). Usually these two sources of informations are combined
to narrow down the uncertainty on the determination of thealogical parameters.

2.3. Gravitational weak lensing: the bullet cluster

After a cluster of galaxies has reached a well-relaxed cordigpn, all its components,
namely the luminous galaxies, the interstellar medium &edDM halo, are characterized
by a distribution that peaks in the same point at the centénetluster. This is not true in
the case that two clusters are colliding: in that case thexged population and the DM halo
would react in a similar way as a collissionless fluid, almudtinfluenced by the collision,
while, on the contrary, the interstellar medium (hot plasha@d emits X-rays) experiences ram
pressure and its distribution is strongly influenced by thlésion. An example is the famous
bullet clusterlE0657-558 at redshit= 0.296. In the right panel of Figure 6 an optical image
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Figure 5. Data indicate the three-dimension power spectrum of gasags measured by
the Sloan Digital Sky Survery (SDSS). The inner blue erroncbandicate the & error

on the spectrum estimated with a Monte Carlo Markov Chaihriepie implementing also
constraints from WMAP. See Tegmark et al. (28p#r additional informations. Taken from
Tegmark et al. (200=).
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Figure 6. right panel: color image from the Magellan images of the 150658 cluster. left
panel: a 500 ks Chandra image of the same cluster. Shown ém gantours in both panels
are the weak lensing reconstruction contours with the outer contour levet at 0.16 and
increasing in steps of.07. The white contours show the errors on the positions ok feaks
and correspond to 68.3%, 95.5% and 99.8% confidence levéls.white line on the right
bottom indicates 200 kpc at the distance of the cluster. Téken Clowe et al. (2006).
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of the cluster can be seen, while, in left panel, the Chafindtia//chandra.harvard.edumage
shows the distribution of the interstellar hot medium. Themieature of this second image is
the shock wave in the western side (on the right in the figuré)eplasma, a clear evidence
in favour of the on-going collision between two sub-unitsnaaller cluster passing through
a more massive structure (on the left). From the analysib®ftémperature gradient near
the shock is possible to estimate that the smaller subclustaoving away from the larger
companion at a velocity of 4700 km's

Recent observations of clusters suggest that their massade of ~ 1% of baryons
observable in optical and infrared data, 11% of baryons observable in X-ray and the
remaining~ 88% is accounted by the DM (Allen et al. 2002). On the confrdrthere is
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not DM, the hot plasma would be responsible for the majoritthe mass in the cluster. As
a consequence, if it was possible to obtain data on the lalision of the total mass of the
cluster, we would see it peaked at the same position of thénlwms matter in the case that
DM is there (DM, as galaxies, is collisionless and theirristtions should be similar) while,

on the contrary, if there is not DM, the total mass of the @dushould track the X-ray emitting

plasma, being distributed as the right panel of Figure 6.

Gravitational lensing can provide this kind of informatjopeing sensitive to mass
independently on the its nature. The idea comes from GeRealaltivity and is based on the
fact that light coming from a distant source is deflected g9mag close to a massive object so
that, when it arrives at us, the image of the original sousrel® displaced respect to its true
position and also distorted (stretched towards the cemtbealeflecting object) and enlarged
(preserving it surface brightness). The deflector acts erigiint in the same way of a lens,
and both displacements and deflections on the path of thithighpasses close to it, can be
used to infer properties on its mass.

The dfect can be large with the formation of multiple images or ewidarcs, but also
very small as in the case of weak gravitational lensing, fbicl a significant signal can be
obtained only statistically from the analysis of a large temof images.

In Clowe et al. (2004) and Clowe et al. (2006), the authorssictared a population of
vary far away elliptical galaxies and analyzed the imagabe$e galaxies in the region near
the bullet cluster. The alignement and the size of the @ligtin these images (once corrected
for smearing by the Point Spread Function) can be conneotdketgravitational potential
that causes the lensingfect (i.e. the gravitational potential of the cluster). Intgaular the
observable is the reduced shgar

—

Y
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with ¥ (calledsheal) being the amount of anisotropic strectching detectederirttages
andx (calledconvergencedescribes how the image of the galaxy is increased in sied@u
the gravitational ffect and it is directly related to the surface density of thesleThe final
results, therefore, aremaps (as the green contours in Figure 6) indicating theiloigion of
the gravitational potential in the cluster.

As it can be seen, the convergenceloes not follow the hot plasma and the peaks
(detected by a significance of 8 andolfor the two subclusters) are almost coincident with
the luminous matter, providing a strong evidence in favduhe DM scenario.

2.4. Rotation curves of galaxies

A rotation curveindicates the velocity of a star orbiting in a galaxy vs. itta@nce to the center
of the galaxy itself. The analysis of rotation curves haverbesed as a DM evidence since
long time (Faber & Gallagher 1979, Begeman et al. 1991). Xgadaare examined through
the detection of the 21-cm line of hydrogen and selectioreiga are applied discarding all
objects that show evidences for a non-spherical configaratd that, with remaining objects,
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the velocity can be fully considered as a tracker of the tagtiavitational force through the
simple Newtonian relation
v = 20, ®)

with G the Newton constant of gravitation amdi(r) the mass of the galaxy enclosed
within a distance from the center. If only luminous matter is present in gataxin the outer
region, outside the radius within which this luminous cimttion is distributed, the velocity
should decrease agR) o« r~/2 since moving to larger distances does not include more mass.
On the contrary, measurements clearly show that rotatioresistay flat even very far away
from the center (Begeman et al. 1991).

A constant rotation curve suggests that the galaxy is endgkitda larger distribution of
matter that is not visible and that should roughly followsédial distribution ofo, (r) o 2.
In fact, isothermal models (with a constant DM density in ¢leatral region and decreasing
at larger distances as?) are the first proposed modelizations o halosaround galaxies.
Modern N-body simulations (Navarro et al. 2004, Diemand et al. 200&tead, seem to
indicate that the halo is better described by a Navarro¥¥&hite (NFW) profile (Navarro
etal. 1997):

“1 2
px(r):ps(rL) (1+L) ) (9)

S rS
with a logaritmic slope equal tel in the central region, monotonically decreasing to
-3 in the outer region. The2 behaviour is reached more or less at distances examined by
the rotation curves so that the NFW profile is in accord wittadeom rotation curves. In
Equation (9)r is called thescale radiusand is the distance where the slope is equal2o
andps is linked to the DM density at the center.
More recently large attention was reserved to the Einasthl@r

s -l - o)

which seems to provide a better fit to galaxy-sized DM halosr{it et al. 2005, Springel
et al. 2008). r_, is the distance where the logaritmic slope of the profile isaétp -2 and
a, called theEinasto indexranges from- 0.1 to 0.25.

3. Dark Matter candidates

3.1. Alarge zoo

Larger and larger attention has been devoted to the issudlpinlith the consequence that a
wide range of DM candidates can be found in the literatureh ed them proposed to solve
the DM problem or at least some issues related to it. Someidated are part of a larger

theory, created for reasons that are not directly relatddMoand for which the existence

of a good candidate is a welcome by-product. On the contadingrs proposed particles are
thought explicitly to explain the current DM abundance.
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Different candidates can have versfelient characteristics, with masses that go from the
sub-eV scale to values larger than the TeV, and formatiorhar@ems that can be fterent
from the thermal production that | assumed in the previoas@es summarizing the evolution
of the Universe.

Experimental data and phenomenological consideratiana\ailable, that can constrain
to some extent the properties of a good DM candidate. Inqudati this has been studied in
the recent review by Taoso, Bertone & Masiero (2008), wheeeatthors propose a list of 10
characteristics that a good DM candidate should have: edould be stable, neutral (both
for electrical charge and color), it should be within theitsyposed by astrophysics and so on.

Throughout the rest of the thesis, | am going to concentra@lgnon a particular
class of DM candidtes, the so-called Weakly Interacting $esParticles (WIMPs). The
characteristics of WIMPs are summarized in the next sectibrere | will also describe how
to obtain an estimate of the WIMP relic density today.

Other non-WIMP candidates will not be described here, evethay pass all the
requirements imposed by Taoso, Bertone & Masiero (2008}fadshould be considered, at
all means, good DM candidates. That will be the case of thenaki(or its supersymmetric
partner, the axina) (Sikivie 2006, Ré#elt 2007).

Therefore, after having briefly described the WIMP class,ill anly present those
WIMP candidates that pass the 10 point test in Taoso, Ber@oméasiero (2008): the
lightest neutraling Twhose section will be preceded by a quick overview on Suparsetry,
Section 3.3 and Section 3.4), the first Kaluza-Klein statestlie photony® in theories
with Unified Extra-Dimensions (Section 3.5), the bosonidWRI predicted by Little Higgs
theories (Section 3.6), and very briefly Inert DMy (Section 3.7) and the sneutrino
(Section 3.8). | will not talk about the possibility of a gitiwo DM candidateG (Pagels
& Primack 1982, Berezinsky 1991, Feng et al. 2003).

3.2. Weakly Interacting Massive Particles WIMPs

A WIMP is a generic, stable particle with a mass of the ordethef GeV-TeV and a very
weak cross section with Standard Model particles ¢ 10724 — 1026cm®s™!) that has been
in thermal equilibrium with the primordial photons at sonmoeh of the evolution of the
Universe.

Many DM candidates are WIMPs and this is by far the most ussgmagtion about DM.
The reason is the fact that, quite naturally, without anyher details on the theory of particle
physics that can lie behind a WIMP, the three charactesistiat | mentioned (a thermally
produced, weakly interacting, GeVish particle) can ac¢danthe current DM abundance
and can provide a candidate that may soon be detectable wathse of colliders or both
direct and indirect techniques.

More precisely, a WIMP (I will generically call it Which will refer in next section
to the supersymmetric neutralino) is supposed to be in thkeeaquilibrium with photons in
the early Universe. It follows the same evolution phasesritesd in Section 1 and thus the
homogenous and isotropic fluid of WIMPs cools down as the &hsiv expands. When the
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temperature is too low to maintain a relativistic regimg (< T), WIMPs enter their non-
relativistic phase, their number density suppressed (and at the same time a corresponding
guantity of energy from WIMP annihilations is transferredthe photons) and WIMPs are
described by a Maxwell-Boltzmann distribution:

3/2

e = g(%-r) g™/, (11)
whereg is the number of degrees of freedonf.continues to decrease as the temperature

goes down with the evolution of the Universe, until WIMPselze-out when the expansion
rate becomes larger than the collision réte: nj'o,v, with o-,,v being the annihilation cross
section between two WIMPs andtheir relative velocity in the annihilation. After freeze-
out WIMPs evolve completely decoupled by other particlecgggeuntil they reach the value
for energy density measured today (Komatsu et al. 2008).ly#inally the evolution of the
WIMP number density is determined by the Boltzmann equatidrich can be sintetically
expressed as:

L[f¥] = C[f¥]. (12)

The left hand side is the Loiuville operator acting on the VIPllighase space density
and it describes hovi* evolves in the case of collisionless WIMPs. The right haile son
the contrary, takes into account thieet of collisions. For the FRW metric in Equation (1),
the Boltzmann equation becomes

S+ 3Hn, =~ - ()7, (19
where the term proportional tbl accounts for the fact that evolution occours in an
expanding Universe, brackets denote thermal average and the equilibrium distribution
(which is the phase space density integrated over all phaseescoordinates but time) is
that of Equation (11).
Following Kolb & Turner (1990) the number density is rescilie the comoving entropy
density s and thex variable is preferred to the temperatureaccording to the following

definitions:

Y, =n,/s (14)
~ 271.29*1'3

S= TR (15)

x=m/T, (16)

whereg, is a slightly diferent definition of the number of degrees of freedom (foritigta
see Kolb & Turner 1990). Using the conservation of entropysitg per comoving volume
(s@®=constant), Equation (13) becomes:

dY nrv/
S VA (Bl )
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Another change of variable\( = Y, — Y;%) and the expansion of the thermally-averaged
annihilation cross section in terms of the relative velpcir,,v) = a + b(v?) + O(V*) =
a+ b/x + O(x?) make the equation as follows:

da, dy,*

W = + AX)’ (18)
with

f(x) = 45 mplm(a+ 6b/X)x 2. (29)

From Equation (18) it is now clear that the solution can bdyditally obtained for the
after freeze-out regimg > x = m,/Tg, assuming that the terms proportional¥g and
dY;’/dxare negligible:

dA

d—; = f(x)A2 (20)

Integrating this last equation from the freeze-out epxcto today, the modern value of
Y, (assuming, (c0) < AX(XF)) IS

Y, Y(c0) = 45 “mumxet(a+ 30/ %), (21)

from which the ratio of the DM density to the critical one ritstio be
1.07x 10° GeV'! xe 1
m, \VOxa+b/xe

In Equation (22) | use the fact that, being non-relavistig énergy density of DM is
equal top, = n,m, and thats, = 28892 cn3. The Planck massy, is equal toG~*? and the
number of degrees of freedom is evaluated at the freezesydrature.

Thus, to determine the today relic density of a WIMP, one &hqust determine the
total annihilation cross section (computing the branchat@s to all possible channels) and
obtain the values for the@andb parameters in the expansion of the annihilation crossaecti
The freeze-out temperature can be estimated remembeahgé¢houpling occurs when the
collision rate becomes smaller than the expansion rategchwiranslates in the following
equation to be solved:

eF =c(c+ 2)\/7 >3 g Mm@+ Gb/XF), (23)

g*XF

c is a constant that can be determined in the matching betvireeafter freeze-out and
before freeze-out solution.

From Equation (22) one can also see that the relic densityoiggotional to the mass
of the WIMP and inversely proportional to its cross sectibatl these dependences are not
exact but valid only as a rule of thumb): a larger annihilatooss section translates in a later
decoupling and a consequent smaller relic density todaycasibe seen in Figure 7.

Since we are interested in describing the properties of VMIBsuming a mass of the
order of GeV, the relic density results to be

3x10%cm3st
<0-annv>

Qh? = (22)

Qh* =

: (24)
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Figure 7. Comoving number density for a generic WIMP as a function of the temperature
(encoded in thex = m, /T parameter). Before freeze-out the number density deseesthe
Universe expands following the behaviour of primordial whs. After freeze-out WIMPSs
do not interact anymore and the comoving number density irent@nstant. Increasing the
thermally averaged WIMP annihilation cross sectiogv the freeze-out is retarded and,

consequently, fewer WIMPs are left and the actual relic s lower. Taken from Kolb
& Turner (1990).

ool F ¥ T T TTT] T i s sl o o | y LB S b

0001 r e Kolb Turner
£.0001 F
10 r \
10 "'. \
7 F \h‘\ Increasing <o,v>
10+ §
! \

m-i L\ | | V

IL‘-""F \

Comoving Number Density

u;w’. e PR | A el bi i baal i

- | i
5 P 4
= Cd ol ool ool oo scomt o comd s coml sl icom il ol ssomil i s ool o s s s

10 100

x=m/T (Lime =)

making explicit the so-calle@iVIMP miracle i.e. the fact that, in order to obtain the
exact DM relic density predicted today, the particle shdwdgle a cross section of the order
of the weak interactions, making this scenario experimbnézcessible to the present and
future generation of experiments that are looking for DM.rstaver this approach suggests
the existence of a particle that share the same charaws$ivhat other theories not related
to the DM problem (as SuperSymmetry or models with UEDS) hfe @ predict.

There are situations in which the scenario can strongly atevirom the standard
computation of the DM relic density as depicted before amdfitmal result can substantially
change. This is the case, e.g., of coannihilations: if offaaticlesX,, X5, ... beyond the
standard model are predicted with a mass quite cloge,tanteractions with these more
massive particles are open and kinetically accessiblen®WIMP (Griest & Seckel 1991).
The Boltzmann equation in Equation (13) will bffexted from these extra terms and, in the
hypothesis that all thes¢ particles will sooner or later decay in the WIMP, the finalules
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will depend also on the number density.

In this case one should carefully compute not only the crestians for all the WIMP
annihilation channels but also the possible interactioitis these higher mass. This will
lead to the definition of ffectivea,; andb,; parameters, as in Equation (22). Then, one can
derived the relic density following the same path as befionding a resulting density that can
be either enhanced or damped with respect to the case in whainihilations are neglected.

In particular, this contribution is very important both hretcase of SUSY and for models
with Unified Extra Dimensions (UEDs). For SUSY, the DM rolepksyed by the lightest
neutralinoy? the relic density computed following Equation (22) resuth be usually too
high respect to the current measurements and additionddanesms should be looked for in
order to reduce the prediction fox,h?>. There are regions in the supersymmetric parameters
space where coannihilations are important (the supemraotithe top quark or of the tau
lepton being the supersymmetric particle slightly more massiaa i) and their &ect is
exactly that of reducing the value of the neutralino relinglgy to the value predicted by
Komatsu et al. (2008).

On the other hand, in the case of UEDs (see Section 3.4), dokations (and
loops diagrams) are important to remove the mass degenamaoyg Kaluza-Klein states,
determining the mass spectrum for the model and the reactivet are kinetimatically
allowed.

3.3. SuperSymmetry

The standard model of particle physics, in the formulatigriatashow, Weinberg and Salam
(for extensive description see Peskin & Schroeder 1999) wié introduction of massive
neutrinos, is a theory that received excellent confirmatfoom decades of experimental data.
However it is also well known that the standard model shoeld¢dnsidered as arffective
low-energy theory.

The main issue remains theerarchy problemfor the corrections to the mass of the
Higgs boson (Martin 1997): in fact, radiative loop correos to the mass of this fundamental
scalar field are sensitive to some power of the high-energpfEu\,, of the theory, which
represents the energy scale at which new physics entertetatalthe high-energy behaviour
of the standard model. As an example, if the Higgs bddanteracts with a Dirac fermiorf
of massm; through a Lagrangian three-bodies interaction term+ikef fH where; is the
coupling constant, the correction to the Higgs boson masgalloops where the fermioh
propagate, starts with a terms like:

S, = —@AZ + (25)
H 87'[2 uv
Since the high-energy cutfocan be as high as the Planck mass, this correction can
completely destabilize the Higgs mass, shifting its valpetarthe same scale of,,, out
of the experimental window around 114 GeV. This problem only concerns the Higgs

boson: in fact, the mass terms for fermions and for gaugertsoare protected by the gauge
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symmetry ensuring that all corrections will vanish in thaitithat the spontaneously-broken
gauge symmetry is restored.

The same kind of ultraviolet divergences to the Higgs bosesswappear if the scalar is
assumed to interact with a vector field. This suggests onsillesnvay out of the hierarchy
problem: imposing a symmetry, the SuperSymmetry (SUSY, lthks fermions and bosons
so that the corrections like in Equation (25) from fermioraatly cancel with those due to
bosons at all perturbative orders.

SUSY generators are spino@ Q' that transform a fermion to a boson and viceversa.
Re-phrased in a fferent way, the irreducible representations of the superstmc algebra
will be multiplets with both fermionic and bosonic compoteifthe number of bosonic
degrees of freedom in a SUSY multiplet has to be the same ofetimeionic degrees of
freedom). Moreover SUSY generators commutates with theatpes of linear momentum
([Q,P*] = [QT, P¥] = 0) and with the generators of gauge symmetries so that theret
components of a multiplet share the same mass (which is giRi{i,) and the same gauge
interactions.

All the standard model fermions, that, written as Weyl spin@re characterized by 2
fermionic degrees of freedom, belong to SUSY multipletsechthiral multipletsfor which
the additional two bosonic degrees of freedom are accoumtexcomplex scalar field that
will be the so-calledsuperpartnerof the fermion. On the contrary, standard model vector
bosons (which, by now, are massless) are describecbipr multiplets A massless vector
boson has two degrees of freedom so that its SUSY partnebevdl Weyl fermion.

This completely determines the Lagrangian, at least forMir@mal SuperSymmetric
Model (MSSM), where only the superpartners of the standavdets fields are introduced,
and in the case that SUSY is conserved. Since superpartreestie same gauge interactions
and masses of the original standard model fields, no additparameters are needed and the
whole range of new supersymmetric interactions can be itbestwith the same parameters
that define the standard model. Table 1 summarizes the namdeguantum numbers of all
the fields (both SUSY or not) predicted in a MSSM.

The only non-trivial feature is the fact that, even aftergtextroweak symmetry breaking
which gives the Higgs boson a vacuum expectation valfierént from zero, it is not possible
in the MSSM to give mass to all Standard Model fermions. TheSMSheeds two Higgs
bosonsH, = (H:, H?) andHy = (HS, Hy) (see Table 1), both receiving vacuum expecation
values. The first scalar field will be responsible for the reassf all up-like quarks and
the second to the masses of down-like quarks and leptans: (H%) andvy = <H3> are,
respectively, the values of the vacua, even if it is more comno use the variablesand
tang:

V2+ V3 =V ~ (174 GeVy, (26)
tans = Vu/Vg. (27)

SUSY cannot remains unbroken since it would predict theaenee, e.g., of a scalar with
the same mass of the electron, which it has never been deiteldteis, terms that explicitly
break SUSY have to be added to the Lagrangian. These can erdgfbSUSY breaking
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Table 1. MSSM patrticle fields. The first row indicates if the multipietchiral or vector. The
second row gives the name of the field and the third its symiHote that the convention of
showing symbols for left-handed patrticles is followed,ghie right-handed electron, e.g., is
written ase” since the name of the field is assigned to the left-hamdéal the following two
rows the multiplet is separated in its bosonic and fermionimponents. The last row indicates
the quantum numbers of the multiples under the gauge groepsquarks and leptons the
content of the lines should be repeated three times acemufut the three families. When a
sfermion is referred to as left- or right-handed, what it samt is that it is the superpartner of
a left or right-handed fermion.

Name Bosons  Fermions U(1)y, S U(2), S U(3))
Chiral  (squarks, quarks) Q (@i, d) (u,d) (1/6,2,3)
Chiral (squarks, quarks) u ~ U u’ (-2/3,1,3)
Chiral (squarks, quarks) d d df (1/3,1,3)

Chiral (sleptons, leptons) L (Ve, & (Ve, € (-1/2,2,1)
Chiral (sleptons, leptons) e = € e’ (1,11
Chiral  (Higgs, Higgsino) H, (HI, HO) (H: HY) (1/2,2,1)
Chiral  (Higgs, Higgsino) Hg¢ (H3.H) (HLHY) (-1/2,2,1)

Vector (B boson, Bino) B, B, B (0,1, 1)
Vector W boson, Winos) W, W, Wi (0,3,1)
Vector (gluons, gluinos)  Gus  Gugp 0op (0,0,3)

terms, since we still want to maintain the cancellation & tlivergences in the corrections
to the Higgs boson mass. i, is the largest term with the dimension of a mass in the soft
SUSY breaking part of the Lagrangian, the corrections thiatgoft breaking part induce to
the Higgs mass go like

oty = 1 [ o (A /) + .. (28)

The splitting between the mass of a standard model field arsiigerpartner is encoded
in the SUSY breaking part and therefore dependshgn It follows that a superpartner cannot
be much more massive (meaning largg,) than its standard model companion, otherwise
this would induce, again, large corrections to the Higgsansygoiling the very motivation for
SUSY.

That is why SUSY is supposed to predict the existence of neticfes around the TeV
scale, not far from the scale of the standard model and witlerreach of new experiments
as the LHC.

Apart from the fact that it represents a cure for the hienangioblem and that it is
a testable theory, another good feature of SUSY is the pbgsif mediating the Grand
Unification of gauge couplings: in Figure 8 the evolutiontod toupling costants; for three
fundamental interactions can be seen. Their behavioumndisgm the Renormalization Group
Equations (RGESs) that, from the computation of all the rtakecorrections for the coupling
constants, fix the their dependence from the energy. Cavrecinvolving all the particles in
the theory should be taken into account and, as a consequka@yolution predicted within
a MSSM will be slightly diferent than the standard model. In particular, it appeartsatha



Not-so-Dark Matter 30

Figure 8. Renormalization Group evolution of the inverse gauge dagpla;1(Q) in the
standard model (dashed lines) and the MSSM (solid lineshhdrMSSM case, the sparticles
mass thresholds are varied between 250 GeV and 1 Te\gn#) between 0.113 and 0.123.
Two-loop dfects are included. Taken from Martin (1997).
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couplings unify at a scale dfly ~ 2 x 10%GeV improving that non-perfect unification that
was predicted by the standard model and that can be seendiashed lines of Figure 8. Of
course only the MSSM is taken into accout, while more conapéid SUSY models can again
alter the precise convergence of the couplings. Anywag, rsult stands as a strong hint in
favour of the unification of fundamental interactions.

Going back to the SUSY Lagrangian, the non-gauge intemastame described by the
superpotentialV, which is still part of the SUSY-conserving Lagrangian, dnydthe soft
SUSY-breaking terms. In the case of the MSSM, the superpat@an be written as:

Wissy = UY,QHy — dY,QHg — 8Y LHg + uHuHa. (29)

All the fields in Equation (29) are multiplets as indicatedlable 1 so that interactions
can be obtained expanding the superfields in their compsnédriteY, matrices are X 3
matrices in the generation space and depend on the same &akawplings of the Standard
Model. The only new parameteris

There is not a full consensus on the mechanism that break¥,Sti¢8her on how the
SUSY breaking is communicated to the low-energy scalesewverlive. On the contrary, the
soft breaking terms in the Lagrangian are quite commonljtenrias:

1, an o
L= E(MlBB + MoWIW + Msg + c.c.)+ (30)
- Q'm2Q - L'm?L - tm?T" — dm2d’ — em?%&’
— mg HiHy — mg HiHq — (bHHq + c.c.)
— (Ua,QH, — da,QHy — éa.LHy + c.c.)
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where c.c. indicates complex conjugation and tiEedent terms are, in order, masses for
the gauginos, for all the sfermions, for the Higgs, a mixedsrtarm between the two Higgs
and an additional set of Yukawa interactions.

With the introduction of the terms in Equation (30) the Lagj@an depends now on
a much larger set of parameters, that have nothing to do wéttdard model masses or
couplings and should be fixed by the experiment. In particidasuming that all new
parameters in Equation (30) are free parameters will hagectinssequence of opening up
interactions through Flavour Changing Neutral CurrentNBEC which are forbidden in the
standard model) and will introduce a larger amounE&fviolation respect to what has been
measured for the standard model. In order to keep underatdhese undesidered features
and to reduce the number of free parameters, commonly aplarti simplifying structure is
assumed for the matrices in the soft-breaking terms. Ejgarécularly well-studied case is
that of mSUGRAa MSSM in which SUSY is broken at high-energy and this is camicated
to the lower energy scales by gravitational interactionsth& SUSY-breaking energy scale
the terms in Equation (30) are assumed to be universal sahbgtresult to depend only
by 4 remaining parametersy,,, My, Ao, By), respectively the common mass of gauginos, the
common mass of scalars, the universal Yukawa coupling amdd#ficent of the mixed mass
term for Higgs:

M1 = My = M3z = my, (32)
m; =m; =m; =m;=m;=ml, (32)
a, =AY, ay =AY a. = AgY., (33)
b = Bou. (34)

This gets rid of undesired FCNC interactions @B violation. The determination of
the dfective masses and couplings at the low-energy scale arbenikel/ where the particles
are hoped to be detected, is based on the RGESs: in Figure Qieufmrexample is shown
in order to see how the evolution to low scales of the paramekefining a mMSUGRA model
can account for the fferent values for the masses of all supersymmetric particdste
in particular the evolution of thg? + m,ﬂ combination, which it has to go negative at low
energy in order to account for electroweak symmetry bregakKirhis requirement permits to
determine thd3y parameter and the modulusogs functions of the remaining variables. So
finally amSUGRA model is defined only by 5 quantitiesu{m, ,, Ag) from the soft breaking
part, the sign of: from the superpotential and the ratio of the vacugstan

A large phenomenolgy is possible varying those 5 paramdtefigotta et al. (2008), the
authors studied if the precision tests to the standard mmatekonstrain these 5 mMSUGRA
parameters. Considering, among others, precision measats on the mass of tom,
mixing data fixing theAMg_ for Bs mesons, informations about the anomalous magnetic
momentum of the muoa, and assuming that the Lightest Supersymmetric ParticlélLS
is a neutralino which, interpretated as DM, provides thecexalic DM density measured
by WMAP, the tightest constraints can be seen in Figure 1@ mhin unresolved issue in
these plots (obtained as results of a Monte Carlo Markov iCf@e Austri et al. 2006)) is
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Figure 9. Renormalizatin Group evolution of scalar and gaugino masarpeters (defined
at 25 x 10°°GeV) in a mSUGRA model. It should be notice that the quantfty m; runs
negative, provoking at low scale the electroweak symmeteaking. Taken from Martin
(1997).
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the dependence on how SUSY variables are parametrizedebtferconstraints are taken
into account, the so-calleprior dependence The fact that Figure 10 shows some prior
dependence is a clear sign that the experimental constriiat are considered are not
constraining.

3.4. The lightest neutraling

When | wrote down the superpotential in Equation (29), | eeggd some terms that can
be included since permitted by the theory and that, conseyiehould appear in the final
Lagrangian. These interactions are characterized by théfat they violate leptonic number
L (as the terniLe) or baryonic numbeB (asuTjF), and are able to mediate the decay of the
proton with a half-time of less than seconds in the case tieatouplings of these baryon-
violating interactions are of the order of unity.

A theory that includes such terms would be highly unphysigadossible solution would
simply be imposind- andB conservation as fundamental symmetries: this would bem ste
back respect to the standard model where conservationtohiegand baryonic number arise
as by-products. Moreover such symmetries are known to batiaely violated by quantum
effects.

Instead what can be done is introducing a less constraiyimgnetry, calledR-parity,
assumed to be an exact symmetry of Nature. Rap&rity is able to get rid of all the baryonic
and leptonic violating terms so that now the only alloweetattions are the ones that | have
already written for the superpotential in Equation (29).
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Figure 10. Posterior probability function for flat priors (top row) atwdy priors (bottom row)

for a scan including all the constrains in Table 3 of Trottale{2008). The inner and outer
contours include, respectively, 68% and 95% joint regiarsbbth statistics. The posterior
pdf has been smoothed with a Gaussian kernel of 1 bin widtHigmplay purposes. The cross
point (®) gives the best-fit point and the filled poir) the posterior mean. Taken from Trotta

et al. (2008).
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If not differently indicated, if a SUSY model is proposed as a desonptf the
constituents of Nature and of its interactiofsparity is always assumed. Without it, our
model would sffer from strong problems as the stability of the proton. MeegpR-parity
is a key ingredient also for the DM issue: in fdtsymmetry belongs to the class @
trasformations, and it assigns a multiplicative quanturmber equal to+1 to all standard
model particles and equal tel to all SUSY particles. Thus standard model particles can
interact only with couples of SUSY particles (otherwigarity would be violated) and the
LSP will be a stable particle since it will be forbidden toatdecay but only to annihilate. In
many SUSY models, the LSP is the first neutralino.

Neutralinos are the mass eigenstates obtained as linedimations of the superpartners
of the neutral gauge bosons and of the neutral Higgsinog(dan et al. 1996, Martin 1997).
If Jo = (B, W8, HO, HP), the mass term in the Lagrangian resus 2(Jo)"M qo + c.C., with

M, 0  -gva/V2 gw/V2
o 0 Mz gw/V2 gw/V2
M= ~g'Va/ V2 gv/ V2 0 —H ' (33)

gvu/ V2 gw/V2  —u 0
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The M; andM, entries depend on the SUSY breaking part of the Lagrandiap, terms
comes from the superpotential, while the other non-zeraemnére gauge interactions with
the Higgs bosons receiving vacuum expectation values elftetroweak symmetry breaking.
That is why they depend ogandg’ (the coupling constants of the electroweak symmetry
group). From the diagonalization of the mass matrix, the feeutralinos can be defined.
Therefore the lightest neutraling (or simply the neutraling)is:

X = Nllé + N12W3 + N13H~d + Nl4gu, (36)

whereN is the diagonalizing matrixZg = |[N1|? + N2> andZy = |Ng3®> + [N14l* are
called thegauginoand Higgsino fraction respectively and indicate how the neutralino is
aligned towards the ffierent interaction eigenstates. It is a WIMP since it is stabdith a
mass of the order of the GeV-TeV scale and a weak cross sdmmpming, by far, the most
studied candidate for DM.

The theory that predicts the existence of the neutralino efi-defined and one can
proceed in the calculation of its annihilation channelsiaoiing an estimate for its today
relic density, as described in Section 3.2 (see Equatio)).(ZX course, the calculation will
depend on some unknown parameters. In the case of MSUGR&A pthesmeters are defined
at high-energy and then the RGEs are used to evolve masses@pithgs to the electroweak
scale where it can be checked if the particular model predict right relic density for the
neutralino DM (Battaglia et al. 2001, Battaglia et al. 2004)

In the largest region of the SUSY parameters space the relisity results to be
higher than the value of WMAP: in Figure 11 the cyan area iadis the region when
0.1 < Q/h* < 0.3, overestimating the error in the most recent measuremeiVIMAP.
As it can be seen, the neutralino provides the right DM adnoéanly in narrow regions
where some particular features in the mass spectrum of S@8Kles step in enhancing the
annihilation cross section and, consequently reducingehe density to the desired value
(it should be noted that Figure 11 refers to a particular et ®UGRA parameters and that
in other configurations the colored region would changer thleape). In particular, Battaglia
et al. (2001) and Battaglia et al. (2004) defined a colleatibbenchmark models inside the
cyan area and indicated by the purple stars in Figure 11. &chn ef these models they
studied the signatures that SUSY particles would leave iallader, in the hope that future
measurements with Tevatron or the LHC will be able to deteeQM particle.

From Figure 11 five regions are usually singled out, each eimtlwith a diferent
mechanism able to assign the desired valu@ fie:

e the bulk regionat low my andmy,, where the mass spectrum contains light slepfons
and, as a consequence, the relic density is mainly detednfipe@nnihilation processes
Tx — I*I7in the early Universe (throughtachannel exchange &,

e the funnel regionat intermediate values fom, and ny,,, wheremy, = 2m, and
annihilations in the early Universe are thus enhanced byrttgence of the near-resonant
pseudoscalar Higgs bosén

e the hyperbolic branch ofocus point region wherem, > ny,, and the neutralino
becomes an almost pure Higgsino, with large annihilatiéesranto gauge bosons,
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Figure 11. Qualitative overview of the location of the benchmark madpfoposed by
Battaglia et al. (2001) in a generiny,2, mp) plane. The other parameters defining mMSUGRA
are targ, signfu) andAg which is supposed to be 0. The light cyan region is the cosgicadly
preferred region with @ < Q h? < 0.3, whose exact shape depends on the value ¢ tam,

to some extent on the standard model inputsnasy, andas. In the dark, brick red region at
bottom right, the LSP is the charged (the first mass eigenstate of theso that this region

is excluded. Electroweak symmetry breaking is not posdibilee pink region at top left. The
proposed benchmark models are marked with purple stars.lifémindicate experimental
constraints (for more details see Battaglia et al. 2001Refidrom Battaglia et al. (2001).

my

e the stau coannihilation regionat large my,, but small my, wherem, ~ m: and
coannihilations with staus {and usually other sleptons as well) are important in
determining the relic density,

e the stop coannihilation regiorfarising whenA, # 0 and thus not visible in Figure 11)
wherem, ~ nm.

3.5. The first Kaluza-Klein excitation of the photgdh

Many theories and models have been built on the hypothegieaxistence of hidden extra-
dimension beyond the usual four. The case of Unified Extraddsions (UEDS) is the only
one | am going to talk about. In UEDs (Appelquist et al. 200dppler & Profumo 2007) all
standard model quantum fields can propagate in the extepded-4ime (also called thmilk).
Thed extra-dimensiong? (with a € (1, ..., d)), opposite to the usuat' (with u € (1,2, 3,4)),
are compactified over a manifold which is usually assumeceta Imultidimensional torus
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[(S* x SY)/Z,]¥ if kis even or [6! x S1)/Z,]% x (S'/Z,) if kis odd, wherel = 2k if d is even
ord=2k+ 1if dis odd.

The gamma matrices in {4l) dimensions are anti-commutin§§2x2<*2 matrices. Chiral
fermions exist only whed is even, or equivalently, the chiral projection operallé(Lréd) and
P(4+d) can be constructed only @ is even. In any case, the Lagrangian can be defined in the
bulk and, in order to derive the 4-dimensionéieetive theory, it simply has to be integrated
over the extra-dimensions.

It is also very important to define how a field transforms urttleZ, orbifold projection
that transforms the extra-dimensions fr¢ya} to {-y?}. E.g. letQ be a generic spinor in
a 6-dimensional bulk, designed to reproduced, in the 4-dgiomal €fective theory, a left-
handed fermion (the fermioni€ U(2) doubletQ = (u,d) for instance). Applying the 6-
dimensional chiral projection operators, | can re-wf@es Qr and Q.. | assign diferent
trasformation properties to the two fields assuming atis even whileQg is odd under
orbifold trasformation. In this waf) can finally be written as

QX YL, V?) = \/%Q{QE(X") + \/E;[PLQ(L”’"‘)(X") COS(@) + (37)

Pre e sin| )

so that the zero-order fiel@? that will represent the standard model doublet will have
the right chirality, and the undesired states (like a zeraenfor Qgr) will be excluded by
the assumed transformation propriety under the orbifolojgation. The decomposition
in Equation (37) R indicates the dimension of the extra-dimensions) shows ahahole
collection of states calledaluza-Klein statess predicted, one for each couple of integers
(n, m).

The same decomposition is possible for a spinor that is segpto represent a right-
handed fermion, like e.gl, assumingir to be even undef, andu, to be odd:

u(x, yh, y?) = \/—_{uR(x#) + \/_Z[P U™ (x) cos( ny' + ’F) +  (39)

PLu(L”’m)(x") sin(—nyl _;my? )]} ,

or for the Higgs boson:

HO Y, YP) = \/_ HO(x) + \/_Z H®M (x4 cos( y1+my?) , (39)

for which there are not problems related to chirality andahihs assumed to be even
under orbifold projection. In the case of gauge bosonsy thaientz index runs also over
the additional dimensions. In order to avoid zero state@satoto the polarization along the
extra-dimensions, those modes are assumed to be odd uruiielcbprojection, while the
remaining four are even. Thus:

Av(xﬂ’ yl’ yZ) = \/——

AO(X) + \/EZAV”"‘)(X“)COS( ny + f) , (40)
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with v € (1,2, 3,4) and

A5 ) = | 3 Ay in ) (@1)

with a € (5, 6).

The Lagrangian of UED is the same one of the standard modabwjtonce each field is
expanded in its decomposition as shown in the previous sinew interactions involving
KK states appear, for which the Kaluza-Klein number (theeindver which it was summed
in the previous equations) is conseved. The zero mode Higgerbassumes a vacuum
expectation value in the same way it does in the standard Inddieen in general an, m)
state (always in the case of 2 extra-dimensions) gets a mass$ ®:

n? + me
rrl(Zn,m) :n%-" ’

meaning that the theory will have as many degenerate staﬁamssnfn’m) as many
couples of integer numbers are solutions of Equation (42)redver, since experimentally
1/Ris bound to be> 600 GeV (considering the standard model precision testeifttiusive
B — Xy in Haisch & Weiler (2007)), the zero order masgis usually negligeble, thus the
UED theory is characterized by a high amount of degeneracy.

Beyond the usual interactions, one should include additibagrangian terms that are
localized at the fixed points of the orbifold projection amd due to breaking of momentum
conservation along the extra-dimensions caused by théotittprojection itself. E.g. the
following Equation (43) indicates possible boundary kioétrms:

AW YY) = 69y - Ry — 2R
_ A
FsyT's0sy + FeyT'edsy].

The coupling in front of these additional contributions be total Lagrangian are free
parameters not connected to the standard model. This cparphine the predictive power of
our theory: however it should be remembered that, since e iunctions of the quantum
fields are spread out over the extra-dimensions, these neplisgs are volume suppressed
(Cheng et al. 2002). We can get estimates of these correa@ssuming that they are strong at
the high-energy cut{® A of the theory. The result is that their amplitude is at the ssander
of magnitude of the amplitude of usual corrections from kop

As a consequence, boundary terms and loops corrections Dspkay a fundamental
role, breaking mass degeneracy and determining the higrarthe mass spectrum and which
channels are kinematically open. Typical corrections hosvs in the following equations (for
only one extra-dimension, Hooper & Profumo 2007):

g? (-39/(3) n?
6rnzB(n) = 16]‘(2R2( 5 2 - E InAR], (44)

(42)

[Ga(F,.,)* + FayiDy + (43)

g% (-5¢0) 2
5W\N(n) = 167'(2R2 (7 71-2 +15n“In AR s (45)



Not-so-Dark Matter 38

S = ﬁ 602 + %792 t %g’z INAR|. (46)

where/(3) is the zeta function. The terms proportional tallRcomes from the boundary
terms while the others proportional {¢3) are usual loops corrections. In the first equation
for the mass of the KK-states of tlievector boson, both kinds of corrections are negative,
thus we have reasons to believe thatB¥ewill be the Lightest Kaluza-Klein Particle (LKP).
Indeed, after mixing with the first level of the thikf boson, the first Kaluka-Klein state of
the photony® is usually the LKP (another possibility is that the LKP is tH8 (Servant &
Tait 2003)).

As | already pointed out, orbifold projection breaks monuemtconservation over
extra-dimensions (which, on the 4-dimensiondéetive theory implies conservation of KK
number). A residual symmetry remains, calkegbarity. More precisely, a complete analysis
of the ultra-violet behaviour of the theory is needed in otdestate if the residud{-parity is
a symmetry or not, but under common assumptions, this isake.&; is very similar toR-
parity in SUSY, since it characterized, again, each stahderdel field with a multiplicative
guantum number equal tel and each new KK-states withl. As a consequence the LKP
is a stable particle becoming a good WIMP DM candidate as ¢ tlva case for the lightest
neutralino in SUSY. On the other hand, in comparison to SW&Ds is a theory which needs
much less parameters in order to completely determine tlieehtbasically only the number
of extra-dimensions, their dimensioRfnd the cut-ff scaleA). Moreover, in contrast to the
fermionic neutralino, the DM candidate is, in this case, sdm(Cheng et al. 2002).

3.6. Little Higgs theories with T -parity

As in the case of SUSY, the introduction of interactions wilww massive particles not
predicted by the standard model is able to solve the probédated to the divergences in
the corrections of the Higgs boson mass. In particular lampections where particles with
a mass around the TeV scale run around the loops are abldytodaiove the divergences
and “heal” the theory (Cheng & Low 2003). On the other handgision tests of the standard
model and measurements of rare events (like mixing@adiolation) indirectly excluded the
existence of new particles up to-57 TeV (Barbieri & Strumia 1999), creating some tension
with the previous requirement so that one has to fine-tunentidel to some extent.

The lower limit of 5-7 TeV for the mass of new particles permitted by the standadiain
is based on the assumption that these particles interaattl§irwith usual standard model
particles, through tree level diagrams. On the contrag/ctincellation of the divergences in
the Higgs mass occurs through loops. Therefore it is passibtelax the lower limit of few
TeV in the case that a symmetry is present to forbid the tnes Iateractions but allows the
loops that cure the Higgs mass, so that TeV are compatible with electroweak data.

This is what theR-parity in SUSY does, forbidding a particular set of operatio the
Lagrangian that would have disastrous consequences fgh#eomenology of the theory
(predicting, first of all, a too low decay time for the protprs}ill correcting the Higgs
mass. The same is true in the case of UEDs for what we cd#lgarity. It has been
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therefore proposed to introduce the aforementioned symmnmethe framework of little Higgs
theories: he existence of this nélasymmetrywill have important consequences from the
phenomenology of little Higgs theories at colliders. Frdrma point of view of DM searches,
T-symmetry makes the Lighte$todd Particle (LTP) a stable, good WIMP DM candidate.

3.7. Inert Dark Matter H

The particle physics model behind Inter DM is simply the usstandard model with an
additional Higgs bosorH, (the usual Higgs boson is now callddh) and a discreteZ,
symmetry under which all the fields are even except the newdimpsorH, which is odd
H, — —H, (Lopez Honorez et al. 2007, Ma 2006, Barbieri et al. 2006)is Becond Higgs,
in principle, share the same interactions than the origthggs, but the exacZ, symmetry
forbids all interactions leading to FCNCs.

The complete scalar potential results to be

V = i [Haf + g5 Hal” + AalHyl* + 2olHol* + (47)
A )
A HaPIHo + AlHTHA + 2R [(H]H)?].
H, gets its usual vacuum expectation valtia contrast with the second Higgs for which

(H,) = 0. The four degrees of freedom id§ are the chargetl*, the neutraCP-evenH, and
the CP-odd A, for which the masses can be written as

/13V2

My = p3 + 0 (48)
(A3 + Ag + A5)V?

M, = o5+ - (49)
_ 2

mﬁ@ — /J% + (/13 + /14 /lS)V (50)

2

and are around the TeV scale. Such model does not represant éoc the hierarchy
problem, but the new scalars are able to stabilize the eleetak scale up to energies beyond
the reach of future colliders.

Moreover, in absence of any violation of t%e under whichH, is odd, the lightest
betweenH, and Aq is a stable and good WIMP DM candidate. Assuming tHatis the
lighter, the right relic density is obtained (being corsmtwith electroweak constraints)
for my, = 10— 80 GeV in the low mass limit and above 500 GeV in the high mas4 li
(Lopez Honorez et al. 2007). In the first case, annihilatmeirs mainly t&Z andW bosons
and toh pairs.

The Hy candidate is characterized by a low cross section with oasl¢so that current
direct detection experiments have still a too low sensytj\but a quite large annihilation cross
section into gamma-rays, being very promising for indissaArches (Gustafsson et al. 2007).
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3.8. The sneutrin®

Within SUSY framework, there are some regions of the parammetpace where the LSP is
the (left-handed) sneutrin@..” However, its large coupling to thé boson, leads to a too
large annihilation cross section, or, equivalently, a tv telic density (Ibanez 1984, Hagelin
et al. 1984). Moreover, direct detection experiments hdready excluded the values for
nucleon-LSP interaction in the case of the sneutrino (Fadit. 4994).

There remains the possibility, favored by the recent disoeg abouv oscillations, to
introduce a right-handed neutrino in the standard model,aanorresponding right-handed
sneutrinoy as its superapartner. In this way the coupling to Znboson can be reduced
considering a mixture between right-handed and left-hdrsteeutrino or simply a purely
right-handed sneutrino as LSP. Both these cases seem tedraeddificulties: for the mixture
between the right-handed and left-handed sector a larg&SEISY-breaking trilinear term is
need which is not possible in the standard framework of SU&¥king mediated by gravity.
On the other hand, the coupling of a right-handed sneutonodtter is extremely reduced
since it is proportional to the neutrino Yukawa matrix (Gard et al. 2008).

Thus, in order to explain DM using sneutrinos, one is pusloethdve to a Next-to-
Minimal SuperSymmetric Model (NMSSM) in which a new scalangéet S is added which
can interact with the right-handed sneutrino. The full spp&ential can be written as:

o 1 v
Wimssm = Wssw + VY, LHy = A4S - HHqg + §KSS +A4,S vy, (51)

where W, is the usual superpotential of Equation (29), the followiagm vY,LH,
generalizes the usual Yukawa coupling for the neutrinoglamthst one indicates the trilinear
interaction between sneutrinos and $heuperfield.

In the electroweak-breaking phase, the two Higfjsand Hy acquire their vacuum
expectation values, andvy. Also S breaks down beings its expectation value. As a
consequence, the right-handed neutrinos get a mass equaH®1.vs and the left-handed
ones obtain a smaller mass through the see-saw mechanisra ofder toY2v2/m,, which
implies a Yukawa coupling of the order of ®0like for the electron. The sneutrino mass
terms can be deduced by the superpotential but also soft SW&aking terms have to be
considered.

Finally the right-handed sneutrino, having a mass of thewod the electroweak scale,
may be the LSP for particular choices of the SUSY parametatsepresents a good WIMP
DM candidate, compatible with current direct detectionexkpents and in the reach of next-
generation ones (Cerdeno et al. 2008).
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Chapter II:
The Galactic Center



Not-so-Dark Matter 42

4. Annihilation flux

Among the products of DM annihilation, | am going to focusyooh gamma-rays. They
are particularly interesting since they are able, movingeodesics through the Universe, to
track the source where they are produced. Assuming thasemisf photons is isotropic, the
annihilation flux per steradiant is defined as the number ofrga-rays with energy between
E andE + dE that can be detectable, per solid angle, on Earth by a deteitoan dfective
areadAover a time intervadit:

db  dN 1 (r.W dNy 31, ¥)
dEdQ ~ dAdtdEd2 ~ 87 2 Z‘ B e fm f d2() dide, - (52)

and, thus, it is measured in cfsGeV'sri. Two different factors are usually
distinguished in Equation (52): the first is tlparticle physics factor @°°/dEdQ which
depends on the mass,, the (thermally averaged) cross section,v) of the DM particle
and its annihilation channels, while being independenthenvtay DM is distributed in the
source:

dEQ 87 n®

do” 1 (0uV) v o AN
"5 Z B2 (53)

The sum is over all the annihilation channgls — f f, wherey stands for the generic
DM candidate which is assumed to be a Majorana partiBleis the branching ratio of the
particular annihilation channel ath; /dE the number of photons (with energy witHiand
E + dE) produced through that particular channel. More detailtherparticle physcis factor
will be given in Section 5.

The remaining part of Equation (52) is called thesmological factorand, on the

contrary, does not depend on the particular DM candidate:

2
ey, ¥) — AQ
(DCOSTT]O: dIdQ — J . 54

fAQ Ls d3(1) AQ dz (54)

The second integration is over the line-of-sight pointiodhe directiony and the first
one is over the solid angleQ which is usually chosen to match the angular resolution of a
gamma-ray telescope, so that (bed{d the distance from the detector) Equation (54) results
to be proportional to the number of DM annihilations thatlageope can see pointing to the
direction¥ at the center of the solid angh€, with an angular resolution equal A€.

In the case of a point-like annihilation source at a distatydgecan be assumed that all
annihilations occur insid&Q. Itis under this assumption that the second equality in Egua
(54) holds and that the quantiy,, is defined, representing the integrated squared DM density
over the solid angle.

As it evident from Equation (52), the annihilation flux is postional to the DM density
squared, thus most natural targets for DM indirect searaleesverdense, near regions in the
sky. The optimal source would be the center of the Milky Way BMo, the Galactic Center
(GC), due to its proximity and the predicted large amount & that it hosts. That is the
reason why this second chapter is dedicated to gamma-rggctidas from the GC and their
possible interpretation as coming from DM annihilation.
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5. The patrticle physics factor

A complete analysis of the annihilation characteristicstttdé DM candidate is needed
to determine the particle physics factor in Equation (53signing a value both to the
total annihilation cross sectiofo,,v) and to the set of annihilation muItepIicitieB\lyf/dE

and branching ratio8;. Three diterent mechanisms for photons production are usually
distinguished:

e monochromatic lines: monoenergetic photons can be dyrgutbduced from DM
annihilations by processes likey — yy andyy — Zy, if kinematically allowed
(Bergstrom et al. 1998, Bergstrom et al. 2605 he energy of the lines will be £ m;hi
in the first case and = m, (1— m§/4m§). The corresponding diagrams, however, contain
loops and, therefore, the branching ratios result to berssgpd. Values around 0
are common (Bergstrom et al. 1998, Gondolo et al. 2004) ircédse of a SUSY DM.
The importance of annihilation monochromatic photons ry weodel-dependent, i.e. it
strongly depends on which particle physics model is assumedcount for DM and
on the particular set of parameters chosen to define thatimdtie presence of clear
lines in the energy spectrum of a gamma-ray source in the skydibe a smoking-gun
signature for DM annihilation, and, moreover, would pravitie first measurement of
the mass of the particle. This scenario, however, is oleddny the not-so-good energy
resolution of current gamma-rays telescopes (Bringmarah. &009) that would smear
out the nice and clear feature of lines.

e emission from neutral pions: neutral pions are a very comproduct of hadronization
of the quarks directly produced by DM annihilation or obtnas secondary decay
products from the directly produceédf or Higgs bosons. Alsae leptons can produce
neutral pions through semi-hadronic decays. Gamma-rag/shen emitted through
the channel’® — yy. Contrary of the previous case of monochromatic lines, this
contribution is quite model-independent, i.e. it does repgehd much on the specifics
of the DM candidate. For a SUSY neutralino, e.g., photonsiegrirom the decay of
neutral pions have all a similar spectrum, no matter whiclinclels were responsible
for the pion production. The energy spectrum is a continunchauite soft, being very
roughly described by a power-ladN/dE « (E/m,)"*® and a cut-f at the mass of
the DM patrticle (Fornengo et al. 2004)for a more descriptbrannihilation spectra
from neutral pions see. This would provide an additional lsmg-gun signature for
DM signal: in fact, the detection of a handful of gamma-rayrses all with the same
energy cut-é can hardly be mistaken for less exotic, astrophysical ssunhose energy
spectra are usually bare power-laws with no cflit-Again such signature is obstacled by
the fact that the energy spectrum is quite soft. Moreoventhss of the DM patrticle can
be too high or too low for detectors to actually detect theattittelescopes like EGRET
detecting photons tilk 10 GeV would not be able to detect the ctif-while, on the
contrary Air Cherenkov Telescopes (ACTSs) like MAGIC (wwwgi@amppmu.mpg.de)
or H.E.S.S. (httg/www.mpi-hd.mpg.défm/HESS) with an energy threshold of tens of
GeV may not be able to detect the annihilation products dftlgM particles at all.
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Examples of annihilation spectra can be seen in Figure 12.

e in the case of annihilation to light leptons, gamma-rays &e&nemitted through
bremsstrahlung by the final leptonic legs of the diagrams.es€hgamma-rays are
characterized by an harder energy spectrum than the cassutbhpion decay, with
a consequent more pronounced cfitad the mass of the DM particle. For a neutralino
DM, the annihilation to light leptons is helicity-suppredsso that these contributions are
normally subleading and the energy spectrum is dominatetthdwsecond mechanism
in this list. The helicity suppression is not active, e.q.,the case of UEDs, where
radiative gamma-rays from light leptons constitute an irtgd contribution to the
energy spectrum (Bergstrom et al. 200Bergstrom et al. 20@%, above all at the high
energies, near the mass of the DM candidate (the tree-leygirfkan diagrams can be
see in Figure 13). Moreover the detection of an energy sp@acwith an hard cut-f
would be a strong indication in favour of a non-SUSY intetatien for DM (see the
long-dashed line in Figure 12). This peculiarity of nonitig}-suppressed models has
been recently proved to be not so strong: in fact Bringmarad.2008) have proved
that new contributions to the photon yield should be inctyder which gamma-rays
are emitted by a virtual charged particle (see Section 1O Bjs new contribution has
been calledvirtual Internal BremsstrahlungVIB) and can be present also for a SUSY
DM candidate. It a very model-dependent, leading to largeaeoements in the photon
multeplicity but only for particular model configurationis. such cases VIB will appear
as pronounced bumps at high-energies near the mas$fch&aening the spectrum also
for neutralino annihilations and making it more similar be tcase of KK DM. About
VIB, see Bringmann et al. (2008), Bringmann et al. (2009) &adtion 10.2.

6. The cosmological factor

Regarding the density profiles used to describe the DM hatasa galaxies, a common class
of models is the so-called(s, v) models (Zhao 1996):
Mo\’ 1
px(r) = po (?) [L+ (r/ro)7 G-

that reduces t, « r” (o, « r?)in the limit of small (large) distance and
characterizes the sharpness of the change in the logatitfiope. The NFW profile (see
Equation (9)) is recovered fow(B,y) = (1,3,1) and the Moore profile fora(,3,y) =
(1, 3,1.5) (Moore, Quinn, Governato, Stadel & Lake 1999):

(55)

-15 -15
px(r>=ps(r{) (1+L) | (56)

I's
The NFW is undoubtefully the most widely used sidédody simulations proved itto be
guite universal, being a well fit to DM halos over a large wideiass, from the halos of dSphs
dwarf Spheroidal galaxies-(10'°M,) to those of clusters of galaxies (L0'°M,) (Navarro
et al. 2004, Reed et al. 2005). It defines 8i@peof the halo while the two parameters,
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Figure 12. Energy spectra of photons forftérent annihilation channels. The solid and dotted
line both correspond to thsb annihilation, the dferences are due toftérent parametrizations
for quark fragmentations and afidirent mass for the DM particle. The solid line shows the
parametrization of Fornengo et al. (2004) with = 1 TeV, while the dotted line shows
that of Bertone et al. (2003) witln, = 100 GeV. The short-dashed line corresponds to the
spectra for annihilations through tMgW and theZZ channels. In particular we show the
fit from Bergstrom et al. (1998). Finally the long-dasheaIshows the spectrum, summed
over contributing channels, for annihilating Kaluza-Ki&M from Bergstrom et al. (2003.

Taken from Bertone, Zentner & Silk (2005).
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the scale radiuss (the distance where the slope= —dInp,/dInr is equal to-2) and the
normalizationps depend on the mass and the size of the halo.

More precisely one usually starts from the virial m&4s and the concentratior), of a
halo. The virial mass is defined as the mass contained in aispheegion than encloses,,
times the average DM density today, with being (Bryan & Norman 1998):
187% - 82(Q,(2) — 1) - 39(Q,(2) — 1)

Q.2 '

Q,(2) is the ratio between the DM density and the critical densitiay.

The radius of the sphere which enclosed the virial mass ivitied radiusr,;,, while
the concentration is simply the ratio between the virial #mel scale radius,, = r,,/rs.
Alternatively, the mass of the halo can also be definelllag as the mass of the sphere (with
a radiusr,qg) that encloses 200 times the critical density. The cornedpg concentration
results to be,og = r00/rs (Navarro et al. 1996, Navarro et al. 1997).

No matter which definition is chosen, the scale radius of tREMNprofile is determined
knowing the concentration and the virial radius (whichlitdepends on the virial mass) and
finally ps is obtained imposing that the integral of the density pragiéended till the virial
radius gives the virial mass.

N-body simulations of the clustering properties of DM, aigiat reproduce the
formation of DM structures as galaxies and clusters of gataxshowed that the NFW
profile can provide a good fit to the DM halos (Navarro et al. £0Beed et al. 2005).
Despite the success df-body simulations, two main problems have emerged on thie sca
of individual galaxies and their central structure: thetfissdue to the fact that the NFW
profile predicts acuspyinner behaviour, with a slope equal +d and this seems to be in
contrast with the rotation curves observed for low surfagghbness galaxies (McGaugh &
de Blok 1998, Hayashi & Navarro 2006). On the other hand, du®sd issue regards the
number of subhalos predicted to populate a smooth DM halthditase of our Galaxy, this
number is much larger than the number of satellites obsanvéég: halo of the MW (Klypin
et al. 1999, Moore et al. 1999). See Section 8 for more detailthis so-callednissing-
satellites problem

Related to these problems about the reliability of Ndody approach, one should
remember that these massive simulations do not accounhéopriesence of baryons, but
only describe DM. Baryons can have significafieets on the DM distribution, above all in
the inner region of halos, as it can be seen studying the wayr&dt to the presence of
a SuperMassive Black Hole (SMBH) at the center of the hale: ntechanism of adiabatic
compression is able to create strong DM overdensities aigheer of the halo callespiked(l
will talk more extensively about spikes in Section 14) sd the possibility is usually evoked
as aboost ¢fectto increase the annihilation flux (Gondolo & Silk 1999). Bifiglso a stellar
cusp is present around the SMBH, collisions between DM amgonag are very &icent in
reducing the possible overdensity (Ullio et al. 2001) sa tha final DM distribution strongly
depends on the interactions with the baryons (Merritt 2@0.7).

Thus, even if a NFW profile represents a fair descriptionsflialos over 5 decades of
masses, other viable possibilities cannot be excludedyeabl for what regards the inner

A (Z) = (57)
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region where the finite resolution df-body simulations is reached and the presence of
baryons cannot be neglected. The Moore profile in Equatiéh sedicts an inner slope
equal to—1.5. However this steep value can be excluded comparing, at@sprdistance
r, the value ofp,(r) to the corresponding enclosed mass dengjly) « fOrpX(r’)dr’/r"*.
Under the conservative assumption that the slope is moiwoteith radius, the quantity
Ymaxr) = 3(1 + p,(r))/p,(r) indicates the maximum allowed slope at distanogsteeper
values would require more mass than what is available atallais) and value as steep as in
the case of a Moore profile are excluded by the simulationsdsaNo et al. (2008), while a
slope equal te-1 (as for the NFW case) is still compatible with the simulatio

However, the most recent simulation (the so-caleguarius Projec}t (Springel et al.
200&, Navarro et al. 2008) does not see any signs for the sloperteecge to a precise
value (as predicted by the NFW profile) so that the Einastélprio Equation (10) (for which
the slope descrises as a power-law at smaller distance)dsheyreferred to the NFW (see
Figure 14). The Einasto indaxresults to depend on the mass of the particular halo, losing
the universality which was a appealing feature of the NFWilgroHalos simulated by the
Aquarius Projechave indexes ranging from 0.115 to 0.179.

7. Detection of gamma-rays from the Galactic Center and intgpretation as Dark
Matter annihilation

Many authors computed the annihilation flux towards thedtiioa of the GC (see, e.g.,
Fornengo et al. 2004, Bergstrom et al. 1998, Ando 2005, Gesral. 2004). In Fornengo
et al. (2004) a wide range of DM profiles has been consideredh(f truncated isothermal
profile to a NFW with a spike resulting from adiabatic conti@at) showing that the integral of
the squared DM density can vary of many orders of magnitudleannner region. When the
experimental angular resolution is taken into accountutieertainty is reduced but remains
guite large: with a resolution afQ = 10 — 5 sr, the cosmological factor within theQ-wide
cone centered to the GC varies of a factor®fiom a Moore profile (with an inner radial
cut-off of 10-8kpc) to a truncated isothermal profile, and of a faetat02 to the NFW with
the same radial cutfh With the introduction of the particle physics factor (assug a SUSY
DM candidate) uncertainties in the cross section and thes miathe particle should also be
considered, making the prediction even mor&clilt.

Similar studies were conducted by Bergstrom et al. (1998gresh estimating the
sensitivity of ACTs and of the Fermi LAT satellite (which ia& been recently launched)
they conclude that these experiments should be able tosasoa® interesting regions of the
parameters space from the analysis of the GC.

From an observational point of view, the region near the GE€ bleen observed using
different detectors and a certain number of sources have bezmatkbver a quite wide range
of wavelenghts (see Figure 15). The dynamical center of tlexy host the X-ray and radio
source Sgr A(Pohl 1997) which has the feature of an Active Galactic Nuslend, in fact, it
is thought to be the site of the 10°PM, SMBH at the center of our Galaxy. Only a few parsecs
away from Sgr A, the Supernova Remnant Sg A East has been detected whicheigeble
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Figure 14. Spherically-averaged density profiles of all levek8uariushalos. Thick lines
show the profiles frormg)?]v outward; thin lines extend inward tiﬂﬁ%ﬂv. For further details on
how the Aquarius runs are produced and on how the convergaditss is defined see Navarro
et al. (2008). An Einasto profile with = 0.159, a NFW and a Moore profile are shown.
The botton panels show residuals to the best fits. Note tleaEthasto fits all profiles well,
especially in the inner regions. The shape parameteries significantly from halo to halo,
indicating that the profiles are not strictly self-simildhe NFW is also able to reproduce the
inner region quite well, although systematic deviatioresgnesent, increading inward and are
maximal at the innermost resolved point. The steeply-adipeore profile gives the poorest
fits. Bumps and wiggles in the outer region are due to resodudxdtructures. Taken from
Navarro et al. (2008).
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to be the source of Galactic cosmic-rays. Gamma-rays hase thetected from the Arches
and Quintuplet star clusters, but | am going to focus, at, foetthe detection by EGRET
of a gamma-rays source (3EG J1746-2853) (Mayer-Hassebvagidal. 1998, Cesarini
et al. 2004). The energy of the gamma-rays ranges fro80 MeV to ~ 30 GeV and its
energy spectrum and integrated flux may be explained as a Divtesdavouring particles
with m, ~ 50 GeV (Cesarini et al. 2004). However, on a dedicated aisalisoper & Dingus
(2004) proved that the preferred location of this sourceotsexactly the GC but instead the
point with Galactocentric coordinates equal ltd) = (0.19, —0.08). At this new location the
source would be included in the EGRET unidentified souroce= & has been proposed that
its emission can be explained as inverse Compton gammdsaysthe electrons produced
at the Galactic radio arc (Pohl 1997).
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Figure 15. A sky-map of the GC region. The solid and dashed contourespand to the
regions observed by Whipple and CANGAROO-II respectivilythese regions the observed
significance is greater than 80% for Whipple and than 95% ®NGAROO-II. The 95%
confidence region for theflacenter source observed by EGRET (EG Ji1746-2851) is shown
as a shaded region. Also shown are a number of selected ®kjemivn to be present in the
region included Sgr A(the dynamical center of the Galaxy and location of the SMBHp
supernovae remnants (SNR1 and SNR2 corresponding to SgsttaBd SNR 000:300.0,
respectively), the Arches and Quintuplet star clusers)daivemass X-ray binary 1E 1743.1-
2843 and two gamma-ray sources observed by INTEGRAL (G1 a@)d Gaken by Hooper

et al. (2004).
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The precise estimate of the source location as in Hooper &@WEN2004) relies on a
detailed knownledge of the gamma-ray background whichasgmt in the GC region. It also
has been measured by EGRET and interpreted as a gamma-rayidjumated by interactions
of Galactic cosmic-ray electrons and protons with the st&dlar medium, and therefore it
is not isotropic (Hunter et al. 1997). EGRET data on thiSudie gamma-rays emission, in
fact, can be used to determine properties about the cosiyscdistribution. The emission is
mostly concentrated on the Galactic Plane and rapidly dsorg with latitude. The energy
spectrum of background photons is well fitted by a power-lath glope equal te-2.7 even
if some dependence of the slope on the Galactic location és tletected.

More precisely, the full-sky gamma-ray maps of EGRET, onteaged from the point
sources, receive contributions not only by théude background due to the interaction
between the interstellar medium and the cosmic rays. Antiaddi contribution has been
identified as an isotropic background with an power-law gnapectrum with a-2.1 slope
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(Sreekumar et al. 1998) called tRatra-galactic Gamma-ray BackgrourfEGB). The EGB

is usually interpreted as emission from an unresolved fatjon of extra-galactic blazars.
Many authors also proposed the possibility that DM anniiates, both from the halo of the
MW and from extra-galactic halos, can contribute to somerextb the EGB (see Section 18).

Assuming that the 3EG J1746-2853 is not at the GC, EGRET #&stalgbut only upper
limits on the gamma-ray flux from the GC in the 30 Me\30 GeV. Fermi LAT will soon
release its first data. Its lower sensitivity and better #&ngresolution should be able to
provide us with more precise informations about the locatib3EG J1746-2853 and on the
gamma-ray flux from the GC.

In the meanwhile, many ACTs have looked at the GC, detectigy-energy gamma-
rays emission. The first detection by the Whipple telesctplel€a et al. 2007) has been
confirmed (Hooper et al. 2004) by CANGAROO-II (httficrhp9.icrr.u-tokyo.ac.jf) and,
basically by all the ACTs (Aharonian et al. 20§)6Albert et al. 2006). The H.E.S.S.
collaboration (Aharonian et al. 20Bpreported an integrated flux above 1 TeV of§d+
0.10(stat.)+ 0.30(syst.))x 10~2cm2s™! over a total of 33.5 hours of exposure. This is the
detection which reported the largest energy range and cvedwith the better experimental
condition (the position of the source in the sky cdfeet both the fective area and the
energy threshold of the telescope and since the GC is logatdte Southern emisphere,
the H.E.S.S. telescopes are in a privileged position). Duece location is estimated to be
at (,b) = (35956'33.3” + 9.77, -0°2'40.6'°"™e + 10”) consistent within the H.E.S.S. Point
Spread Function (PSF) of D with the position of Sgr A

The distribution of the angle between the gamma-ray direction and the position of Sgr
A, after subtraction of the ffuse background emission (whose contribution is 16% of the
integrated flux) is shown in Figure 16 and is consistent wit PSF so that the source can
be assumed to be point-like. The energy spectrum is showigurd-17 and be characterized
as a power-law with slope equal Ib= (2.25 + 0.04(stat.)+ 0.10(syst.)), without any sign
of cut-of. It is not straight-forward to interpret this spectrum agsuit of DM annihilations
since it would require a particularly high DM mass: Profurao6@5) determined with a Monte
Carlo Markov Chain (MCMC) approach the preferred set of bhamg ratiosB (see Equation
(52)) for a SUSY DM candidate and the preferred range in masgatible with the H.E.S.S.
data. The results point at masses between 6 TeV and 30 Teherhigan what is permitted
by a MSSM with neutralino DM compatible with WMAP data. Thumeetauthor proposed
to extend the SUSY model beyond the minimal setup and, incodat, to anomaly and
gauge mediated soft SUSY-breaking models, showing that@h cases, the DM candidate
would be characterized by the mass value required to magcH1B.S.S. energy spectum but
would provide a too low annihilation flux requiring thus a Bbéactor to reproduce the data
(Profumo 2005). Other non-MSSM interpretations have baepgsed (Hooper & March-
Russell 2005).

Fitting H.E.S.S. data with annihilation spectra from KK Di¥is possible to bring down
the value of the predicted DM mass around 10 TeV. This is dubddact that, including
channels likd*I~y the total spectrum has afférent shape than in the case of neutralino DM
(Bergstrom et al. 2005 Bergstrom et al. 20@). However, to provide the right relic density
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Figure 16. Distribution of the angle} between the gamma-ray direction and the position of
Sgr A. Circlese: all detecting events. Open triangles:central object after subtraction of the
gamma-ray dfuse emission model (Aharonian et al. 284 ine: calculated PSF normalized
to the number of gamma-rays withinl9 after subtraction. The distribution of events after
subtraction matches the calculated PSF while the initistrithution shows a significant tail.
Insert: same distribution for the point-like source PKS 2:BB4 (Aharonian et al. 2005). The
calculated PSF (red line) also matches the data. Taken fraanokian et al. (2004.
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Figure 17. Spectral energy densi” x dN/dE for gamma-rays from the GC source, for the
2004 data €) and the 2003 datar). Upper limits are 95% C.L. The shaded area shows the
power-law fitdN/dE ~ ET. The dashed line illustrated typical spectra of phenonietdg
MSSM DM annihilation for best fit neutralino masses of 14 Telhe dotted line shows the
distribution predicted for KK DM with a mass of 5 TeV. The sbline gives the spectrum of a
10 TeV DM partilcle annihilating inta*r~ (30%) and)l:_)(70%). Taken from Aharonian et al.

(2008).
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still lower values (n,o) ~ 0.5 - 1 TeV) are needed (one can always move to a non minimal
UEDSs scenario in order to alleviate this problem (Diened.€t398)).

Even assuming the more conservative point of view that DMbants only for a fraction
of the gamma-ray signal detected by H.E.S.S. and that anpdstsical signal is present
as well, the result of the fit points to a negligeble DM conitibn. Finally the H.E.S.S.
collaboration claims that the GC source is not compatibléh e DM interpretation. In
principal, this is nonetheless interesting, since it mayvjgle usefull upper limits on the
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annihilation flux. For a NFW profile for the MW, the limit on tlaanihilation cross section
are still to large, excluded values above?0- 102*cm3s1. On the contrary, if a spike
is present at the GC, the limits are reduced about two ordersagnitude and this can
exclude interesting regions of the parameters space (Wid§ssection is assumed around
3x 102°cm3s7t in order to provide the desired relic density).

GC upper limit can be very usefull if used together with arotsource of information.
Ando (2005) proposed the idea that DM annihilations in uoinesd, extra-galactic halos can
account for (at least part of) the EGB (see also Section 18ufing a NFW profile for extra-
galactic halos, a boost factor is again needed to match EGREIfor the EGB. Considering
the dfect that such boost factor would have to the emission of theeG@aximal value for the
boost factor can be derived in order not to overcome the Uppefrom the GC. Finally Ando
(2005) concluded that this maximal boost factor is too lomDM to significantly contribute
to the EGB, or, at least, one should assume some mechanisime(a$ect of SMBHs and
Intermediate Mass Black Holes) able to enhance the antidnlflux for extra-galactic halos
but having almost no influence for the GC (Ahn et al. 2007, tidhi & Ando 2006).

To conclude: the EGRET data of the source 3EG J1746-2853eamdypreted as a DM
signal but the position of the object is not completely caieat with the GC. On the other
hand, basically all the ACTs have collected high-energg ftatm the GC. These gamma-rays
are hardly interpreted as products of DM annihilation, dathlto the energy spectral shape
and the global amplitude of the signal, which would requitecasteep DM profile. Moreover
it is not possible to explain at the same time both sourcesMis@urces: the EGRET excess
is in the 30 MeV- 30 30 GeV while ACTs provide high-energy data abev800 GeV. A
good fit to EGRET data would be obtained by a40 — 60 GeV neutralino, that cannot be
responsible for the emission presented in Figure 17. Ondh#ary a massive DM candidate
(with the use of some boosting mechanism) can explain HE @ata but would remain a
negligeble contribution for EGRET (Ando 2005).



Not-so-Dark Matter

53

Chapter llI:

Observation of
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with Air Cherenkov Telescopes
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8. Dwarf Spheroidal galaxies

In the ACDM scenario, DM structures are supposed to form from thegmegrof smaller
objects: the primordial fluctuations in the DM smooth dlstition, grow larger and larger
till becoming non-linear. These small overdensities eigmeed gravitational attraction and
collisions lead to mergings and the consequent formatidargérs and larger structurel-
body simulations are aimed exactly at understanding how RMdh(from sub-galaxy size to
the super-halos embedding clusters of galaxies) form flwrfltictuations described by the
matter power spectrum in Figure 5.

A certain number of DM objects are supposed to survive thegmgrwith a larger
structure and remain as a gravitationally-bound strustoriting in the gravitational well
of the larger body. That is why large DM halos are supposedetpdpulated by smaller
wandering subhalos. The dwarf Spheroidal galaxies (dSygthke MW can be interpreted as
the largest of these Galactic subhalos. In fact, from théyarsaof their stellar component it
appears that they are embedded within a large DM halo, sthibiaimass-to-light ratio is very
large. dSphs result to be one of the most DM dominated clasbjetts in the sky (Gilmore
et al. 2007). As a consequence, next to the GC, they also &weahand optical candidates
for indirect DM searches, both for the large DM component famdhe absence of a known
astrophysical background (for recent studies, see, egggsdBom & Hooper 2006, Strigari
et al. 200D, Colafrancesco et al. 2007, Sanchez-Conde et al. 200ga8tet al. 2003).

It is not clear which is the minimal mass of DM subhalos, dejieg mainly on the
chosen DM candidate: for warm DM this value results to be magdold — 10°M,, while for
cold DM, Earth-sized substructures 10°M, are predicted.N-body simulations indeed
found subhalos harbored in large DM halos even if the low nsasge of 10°M,, is still
far away from their mass resolution (Diemand et al. 2005jrget et al. 2008, Bullock
et al. 200D).

Moreover, it is also uncertain how many DM subhalos shoulptesent as satellite
galaxies within a larger halo. In the case of the MW this iswnas themissing satellite
problem i.e. the fact that the number of structures predicted\blyody simulations highly
overcomes the number of dwarf Spheroidal galaxies (dSpatEctkd as satellites of our
Galaxy (Klypin et al. 1999, Moore et al. 1999, Strigari et2007) (see Figure 18). While
many interpretations have been suggested, including fteeteof decaying DM (see, e.g.,
Cembranos et al. 2005, Kaplinghat 2005, Borzumati et al82,@e most natural explanation
would be that the missing dSphs have so far simply escapedtd®t. In fact, it has been
proposed that dSphs below a certain mass canffigtemtly accrete baryons, which would
explain the intrinsic faintness of these objects (Strigaal. 200D). The claimed discrepancy
has recently also been mitigated considerably by the de&sgayf a bunch of new ultra-faint
galaxies in the SDSS data (Simon & Geha 2007).

So far, almost all detected dSphs are located in the Localisra fact that is most
likely related to the low luminosity of these objects, ramgifrom 330L, to 3 x 10'L,
(Mateo 1998, Da Costa 1999, Simon & Geha 2007, Geha et al)2008

Observations of their stars is translated to informatiobsué the stellar velocity
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Figure 18. The mass within 600 pc of the MW satellites and dark subhaldlseé Via Lactea
(Diemand et al. 2005, Diemand et al. 2006) simulation. Tltk short-dashed curve is the
total subhalo mass function from the simulation. The sdildck curve is the median of the
observed satellite mass function. For the interpretatiothe error bars see Strigari et al.
(200'M). Taken from Strigari et al. (20®y.
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dispersion profile that, with the use of the Jeans equatian,be used to infer properties
on the gravitational potential and, in particular, on th&alkenass of the dSph or on the
profile of the DM halo (Lokas et al. 2005, Mashchenko et al.8)00The procedure is
based on the assumption that the galaxy is spherical anduititegym. The knownledge
of the stellar velocity anisotropy (i.e. the ratio betweka tircular and tangential velocity
of the stars) is also assumed. The kinematical equilibrifira dSph is guaranteed from
the comparison of its internal gravitational energy to tkiemnal interaction energy with the
MW. The results indicates that the internal force is usually00 times larger than the external
one (Strigari et al. 2008, Strigari et al. 2@)7 even if this does not exclude the possibility
that tidal interactions have been important in some phas#savolution of the dSph and
that the galaxy may have been stripped by the stars in the cegen (see, e.g., Munoz
et al. 2005, McConnachie et al. 2006)), this allows us to @edovith the assumption that the
object is in equilibrium and the remaining stars trace tlavigational potential of the dwarf.

However, it has to be noticed that one of the main obstacleigkind of analysis is the
uncertainty in the criteria to be used in order to determirgestar belong to the dSph or not
(Martin et al. 2007).
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Figure 19. The integrated mass of the MW dwarf satellites, in unitd/f within the inner
300 pc as a function of their total luminosity, in unitslef. The circle red points on the left)
refer to the newly discovered SDSS satellites, while theaseg) blue points on the righti{
refer to the classical dwarf satellites discovered pre-SDi3e error bars refer to the points
where te likelihood function fallsfdto 60.6% of its peak value. Taken from Strigari et al.

(2008).
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Accounting for a quite large range of possibilities, bothttee DM density profile and
for the velocity anisotropy profile, Strigari et al. (2@)7and Strigari et al. (2008) used a
likelihood analysis to demonstrate that, despite the veéffgmrent luminosities (ranging over
4 orders of magnitude), all the dSphs detected in the MW seebe tembedded in a DM
halo with the same mass scale (see Figure 19) of the order'd;10As a consequence the
very faint, recently-discovered dwarfs on the left side igfufe 19 will be characterized by a
mass-to-light ratio of the order of 1000, being very promgsior indirect DM searches.

This is the reason why in this chapter | will focus on the stoflpossible DM signals
from dSphs, mainly reporting the results of Bringmann e{2009) which | also signed. In
that paper, we computed the annihilation flux from two rafeeedSphs, Draco and Willman
1. While the choice of Draco is supported by the large set aflavle data, Willman 1 has
been discussed as a very promising target for future detectn particular, we considered
the prospect for detecting a DM signal with ACTs, focusinglmncase of the next-generation
telescopes like MAGIC Il and the Cherenkov Telescope Arra@lACThe more relevant
characteristics of an ACT for DM detection were also preseiaind will be described here in
Section 9. Finally in Bringmann et al. (2009), we includedtfee first time the contribution of
Virtual Internal Bremsstrahlung (VIB) in the prospect foetdetection of a DM signal from
dSphs (see Section 10.2).
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8.1. Draco

Draco is located at a distance of (&¥) kpc from the Earth (Mateo 1998) and is one of the
best known and most often studied dSph. Discovered by W{|$8584), the first estimation
of its DM content was performed only 30 years later by Aarand®83) from the analysis of
the stellar velocity dispersion. Nowadays, a large set td taavailable for Draco (Shetrone
et al. 2001, Aparicio et al. 2002, Piatek et al. 2002, Segadll.e2007, Walker et al. 2007).
Even though the formation of the DM halo cannot be traced bath great precision, it
can be inferred that the system is composed of very old, l@talticity stars, without any
significant sign of star formation in the last 2 Gyrs. At it®dtdistance from the MW center,
Draco has likely been strippedfats outermost stars in the past; today, however, no signs of
tidal interactions are observed (Segall et al. 2007). Fr&amematical analysis of a sample of
200 stellar line-of-sight velocities (with radii that raaffom 50 pc to 1 kpc), one can infer the
DM profile: the result of the fit (assuming a NFW profile) indesia virial mass of the order
of 10°M,, (Walker et al. 2007), with a corresponding mass-to-ligtibraf M/L > 200 M/L,,
that characterizes Draco as highly DM dominated.

Many groups have analysed the available data for Draco andelmed its DM
profile (Colafrancesco et al. 2007, Sanchez-Conde et al7,20@er 2002, Kazantzidis
et al. 2004, Lokas et al. 2005, Mashchenko et al. 2006). | amgg follow Bringmann
et al. (2009) and discuss here only the two extreme casesusarofile and a core profile,
which span the range of possible configurations. It shouldrimerlined that core profiles
are not compatible with current CDM simulations: recenulsspredict DM halos well-
fitted by an Einasto profile without converging to a precise®dor the inner slope (Springel
et al. 2008). For comparison with previous studies, however, we chosilt include core
profiles in the analysis.

For the cusp profile we assumed a NFW profile, while for the ocors a Burkert profile
(Burkert 1996, Salucci & Burkert 2000):

2
pund®) = e[+ L) [1+(L] ] 58)

S rS

For the scale radius; and the normalization densipy, we used the values summarized
in Table 2 (taken from Mashchenko et al. (2006)). Note th#t Ipoofiles produce good fits to
the velocity dispersion profiles, down to the pc scales wtieénnermost stars are observed.
No direct observational information is available for digtas even closer to the center, where
the two profiles dier significantly.

Possible DM annihilation signals from Draco have alreadsnbsearched for in the past:
after the CACTUS experiment had claimed the detection ofxaess of~ 7000 high-energy
photons in only 7 hours (Chertok et al. 2006), almost all I1AGfied to reproduce the result,
but the claim was not confirmed (Driscoll et al. 2007, Woodle2@08). MAGIC observed
Draco for 78 hours in 2007 above 140 GeV (Albert et al. 2008). Withinca@nfidence
limit, the collaboration reported an upper limit for thedgtal flux of®“(E > 40 GeV) <
1.1x 10 Mem2s1,
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Table 2. Scale radius (in kpc) and normalization densityMa/kpc®) that appear in the DM
density profiles. The NFW and the Burkert profiles in the cd9@raco represent models N3
and B2, respectively, from Mashchenko et al. (2006). In tagecof Willman 1, the NFW

fit is taken from Strigari et al. (20@J. In addition, the semi-aperture of the solid angle
corresponding to 90% of emissi@gy (in degrees) is reported together with the target distance
D (in kpc).

Draco (Burkert) Draco (NFW) Willman 1 (NFW)

ls 0.35 0.50 0.18

ps 36x10° 1.3x 10 40x10°

69 052 0.35° 0.2¢

D 80+ 7 38+7
8.2. Willman 1

Willman 1 (SDSS J10495103) is a very peculiar object, located at a distance of(38kpc
from the Earth in the constellation of Ursa Major. Discovkeby Willman et al. (2005) (see
also Willman et al. 2006), using data from the Sloan Digitiey Survey (York et al. 2000),
it was then further observed with KegE&EIMOS (Martin et al. 2007) and more recently
by Siegel et al. (2008). Recently the MAGIC collaboratiopaged an upper limit on the
observation of Willman 1 of the order of 18ph cn?s™* above 100 GeV using the analysis
method described in Aliu et al. (2008). With an absolute nitagie of My, ~ —2.5 and a
half-light radius (i.e. the radius of a cylinder, pointirggthe earth, that encloses half of the
luminosity of the object) of (2% 7) pc, it looks very similar to a globular cluster, even if its
narrow distribution of stellar velocities and the largeesat in stellar metallicities suggests
that it is indeed the smallest dSph ever observed.

The object may show evidence for tidal disruption from itsattial stellar distribution
(Willman et al. 2006). On the other hand, theétfelience in the stellar luminosity function
between the central and outermost stars reveals a strorgsegeegation. With a luminosity
of 855L,, and a mass of the order o&5L0°M,, (Martin et al. 2007), Willman 1 could feature
a mass-to-light ratio in the range 560/00 M, /L, or even more, making it one of the most
DM dominated objects in the Universe (Strigari et al. 26)07

The small number of stars that belong to this dSph hindersietier, an accurate
determination of the DM density profile. Following Strigatial. (200€), we parametrize its
DM halo with a NFW profile, as specified in Table 2, althoughsthparameters are subject
to somewhat larger uncertainties than in the case of Draco.

9. Observation with ACTs: MAGIC Il and CTA

When entering into the atmosphere, cosmic gamma-rays (dsawv¢he many orders of
magnitude more frequent background charged cosmic rayisklguose energy through
interactions with the nuclei of atmospheric molecules, oh@mtly by pair production of
electrons and positrons. Bremsstrahlung photons radistéldese highly energetic electrons
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and positrons in turn lead to the production of secondargter-positron pairs, thus
triggering the subsequent development of a particle showghen the electron-positron
energy falls belowE, ~ 83 MeV in the atmosphere, the dominant mechanism of energy
loss becomes ionization and the shower rapidly diés ©his takes place at an altitude of
8 — 12 km, depending on the energy of the primary gamma-ray. Gassade of highly
relativistic particles causes a flash of UV-blue Cherenkght] with the greatest emission
coming from the shower maximum (i.e. where the number of &eetrons and positrons
is maximal), lasting a few nanoseconds and propagating ona with an opening angle of
~ 1°, slightly depending on the primary energy. The resultingleiof projected light at
2000 m asl (the MAGIC telescope altitude) has a radius of aboli20 m. If a telescope
is located inside this Cherenkov-light pool, the light can reflected from the collecting
mirrors and focused onto a multi-pixel recording camerairAage reconstruction algorithm
(Hillas 1985) then allows the recovery of the energy anddtiioa of the primary particle, and
determines whether it was more likely a hadron or a photonthimway, it is possible to
reject up to 99% of the background, constituted mainly by slutawvers generated by charged
cosmic ray particles, by muons and by the night sky backgidigint.

This technique was pioneered by the Whipple telescopavieltl by several successors
currently under operation as e.g. MAGIC, H.E.S.S., CANGAROD and VERITAS
(httpy/veritas.sao.arizona.efuin Bringmann et al. (2009) we only considered observaiion
prospects for the upcoming MAGIC Il telescope system anthiefuture generation of ACTSs,
focusing on the case of CTA. MAGIC Il is a stereoscopic systémelescopes, composed of
MAGIC and a second telescope currently under commissioomthe island of La Palma,
which will start operation in 2009. The stereoscopic viewtwb telescopes (pioneered
by HEGRA (Pulhofer et al. 2003)), together with the improwedhnical characteristics
of the second detector, will allow a general improvementha bverall performance of
the experiment, in particular in terms of energy and angrdaolution, as well as energy
threshold. The performance of the MAGIC Il array was simedatith Monte Carlo tools by
Carmona et al. (2007). CTA, on the other hand, is the resw@hadtort for a next generation
Cherenkov observatory with increased capabilities: ndynane single telescope can cover
1.5-2 orders of magnitude in energy range. With the comburssd of many telescopes of
2-3 different sizes, CTA should be able to extend the energy rangbmimst4 orders of
magnitude, from roughly 30 GeV to~ 100 TeV. The experiment is still in the early design
phase and the final layout of the array is thus far from defirgptlye performance, therefore,
is still subject to changes (I will refer mainly to the workBérnloehr et al. (2007)). The CTA
prototype construction could start in 2010, at least fors@fithe main components, and the
final installation is foreseen in 2012-15.

The performance of an ACT in terms of its prospects to det&i¥laannihilation signal
can generally be characterized by a small number of basapeters, which are described in
the following (see also Table 3 for a summary of the charesties for MAGIC 1l and CTA):

e Energy threshold:The energy threshold of an ACT can take slightlyfelient values
according to the definition. In Bringmann et al. (2009) wesidared it to be the peak
of the reconstructed MC energy distribution (other defims being analysis threshold,



Not-so-Dark Matter 60

trigger threshold, etc.). This value depends mainly on éflector area of the telescope:
a larger mirror area allows, in particular, to collect moteofons from the showers
and thus increases the chance of discrimination againstigi sky background light,
in particular for low energy showers. The use of a steredsceystem also plays
an important role because it enhances the gafmagaon ¢/h) discrimination power
which is weaker at low energy. The energy threshold changdstie zenith angle
of observation, and sources culminating high in the sky aeéepred. Reaching a low
energy threshold is an important feature for DM studies W@ITs, both because of
the increased number of photons and because of the enhapssdifity to observe the
spectral cut-& even for low-mass neutralinos. Making use of stereoscdmsexvations,
MAGIC Il will have an energy threshold of 68 70 GeV (Carmona et al. 2007), with
possible extension to even lower energies with improvedyarsatechniques and new
trigger systems currently under development. This vallebei further lowered to at
least 30 GeV for CTA. The telescope acceptance for gammaamund 30 GeV starts
to decrease rapidly, but a very strong gamma-ray signatiqguabably even be detected
at energies as low as about 10 GeV.

e Energy resolutionThe true energy of the primary gamma-i&yis reconstructed on the
basis of a comparing analysis between the shower image ptegesyand MC events. The
probability to assign, after the analysis, an endigip the primary gamma-ray can be
approximated by

R(E-E)~

1 _(E_—E)Z) (59)
\2rE 2e2E2
Typical values for the energy resolutieare of the order of 10-30% for ACTs, depending
on the energy. The reason for such large uncertainties isdimined &ect of many
sources of uncertainties (for a more detailed discussiea Adbert et al. 2008)). The
energy resolution is an important parameter when obsesjegtral features as bumps
and cut-d¢fs that can provide clear signatures for a DM signal. MAGIC Iill wave
an energy resolution of 15% above 300 GeV (up to 20% at 70 GeY}he CTA, this
situation could radically improve. Finally, let me note ttHarther systematic errors
might hide in the absolute energy calibration; the recentQtd observation of a clear
cut-of in the Crab Nebula spectrum (the Crab Nebula is a supernovaaet that is
conventionally taken as reference source for cross-edidns in gamma-ray astronomy
due to its very stable and intense flux), when compared to eegponding future
observation by Fermi LAT (Gehrels & Michelson 1999), maywadifor the first robust

calibration of gamma-ray energies (Biland 2008).

~exp(

e Angular resolution: The reconstruction of the direction of a primary gamma-my i
performed through image analysis. As a result, a gammaeayng from a direction)’
will be reconstructed to a directignin the sky with a probability distribution that can
be fitted to a Gaussian function:

M) . (60)

1
Bﬁr(w/ —Y)= 50" exp(— 292

2102
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The standard deviatiowt, of the Gaussian corresponds to the telescope PSF. As a
consequence, any source will appear somewhat blurred. reoscopic system
exploited in MAGIC-II will improve the PSF, allowing valuess low as M5°, while

for CTA we expect an even smaller PSF. It is hard to predictxattevalue given the
current lack of knowledge of the CTA design, but a realisatue that has been used

in Bringmann et al. (2009) is.02° (see also Hofmann 2006). For extended sources, as
in the case of dSphs, the PSF plays an important role in trenséwiction of the DM
density profile, as discussed in the next section.

e Flux sensitivity: The sensitivity of an ACT is usually defined as the minimum fiox
a 5o detection over the background, after 50 hours of obsenvdiioe and based on at
least 10 collected photons. For operating experimentssehsitivity can be computed
by using real data and following Equation 17 of Li & Ma (1988)hile for planned
experiments the sensitivity has to be estimated on the IB&d4C simulations and is
therefore subject to larger uncertainties. The proceduas follows: a full data analysis
is performed on two samples of MC simulations, one for gamayaevents and one for
background events (basically protons and helium), durihgiva number of parameters
(“cuts”) is optimised to maximize the analysis quality facQ = ¢,/ /e, i.e. the
ratio between thefciency for gamma-rays and the square root of the hadfosiency
(“efficiency” refering here to the ratio between the number of &/passing the analysis
cuts and the number of events at MC, input, level). After tp&noisation, one can
estimate the number of hadrohg(> E) above some enerdgy. Given the Poissonian
distribution of events, ad detection is obtained whenever the number of gamma-rays
detected is larger tham®N,(> E). The integrated sensitivity abogeis thus given by:
5VNo(>E) 1
A-tso 6_)/’
whereA is the MC gamma-ray simulation area agglis the time interval corresponding
to 50 hours.
Nn(> E) ande,, and thus the sensitivity, are usually determined assumifegtureless
power-law spectrum of MC gamma-ray events of indeX6. This corresponds
approximately to the spectrum of the Crab. For this reasmnsénsitivity is often also
expressed in terms of “Crab” units (C.U). In the case of thechenark neutralinos under
study (see next section), the gamma-ray spectra are usumatier than that of the Crab
and no longer featureless; it is therefore natural to askmoxwh this would change the
sensitivity.
To address this question, let us note that the sensitivitinlgnaepends on theg/h
discrimination power. Thg/h separation, however, is verytieient at intermediate and
large energies, where the shower parameters are firmiygisshable between hadronic
and gamma events. At energies belew30 GeV, on the other hand, thefldrences
are more subtle and the sensitivig/affected. Hence we expect that theferential
sensitivity does not depend too strongly on the spectrurhe$burce, unless in the case
of rather low energies. An exact treatment of thieet would require dedicated studies
with MC simulations, which is beyond the aim of this work. Bdson a preliminary

O™(> E) = (61)
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Table 3. Comparison of the performance of the MAGIC, MAGIC II and CTilescopes.
Ep (in GeV) is the energy threshold,the energy resolution an#} (in degrees) the angular
resolution. The sensitivitB(> Eg) (in cm2s™?) is given for a Crab-like spectrum above the

energy threshold.
“For CTA, the numbers have to be taken as placeholders bettauseglescope design is not
yet fixed.
MAGIC MAGICII CTA*
Ep (in GeV) 100 70 30
€ 30-20%  20-10% 10%
9 (in degrees) ao 0.0%° 0.0

S(> Ep) (incm2sl) 5x101 14x10 15x 107t

MC analysis, however, we generally expect that the sertgiiva given energy will not
change by more than a factor of two compared to that definetthéoCrab.

10. Computation of the annihilation flux

10.1. The cosmological factor

Following Equation (52), | consider separately the cosmialal and the particle physics
factor. The former is discussed in the present section a@datier is the subject of next
section.

The cosmological factor depends on the source distance emmiajry (as well as the
PSF of the telescope), but for a given DM profile it does notetielpon the particular DM
candidate. As a consequence, the discussion here remdidsfaraany generic WIMP
candidate. Pointing the telescope towards a direatiom the sky, and taking into account
its finite angular resolution, the cosmological factor degseon the quantity:

00) =4 [ o [ dafereu- Baww]. (62)

where the angular integratialf)’ = d¢’d(cost’) extends over a cone centered arouynd
with an opening angle a few times the P&F The integration ovet is along the line-of-sight,
in the directiony, so thatr = /A2 + D2 — 2D A cos@¥), whereD is the distance of the source
from the Earth and co¥{) = cos@’) cos{) — cosf’) sin@’) sin(/). Defined as abovel(y)
is conventionally expressed in units MEkpc >sr or GeVFem®srt. In order to translate it
to the dimensionless quantifiy) as defined in Bergstrom et al. (1998), one simply has to
multiply it by 5.32 x 10-2'GeV-%cnPsr (= 2.37 x 10°*M2 kpcst).

Integrating Equation (62) over the full angular extensibthe source gives:

~_ (DCOSmO_ N 1 2
7= [T =030 = o [ v, (63)

where the second integral is over tkpatial extent of the source. Note that this
expression is expressed novM\iflgkpc‘5 or Ge\VPcm® and no longer depends on the telescope
PSF.
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Figure 20. The J(y) factor in the case of Draco (upper plot) and Willman 1 (lopkt). Core
profiles are shown in blue, cusp profiles in red. Thick solidsfted) lines represent profiles
smeared with the MAGIC II (CTA) angular resolution. Thinisdines represent the profiles
without smearing. The upper right panel in each figure showgaa-in of the region close
to the center. For comparison, we also show the profiles forpathetical, infinite angular
resolution. Taken from Bringmann et al. (2009).
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Table 4. Comparison of the integrated quantityrelated to the cosmological factor) for Draco
and Willman 1, for the profiles specified in Table 2.

J Draco-Burkert Draco-NFW  Willman 1-NFW

(GeVenP)  3.84x 107 4.71x 107  9.55x 107
(Mo/kp®)  8.63x10°  1.06x 10  2.15x 101

Using the DM profile parameters of Table 2, in Figure 20 thengtya J(y) for Draco
and Willman 1 is displayed. While the two sources, from tHat,pappear similar in terms
of their angular sizey, | recall that their spatial extension is quitetdrent: by comparing,
e.g., their respective scale radii for an NFW profile, onesgbat Willman 1 s = 0.18 kpc)
is considerably smaller than Dracq & 0.50 kpc). In the case of Draco, the cusp and core
profiles are almost identical (up to an overall normalizafector of~ 2) for angular distances
larger than about ~ 0.3°, below which the cusp profile starts to increase more rapibity
the center, the two profilesftier by around one order of magnitude, th&efience increasing
with decreasing PSF. Whenever an extended emission wouwtderved, one could thus in
principle be able to discriminate betweelttdient profiles by comparing the flux atf@irent
distances from the center. As it becomes obvious from FigQreand as already stressed by
Sanchez-Conde et al. (2007), the angular resolution oflleedope would play an important
role in this case. Taking into account the full range of pesfitonsistent with the observational
data (Strigari et al. 20@J, the astrophysical factor for dSphs is far better conséeithan
for, e.g., the GC, where the uncertainty in the inner parnsyseveral orders of magnitude
(Fornengo et al. 2004).

Given a telescope PSF of the order 01°Q and the expected feebleness of the signal,
however, the capability of reconstructing the morpholofyg»dended sources is very limited.
This is particularly true in the case of non-stereo ACTs whtre shower direction is
reconstructed with less precision. Even when making theeraiptimistic assumption that a
signal could be discriminated against the background oatdistance where the annihilation
flux is a factor of 3 less than from the direction towards thetee the source would appear
at a size of only roughly twice the PSF for both Draco and Walini, in the case of a cuspy
profile. For a core profile, the same measure would indicatepg@arent extension out to
< 0.2°, still well contained in a normal ACT camera (3° aperture). As we will see, the
expected annihilation fluxes are rather low and we find itdfee premature to discuss in
depth the possibilities to distinguish betweeffatient profiles in the way indicated above;
rather, we will in the following focus on the total, i.e. igtated, flux.

Table 4 reports the calculation of theegratedquantityJ for the two dSphs studied here.
For Willman 1, the uncertainty in the DM profile translatetia 95% confidence interval of
about 8&10GeV?/cnP < J < 4x10°GeV?/cn (Strigari et al. 200@). In the case of Draco,
the astrophysical factor lies in the range®e\?/cn® < J < 2 x 108GeV?/cnP (Strigari
etal. 2003). Again, these astrophysical uncertainties are rathell sthan compared to other
potential sources of DM annihilation signals, but one stidedep in mind that our choices
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Figure 21. Type of diagrams that contribute to the first order QED cdioes to a WIMP
annihilation into a pair of charged particle final statese Téading contributions to diagrams
(a) and (b) are universal, referred to fazal state radiation with a spectrum which only
depends slightly on the final state particle spin. VIB as iagdam (c), on the other hand,
is strongly dependent on the details of the short-distahgsips such as helicity properties of
the initial state and masses of intermediate particlesef&tom Bringmann et al. (2008).

of DM profiles are actually quite conservative: taking inte@unt the above quoted range of
possible values fod that are consistent with current observations of velocispersions in
the dwarfs, one could thus win a factor up to about 4 (in the ca®raco) or 40 (in the case
of Willman 1) in the annihilation flux. | will get back to thisiiSection 11.

10.2. Particle Physics factor and Virtual Internal Brenrastiung

The particle physics factor in Equation (52) is given by:
do “a“” ZB'de’ aN(E N e E-e). (64)

dE dE/

where the |ntegrat|on oveR.(E - E’) (see Equation (59)), takes into account the finite
energy resolution of the instrument. Ttetal number of photons above some enekEgyof
course no longer depends on the energy resolution (as lohg &/M, > €) and is given

by:
m. dN (E
N,(> Eo) = Z B'f Ny( ) E. (65)

In Section 5, | have already discussed th&edent contributions to the annihilation
channelsjl\l‘y/dE. Here | only what to stress the important of the Internal Bsstrahlung: in
the case of charged annihilation products, the contribugfdoremsstrahlung photons emitted
by the charged final legs is taken into account. As alreadgtpdiout, such contribution
results to play an important role for KK DM. Bringmann et &2008) noted that photons
can be emitted also by the virtual particles exchanged iratirehilation (VIB) so that the
complete set of Feynman diagrams responsible for brerhéstiga emission can be seen in
Figure 21.

There are two notable situations in which the contributib¥I® results to be releavant:

e for DM annihilating in charged particles the annihilatiameegy yield is enhanced by a
logaritmic term of the form- log(2E, v/s/mx), where /s iis the energy in the center of
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Figure 22. Gamma-ray spectra for model BM2 and BM3 of Bringmann et a008).
Contributions from internal bremsstrahlung and from seleay particles are shown separately.
Taken from Bringmann et al. (2008).
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mass andhy is the mass of the charged particle produced in the annmlgy — XX.
Such term s larger in the case of production of light lepidns in that case an additional
factor proportional toni/mzx has to be included due to the helicity property of a highly
non-relativistic Majorana particle (as it is for a DM netitna annihilating today), with
the net result of suppressing this channel. On the other, etidity suppression is lifted
for VIB photons so that this new contribution dominates thenisstrahlung emission
and, in some cases, the whole annihilation flux.

e in the case that the particle produced in the annihilatipn— XX is a boson and the
annihilation proceeds throughtahannel. The propagator results to be proportional to
« (I = p-m)™* ~ (M — me + M} + 2m, Ex)™, wherel is quadrimomentum of
the ingoing DM particle ang the quadrimomentum of the exchanged partilever
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Table 5. Parameters defining the benchmark models and some relevantities related to
the annihilation spectrunmy,», andmy, (expressed in GeV) are the uniform masses of gauginos
and scalars, respectively. taiis the ratio between the vacuum expectation values of the two
Higgs bosonsAy (in GeV) is the cofficient of the trilinear scalar term apds the codicient

of the mass term in the Higgs potentiah, (in GeV) is the neutralino mas§), h? its relic
density andr..Vlv—o (expressed in cAs!) its annihilation rate todayr is the ratio of IB
photons over secondary photons (abo¥ger)) andoanVlyy, CanViz, are the annihilation rates
for they lines. ®°P (expressed in chs 1GeV?), finally, is defined in Equation (53) and given
for MAGIC Il (Ep = 70 GeV) and CTA Ey = 30 GeV) energy thresholds, respectively.

BM My/2 Mo tang Ao Slgn@) m, Q)( h? T annVlv=0

K 350 181 350 0 + 141  0.12 Hx10%
J 750 299 350 0 + 316 011 Xx102%8
K’ 1300 1001 460 0 - 565 0.09 26x102%
F* 7792 22100 24.0 17.7+ 1926 0.11 Bx107%
J* 576 108 3.8 283 + 233 0.08 ®x102
BM r 20 anVlyy TanVlzy D) cev D5 Gev

I’ 4 79%x10°%0 85x103 16x103¥ 99x103

J 34 34%x1030 41x103% 22x103% 11x103
K/’ <01 18x103% 22x103% 15x103% 75x1032
F* 11 58x 1030 16x102° 96x103 24x103
J* 2300 55x103%° 18x103%° 79%x103 89x103%

which it will integrated on. Ify"and X are almost degenerate in mass, one thus find an
enhancement for smality that corresponds to large photon enerdigs This second
possibility is more relevant for neutralino DM in the coamfation regions.

While the dfect of IB is largely model dependent, it appears in general@®nounced
“bump” at energies close to the kinematic ctii-at the neutralino mass. The importance
of this dfect is two—fold: first, the flux at high energies, where ACTs arost sensitive,
is significantly increased; secondly, the introduction pédral features allows an easier
discrimination of a DM source from potential astrophysisalirces located in the vicinity,
whose spectrum is usually a featureless power-law. Fig2ighdws how the introduction of
VIB can modify the energy spectrum.

In Bringmann et al. (2009) we considered, for the first timee #fect of VIB in
the computation of the prospects for DM detection from dSph&fe focused only to
MSUGRA models (see, e.g., Chamseddine A. H. & P. 1982). Fercticulation of
the low-energy features of mMSUGRA models (i.e. mass spestrg, version 4.01 of
DarkSUSY were used (Gondolo et al. 2004) that relies on the public ¢sajet 7.69 (Paige
et al. 2003). As a marginal note, let me stress that theselasititns are highly sensitive
to how the renormalization group equations are implemeatet! diferent codes, or even
different versions of the same code, may give rath&emtint results (see, e.g., Battaglia
et al. 2001, Battaglia et al. 2004). Typically, thealitativelow-energy features of a given
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model can still easily be reconstructed by allowing for Isfighifts in the parameter space
(defined at high energies). From a practical point of vieug Hituation therefore does not
constitute a severe problem as one may always regard a set-@&hlergy quantities like the

mass spectrum, annihilation cross section and branchtragras a valiceffectivedefinition

of the model.

Even if highly constrained, mSUGRA permits a rich phenonhegy as summarized by
the five regions enlisted in Section 3.4 able to provide thktrielic density. In Bringmann
et al. (2009) we worked with a set of benchmark models, reptesive of these five ffierent
regions in the SUSY parameter space. From an experimenital @oview, the advantage
of benchmark models is that they allow a direct comparisawéen data from dierent
experiments (most of the benchmarks that we used have wllezeh extensively studied
in other contexts) and, in general, a more detagedcaseanalysis than for, e.g., parameter
scans. Our particular choice of benchmark models is sunsetim Table 5.

The features of these models that are important in our coatexhe following:

e |I”: This model (like the following two) was introduced by Baglia et al. (2004), where
also its phenomenology at colliders was extensively studi# is a typical example
of a model in thebulk region While the annihilation into lepton pairs is strongly
suppressed for neutralinos with the small velocities thdyitet today (unlike in the
early Universe), annihilation inté6" ¢y, which does not diier from helicity suppression
(Bergstrom 1989), gives a considerable contribution duée lightness of the sleptons.

e J': This model lies in theecoannihilation tail The sleptons being close to degenerate
with the neutralino, IB from lepton final states gives eveghleir enhancements to the
flux than in the previous case.

e K’: A representative model for thiinnel region where the annihilation dominantly
occurs through as-channel pseudo-scalar Higgs boson. Consequently, th&cawd
emission of a photon does not lift the helicity suppressiothis case and therefore 1B
contributions have to be subdominant.

e F*: Introduced in Bringmann et al. (2008) as BM4, this modelikitb a large neutralino
mass, as typical in théocus pointregion. In this regime, the chargino is close to
degenerate with the neutralino (in this case an almost puggstho) and large IB
contributions result from charged gauge boson final st@esyétrom et al. 20G5.

e J*: Introduced in Bringmann et al. (2008) as BM3, this is anoth@mple of a neutralino
in the coannihilation region, characterized by a partidyl@arge 1B contribution.

We usedarkSUSY, which in its most recent public release 5.0.1 (Gondolo.€2@05),
contains a full implementation of the IB contributions feed on here, to compute the
annihilation spectra for the benchmark models defined abawee signals are also taken
into account, but they turn out to be completely subdomiiatite cases studied here (except
for modelF*). The resulting spectra are plotted in Figure 23, both leefaking into account
the finite energy resolution of the detector and for the cdssmenergy resolution of 10%.
The main characteristics of these spectra are also sunedanZable 5.



Not-so-Dark Matter

69

Figure 23. The particle physics factod®""/dE, as defined in Equation (64), for the
benchmarks models introduced in Section 10.2. The uppeel pgrows the case of a
hypothetical detector with perfect energy resolution, aritie width ofe ~ v ~ 103, while
the lower case shows the more realistic exampke-010%. For comparison, we also show the
spectrum of the Crab Nebula, taken from Albert et al. (200@) an arbitrary normalization.

Taken from Bringmann et al. (2009).
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Table 6. Expected integrated fluR(E > Ep) for the neutralino benchmark models in Table 5
(in units of 10%m2s1), where we used the experimental parameters listed in Tabla
parentheses, we state the increase in the signal that weufetéded for ab detection as
(B1,B2,B3). Here, B1 is the often cited increase that is needed wheplgicomparing
the sensitivity and annihilation fluxes above the telescapergy thresholde,. B2 is more
realistic in that it gives the corresponding quantityove a certain energy*depending on
the benchmark, where the integrated flux to sensitivityoreigreatest an®3 is the same
as B2, yet for the most favourable halo profile consistent withrent observations (still not
taking into account theffect of substructures, however). See text for further detail

Draco-NFW

MAGIC II CTA 30

I’ 075 (19x10%1.3x10%2900 47 (31002100 490
Y 010 (L4x10°,3.2x 107600 052 (28x 10% 490Q 1200

K’ 7.0 (2000,200Q 470) 35 (410,260, 61)
F* 045 (31x10%1.6x10%3800 1.1 (1L3x10% 280Q 670
J* 037 (38x10% 74001700 042 (34x10% 120Q 290
Willman 1
MAGIC II CTA 3o
I’ 15 (9200,620Q 150 9.4  (1500,100Q 25)
J 021 (69x10%1.6x10°380 1.1 (L4x10%240Q598)
K’ 14 (990990 24) 71 (200,130, 3)
F* 092 (15x10%810Q 190 2.2 (6500,140Q 34)
J* 076 (19x10% 3700 88) 0.85 (17x10% 610 15)

11. Results and discussion

Combining the values in Table 4 with the particle physicagdadrom Table 5, we finally
made predictions about the expected gamma-ray flux abovieliggcope energy threshold
Eo. A summary of the results from Bringmann et al. (2009) is regmbin Table 6, where we
also quoted the increase in the overall flux normalizatiat Would be necessary to meet the
required sensitivity for a& detection (referred to as B1 in the table). While it is cusaoyn
to quote sensitivities and actual fluxes ab&gen this kind of analysis, we recalled that DM
annihilation spectra are rather hard, in particular whéimtainto account possible spectral
features at photon energies close to the spectral f€w@ttdhe mass of the DM particle. On
the other hand, the sensitivity of ACTs is considerably dvedit energies somewhat larger
than the telescope energy threshold. We therefore comsidbe projected sensitivities for
the integrated flux above some enefgy > Ep, using the sensitivity curves as provided
by Bernloehr et al. (2007) for CTA and by Carmona et al. (20@r)MAGIC Il and, by
comparing those to the annihilation spectra, we then coetptiteminimalincrease in the
normalization that is required to see at least part of the Dilalation spectrum abovi®.
This is referred to as the quantBp in Table 6; finally, we also stated B8 the corresponding
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value for the most favourabtamoothhalo profile that is consistent with the observational data
(i.e. here we took the upper limit ahas discussed in Section 10.1).

So far, only smooth DM distributions were discussed. On ttieerohand, it is well
known from both theory (Green et al. 2005) and numeridody simulations (Diemand
et al. 2005) that cold DM is expected to cluster and thereligrrm substructures with masses
all the way down to the small-scale cuitan the spectrum of matter density fluctuations,
which can be determined to a great accuracy from the underipiM model (Bringmann
& Hofmann 2007); if surviving until today, such inhomogetes in the DM distribution
would greatly enhance the DM annihilation rate (Bergstrétmal. 1999). For the case of
typical dSphs, this could result in an additional boost @& #ignal by a factor of 10-100
(Strigari et al. 200&). Another considerable boost in the annihilation flux coallsb result
from the existence of a hypothetical black hole at the ceoteéhe dwarfs (Colafrancesco
et al. 2007). In the most optimistic astrophysical configjorg the required increase stated as
B3 in Table 6, would thus further beeducedby up to two orders of magnitude.

Some comments can be made about these results:

e Sources.For Draco, the model-dependent fluxes for the Burkert and Nifvfiles are
very similar, and therefore we presented only the latterabld 6. For the astrophysical
benchmark profiles introduced in Section 10.1, detectigmakpects for Draco and
Willman 1 only difer by a factor of around 2, and are obviously not very encongag
When considering the most optimistic astrophysical coméigons, adopting the highest
observationally allowed value fak, things change considerably and Willman 1 becomes
an interesting and indeed very promising target for DM deasc Allowing for an
additional, in fact well-motivated, boost due to the preseaf DM substructures in the
dwarfs, this may give at least CTA the chance to see also Dnesome cases.

e TelescopedDepending on the DM model, the ability of CTA to detect gammaygs from
DM annihilation is a factor of 6- 8 better than for MAGIC II. Focusing on Willman 1,
and assuming very favourable astrophysical conditiong, @duld in principle be able
to seeall the benchmark models considered here, while MAGIC Il shbeldble to see
at least some of them. We recall that the flux enhancementedder a o~ detection, as
states in Table 6, are calculated with respect to an obsemn@tne oft,,s = 50 hrs and
scale liket\?. For prolonged observation times, one could thus win a fasta few
for both telescopes. Furthermore, as the CTA parameterstirguite preliminary, an
additional factor of 2 in the sensitivity of the operatingtiument seems quite feasible.

e Benchmark models.The best prospects for detection are found for the neutralin
in the funnel region (modeK’), the reason simply being a rather large annihilation
rate. The second-best prospects are found for mddéeh the coannihilation region.
Recalling from Table 5 thal* is actually the model with themallestannihilation rate,
this may come as some surprise and nicely illustrates thertapce of including IB
contributions when estimating the flux from DM annihilatioThe modelF* is yet
another example with rather pronounced IB contributionsnass of almost 2 TeV,
however, éficiently suppresses the annihilation flux (in this case, dwuired boost
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actually depends significantly on the details of the - so @rsufficiently well known -

integrated sensitivity of CTA for TeV photons and could tlewentually be significantly

improved).

When compared to previous work, these results are consigarere optimistic than the
conclusions reached by Sanchez-Conde et al. (2007) fomthlgsas of present-day gamma-
ray telescopes - not the least due to our fully taking intcoaot all the contributions to the
expected annihilation spectrum. On the other hand, we fiagttimclusions of Strigari et al.
(2007c) overly optimistic, a fact that we traced back to the vergéaparticle physics factor
of ®* = 5x 102cmPs1GeV 2 that the authors assumed as a fiducial value (this should be
compared to Table 5 and the corresponding values for ouhineaikk models, which represent
typical neutralino DM candidates). While it may indeed begble to find DM models with
higher gamma-ray yields than considered here, we recdltleae exist rather tight general
bounds on the allowed annihilation cross section and thebeuwf high-energy photons that
are produced (Mack et al. 2008).

It has been proved that taking realistic DM spectra has aroitapt impact on the
analysis and, although common practidecan be a rather bad approximation to simply
assume a featureless DM spectrum like froﬁfkagmentation an@r to only focus on the
total flux above a given energy threshold i these kind of studies. The basic underlying
reason for this is thatealistic DM annihilation spectra show a harder energy degence
than the sensitivity of ACTsSOnce detected, clear spectral features would, of couese h
the additional advantage of providing a rather fool-proafyvef discriminating DM spectra
against astrophysical background sources - which is ever mportant in view of the still
rather large astrophysical uncertainties involved.

Although these ffects do provide a considerable enhancement of the detakttion
prospects, the expected flux from dSphs remains at a levelftraconservative scenarios,
will be challenging to detect with the next generation of ACThis, rather than the angular
resolution of these instruments, is the reason why the patesf ACTs to discriminate
between dierent DM profiles in dSphs is limited even in the case of theect&in of
an annihilation signal; the eventual disentanglement betwcored and cuspy profiles is
probably more promising to perform at other wavelengthdgftancesco et al. 2007, Jeltema
& Profumo 2008).

On the other hand, if one adopts the most optimistic astreiphi/configurations that are
compatible with current observational data of Willman &, ia favourable DM profile and
an0(10- 100) flux enhancement due to the existence of substructltex,our benchmark
models approach the reach of at least the CTA which, for theatsstudied here, is a factor of
6 — 8 more sensitive to the annihilation signal than MAGIC lligtts, of course, independent
of the source). The most promising case of our analysis toubh$o be a neutralino in the
funnel region, characterized by no sizeable IB contrimgito its spectrum but a rather large
annihilation rate; the second best case is a neutralino fr@encoannihilation region, making
up for its small annihilation rate with enormously largeiediye corrections.

Having demonstrated that the prospects of indirect DM diete¢hrough gamma-rays
dodepend on the details of the annihilation spectrum, andttteianderlying particle nature,
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it would be interesting to perform similar analyses also dtrer targets of potential DM

annihilation. Another further direction of extending thegent analysis would be to perform
a full scan over the parameter space of viable models. | abat ¥o stress that the very
concept of sensitivity of an ACT depends on the spectrumithabserved; in the context
of DM searches, this is particularly important as DM anrmitidn spectra can significantly
deviate from the usually assumed Crab-like spectrum. WhiBringmann et al. (2009) a

first estimate of how to proceed in such a case is providedyuiadvbe warranting to perform

a dedicated analysis, using the full power of state-ofatidMonte Carlo tools, in order to

accurately determine the importance of thi®et.

Even in the case of negative detection, ACTs could in priecgut interesting upper
limits on the flux which in turn would translate into constri@ on the combined space of
astrophysical and particle physics parameters. Thougthramaller than for other sources
like, e.g., the GC, the main uncertainty in this case lieshim dverall scale of the flux as
determined by the details of the DM distribution. This, utdoately, will therefore greatly
obstacle any stringent constraint from null searches ompdhncle physics nature of DM for
guite some time ahead.

To conclude, nearby dwarf galaxies - and in particular Walini - are very interesting
and promising targets for DM searches with the next germrati ACTs. An excellent
performance of these experiments, in particular in termtb®fensitivity at energies slightly
below the DM particle mass, will be of paramount importamcsuch searches. In fact, given
the low level of fluxes involved, a factor of 2 in sensitivityight decide whether a signal
will be seen or not. Complementary to such demanding reongings on the experiments, the
above discussion should also have made clear that it willdog Mnportant to collect more
astrophysical data and to improve the theoretical undsigtg of how DM is distributed in
order to reduce the still unpleasantly large astrophysinaértainties involved.
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12. Black Holes as Annihilation Boosters

In the previous two chapters, | discussed indirect DM sesgdbwards those that can be
considered the most natural targets for detecting a DM datidn signal: the GC, due to
its nearness and its large amount of DM, and the dSphs hogteédebMW, due to their
large mass-to-light ratio. In both cases there are no datehwileveal a clear DM signal:
observing the GC region, the detected gamma-rays are hatdipreted as coming from DM
annihilation, whether for the shape of the energy spectnuiordhe uncertainty on the source
of emission. On the other hand, in the case of dSphs, curkgearienents have only been
able to put upper limits and new telescopes like Fermi LATher next generation of ACTs
have to be waited to probe interesting regions of the paransigace. Clear features in the
annihilation spectrum, as lines or bumps, are very usefiliérdiscrimination of a DM signal
with respect of the astrophysical background, but theitrdoution is model dependent and
their detection is obstacled by the not-so-precise enaggiution (at least for ACTS).

In the remaining of this thesis, | am going to present tworaliive strategies able
to improve the possibility of a detection. Firstly, | am ggito consider under which
circumstances the DM profile can be modified in order to inseeie cosmological factor
in Equation (54). In particular thefect of Super Massive Black Holes (SMBHS) is going to
be the subject of this chapter, while Intermediate MassiBkales (IMBHSs) will be treated
in next chapter.

Then the last chapter of the thesis my attention will turn tooanpletely diferent
approach, considering the analysis of the angular powertigpe of anisotropies in the
gamma-ray emissivity. Again, the aim will be the identifioatof clear singatures able to
reveal the the contribution of DM.

Going back to the idea of studying thé&ext of Black Holes (BHs), two classes of
astrophysical objects of particular interest are SMBHgrédfese & Ford 2004, Kormendy
& Ho 2000), with masses from 2o 1°M, and the more speculative IMBHs, with a
mass from 2M, to 1°M,, (see, e.g., Miller & Colbert 2004, Koushiappas, Bullock &
Dekel 2004, Bertone, Zentner & Silk 2005) and referencesethe Both these classes of
compact objects can influence the distribution of DM in whilchy are embedded, leading
to strong overdensities: | am going to follow Fornasa & Beet@2008) and review here our
study on the impact of the formation and growth of BHs on theaunding distribution
of matter, and the consequences for indirect DM searchesngBee annihilation flux
proportional to the integral of the DM density squared, sces where the density oosted
by the presence, or the growth, of a central BH, are very pmuifor indirect searches. BHs
can thus be considered B8 Annihilation Boosters

12.1. Dark Matter profiles without Black Holes

There is strong evidence in favour of the presence of SMBItseatenter of every galaxy with
a substantial bulge component (Kormendy & Ho 2000, FereaggSord 2004, Merritt 2008)
and it has been suggested that even globular clusters charidMBHs (Miller & Colbert
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2004). Throughout the chapter, | will generically referaoge gravitationally bound systems
like globular clusters, galaxies and clusters of galaxasgalaxies and | will refer to their
central region as theucleuswhich may host BHs. Such compact objects account roughly fo
10-3% of the baryonic mass of the galaxy, which is composed o$ statergalactic dust and
DM. Again | will focus only on a generic WIMP scenario, with annihilation cross section
of orderov =~ 10%5cm?s and a mass ranging between the GeV and the TeV scale.

Since we want to characterize how BHs influence the surragndistribution of matter,
we need to specify how DM is distributdzeforethe BHs form, and use this information
as initial condition for the problem at hand. Profiles withany central object also receive
particular attentioer se since the cuspiness of a DM halo without BH can give inforomet
about the “coldness” of the DM candidate (Tremaine & Gunn9Fhave already presented
some profiles that fairly describe the distribution of DMamd galaxies (see Section 2.4 and
Section 6). Let me stress again that till recetlyhody simulations of galaxies were in favour
of power-law profiles (with slope from1 to —1.5) for the nuclear region, emphasizing the
contrast with direct observations, such as rotation cuo¥éew Surface Brightness galaxies
(LSBs) (de Blok 2005, de Blok & Bosma 2002, Gentile et al. 208 X-ray imaging, which
suggest instead the presence of flat DM cores.

In particular Navarro et al. (2004) and Reed et al. (20050 uddody techniques to
simulate the high resolution evolution of galaxies with sessthat go from dwarf galaxies
(10'°M,) to clusters of galaxies (18M,). They fitted the final density profiles with a NFW
profile finding that simulated data are well approximated bghsa profile, that is, hence,
“universal”, in the sense that the same analytical form sssfully captures the shape of
halos at diferent masses. However, the logarithmic slé@ = dInp(r)/dInr of the density
profile decreases faster in the simulated data than doeeiNBEW profile at small radii.
Moreover,N-body simulations do not exhibit any indications tgét) converges to a central
valuepy, as should happen for a NFW profilgy(= —1.0) or for a Moore profileg, = —1.5).
This can be due to the finite resolution of numerical simataj which can be trusted down
to the resolution radiusy,, usually taken to be around 0.5% of the virial radius, depend
on the total number of particles in the simulatiop,{ = kpc, for MW-sized halos). The
structure of the inner region therefore were not clear, &edvalue of the central slogg
could only be inferred by extrapolation. Since the regioarng;, is where the deviations
from the NFW profile are stronger, the extrapolation proceaan lead to significant errors.

The new generation dfl-body simulations (Navarro et al. 2008, Springel et al. 2)08
with reduced resolution radius, excluded the steep MootHilpr(see Section 6) and
confirmed that the NFW still provide a good fit to the simulatetbs. | am going to consider
the NFW value for the inner slopgd = —1 as the lower limit for this quantity in the case of
a DM nucleus in absence of a BH.

As already suggested in Navarro et al. (2004) (but found ialdderritt et al. (2005)),
the new results of Navarro et al. (2008) show that the besbfthé simulated data for
high-resolutioPACDM halos is obtained with profiles inspired from the so-®dlSérsic law
(Sersic 1968)

IN(Z/Ze) = —b(XY" - 1). (66)
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Such a relation provides the best description of the luniipgzofiles of elliptical
galaxies and the bulges of disk galaxies (Graham & GuzmaB)280s the projected density,
X = R/Re, andR is the projected radius. The parametercalled Sérsic index, defines the
shape of the profile, arfalis a function ofn, usually chosen so that the radiescontains half
of the luminosity of the galaxy.

Equation (66) can be re-written as

dinx b(R)l/”

dinR~ n Re
making explicit the power-law behaviour of the logarithrog. Parametrizing the spatial
DM profile in a similar way, the Einasto profile is obtainedttban be written as in Equation
(10) or asp,(r) ~ exp(Ar*") (see Figure 14). In order to emphasize thedence from
the Sérsic law, it should be noted that now spatial and rmjepted quantities are been used.
Equation (10) was tested fitting the density of the DM halosusated by Navarro et al.
(2008), providing better results than a NFW profile (see f@gld and also Merritt et al.
(2005)).

The values of the Einasto index, left as a free parameterfiithdepends on the mass
of the halo, losing the universality that was a good featdith® NFW profile. If the Einasto
relation was confirmed as a good parametrization of the ireggon of DM halos, this would
suggest that a scale-free relation like Equation (10),ri@ag both dark and luminous matter,
is a characteristic feature for systems that form via gadéinal clustering.

(67)

13. Particle density around already-formed Black Holes

13.1. The Fokker-Planck equation and the Bahcall-Wolftsmrtu

A population of particles (both stars and DM particles) am@a BH can be described by

a distribution functionf(x, v,t), whose evolution is governed by gravitational encounters
among particles (Spitzer 1987). In the small-angle appnation, such distribution function
slowly diffuses in the phase spacg\() towards a steady-state configuration. The time needed
to achieve this equilibrium solution is defined as the rdiaxatime t,;. For the stellar
population, assuming that all stars have the same mag¢Spitzer 1987):

0.3403
G?om, InA

3 -1 -1 -
~ A0 o P My ln—A
~ 0.95- 10" yr5(200 o s—l) (106M@pc3) ('V'o) ( 15) ’

whereo is the velocity dispersiom, the stellar density and Ih, known as the Coulomb
logarithm, comes from imposing a physical upper cfiitia the distribution of impact
parameters for stellar encounters.Alms usually related to the mass of the central BW, )
expressed in units of stellar masses (Preto et al. 2004):

INA =~ In( "o ) - In( M. ) = In(N./2). (69)
2Gm, 2m,

(68)

el =
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t.es depends on the distance from the center of the galaxy butlysagin Equation (68)
and Equation (69), it is computed at the influence radiudefined as the radius at which the
gravitational potential due to the BH is equal to the kinetergy:

-2
M = GO_I\;I. ~ 11 pc( M. )( g ) . (70)

200 km s*

In the case of a singular isothermal density profile (Spit@87) p(r) = o/27Gr?),
M(r < rp) = 2M,; and this can be used as an alternative definition of the infleieadius. For
the MW, r,, = 3 pc according to both definitions. There seems to be a clead of relaxation
times with the mass of the central BH, where smaller objexsésponding to fainter nuclei)
are associated to smaller relaxation times. It can be seemfigure 24 using the empirical
M, — o relation (Ferrarese & Ford 2004):

o 4.86
10km s 1)
Nuclei can then be classified in twofiirent categories. Those nuclei with a relaxation
time larger that the Hubble time, cannot have already aekiidheir relaxed equilibrium
configuration, so that their distribution will reflect theopess of nuclear formation. They
are calledcollisionless nucleiand they are characterized by a central region with a low
density of stars, since near the BH a core is present withgesio0.2 (Merritt 2006), at
least for those nuclei where the influence radius is resolVdge “mass deficit” (compared
to what one expects from the Sérsic law) is up to 4 times thesméthe central BH. There
are, then, galaxies, like the MW and M32 that are charaaéri®/ a relaxation time smaller
than 13°yrs (at resolved radii, e.g. the MW hag = 3.5 x 10° yrs at radiusz 0.1r1y).
Thesecollisional nucleihave already reached their steady-state configurationallyshey
are faint nuclei 1y < —20) and, opposite to cores of collisionless nuclei, therimust region
exceedes the Sérsic law, establishing an inner power4lafitlgowith slope steeper than 1.5
or a compact stellar nucleus (Cote et al. 2006).
In this section, | will focus only to the case of collisionaiaiei where the relaxation time
is smaller than the Hubble time and the nucleus has, todajasad, steady-state equilibrium
configuration for the stellar population. Thefdse evolution of an isotropic distributidnis
described by the Fokker-Planck equation (Spitzer 198TokRteal. 2004), where gravitational
collisions are taken into account and parametrized as:

of  oFe 0
ArPp(E)— = - —= = —
“PE)5 = 3E “7E

M, = 5.72. 106|v|@( (71)

of
-Deefg - Def | (72)

with

E 0
DEE(E):647r4GZmZInA[q(E) f dE'f(E’) + f dE'q(E')f(E')], (73)
0
De(E) = —-647*G2n? In A f dE'p(E)f(E), (74)

' max I'max
q(E,t) = % i vradr = :—éf; [2(E — ¢)]¥?r?dr, (75)



Not-so-Dark Matter 79

Figure 24. Relaxation times measured at the SMBH influence radius iA@f#Virgo sample
of galaxies (see also Cote et al. 2004), versus the cengitdrsvelocity dispersion. Filled
symbols ¢) are nuclei in which the influenced radius is resolved. Theistthe MW. Taken
from Merritt (20063).
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while p(E) = —adqg/dE is the volume of phase-space accessible to stars with egergy

The equilibrium solution cannot be a Maxwellian distriloutj since it would imply an
unphysical stellar density near the BH (Shapiro & Teukol€83), given that stars cannot be
present at radii smaller than the tidal radiysnside which tidal forces tear stars apart. As a
consequence, the distribution function is set to zera forr;.

The physical steady-state solution was determined by Blatad&olf (1976), following
a previous work of Peebles (1972). They proposed that thélagum configuration is a zero-
flux solution, and obtained a distribution function with angs-law behaviourf (E) o« |E|*/4,
with a corresponding power-law density profil@) = por="/4. They also numerically solved
a Fokker-Planck-like equation, obtaining a profile thatloawvery well described by the zero-
flux solution, in the inner regiorr (< 0.2 r,, where the cusp actually forms), and a Keplerian
rise in the velocity dispersiom o r~Y/2, See Figure 25. Their solution has been confirmed by
N-body simulations (Preto et al. 2004), in which the assuomstof isotropy and small-angle,
characteristics of the Fokker-Planck-like formalism, haén relaxed.

The validity of Equation (72) relies on the following assuops:

e stars are point-like masses, described by a distributioction that evolves due to
gravitational interactions with the central BH and amongntiselves. In particular, this
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Figure 25. Evolution of the stellar distribution around a SMBH due teergy exchange
between stars. These curves were computed from the isotrabiit-average Fokker-Planck
equation with boundary conditioh = O at loglE| = 6. Left panel: phase-space density
f; right panel: configuration-space density The initial distribution (shown in bold) had

p o« %5 near the SMBH; thin curves shoWandp at times of (02, 0.4, 0.6, 1.0) in units

of the relaxation time at the SMBH’s initial influence radiys Dashed line show the “zero-
flux” solution f o |E|Y4 andp o« r~"/4. The steady-state density is well approximated by the
zero-flux solution at < 0.2 ry,. Taken from Merritt (2008).
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means that encounters in which stars collide with each @tteeneglected;

¢ the small-angle approximation: the gravitational potrelongs to a particular class
of interactions for which the net force experienced by a pesticle surrounded by a
population of other bodies with which it interacts, is mgidue to cumulative, weak
encounters with particles far away, rather than to strorgrftequent interactions with
close particles. If we calpy the impact parameter for the interaction that causes a
deflection of 48 in the velocity of the test particle, all the close encousitegith impact
parameterp < po count only for 4% of the total net deflection (Spitzer 1987prihg
under the small-angle approximation means that, in theyswfithe evolution of a test
particle with a velocityw embedded in a larger particle population, we are consigerin
only the encounters with those bodies far away that will poedsmall deflectionav
compared to the initial velocity;

¢ the distribution function does not depends on the angulamemium and, since the
gravitational potential is function only of the radial cdorate, the stellar distribution
IS isotropic;

e the mass of the central BH is much larger than the mass of asthdoes not change
with time, so that inside the influence radius, the grawtai potential is constant and
Keplerian and is due only to the BH itself. Under this assuompive can (as in Equation
(72)) neglect the term proportional @f/0E that would appear in a more complete
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form of the Fokker-Planck equation. Moreover the BH masstbhase much smaller
than the total stellar mass near the BH itself. Requiring garticular mass hierarchy
(Bahcall & Wolf 1976), leads us to a consequent timescalahsay, i.e., the assumption
m, < M, < M,(r < ry) implies that the crossing timig, (the time needed for a star
to cross the nucleus) is much shorter than the relaxatios, thm that in a crossing time
stars do not experience any changes in the physical prawi@tthe system.

All the assumptions listed above can also be satisfied indbe of a distribution of DM
particles only (with a common mass,), so that a Fokker-Planck formalism is appropriate
also for DM. We expect the existence of a relaxed solution i@shis case, but the relaxation
timescale for DM is enormously larger than for stars and DMiplas will never reach their
steady-state solution: they can lfEeetively considered as collisionless objects, praticadly
sensitive to the gravitational self-interactions thavethe dynamical evolution described by
the Fokker-Planck equation.

The requirement of a common mass for particles (stars or BMpt included in the list
above, because in the more realistic case of a nucleus wiihlpa of diferent mass, Equation
(72) can be modified in order to describe a multi-mass casea Beo-component nucleus,
made of stars (with a common masg) and DM particles withm, < m, the Fokker-Planck
equations will be the following:

00 0 09,
2 —_— | - — -
4n”p(E) 5 aE( m, Deg. — Dee 6E)’ (76)
0g 0 0g
2 _9% — |- 4
4r“p(E) ot GE( EEaE), (77)
with
g(E. 1) =f fi(E,t,m)m dm (78)
0
h(E.1) = f f(E.t, myn? dm (79)
0

with i € [x, x], and the difusion codicents can be written as

E 0
DEE(E):64n4GZmInA[q(E) f dE'G.(E) + fE dE'q(E')g*(E')], (80)

De(E) = —647*G?In A f dE'p(E")g. (E). (81)
E

f. is the stellar distribution function, whose evolution (Btjan (76)) is governed by
star-star interactions, anfj is the distribution function for DM and in Equation (77) only
DM-star encounters are considered due to the collisiomagse of DM.

The final steady-state solutions will have the ustigl4 slope for stars (in fact Equation
(76) is not diferent from Equation (72)) and a mildet3/2 slope for DM, that will be
established in the same timescile(Equation (68)). The steeping of the initial profile, due
to the presence of a BH, leads to an increase of the DM antidnleate. This is why we refer
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to BHs asDM Annihilation Boosters The predicted profile1° is steeper than what can be
found for models without BHs (see Section 12.1) but it is mikedy that the overdensity will
be reduced in a couple of relaxation times (see Merritt €28I07) and Section 14.2), we will
see cases in the next sections where BHs can provide hugefacss.

The presence of a stellar cusp has been experimentally wadfifor the MW (Genzel
et al. 2003, Schodel et al. 2007), through the detection aofoéile with a slope equal to
-14 <y < =13 in the inner regionr(< 0.38 pc) and to-2 (isothermal profile) in the outer
region (see Figure 26). Our Galaxy is a collisional nuclsiuse the relaxation time is shorter
than the age of the Universe§% 10° yrs at= 0.1 r},), So it was suggested to interpret its cusp
as the Bahcall-Wolf solution to the presence of a SMBH withassa: 3.7 x 10°M,, (ry, is
~ 3 pc so that the cusp starts more or less whete.1 ry,), hypothesis supported also by the
luminosity of the X-ray source Sgr*A Anyway, it is more likely that the MW experienced
a merger between a redshift= 2 (Merritt et al. 2002) and today, so the cusp will be the
result of anoverdensity regeneratiofsee Section 14.2). The actual, detected profile (Merritt
& Szell 2006) is consistent with a cusp regenerated afterrg@en®ccured at a timg 8 Gyr

in the past.
The detected inner slope efl.4 is not exactly what the Bahcall-Wolf solution predicts
(y = -1.75). However, the two results are considered as consistiéimteach other since

the steeper value is derived under the simplyfing assumpti@apopulation of stars with
identical mass, and if the more realistic multi-mass forsmalis introduced, the slope will
become shallower, moving towards th&.4 value. The same can be said if, as it was argued
(Merritt & Szell 2006), the time required to reach a steathtessolution at the Galactic center
is > 10r.

13.2. Loss-cone dynamics and BH binaries

In this section, | will focus (following Fornasa & BertoneQ@8) on two mechanisms that can
reduce, and even completely destroy, collisional cusps.

First of all, in our paper we reviewed the basicdags-conadynamics, i.e. theféects
related to the presence of a BH tidal radius or of the relstitvievent horizon. This is only
partially relevant for DM since it will #ect mainly the stellar population, but it is relevant in
this contest since we have just seen (Equation (77)) how atat DM evolve together, so that
a decrease in the stellar cusp due to loss-cone (Merritt&) Q0 influence the DM density,
too. Moreover | want to emphasize that any enhancement idehsity of DM and stars has
to survive to a collection of dynamical mechanisms that canplthem.

After discussing the loss-cone, we focused on the pogyiltiiat, during the merging
evolution of a nucleus, a BH binary forms. In this case, bagtiee and DM distributions
will be directly dfected (Merritt 2006), leading not only to the reduction of cusps but also
to the possible destruction of spikes in models with adialggowth (Merritt et al. 2002) (see
Section 14.1).

The loss-cone of a BH is the set of eccentric orbits populétedtars that are going
to intersect the tidal radius. Such orbits are depleted imasing timet,,, since stars are
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Figure 26. Mass density profiles near the centers of the MW and M32. [hthe is
p(r) « r~15. Both galaxies contain SMBHs with masses3 x 10°M,, and with influence
radiirp = 3 pc. Taken from Merritt (2008.
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eaten up by the BH: tidal forces inside the tidal radius testaa apart and these events are
accompanied by flares, emissions of light peaked in the X ordawd with a luminosity
of ~ 10*erg s'. A handful of these flares have been observed: they have thectd
signature and the number of detections is roughly congistith theoretical estimates of the
consumption rat&l (Komossa et al. 2004, Komossa et al. 2004, Halpern et al.,2084g &
Merritt 2004)

Once depleted, loss-cone orbits can continue to contriout@e consumption rate only
if they are somehow refilled with particles. Energyfdsion provides a mechanism for such
a repopulation. In factN-body simulations confirmed (Merritt 2086that the zero-flux
Bahcall-Wolf solution is established only approximateatgldahat (for stars) there is a residual
flux F(E) oc r3/trei(ry).

This value is too low compared to the expectédvhose main contribution comes,
instead, from angular momentumfidision: the “classic loss-cone theory” (Frank & Rees
1976, Bahcall & Wolf 1976, Cohn & Kulsrud 1978) applies to lghtar clusters (populated
with a central BH), whose relaxation time is so low that they\aell-relaxed and old objects.
The distribution of stars near the BH is therefore assumdxkton a steady-state, for which
a Fokker-Planck-like formalism is appropriate. Resul@simates for the consumption flux
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can be introduced in the original Fokker-Planck equati@e (8quation (72)) to study how
particle density is fiected by the presence of a tidal radius:

4p(E) o =~ E 4 (.0 82

When extended to the study of galactic nuclei, the steaalg stpproximation may fail,
at least for collisionless nuclei, and the stellar profilamge tidal radius is, in general,
different from the Bahcall-Wolf one. For example, galaxies aig approximately spherical:
their shape is more likely to be triaxial and there is the fmlity that they are governed by
centrophillic orbits, i.e. orbits that pass arbitrarilyosé to the BH. In the case that these
chaotic orbits survive until late stages in the galactideon, N would increase, since more
particles would fall into the tidal sphere.

Alternatively, the present galaxy can be the result of cativg mergers of less massive
mini-galaxies, each of them hosting a mini-BH: the formatid a BH binary would decrease
the consumption rate, since all stars with angular momemtyni,;, = (2GM,a,) would be
ejected (Wang & Merritt 2004)M1, is the total mass of the binary aaglthe major semi-axis
when the system becomes “hard”), preventing loss-coneprdatbon and leading to lower
ratesN.

Finally, in real galaxies, the fluse mechanism of orbits refillment will cause the nucleus
to expand (Merritt 2008, Freitag et al. 2006, Murphy et al. 1991, Baumgardt et al 4200
since the density is reduced when particles are eaten ughasd particles which fall into the
loss-cone transfer energy to the remaining nucleus witlsémee &ect of a heating process.
The expansion is visible in one single relaxation time, tdecay” goes on at a constant
velocity and the density can be written@s, t) = pc(t)p*(r), whereo*(r) is the initial profile,
while p¢(t) o< t™1. As a consequence, present-day collisional nuclei could baen denser in
the past.

It has been suggested that also the presence of a BH binamfteatively reduce the
Bahcall-Wolf cusp. The growth of a galaxy is thought to pdssugh the agglomeration of
smaller galaxies and protogalactic fragments. If more thraa of these subhalos contain a
BH, the two objects will form a binary system whose dynami&s strongly &ect stars and
DM. This scenario has received great attention since meayst the ultimate coalescence of
the BH binary are ideal targets for the detection of gramtetl waves (Thorne & B. 1976).
Evidences for the presence of such binaries can be found mmol§sa et al. (2003) and are
based on the detection of multiple active nuclei in the saatexy (Rodriguez et al. 2006).

Consider a compact object with mals moving, with its nucleus, around a BH with
massM,, beingg = M,/M; < 1 the mass ratio ant¥l,, the total mass. The evolution of
the binary can be described by thre&elient phases (Merritt 2006Merritt 2006) (see also
Figure 27): first, the smaller BH decays due to the dynamiaztidn with stars of the other
nucleus, and the separati®, between the two objects drops down. When the influence
radiusry, of the more massive BH is reached, the two objects can bedmmesi as a bound
object and the first phase comes to an end. The infall time gb&rritt 200&) suggests that
binaries are not so uncommon since, for reasonable valugéopt 102 andM; = 16BM,),
they are able to form before the Hubble time.
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Figure 27. Evolution of the binary separation inN-body simulations with the density inner
slope equal te-1.5 and 2x 10° particles. Binary mass ratios are, from left to right, 0.25)
0.1, 0.05 and 0.025. Vertical lines show the time definetligs The upper horizontal line
indicate the influence radius of the more massive BH in th@imhodel. The lower horizontal
lines indicatesy, = q/(1 + g)? x rn/4. The rapid phase of decay continuesaas a, with the
result that the binary binding energy at the end of this phasearly independent dfl,.
Taken from (Merritt 20086).
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The second phase is characterized by a quick “shrinkingii@binary, until it becomes
hard, i.e. the binding energy equals the kinetic energy, or edently the major semi-axis
reachesa, = g/(1 + q)? x rp/4 (Merritt 200@). The third phase, whea < a,, is the
least known: a binary in a fixed background begins to harden@instant hardening rate
s = d(1/a)/dt, but physical binaries has already ejected almost all staistersecting orbits
and the rate suddendly drops. These orbits need to be regtegulisually by energyfilusion,
but this dfect is more likely to be only subdominant, at least in thosghbrgalaxies where
the scouring of BH binaries has been detected, charaatiebyea relaxation time higher
than the Hubble time. In numerical simulations with finNe gravitational encounters will
unphysically continue to supply particles to the binaryaaés roughly proportional tN, so
experimentally it is more usefull to define the semi-majasa;, where the hardening rate
goes to zero (Merritt 2008. FromN-body simulations it results

Astall _ g
i (1+g?

ri, is a second influence radius, defined as the radius where tdilemass of particles
within r{ after the binary has stalled is equal to twigk,. This values forag is a couple
of orders of magnitude higher than the distance where tharpinoalescences. This is

(83)
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known as the “final parsec problem”, since evidence is sttbagBHs binaries do eventually
coalescence (Rodriguez et al. 2006, Merritt & Ferrareselp0Many solutions have been
proposed (Gualandris & Merritt 20@Y, e.g. that, as for loss-cone orbits, the presence of
centrophillic orbits in realistic triaxial galaxies cafiect the above considerations, so that the
binary continues to shrink even o< ay.

Assuming that the binary does stallaty, it will have transferred an energy

GI\Z/IrthZ + G'\Z";th ~ —% Mo + 2(My + Mp)o = 2(My + My)o2,(84)

to the particles in the nucleus. This relation has been usexplain the mass deficit
in the core of brightest galaxies since such an energy ehedklet stars leave the central
core, with a total displacement of malgkes and 04 < Mget/M12 < 0.6 (Merritt 2006) for
0.055qx<0.5.

Strictly speaking, the observed mass defiblig  reach values that are even four times
larger than the mass of the binavis, (that, if the coalescence occurs, is also the mass of the
final BH). We can account for values as largeMg.¢/M1» < 2 if the nucleus experiences
more than one merger, with more than one binary forming. D& tmass displaced will
be simply the sum of eacMyes during each single merger. For even larger values, other
mechanisms have to be evoked, e.g. the possibility thatrd B arrives when the first
two have not coalescenced yet. In such a situation, one d@lthasually leaves the nucleus
(gravitational slingshogffect) leading to higher values fdfges. Similarly one of the SMBH
of a BH binary can be expelled with a high velocity, due to tbecalledgravitational-wave
rocketeffect (Gualandris & Merritt 2003).

X

AE ~ —

14. Adiabatic growth of Black Holes

In this section the assumption of time-independent grasital potential will be relaxed. As
we will see, this can, in some cases, lead to large DM oveitiendn particular, the adiabatic
growth of BHs can produce the steepest DM profiles discusshgiature.

The seed BH grows in an already-formed nucleus with a stadtielldr or DM)
population. The condition of adiabaticity guarantees thatgrowth timescale is larger than
the crossing time, but smaller than the relaxation time {far stellar distribution). As a
consequence, nuclei where a BH have grown adiabaticallg hat yet reached a stable,
relaxed stellar configuration. Another consequence (Birfadlremaine 1987) is that the
angular momentum and the radial action (Je= 56vrdr, wherey, is the radial velocity and
the integral is over one closed orbit) are conserved. Thaituby between the BH accretion
timescale and the nuclear crossing time, that lies at the obthe adiabatic assumption,
is reasonable at least for BHs with mas#$és < 10'°M,, as can be checked adopting the
shortest timescale for the BH growth, i.e. the Salpeter time M./Mgqq (where Mgqq IS
the Eddington accretion rate), and comparing it with thessirgg time at the influence radius
ter o< M,o /1y, using theM, — o relation (see Equation (71)).

The first study on the impact of adiabatic growth (Young 19803tars, analyzed the case
of a non-singular isothermal stellar profile, and predigedverdensity extending to the same
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Table 7. Different quantities computed from the adiabatic growth of thidgal models
proposed by Sigurdsson et al. (1994)andys, are the initial and final slope in the density
profile for the region closer to the BHh.indicates how the distribution function diverges as
E — @(0) andC is the slope of the final density profile if it were made of paet on circular
orbits. The value fon in they = 2-model is absent since the equation used to derigenot
valid fory = 2, but fory — 2 the final profile hags, — 5/2.

Model y n ysp C
isothermal 0 0 R 94
vy model ¢ = 0) 0 1 2 94

vy model {y = 1) 1 52 7/3 73
ymodely =3/2) 32 92 125 125
vy model § = 2) 2 52 52

size of the initial core, with a slope equal+8/2. In the case of a DM halo, such overdensity
has been calledpike(Gondolo & Silk 1999), to distinguish it from the aforememied DM
cusps.

A numerical algorithm that mimic adiabatic growth was alsveloped, in order to
confirm the creation of the overdensity (Sigurdsson et @4)9The method is very flexible
and, in fact, it was applied to initial models other than #athermal distribution (Sigurdsson
et al. 1994). Two classes can be identified: the first incladleéhose profiles called “analytic
cores”, characterized by a density that can be expanded awargdaw series near the BH
(o(r) = po + 1/2pyr? + ...), while the second describes the so-cafjetiodels that exhibit a
power-law density profile in the inner regiop(r) oc r=7.

As benchmark cases, themodels with 0< y < 2 and the isothermal model (as an
example of analytic profiles) are considered here, andtseate presented in Table 7 and in
Figure 28 (MacMillan & Henriksen 2002) (only for the isotheal and fory = 1).

The spike radiussp, i.e. the distance where the slope changes due to the peesénc
the BH, depends on the BH mass and it is related to the influesmties asrs, = 0.2ry
(Merritt 2003). Inside such radius, the spike has a shepethat depends on the initigl In
the case of a model with analytic core the final slope3$2 (Young 1980), while for ther
models an analytic relation holds (Peebles 1972, Sigurdstal. 1994, Ullio et al. 2001):

Vsp = %2;/ (85)

Such relation is valid under the following assumptionsig¢éad by all the models in
Sigurdsson et al. (1994)):

e the distribution function is isotropic;

e the gravitational potential can be writtenr&s” in ther — 0 limit;

o f diverges asi — ®(0)] ™" in the limit E — ®(0) (this last requirement is what makes a
model with analytic core dierent from ay model).

Comparing the first two lines in Table 7, it can be seen thanéwoth models start with
a costant core, they develop venftdrent final spikes, due to thefiirent behaviour of the
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Figure 28. Adiabatic growth in the isothermdgft pane) and for ay = 1 (right pane) model
for a value ofM, of 0.001, 0.01, 0.1 and 1.0 (mass units explained in MackifaHenriksen
(2002)), with the mass encreasing from bottom to top in tipetéeo panels and from top to
bottom in the last panel. The density is shown in the top fraheeaveraged radial velocity in
the middle and the anisotropy parameien the last frameg = 1 — (v2)/(2v?) wherev; (v)

is the tangential (radial) component of velocity. TakemfrlacMillan & Henriksen (2002).
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distribution functions in th& — ®(0) limit, suggesting that the formation of a strong spike
is not a consequence of a singularity in the density profiterbthe distribution function, and
in particular in the way cold orbits (populated by stars wathow velocity) are arranged
(see Section 14.1). We will not consider initial configuvag withy larger than 1 (see
Section 12.1), so the steepest spike has a slop&8 (wheny = 1).

The velocity dispersion reacts to the BH growth in a similaywor both classes of
initial models: in fact, a Keplerian rise appears, with gsl@f-1/2. On the contrary, the
anisotropy is substantially fierent: analytic models exhibit a mild tangential anistrepy
an intermediate distance from the BH but remains isotroptb@center; the more massive
the BH is, the higher the anistropy. While fprmodels, orbits are tangentially-biased in the
central region and the anisotropic area increases with massive BHs. If the hypothesis
of an isotropic distributions is relaxed, a nucleus maderaly by circular orbits evolves to a
profile with final slope equal t€, shown in Table 7. As one can see, fomodelsys, = C,
while the circular isothermal model exhibits a much steepape, although with a value not
higher than for ther models. Such consideration suggests that results fronbatittagrowth
are not very sensible to possible violations of isotropyhi initial configuration.

Even if spikes are the steepest known overdensities, thegotabe considered as
signatures of BH growing adiabatically, since a simple siagisothermal profile that nothing
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has to do with adiabatic growth is steeper than half of theetsid Table 7. On the contrary,
arise in ther profile is quite a robust indication of the presence of a eéntompact object.

14.1. Destruction of spikes

The formation of spikes described in the previous secti@aldeto the largest annihilation

boost factors: the mechanism of adiabatic growth can, i) faoduce inner slopes as steep
as—2.3 (see Table 7), for profiles that will be characterized byrgdannihilation flux (which

is proportional to the integral of the DM density squaredjhvnteresting consequences for
indirect DM searches.

However, it has been argued (Ullio et al. 2001, Bertone & Me2005, Merritt
et al. 2002) that the formation of spikes requil@s hoc initial conditions for the DM
halo. Moreover, even if spikes do form, then, dynamidéées can reduce or even destroy
them, as we considered before for collisional cusps. A spéeform even from an initial
density profile that does not diverge (Ullio et al. 2001), ioubrder to produce a significant
overdensity, the distribution function of cold orbits hagdiverge in theE — ®(0) limit. In
fact, cold orbits are those which provide the particles widtform the spike, since they are
the most &ected by the presence of the central BH.

But these cold orbits are more likely to be depleted due torttezactions of stars with
molecular clouds or globular clusters or other bodies thatgass through a galactic nucleus.
Moreover, the evolution of a galactic nucleus is thoughtd@baracterized by the cumulative
mergers of sub-nuclei and even a single merger event candraveatic consequences on
the distribution of cold orbits. In other words, one can eetete a collection of féects
that dfectively heat up the particles near the BH, so that they cavel¢he central region
obstacling the formation of the spike.

Also in the case that the spike is formed, it is unlikely thatill survive to the evolution
of the nucleus and, in particular to the presence of dyndmmeahanisms that would provide
an additional heating source to particles on cold orbit#) tie result of highly reduce of even
destroy the enhancement. Numerical simulations have bedarmed in order to quantify
these fects: for example the possibility that the BH forms slightly the center of the
nucleus was described by Ullio et al. (2001). The BH wouldwvjospiral in, towards the
center (Nakano & Makino 1999), and then adiabatically growhie final value. But if the
initial value for the BH mass is too low, the spiraling wouddke too long to finally reach the
center, while, if the BH is too massive, its scourirfiget on the DM particles would flatten
the central density, to values that can be even lower thaimitied profile (see Figure 29).

Moreover, gravitational interactions of DM particles wibhryons in stars modify the
evolution of DM in the spike, reducing the enhancement, e $hme way that stars heat
the DM particles in a collisional cusp causing its dampinge(Section 14.2) (Merritt
et al. 2007, Ullio et al. 2001). Simulations on theets of galactic mergers can also be
found in Merritt et al. (2002). Other objections have beenfpmward, suggesting that spikes
can form only as results of a series of accidents and, thexedioe not expected to be common
in the local Universe (Ullio et al. 2001).
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Figure 29. Modification of a NFW DM density profile due to thefecenter formation of a
BH seed of masMgH, its spiral in the center of the DM system and its adiabatawghn to

the present-day mass of the Bl at the GC. The cases for a fewfldirent values of the BH
seed mass are plotteglqe is the maximum WIMP density above which WIMPs are depleted

by pair annihilations. Taken from Ullio et al. (2001).

L ]016 LT IIIIHI| IIIIIIII| IIIIIIII| IIIIIIII| T IHIIII| T IHIIII| T TTITT T TTI T TTIT
o

e TRy -
2 14 107 My, /107 M,

~ 10 —

= 0 11'11:1111 protile =

- — Mgy spiral-in + B

10 approx. adiabatic growth

10 al

T e —

10 — —

10t = _

107 = M= My, =

| —

. NFW profile —

10 | =

10 4 [ | IIIIIH| | IIIIIII| | IIIIIII| | IIIIIII| | IHIIII| | IHIIII| | IIIHII| | IIIHII| | IIII\I

8 7 - 5 4 3 2 -1
10° 107 10" 107 10t 107 107 10 1 ]

r| kpe |

14.2. Regeneration of cusps

In the previous section | focused on the processes that cstnogieoverdensities (whether
cusps or spikes). However, gravitational interactionsgmuarticles (during the evolution of
the nucleus) can partially regenerate such structuresrdalsstic nucleus populated by stars
and DM, star-star collisions and star-DM collisions (givarough time) drive the evolution
towards a steady-stater/4 profile for the baryonic component and-8/2 profile for the
DM component (Merritt et al. 2007) (see Section 13.1). Thisriie also if the nucleus is
the result of an early evolution phase in which previous anBments were destroyed. In
other words, consider a nucleus with a shgytand a steep DM and stellar profile (due to
collisional relaxation or adiabatic growth of the centrafi)BIf a merger occurs and a BH
binary forms, the displaced mass will reduce or even dedtodly overdensities. But, due to
the short relaxation time, it can happen that the nucleughaggh time to reconstruct, from
the core profile after the BHs coalescence, the collisiookit®ns. The new DM cusp is
called CREST (Collisionally REgenerated STructure). Ttiea can be checked analitically,
applying the two-body Fokker-Plack formalism to a core peafescribing a nucleus after the
scouring of a BH binary, but also with the help of numericaltioes (Merritt et al. 2007).
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Figure 30. Solutions of the Fokker-Planck solutions that describgdhme evolution of stars
and dark matter around a BH due to star-star and star-DM tgtanal encounters. Lenght
unit isrs and density is in units of initial value at. Curves show the stellar (left) and DM
(right) density profiles at time 0, 0.2, 0.4, 0.6, 0.8, 1.0 mitsi of the initial relaxation time at
rn. Dashed lines are the steady-state solutions. Taken fromithMet al. (2007).
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Results are summarized in Figure 30: DM CRESTSs are not ap atespikes, but they have
the advantage to form from very general initial profiles ggithat the (stellar) relaxation time
is short enough. They need a timescale of roughif0.2 r,) to form, but then DM particles
in the CREST continue to be heated by gravitational inteyastwith stars and the 3/2
solution, therefore, decays in a self-similar way

pX(I’, t) = p)(,O(r)G(t/trel), (86)

with dG/dt < 0, so that after %t (rn) the reduction is of a factor/&.

The balance between the requirement that the relaxatianisrahort enough to let the
CREST form but not too short to make the CREST not to decay tochmleaves us with
a rather narrow window of galaxies where CRESTs can be presams can detect them in
galaxies with a luminosity & 10°L, < L < 3 x 10°L,. The MW is inside this range and, in
fact, many proposed to interpret the cusp detected for olax@4dSchodel et al. 2007) as a
reconstructed structure after a merger occur@Myr ago (Merritt & Szell 2006).
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Chapter V:
Intermediate Mass
Black Holes
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15. Intermediate Mass Black Holes and their formation scenaos

The steep DM slopes produced by the adiabatic growth of BHeertteese objects extremely
interesting since they mayfectively act as DM Annihilation Boosters. This circumstanc
encouraged many authors to look for possible ways to evagldythamical &ects causing
spikes to damp.

Two possibilities have been proposed: the first is to focusMiBHs instead than of
SMBHSs. IMBHs can be present within substructures of DM h@k®sushiappas, Bullock &
Dekel 2004, Miller & Colbert 2004) and their evolution is suthat the objections raised
for spikes around SMBHs do not apply (Bertone, Zentner & Qi05). The second is
considering the contribution of spikes and mini-spikes. (DM overdensity around IMBHS)
to the difuse EGB integrating the signal from high redshift, i.e. wipikes were already
formed but destruction mechanisms were not \@&ative (Ahn et al. 2007, Horiuchi &
Ando 2006, Ando 2005).

| am going to focus on IMBHSs first, while the discussion on hawnpact objects can
contribute to the CGB will the subject of Section 18.

IMBHs masses range from 20 to 1M, where the lower limit is derived in Fryer
& Kalogera (2001) considering the most massive remnant ¢él&as collapse and the upper
limit is usually assumed as the lowest mass for a SMBH (Fesea& Ford 2004). There is
no direct observational evidence for the existence of IMBHissome hints come, e.g., from
Ultra Luminous X-ray sources (ULXs) (Swartz et al. 2004ys@s that emit in the X band
with a luminosity higher than erg s?, and, hence, not compatible with the interpretation
as BHs accreting at the Eddington limit. But, due to theirippmss in the host galaxy, they
cannot be explained in terms of AGNs either. The hypothdsiB#H with a mass higher than
15- 20 M, and less massive than a SMBH seems to be a fair explanatgiaaoh

Many authors also proposed that globular clusters can MBHk, and a possible
confirmation of such idea comes from the fact that the mads &wean IMBH and the value of
the stellar velocity dispersion measured in globular ersstfall exactly at the extrapolation
at lower values of théM, — o relation valid for SMBHs (Miller & Colbert 2004). From a
theoretical point of view, IMBHSs can also help to explain tbemation of SMBHSs: the Sloan
Digital Survey (Fan et al. 2001, Barth et al. 2003, Willottagt 2003) has detected quasars
up to redshiftz ~ 6 suggesting that SMBHs were already present when the Waweas~
1 Gyr old. One of the most natural way to understand this is §BHs grew, through a
phase of fast accretion and mergers, starting from alreaasive seeds. In fact, a generic
prediction of scenarios that seek to explain the propedti¢ise observed SMBH population,
is that a large number of “wandering” IMBHs exist in DM haladsl&m et al. 2003, Volonteri
et al. 2003, Koushiappas, Bullock & Dekel 2004).

Despite their theoretical interest, it isfiitult to obtain conclusive evidence for the
existence of IMBHSs. A viable detection strategy could bedbarch for gravitational waves
produced in the mergers of the IMBHs population (Thorne & 876, Flanagan & Hughes
1998, Flanagan & Hughes 1988Islam et al. 2004, Matsubayashi et al. 2004, Koushiappas,
Bullock & Dekel 2004), with space-based interferometershsas the Large Interferometric
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Space Antenna LISA (httptisa.nasa.gagy.

Two formation scenarios will be discussed here followingtBee, Zentner & Silk
(2005). In the first (scenario A), IMBHSs form from the gravitanal collapse of Population 11l
stars, that are usually heavier than local stars, sincegtoayin an environment with very low
metallicity, for which metal line cooling can be neglectéa a consequence the Jeans mass
(that scales with the temperature B%?) is higher, allowing the formation of more massive
structures. Such stars are characterized by very low nutigltoo, meaning that they will
lose little of their mass due to winds and weak pulsationgulRdion IIl stars with masses
above larger than 2581, would be able to collapse directly to BHs without any expbosi
(Miller & Colbert 2004). The evolution timescale of theseyenassive stars is of the order
of 1 — 10 Myrs and it should be noticed that, in this scenario, th&Hwhich will have a
mass of the order of £8,) can form not exactly at the center of the DM distributionkvit
which the stellar collapse occurs.

I will mainly focus on the second formation scenario (scend8) proposed by
Koushiappas, Bullock & Dekel (2004). In this case the foloratstarts at high redshift
(z = 15) where halos can be thought as overdensities made of DManydns, that grow
by gravitational interactions. These structures can atspiige angular momentum through
tidal torques. The fate of the two matter component beginditerge when the baryonic
gas cools down (cooling mechanisms can be, e.g., atomiccbioéng for larger halos or
molecular hydrogen cooling for smaller ones) while the DMhpomnent reaches the kinematic
equilibrium forming a spheroidal distribution that embdtis baryons. At this stage of
the evolution the main obstacle for BH formation is the déngal barrier, since the total
baryonic mass centrifugally-supported is many orders ofmitade larger in size than the
corresponding Schwarzschild radius. Koushiappas, Bkil®®ekel (2004) assumed that
both baryons and DM are characterized by the same angulaentam distribution taken by
Bullock et al. (2004) and the &ect of cooling is the formation of a pressure-supported disk
made by the particles in the low-momentum tail of the angolamentum distribution.

If the original halo is massive enough, the disc will iBeated by an #ective viscovity,
due to gravitational instabilities causing an inward maew fand a consequent outward
angular momentum flow. This process will terminate when tfstesn experiences a major
merger with another halo or the disc starts to fragmentake dhgular momentum transfer
and the inward flow will allow a central massive object to foltrwill be pressure-supported
and short-lived and will very shortly collapse to the final BH

Figure 31 shows the lower halo mass needed for the disc to &manfor the &ective
viscosity to be triggered on, as a function of the redshife s&e that the values are not very
sensitive to the redshift and the mass scale is arouhd 10°M...

The mass of the final IMBH depends on the details of the haléugen (the angular
momentum distribution, the ratio of baryons to DM in the hah@ exact redshift of formation
of the halo and so on) and in particular depends on how longidusity is able to trasfer
baryonic matter to the center of the halo: Koushiappasddll& Dekel (2004) estimated that
the mass of the final IMBH will be follow a log-normal distritbon with a variancer, = 0.9
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Figure 31. The minimum masM:™ of a halo capable of forming a seed BH as function of
redshift. The thick solid line refers to the angular disitibn assumed in Bullock et al. (20811
(BO1). The thin solid line marked = 1.3 refers to a modification to the BO1 distribution (see
Koushiappas, Bullock & Dekel (2004) for more details). Tioted lines correspond to-Bo
fluctuations in the random fluctuaction field, illustratitgit the minimum masses of concern
are rare systems. The short-dashed line represent the ormimass for atomic line cooling
only and the long-dashed line is an approximation for theemwar hydrogen cooling. Taken
from Koushiappas, Bullock & Dekel (2004).
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around a mean value depending on the characteristic of gterayas follows:

K f\¥? Myir 1+ 7z 32 t
M"3'8><104M0(T5)(0.03) (1o7|v|@)x( 18) (10Myr)' 87)

f is the fraction of the total baryonic mass in the gas cloutiitha cooled into the disg,
is that fraction of the baryonic mass of the disc that fornesfthal BH, M;; is the halo virial
mass,z; is the redshift when the formation starts from the cloud atite timescale for the
evolution of the first generation of stars which estimatesfiscous timescale.

The today population of IMBHSs can be estimated, as done bjoBey Zentner & Silk
(2005), in the following way:

e scenario A: the halos that correspond to a density fluctndéigger than 3 atz = 18
are populated with a seed BH with a mass of MQ These halos will evolve and
merge with each other forming the massive halos in whichxgedaand clusters of
galaxies are embedded. At the same time, the seed BH mergthéogorming the
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Figure 32. Mass function of unmerged IMBHs in scenario B for a MW halozat O.
The distribution is based on the average of 200 realizatajres halo of virial masav =
10'2*h~tM,, roughly the size of the MW. Taken from Bertone, Zentner &$2005).
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SMBH at the center of these massive structures. The halotramd evolution models
in Koushiappas & Zentner (2006), Zentner & Bullock (2003gnier et al. (2005) and
Koushiappas, Zentner & Walker (2004) are modified to desdtikb formation of the MW
and the primordial halos (with their seed BHs) are followethieir merging tree till the
present epoch. Not all the subhalos merge: in some casesahnegurvive till today,
appearing as wandering substructures in the MW halo and Bivs will constitute the
today population of Galactic IMBHs. Bertone, Zentner & S{B005) evaluated the
number of scenario A IMBHSs in the MW to be (102784), where the error is obtained
considering 200 dierent realizations of the MW. All the IMBHSs still have thenitial
mass of 20(M,.

e scenario B: at high redshift only the halos beyond the tholkeksimass to host a pressure-
support baryonic disc and to trigger thieetive viscosity (see Figure 31) are populated
with a seed BH having the corresponding migsdound using Equation (87). The same
evolution procedure than with scenario A is considered &edntass spectrum of the
unmerged IMBHSs today is shown in Figure 32. The MW is suppasdubst (101+ 22)
scenario B IMBHSs.
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16. Dark Matter annihilation around the IMBHs of the Milky Wa y

Regardless of the particular formation scenario, the idi-halo around the IMBH reacts
to presence of the IMBH itself with the formation of a spikedescribed for SMBHS in
Section 14. Bertone, Zentner & Silk (2005) considered the @ifile of mini-halos around
IMBHSs to be descrived by a NFW profile so that the mini-spike e characterized by a
slope equal te-7/3 (see Equation (85)).

The mechanism of adiabatic contraction requires that thedcale for accretion is much
larger than the evolution timescale: an assumption thaetsfon both the scenarios withim.

The problems that were presented in Section 14 related tddbkeuction of spikes, in
the case of IMBHs can be evaded, at least for scenario B: IMiBHB exactly at the center
of the baryonic distribution in the mini-halos, forbiddiH oft-center formation. Strictly
speaking, in order to avoidfiecenter formation, one should require that the pristine BH
forms at the center of the DM distribution and this does natesearily coincide with the
center of baryons, since stars, been collisional, can equer a diferent evolution than the
collissionless DM, resulting in a net displacement betwientwo distributions. But mini-
halos are supposed to have a very low baryonic content, witfigient interactions able to
drive the two distributions away one from the other: the that mini-halos are made almost
entirely by DM solves the possibldfecenter formation and, at the same time, the problem
related to stars-DM interactions. Moreover the IMBHSs thatsupposed to be present today
in the MW halo, are those which survived the merging tree lgead to the formation of the
MW and, thus, are not sensitivite to thifext of major mergings.

Similar considerations are possible for the scenario A INBWith the only diference
that in this case BHs are not bound to form at the center of éingdmic distribution, so that,
finally, scenario B is able to circumvent all the mechanisorsspike destruction described
above, while in scenario A they are reduced but sfilceent: the former can be consider an
optimistic description of IMBHs while, on the contrary, tlater is more conservative.

Indirect DM detection from mini-spikes around IMBHs poptirtg the MW halo has
been studied in Bertone, Zentner & Silk (2005). Equation) @scribing the annihilation

flux has been re-written as:

™ dO(E)
® = - dE —=~ (88)

_ (™ gg toay L AN, (T
" Jew 2 m d?dE

pgp(r)rzdr,

- 0o (52 N somsst) () ()
~ %dE \1026cmist/\100 GeV/ \kpc/ \102GeV cnid

14/3 -5/3
I'sp l'cut
pc 10-3pc ’

assuming that gamma-rays are detected above some enezghidliE,, and that the
mini-spike contribution (fronre, to rsp) dominates the annihilation flux of the mini-halo
located at a distanakfrom us. The spikes extends from ttwt radius g to the spike radius
rsp= 0.2 ry. The cut radius depends on the mass and the annihilatios seasion of the DM
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candidate, being defined as the radius where the DM densithes an upper limit due to
DM annihilations.

Oy = 9 x 101%m=s? and indicates how large is the annihilation flux of an IMBH
located at 1 kpc for a reference particle physics scenatiotive DM mass equal to 100 GeV
and an annihilation cross section of f&m?s . The last line of Equation (88) is also useful
to see how the flu® depends on the characteristics of the model: in particiiarimportant
to note that the dependence of the cut radius from the mastharatoss section of the DM
candidate, modifies the usually behavidurx aannv/mi so that, finally, the annihilation flux
of a mini-spikes around an IMBH is proportional 'r@a(nv)zﬂm;g/7 reducing the dependence
from the particle physics model.

This residual dependence from the particle physics paemetombines with the
dependence of the experimental energy threshold abovehwiicgamma-rays are detected
leading to a thresholdfiect visible in Figure 33. The figure shows the average aratibil
emitted by the Galactic IMBHSs in function of the mass of the D&hdidate and for éierent
values ofE,,: it can be seen that for values of, nearE,, the annihilation flux results to
be increase for larger values of the mass, until a maximuraastred. The thresholdfect
disappears for even larger values of the mass and the uswalibar® « m;g/ "is recovered.
As a consequence this provides us with a way to determinédlse casearticle physics
scenario for indirect detection of DM around IMBHSs: using P&Xo look for an annihilation
signal, a conservative estimate for the energy thresholth@ftelescope is 100 GeV and
therefore the highest flux will be obtained assuming a DM @atd with a mass around
5 TeV. On the other hand if Fermi LAT is used, it exhibits thestoengular resolution of
~ 0.1° above an energy threshold of 10 GeV. In that case it is moreetoent to assume a
DM candidate with a mass of 160200 GeV.

The prospects for the detection of IMBHSs in the MW are sumpeatin Figure 34 where
the number of point-like sources (each one associated tMBHR) with an annihilation flux
higher thand is plotted in function ofd itself. Compared with the sensitivities of Fermi LAT
and EGRET for a & detection, the most optimistic configuration (a WIMP DM calade
with am, = 100 GeV andrv = 3 x 10%°cmPs) corresponds to almost 100 (80) detectable
sources by Fermi LAT (EGRET) in 1 year for scenario B and to (B)@etectable sources for
scenario A.

In Aharonian et al. (2008) the IMBHs scenario was studied alsthe H.E.S.S. They
used~ 400 hours of data in the region near the Galactic pldioieq 3° and-30° < | <
60°) to construct a sensitivity map of the region for the detatf point-like sources as
IMBHs. Their gamma-ray maps were used, with the reconstmcf the background and
the estimatedféective area and exposure time. The 90% C.L. sensitivityltetube:

Nee(l, b) [7* dN,(E)/dE dE
h ™ Al(E. (1. b). 6(1, b))dN,(E)/dEdr

wheredN,/dE is the annihilation photon energy spectrum and tiectve areaA;
depends on the zenith angl@and on the fisetthetadistribution of the observation livetime.
Within the 2 of latitude from the Galactic plane the sensitivity resulisbe of order

(I),?,O% C.L.(I , b) —

(89)
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Figure 33. Integrated fluxb (expressed in cnts™) above the energy threshold as a function
of the neutralino mass), for energy thresholds equal to 1, 10 and 100 GeV, respegtast

an annihilation cross section of,,v = 3 x 10%%s3s71. The quoted error bars correspond to
the r.m.s. of the integrated flux distribution. The maximuuoxfis obtained for masses well
above the energy threshold of the experiment. Taken fromr@xhan et al. (2008).
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10 *2cm2s! above 100 GeV and reaches ¥@m—s! near the GC, suggesting that the
search for IMBHSs is indeed possible. In the region of the syraround 4 IMBHs are
predicted in scenario B but only 3 gamma-ray sources arewetdy H.E.S.S. and all of
them have been interpreted as astrophysical sources. Theofaa IMBH candidate has
therefore been translated to a 90% upper limit on the aratibil flux and, in particular, on
the cross section. The excluded values reach interestinigp® of the parameters space for
neutralino DM, excluding cross section larger than?€m3s! for a DM candidate with a
mass of 1 TeV (Aharonian et al. 2008).

Mini-spikes around IMBHSs are smaller than the enhancentattadiabatic contraction
can produce at the center of galaxies, and thus associatetbteer annihilation flux. But
in the case of IMBHSs there are more chances that are realle thied have survived till
today: for SMBHSs, in fact, one can enumerate a collection etinanisms able to destroy or
at least reduce the spike. All these mechanisms can be tedjec IMBHSs, at least for one
optimistic formation scenario and the spike or, in this c#semini-spike is almost insensitive
to the evolution of the DM mini-halo.

Moreover, compared to the case of the GC, IMBHSs can be locdteigh latitude regions
in the sky where the astrophysical background is stronglyeced. Since a mini-halo around
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Figure 34. IMBHs integrated luminosity function, i.e. number of BHducing a gamma-
ray flux larger than a given flux, as a function of the flux, foersario B (scenario A) in
the left (right) panel. DM annihilations are supposed tousaanly through thebb channel.
The upper (lower) line correspondsitg = 100 GeV,oanv = 3- 102%cmPs™t (m, = 1 TeV,
oanV = 1072%cm®s™t). For each curve we also show the 4catter among dlierent realizations
of the MW DM halo. The figure can be interpreted as the numbdM&Hs that can be
detected from experiments with a point-source sensitiitiabove 1 GeV), as a function of
®. We show for comparison therfoint-source sensitivity above 1 GeV of EGRET and Fermi
LAT (here still marked as GLAST) for 1 year. Taken from Bero@entner & Silk (2005).
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an IMBH is not characterized by an high baryon density theddgo a reduced probability of
having to deal with astrophysical gamma-ray sources anthttentification of a gamma-ray
signal as a result of DM annihilation will be easier than, glge case of the GC.

17. Dark Matter annihilation around the IMBHs of Andromeda

Since we do not knowa priori the positions of the IMBHs in the MW halo, in order to detect
DM mini-spikes a full-sky survey is needed, as the data tleaurir LAT will produce even
after a single year of operation. With the full-sky map itinhlopefully, possible to determine
unidentified gamma-ray source that are not associated tafatlye known astrophysical
mechanism of photon production. Once the locations of theidate IMBHs are determine,
one can also use ACTs to study their gamma-ray emission aedtigate their nature. In
particular the analysis of the gamma-ray energy spectriaysph fundamental role as we
have already seen, with bumps or sharp di-epresenting clear indication of a DM signal.
The situation is slightly dferent in the case of the Andromenda galaxy M31. Itis located

~ 780 kpc away from us and thus, if the galaxy host IMBHSs, thel be, in general, less
bright than those of the MW. But, for M31, the sky survery i$ necessary since we already
know that IMBHs will be near the location of M31. ACTs can signpe pointed to that
direction and, if they will detect a handful of point-likeiht gamma-rays sources, it is very
likely that they correspond to the brightest IMBHs of M31 tlhis case the detection of some
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Figure 35. Luminosity function of IMBHs (fluxes are in cmis ) for a DM particle withm, =
0.3,0.5and 1 TeV. The energy threshold is equal to 100 GeVapgv = 3 x 1025cm3sL.
The vertical line shows the contribution of the smooth comga of the M31 halo assuming
a NFW profile andn, = 1 TeV. Taken from Fornasa et al. (2007).
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point-like source within some degrees from the center ofrAnteda will represent a very
strong DM signature by itself, without the need of analyzimggamma-ray energy spectrum.

In Fornasa et al. (2007) the detection of mini-spikes ardivi8Hs in M31 is studied.
The number of unmerged DM mini-halos is supposed to scagatip with the mass of the
host halo, as it has been checked frofiedent realizations of DM halos over a certain mass
range. Thus, the Andromeda galaxy is predicted to hos2 ¢6h4.5) mini-halos, each of them
with an IMBH in the center. The mass spectrum of the IMBHs esd$hme as with the MW
(see Figure 32) while the radial distribution is rescalethwespect to the virial radius of the
hosting halo. Each mini-halo, before the growth of the nsipike, is described by a NFW
profile so that the mini-spike will be characterized by a slegual to-7/3 as it was assumed
for the Galactic IMBHs.

In Figure 35 the luminosity function of the IMBHs considegiall the 200 statistical
realizations of M31, is shown for threefiirent particle physics setups. From the comparison
to the annihilation flux of the smooth DM halo of M31 (descdles a NFW profile), it results
that the majority of the IMBHSs are brighter than the hostiadphtself.

A sky-map around Andromeda center (as in Figure 36) is obthaomputing the fluxes
from the mini-spikes in a random realization of the host halbhe pixel size matches
the angular resolution of an ACT or of Fermi LAT. A DM mass of dVI' (150 GeV) for
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ACTs (Fermi LAT) and annihilation cross section®f,v = 3 x 102%cm—s! is supposed.
Annihilations all occur through thbb channel. The big black circle indicates the scale of
the NFW Andromeda halo, while the small black circle hightgythe pixels characterized
by a flux larger than the experimental sensitivity, corregog to detectable IMBHs. The
experimental sensitivity (indicated by the black line ie ttolor scale) is naively determined
as the flux providing a number of photoNs larger than 5 times the error of the number of
background photonS,..ound

N
5= —2 = VivVAQ

\/ Nbackground \/f Aeﬂ(E’ 9) dCbmcﬂdd ECKZ ,

dEdQ

_do
[ Au(E. )32 dEdQ (90)

wheret is the exposure time assumed to be 100 hours (2 months) fos A&3rmi LAT)

, AQ is the angular binsizeA is the dfective area assumed to independent on the energy
and on the angular position to a value of 30*cn? (8000 cn?) for ACTS (Fermi LAT above

4 GeV). The diferential energy spectrum is integrated above 100 GeV (4 GaVACT
(Fermi LAT). The energy threshold of 4 GeV for Fermi LAT hasehechosen so that the
angular resolution of the experiment can be considered ¢ég0dl°.

Regarding the background: for Fermi LAT we take into accoanty the EGB
as measured by EGRET in the energy range between 30 MeV an®&\Q&eekumar
et al. 1998) and extrapolated to the energy of interest keeghie—2.1 power-law behaviour.
On the contrary for ACTs the main background is due to hadiateracting with the
atmosphere and producing electromagnetic showers. Holljp@aisser et al. (n.d.), we
considered:

-2.74
dqu)CE) =15x (%) cm?stGeVvisrt. (91)

The ratio of the number of hadrons misinterpreted as ganays-over the total number
of cosmic ray hadronse() provides an estimate of the telescope potential to disodta
the gamma-ray signal from the hadronic background. We adoatsemplicistic value of
e, = 0.01. The electronic contribution to the background is tyllycaubdominant at the
energies of interest.

Although we have performed the analysis of the prospectddtection with Fermi LAT
and ACTs for 2 diferent benchmark scenarios (essentially high DM particlestiar ACTS,
low m, for Fermi LAT), the analysis can be easily extended to anyevaf the particle physics
parameters of the annihilating DM particle. To explore tepehdence om,, we show in
Figure 37 the number of objects that can be detected withfreraentioned experiments,
as a function of the DM particle mass. Near the experimemstiold, fluxes increase with
mass. Whem, > E,, this threshold ffect disappears and one recovers the expected behavior
(smaller fluxes for higher masses).

Similarly, one can study the number of detectable objecis fmction of the angular
distance from the center of M31, to estimate the region wherst mini-spikes can be found.
It results that the 90% of the detectable IMBHs stand withiB.3.° from the center of M31
for both the experiments (Fornasa et al. 2007).
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Figure 36. Left (right) panel shows a map of the gamma-ray flux in unitsmf?s!, from

DM annihilations around IMBHs in M31, relative to one randoealization of IMBHSs in
M31. The size of the bins isT and the energy threshold for the left (right) panel is 100 GeV
(4 GeV) as appropriate for ACTs (Fermi LAT). The big circlesls, for comparison, the M31
scale radius of its NFW profile and the small circles highlight IMBHs withthe reach of
ACTs for a 9 detection in 100 hours (within the reach of Fermi LAT fora 8etection in 2
months). Taken from Fornasa et al. (2007).
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| stress again that, while in the case of Galactic IMBHs thentdication of mini-
spikes will require a case-by-case analysis of their spkgroperties, variability and
multi-wavelength counterparts, as discussed in Baltz .e28l06), for the IMBHs around
Andromeda, the detection of a cluster of sources aroundethiecof the galaxy woulder se
provide a hint on the nature of these sources, since othphsfsical sources, e.g. gamma-
ray pulsars, will tend to lie in the disk and bulge of M31, vehiMBHs would be isotropically
distributed around its center, within a region-o8°.

In conclusion the obvious advantage of the proposed saewéh respect to mini-spikes
in the MW, is that they are not randomly distributed over thg $ut they are contained, at
90%, within 3 degrees from the center of Andromeda, and aasib searched for with ACTs
by performing a deep scan of this small region.

The prospects for Fermi LAT appear more promising, sincexppgure time of 2 months
allows the detection of up to ef 20 mini-spikes, that would be resolved as a cluster of point-
sources with identical spectra, within~a3° region around the center of Andromeda. Such a
distinctive prediction cannot be mimicked by ordinary aptrysical sources. As in the case of
IMBHs in the MW, null searches would place very strong caaists on the proposed scenario
in a wide portion of the DM parameter space.
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Figure 37. Number of detectable mini-spikes in M31 with Fermi LAT (in 2nths) and with
ACTs (in 100 hours) as a function of the DM particle mass. Ebars denote thed scatter
among diferent statistical realizations of M31. Taken from Fornasa.g2007).
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18. Contribution of SMBHs and IMBHs to the EGB

In Chapter Il it was already shown how the indirect detect@dnDM from the GC,
which appearsa priori, to be the most natural candidate for annihilation gammnyg;ra
remains controversial. High-energy photons have beercietdy diterent experimental
collaborations, but their energy spectrum seems to favoumgerpretation in terms of
an astrophysical source, even if DM can contribute as a subdmt emission process.
Moreover, at least in the case of EGRET data, the recongiruet the location of emission,
indicates that the photons may not be produced exactly &@e

On the other hand, the detection of gamma-rays coming frerDM halos around dSphs
(Chapter Ill) has still not led to a detection with experirtedcollaborations able only to place
upper limits.

These are the reasons why some authors start to look for DiMtsiges no more in the
gamma-ray flux arriving from isolated sources but in the ginfdthe difure EGB. The latter
results from the subtraction, from the EGRET background,dait the Galactic foreground
produced by the interaction of cosmic rays with the intéietenedium of the MW. It results
to be well described as an isotropic emission of photons w/kogrgy spectrum is fitted by a
power-law with index-2.1. It should be noted that also the characteristic of the E$GiRe
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subject of some controversy: it is a quantity which has he@arred not directly measured
and, moreover, Keshet et al. (2004) noted that some feattitegh Galactic latitudes in the
EGB (which is only at a first approximation isotropic) can kplained as due to our Galaxy
so that theeal EGB, after a more detailed of the Galactic foreground, wéselthree orders of
magnitude smaller. | am going to acknowledge this uncetamthe subtraction procedure,
but for the remaining of the thesis, | will refer to the EGREGE as described in Sreekumar
et al. (1998). I am also going to give exstimates for the EGE Bermi LAT will soon detect:
the EGB for us will be everything that a gamma-ray telesc@redetect once that the known
sources have been masked and that tiffiesk Galactic foreground has been subtracted. In
these terms, the resulting EGB can have, partially, a Galaagin, being contributed, e.g.,
by DM annihilations in the smooth Galactic halo or in the Isadé DM substructures that are
supposed to be present in the MW.

Usually the EGB is explained in terms of unresolved astrgpaf sources, like blazars.
But, as | have already anticipated, also DM annihilations cantribute to some extent
and it has been studied if the DM contribution is able to aotdar a significant part of
the EGB. Neglecting, for now, the Galactic DM, one shouldneste the contribution of
DM annihilations in extra-galactic halos at all redshifsollowing Ullio et al. (2002), the
infinitesimal volumedV at a redshifiz can be written as
R3r2drdQ

1+23°

wheredQ is the solid angledr is the infinitesimal comoving depth arfg} is the scale
factor at the present epoch. Assuming that the gamma-ragsémiis isotropic, we can
compute the numbetN, of gamma-ray photons produceddl in a time intervaldt with an
energy betweek andE +dE and collected by a detector witlfective areal A by integrating
the single halo emissivity over the halo mass funcgﬁrﬁM 2):

dVv = (92)

(1+z)3fdM (M, ) (E M, Z )f\ggé

where Ey and dty are, respectively, the energy and the time interval overciwitine
photons are detected on Earth. These quantities are rétetieolse at the redshift of emission
throughEy = E/(1 + 2) anddty = (1 + 2)dt, so thatdtadEy = dtdE. The halo mass function,
dn/dM, represents the comoving number density of DM halos of nvaasredshifizand the
factor (1+ 2)® converts comoving into physical volumes. In the Press-S8uee formalism
(Press & Schechter 1974), the halo mass function is
dlogv
dlogM

WheI’Epcm,o is the critical densny.(;lqm is the mass density parameter
deltas(2)/o(M), oo(M) is the r.m.s. density fluctuation on the mass séalg@ormalized to the
cosmological parametetg) andd. represents the critical density for spherical collapsdeRe
to Ullio et al. (2002), Ahn et al. (2007) and Eisenstein & H99Y) for the exact computation
of these quantities.

dN — g 7(zE0)

dEdt|,  (93)

(M. = L g (94)
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dN, /dE represents the number of photons with energy betviieandE + dE produced
in a halo of mas$V at redshiftz. The exponentia¢"?) is an absorption cdgcient that
accounts for pair production due to the interaction of thega-ray photons with the extra-
galactic background light in the optical and infrared bartddlowing Bergstrom et al. (2001),
the following expression that accounts for current obg@wal constraints is adopted here:
7(z Ep) = 2/[3.3(E(/10 GeV)°9].

At the energies of interest, any contribution to the gameafiux from sources beyond
z ~ 5is negligible. The mean flux is obtained by integrating Eouma(93) along the line of

sight:
do _dN,
<dEOdQ>( Bo) = dEOdtodAdQ (95)
fdrRo T<zE°>fd|v| (M, ) (E0(1+z) M, 2)
7(zEo)

4ﬂ Hoh()fdM (M, ) (E0(1+z) M, 2),

where the last expression is obtained by transforming cm\gajlstances into redshifts
z, through the introduction of the Hubble paramétigh(z) = Hy \/Qo,m(l +2)% + Qg A, Where
Ho is the Hubble constant arfeh; the abundance in units of the critical densitygat 0.

The number of photons emitted in a single halgy,/dE, depends on the DM density
profile (NFW in our case) and on the particle physics scer(@adicle massn,, annihilation
cross sectionr,,v and diterential energy spectrum per annihilatiahy, /dE;). The NFW
profile of a halo with mas$ is completely specified by the concentration parameter and
the virial overdensity,;, of the halo. The virial radius,; is the radius of the sphere which
encloses an average density x p,. The way the concentration depends on the mass of the
halo and on the redshi{M, 2) is a key ingredient and it is usually parametrized as indK|
et al. (200b) that derived their relation fromd-body simulations of halos with a mass between
10' - 10'M,. Another alternative prescription can be found in Eke et24101). In Equation
(93) the integration over the mass of halos should be exteoder this range. Moreover, in
next Chapter, | will deal with the case of DM substructurearebterized by masses all the
way down to 10°M,. As a consequence, ttoéM, 2) will have to be extrapolated to lower
values for the mass, sind¢-body simulations are not able to provide informations dabou
structures with structures that small. They way the extiitmm is made can create large
discrepancy from model and model (Pieri et al. 2008) (searkEig8).

Bearing all this in mind, we can expreds/,/dE as

3
d U'VdNyE(E) M Avir perQim(2) c(M,2) 2'2(Xmina (M, 2). (96)
me 3 1 (Xnins €(M, 2))
In the previous expression, the virial overdensity is (@t al. 2002):
1872 + 82(Qm(z) 1)-39Qm(2 - 1)2
Avir(z) - (Z)

and the integralk, andl, have an analytic expression:

In(xmim Xmax = fgnxzdxa (98)

e M

(97)
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Figure 38. Extrapolation of thee(M, z = 0) relation to values for the mass as low as 19 M
The two diferent lines refer to the two fierent prescriptions for the(M, 2) relation at high

masses: "Bullock et al.” refers to Bullock et al. (2@)hile "ENS” refers to Eke et al.
(2001). Taken from Ullio et al. (2002).
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whereg(x) depends on the profile chosen to describe the DM densityeihatos. For a
NFW profile: g(x) = x (1 + X)2.

In Equation (96), the lower integration limit is set at thentmum radius within which
the annihilation rate equal the dynamical time;, = 108kpc/rs (rs is the scale radius in
kpc). It has been checked that the results are not sensitavelitferent choice fox,,,.

Putting Equation (95) and Equation (96) together, we obth& expression for the
isotropic gamma-ray flux from extra-galactic DM halos:

< do >( Eg) = ov e /OCr Omfdz(l )3A2(z)dl\ly(E0(1+z)) 5, (99)

dEodQ hQ) dE
with

Az(z):fde(z’ M)‘;%Z’ M) 3;'/' A2,(z, M) (100)
and

An(z M)—fdc’P(c(M 2),¢) 3%( ¢)3dc. (101)

A%, (z, M) represents the enhancement in the gamma-ray flux due togkenze of a DM
halo with a mas#/ at a redshifz. In A?(2) all these contributions are integrated over the halo
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mass function. Therefor&?(z) quantifies how much the annihilation signal is boosted up by
the existence of virialized DM halos. Finally, the concatiobn parameters are not uniquely
defined by the halo mass. Rather, they follow a lognormatiligion with dispersiornr, =
0.24 (Bullock et al. 2004) and mearc(M):

_( Ingc!—ln@M)!)z
e V2oe

P(c(M),c) = (102)

ocC

In the case of a Moore profile, integrating over halos moresmaghan 10 M and with
a concentration parameter that follows the line labele®a#iock et al.” in Figure 38, a boost
factor is still required to match the EGB estimated by EGREM M, ranging from 50 to
500 GeV (Ullio et al. 2002). In Ando (2005) the same calcolathas been repeated also for
a NFW profile and the results are compared to the predictianttte same scenario would
assign to a signal from the GC: in fact, one cannot boost thra-galactic DM flux as much
as he wants in order to reproduce EGRET data, since the aortsttowards the GC should
also be respected (see Figure 39). In general the GC is a rmpomeistic target, in the sense
that it would require a smaller boost factor in order to ekpthe data in terms of DM.

The situation can improve if theffect of BHs is taken into account: spikes around
SMBHSs would only slightly &ect the signal from the GC, because even if the spike were
present in the past for the SMBH of the MW, it would already lestibyed. While, for the
EGB, spikes will be important since the background recereggributions from halos at high
redshift, at a time when astrophysical and particle phystests do not have time yet to damp
the enhancement. In Ahn et al. (2007) an empirical relaiikslthe mass of the hal§l to
the mass of the SMBH, today:

M, Mo
10°M, a(1012|\/|@) : (103)
where three pairs of values, ) were considered to bracket theoretical uncertainties.
Given a DM halo with a masM, the corresponding SMBH mad4, is derived and the a
SMBH with that mass is placed in the halo at the redshift aifationz,. The halo is then let
evolve till the present valu® while the SMBH is supposed to maintain its mass unchanged.
Assuming that halos are described by a NFW profile, the spikd&/described as:

o) = i) 5] & (104)

The spike has the usual power-law profile (see Section 14 gndtton (85);ysp = 7/3
in the case of NFW) but its amplitude decreases with time uthgedtect of interactions with
baryons:r is the time since spike formation in units of theat timescale 4,

M. 05 fh 3/2 M, 15
w1250y ) (a5 () ma) oo

with m, an dfective stellar mass 1.8M,, (Ahn et al. 2007). Also the size of the spike
changes with time sinces(t) = e/20s%)r (0) (y. is the inner slope of the DM profile
before the formation of the spike). Thus, finally, the DM spjkofile evolves as:

A0 =10 § : 106
g p(r ) { rrR//<O-elnn\/>(t _tf) I < Imin ( )
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Figure 39. (a) Annihilation gamma-ray energy spectrum from the GC fddM mass of
50 GeV or 2 TeV, evaluated with a NFW or a Moore profile. DatarfrBGRET and from
CANGAROQO-II are also plotted. The H.E.S.S. result is showmaasolid line. (b) EGB
intensity from DM annihilations. EGRET data point are altatted. Taken from (Ando 2005).
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wherep, (rsp) has been related to the density normalizajgmf the NFW profile and
the rmi, indicates the minimum distance where the DM reaches its maxi value. As a
consequence the total profile of the halo is:

PN new (z>z)
P, 1) =1 o(Nnew (z<z,r>rg) . (107)
P(Nnew + psplr 1) = psp(r, 1) (z<z,r<rg)

In Figure 40 the results are shown, when the integration theemass of the halos is
operated in the range 1M, — 10*M,: we can see an improvement of more than an order
of magnitude with respect to the case without SMBHs (dotiieel in the figure). The main
contribution comes from low-energies, due to the anniloitet at high redshift in the still-
present spikes. The energy of the produced photons is tidshifeed till now.

The EGB from DM annihilation in mini-spikes around IMBHs hiasen calculated in
Horiuchi & Ando (2006).

The results are shown in Figure 41 for a neutralino of 100 Ge lzoth the formation
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Figure 40. Gamma-ray background produced by DM annihilation in DM kakdth spikes
(solid lines), compared to the halo-only contribution (dd). The EGRET dfuse flux limits
are shown for comparison. Three choices for the paramet#is relation between tha mass of
the BH and the mass of the halo are usedb) = (0.027,1.82) in red, (010, 1.65) in blue and
(0.67,1.82) in green. The DM parameters adoptedraje= 100 GeV,o v = 10-2%cmPs .
Taken from Ahn et al. (2007).
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scenarios. As before, the main contribution is at low emsgbut now the predictions from
scenario B are able to account for the amplitude of the EGH,tha same is true if one
consider the line spectrum.

This model is sensitive to the average of the halos progenitereas, in the case of
annihilations from, e.g., the GC, one has to deal with a simghlization that may ffer
significantly from the average, so that the study of the garagaackground and the way
DM contributes is, for indirect searches, an interestingrahtive to the study of unidentified
sources.

As a conclusive remark about IMBHSs, Figure 42 shows the camshg power of the
different detection strategies discussed above:

¢ the dotted line refers to the population of IMBHs in our GgldBertone, Zentner &
Silk 2005) discussed before. For each value of the mass oDMecandidate, the
corresponding value of the averaged cross sectors deduced for which all the 200
realizations of the MW have at least one IMBH that can be dabde according to
EGRET % point source sensitivity above 4 GeV as in Bertone, Zentn&il& (2005).
In other words, if none of the EGRET unidentified sources aamterpreted as IMBH,
a model described by a point in then( ov) that is above the line, will be compatible
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Figure 41. Contribution to the CGB from scenario A and scenario B IMBHhirspikes.
Also shown are the EGRET data and predictions of minimal haki only scenario (i.e. no
spikes or mini-spikes). We see that mini-spikes increasedohtribution to the CGB of 1-3
orders of magnitude. For the meaning of the dcatter lines see Horiuchi & Ando (2006).
m, = 100 GeV andr,,v = 3 x 10-2°cmPs . Note that, in Horiuchi & Ando (2006), scenario
A means a BH with a mass 40l and a mildr=/2 mini-spike. Taken Horiuchi & Ando
(2006).
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with the data with a probability less than 0.5%. If Fermi LA&tection capability is
considered (with a sensitivity two order of magnitude lotve&n EGRET) the line goes
down to the solid one.

e the thin solid line refers to the population of IMBHs in M31ofRrasa et al. 2007). For
each value ofn, we looked for the value afv for which all the 200 realizations of M31
have at least one IMBH with an annihilation flux larger thae Br sensitivity of Fermi
LAT (parametrized as in Fornasa et al. (2007)) for an exposti2 months and integrated
above 4 GeV. A null detection of IMBHs in Andromeda will exded the region above
the thin line, at least for a WIMP DM candidate.

¢ the dashed line takes into account the contribution of IMBH&e computation of EGB
(Horiuchi & Ando 2006). Each point above the line correspomal a DM candidate
for which annihilations in IMBHs mini-spikes at high redildgan account for the EGB
values as measured by EGRET in Sreekumar et al. (1998).

e the empty dots represent particular SUSY models (geneaaigdtudied byparkSUSY)
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Figure 42. Thick solid (dotted) line: indicates the region in the paesen space above
which all the realizations of the MW as in Bertone, Zentner i& $2005) contain at least
one IMBH with an annihilation flux larger than the estimatesinp source sensitivity for
Fermi LAT (EGRET) in 2 months. Thin solid line: indicates thegion above which all the
realizations of Andromeda galaxy as in Fornasa et al. (208v¢ at least one IMBH with an
annihilation flux larger than 18%m=2s™t. The dotted line indicated the region above which
the contribution from DM annihilation in the IMBHSs halos agh redshift can account for the
EGB as measured by EGRET. The empty (full) det®) represent SUSY models (studied
by DarkSusy) where the neutralino density is within 3o{3)om the WMAP value of DM
density. Taken from Fornasa et al. (2007).
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for which the neutralino can account for all the DM densityasieed by WMAP within
3o.

¢ the full dots represent SUSY models where the neutralingiters within 5 from the
WMAP value for DM density.

Fermi LAT predictions live in regions of the parameter spatceery low cross section,
so the detection of IMBHs, clearly will be soon confirmed detliout from its data: if none
of these sources is detected by the satellite in our Galesywery unlikely than such scenario
will survive, at least for a WIMP DM candidate.
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Chapter VI:

Anisotropy probe of
Galactic and extra-galactic
annihilation signals
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19. The use of angular power spectrum of anisotropies

As | said in the abstract of this thesis, the main goal of thisknis to propose two main
alternatives to the indirect detection of DM towards the G@am the dSphs in our Galaxy.
These are the natural and most studied sources to detechdml@ion signal, but available
data from these regions in the sky does not present a clematrah in favour of a DM
contribution. Therefore in Chapters IV and V, the posdipitif considering the gravitational
effect of BHs (both SMBHs and IMBHSs) on the distribution of DM wamnsidered, studying
under which conditions they can be considered AnnihilaBoasters and trying to understand
how large these DM o verdensities can be. The result is thall ihe more likely to detect the
gravitational éects of BHs around IMBHSs or as a contribution (at high redstafthe EGB.

In this last Chapter, | am going to present the second pdisgibihe analysis of the
correlation properties of the gamma-ray emission. The skimé of analysis that was
operated for the anisotropies of the CMB radiation can bdéieghfo the high-energy gamma-
ray map of the sky and the angular power spectrum of anisesojp the gamma-ray
emissivity can be computed looking for distinctive featudeie to the presence of DM.

Apart from point-like sources like, e.g., pulsars or blazathe gamma-ray flux is
dominated by the Dalactic foreground, due to the interastiof cosmic-rays with the
interstellar medium and modelized, e.g. in Strong et alO@0 This contribution, which
is larger along the Galactic plane and decreases with galetitude, does not contain
interesting informations to us and it will have to be remavéde result of the subtraction is
the EGB for which an estimate is available starting from ti&RET data. Using the soon
available Fermi LAT data, a new and more precise deterntinati the EGB will be possible.
In Section 18 | have already seen that a population of comrasinpphysical sources can
contribute to the EGB but also gamma-rays from DM annilolagican play a significant role.
In Section 18 only the contribution of extra-galactic DM ¢mhave been considered and it
has been computed how the presence of SMBHs and IMBHs can thecsignal up.

To account for all terms, the annihilation signal along aegidirection in the sky is
contributed by four dterent sources:

e the smooth MW halo, that is expected to contribute most tde/tie GC where the DM
density enhancement is expected to be very large (seemeé@above),

e resolved and unresolved substructures within the MW hade (Pieri et al. 2008) and
references therein).

e extra-galatic DM halos at all redshifts (Ullio et al. 200@);luding
e their substructures.

The possibility of detecting DM annihilating in Galactidmsiructures has been studied in
Pieri et al. (2008) and will be reviewed in Section 22.1. Aaywthe main goal of this Chapter
is to consider the analysis of the gamma-ray angular powestepm. A similar analysis has
already conducted for the extra-galactic DM halos and daisizy Ando & Komatsu (2006)
and Ando et al. (2003) with results that will be presented in Section 23.2. On thetiary
Siegal-Gaskins (2008) focused on a Monte Carlo realizatiothe MW and computed the
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angular spectrum of anisotropies due to Galactic subsirest(see Section 23.1). In the
recent Fornasa et al. (2009), we used our hybrid model (aoagd Monte Carlo) based on

Pieri et al. (2008) to simulate the MW and self-consistemttydetermined and compared the
extra-galactic DM contribution, showing that none of thiege terms can be neglected. In the
analysis of the angular spectrum we also take into accoenirnhesolved blazars population
so that our approach aims at predict precisely the reswlis & similar anaysis conducted on
the soon-available Fermi LAT data.

20. Simulation of Galactic substructures

The Cold DM scenario predicts the formation of a large nundfeDM halos, virialized
structures with masses possibly as smal- &M, (Green et al. 2004, Green et al. 2005).
Such halos merge into larger and larger systems, leadingetdarmation of today halos
of galaxies and clusters of galaxies. A fraction of the srhallbs survives to dynamical
interactions with the stellar and dark components until pnesent epoch. Earth-size
substructures have indeed been found in numerical simuktwvithin DM halos of mass
~ 0.1M; at a redshift of 74 (Diemand et al. 2005).

Resolving such small structures within a galaxy-sized haday is out of computational
reach, so that their spatial distribution, mass functiod amernal structure can only be
estimated upon a rather uncertain extrapolation from tbpeaties of higher mass satellites.
In Fornasa et al. (2009) we worked under the following hype#s:

e we assumed that substructures trace the mass of the MWat.th#ir radial distribution
follows the mass density profile of the parent halo (as found,, in Diemand et al.
(2005), see however the discussion below on the resultseomibist recent numerical
simulations),

e we assumed that the substructures mass function is welbzippated by a power-law
dn(M)/dIn(M) o« M1, normalized so that 10% of the MW mass lies in objects within
the mass range 1®M,,, — 102M,,,, as found in Diemand et al. (2006).

Under these assumptions, the number density of subhalashygenass at a distande

from the GC can be written as:
(R = rmin(M))

(R/r¥™)(L + R/rgv)?

wherery" is the scale radius of our Galaxy and th#eet of tidal disruption is accounted
for by the Heaviside step functidiR — rin(M)). The tidal radiustmin(M), is found by using
the Roche criterion to decide whether a subhalo of nvassirvives tidal interaction with the
host halo (Pieri et al. 2008). According to our normalizataebout 53% of the MW mass
is condensed withir 1.5 x 10'® subhalos with masses in the range®0 10'°M,. Their
abundance in the solar neighborhood turns out te A0 subhalos p¢.

As far as the smooth component of the Galactic halo is coecenve assume that the
MW halo follows a NFW profile, with a scale radin$" = 21.7 kpc and that the total mass
enclosed in a radiusgo, corresponding to the radius where the halo density is 208dithe

psh(M,R) = AM~2 M3 kpc®, (108)
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critical density of the universe, M., = 10*?M,. An NFW fit to the DM halo of our Galaxy
is consistent within 10% with the results of thia Lactea Isimulation (Diemand et al. 2007).
A popular way to characterize the mass distribution withemDM halo is using the so-called
concentrationa shape parameter defined as the ratio between the viriabradd the scale
radius,Cc = rygo/rs.

Subhalos are also assumed to follow an NFW profile, with aeoination that depends
on their mass (Diemand et al. 2005). To determine the depeedef concentration on the
mass, we followed the prescription proposed in Bullock et(2001) (hereafter BO1) in
which the concentration parameter is found to depend on thetisubhalo maskl, and on
its collapse redshiftz,, defined as the epoch in which a mass sdajeenters the non-linear
regime. The collapse occurs whe{M,)D(z.) ~ 1, whereo (M) is the present linear theory
amplitude of mass fluctuations on the scilg andD(z,) is the linear theory growth factor
at the redshifiz.. In an attempt to bracket our theoretical uncertainties aaehingc(My, z.)
and its extrapolation at low masses we have implementeddther extreme models chosen
among those considered in Pieri et al. (2008), namely:

e B, i that extrapolates the{M, z) relation of BO1 below 1fM,, with a simple power-
law,

e B, er: Which assumes that surviving subhalos do not change tkesity profile since
their formation. Thus the concentration parametez. @an be obtained from the one at
z = 0 throughc(My, ) = ¢(My, z = 0)/(1 + z). The values ot(M, z = 0) corresponds
to those of theB,, e case and the collapse redslaftis obtained by extrapolating the
expression proposed by BO1 below/M),.

20.1. Recent highlights from numerical simulations

Two new sets of very high resolution numerical experimeragehbeen recently released,
namely theVia Lactea Il (Diemand et al. 2008) and th&quarius(Springel et al. 2008
Springel et al. 2008 simulations. The main characteristics of the MW subhalpubation

in these two simulations are summarized in Table 8 and cosdptarthose of our subhalos.
Among the main dferences, we noted that the mass fraction in substructueefaor 2-6
smaller than that used in our model. Anotheffelience is in the subhalo distribution which,
in our case, trace the smooth mass distribution of the MW, glg(r), while Springel et al.
(200&) and Springel et al. (20@3 suggest to use an Einasto profile (Einasto 1965) and in
Via Lactea lithe innermost regions are best fitted by a power-law ()-2.

The concentration parameter of subhalos in the two sinmratidepends from the
distance from the GC and, in tieuariuscase, follows the prescription in Neto et al. (2007)
(NO7) rather than the BO1 model. Finally, Aquarius the subhalo density profile is also
parametrized as an Einasto, rather than an NFW, profile.

These diferences, in particular the fact that neithevia Lactea llnor in Aquariusthe
spatial distribution of subhalos trace the mass of the pdr&in, do have a significant impact
on the angular power spectrum of the gamma-ray flux, as weshidlw in an upcoming
publication. In Fornasa et al. (2009), we performed all @lalitons under the assumptions
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Table 8. The main characteristics of the subhalo model consideré@inasa et al. (2009)
compared with those measured in the recdequiariusandVia Lactea 1l Nbody simulations.
The clumpiness is defined as the fraction of the dark masshistsictures within the virial
radius of the MWr,o0 = 210 kpc. NgsybhaiosiS the total number of substructures witigo.
dn/dM is the subhalo mass functiong(r) their radial distribution and(M, 2) is the model
used for the concentratiopyw andpnae represent the mass density profile of the host halo
and its substructures, respectively.

Fornasa et al. (2009) Aquarius Via Lactea ll
clumpiness<€ raog) 53% 8% 26%
Nsubhalod< I'200) 1.5x 106 2.3x 10" 7 x 10%°
dn/dM o« M2 o« M~19 o« M2
nsh(R) NFW Einasto @ginaso= 0.68) o (1+ R)™2
c(M, 2 BO1 NO7 BO1
owmw(r) NFW Einasto @einaso= 0.21) NFW
Phaio(R) NFW Einasto {einasto= 0.16)  NFW

listed above, and discuss how thefediences among the subhalo models in Table 8 are
expected to fiect the angular power spectrum (Section 25).

21. Modeling the gamma-ray flux

21.1. Gamma-ray flux from Galactic subhalos

The gamma-ray flux expected from the annihilation of DM ude can be written as:

d(D7 d(I)PP cosm

E(E% l’ b) - E(Ey) ) O(L b) (109)
where the term

doFe 1 oy AN/

aE B = Grame Z B (110)

contains the dependence on particle physics parameteite, wh

(I)cosmo(w, |, b) = f dMm deff d9d¢ d/l[Psh(M’ R(rG’ 4, I’ b’ 0, ¢)) X
M c AQ

P(C) X DESIM. G, r(L1.b. 6. 8) x Ix.y.20.0.4)]  (111)

halo

represents the contribution to the foreground emissiam fitee subhalo population and

2 (M,c.r(4,2,1,b,8, ¢
DM, G, 1) = f f dg'dy f dv [p hao M & 1 )
AQ los

/12
J(Xy, 24,6, ¢")] (112)

is the contribution from a single subhalo.
The total galactic flux is obtained by adding to Equation (ith& contribution of DM
annihilations in the smooth NFW halo of the MW.
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In Equation (110)m, is the DM particle massr,,v the annihilation cross section, and
dl\lyf/dEy the diferential photon spectrum per annihilation relative to thalfstatef, with
branching ratioBs that we took from Fornengo et al. (2004). A rather optimigtasticle
physics scenario is adopted (in the sense that it providgs Ennihilation fluxes), in which
the DM particle has a mass, = 40 GeV, a cross sectian,,v = 3x10-%*cm®s™* and particles
annihilate entirely irbb.

In Equation (111)AQ = 9.57 x 10 ®sr is the solid angle considered for the integration,
corresponding to the angular resolution of the Fermi LATekig¢, (I, b) are the Galactic
coordinates of the direction of observation, addis the Jacobian determinant of the
transformation between polar and cartesian coordinatersygs The galactocentric distance,
R, can be written as a function of the coordinates inside tleedation coneA, 6, ¢) and

of (I, b) through the relatiolR = \//12 +r2 — 2ar,C, wherer, is the distance of the Earth

from the GC, andC is the cosinus of the angle between the direction of observand the
direction of the GC.

21.2. Gamma-ray flux from extra-galactic structures

The contribution to the annihilation flux from all the struags at all redshift along the line
of sight has already being computed in Section 18 followimg formalism of Ullio et al.
(2002). The only dierence compared to what is done in Section 18 is that in oodse self-
consistent to the prescriptions used for the Galactic suttstres, model$,, ot and By, et
are used also to describe the concentration of extra-ga@bt halos.

To account for the presence of substructures in extra-galbalos, in Fornasa et al.
(2009) we assumed that a given fraction of the halo mass setrated in substructures with
the same properties as the Galactic subhalos describedimi®0. For consistency with
the MW case, we required 10% of the parent halo m\gs be in subhalos in the mass range
10°M - 1072M. Following this requirement the mass fractib(M) in substructures within
a host halo of mashkl can be fitted as
M 1 N log,o(M/Mo)
M 6 30 '

With the above definition, the presence of substructureskismt into account replacing
A%, in Equation (101) with the following expression:

f(M) = (113)

d
25 (M) = (L= FOM2A3M) + - [ AMIM (Mo 245, @ MO, (114)

22. Mapping the gamma-ray annihilation signal

22.1. Galactic contributions

The gamma-ray flux from local substructures receives dautions from all the subhalos
along the line of sight, typically 10° subhalos when integrating over a a solid angtE0>sr.

A brute-force integration with a Monte Carlo approach ig¢fiere impossible even on high-
speed computers. To circumvent this problem, Pieri et &l082 have proposed a hybrid
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approach that consists in splitting the integral into twibestent contributions. The first one,
which we regard as due to unresolved subhalos, is the avemgeabution of a subhalo
population distributed according to Equation (111), wigeln be estimated analytically. The
second one comes from the nearest subhalos, that one maytdopsolve as individual
structures, and it is estimated by numerical integrationl@findependent Monte Carlo
realizations. To determine the number of individual subk@h each Monte Carlo realization
it is assumed that their contribution to the gamma-ray flipresents a Poisson fluctuation
to the mean gamma-ray annihilation signal. Following thisedon, we only considered, in
each mass decade, subhalos wittim™ > (@g’;’:‘;(w = 180°)) ~ 10°GeV2cm kpc sr, where
the brackets indicate the mean annihilation flux. For a givalo mass, this requirement
corresponds to generate all subhalos within a maximumraista,,.{ M). More than 500
subhalos are found withid,,, for each mass decade from I, to 10’ M,, and their positions
are simulated according to Equation (111). For less massibalos, if less than 500
subhalos are foundjax IS increased to include all the nearest 500 subhalos in tlagsm
range.

Pieri et al. (2008) have checked that the predicted gammétra does not depend on
dmax Here we need to perform a similar robustness test to chetklib choice ofl,.x does
not introduce spurious features in the angular power spectrFor this purpose fferent
Monte Carlo realizations have been generated simulatiblgedas up ta X dmax With n from
2 to 5. It has been checked that convergence in the powerrapgeabbtained already for
n = 2. Since the convergence depends weakly on the model coatentparameter adopted,
in our paper we adopted a more stringent criterion and setn@ximum simulation distance
at 3xdmay(M) to guarantee that the convergence is reached in both suivtvalels considered.

To summarize, in our model we considered three sources ofmgaray annihilation
within the MW: the smooth Galactic halo (which we refered ®oNFW), the unresolved
subhalos (UNRES), and the resolved substructures (RE®)e $e total annihilation depends
on the square of the DM density, for the purpose of computiegaingular correlation signal
we also needed to consider the double products NF\WWES and NFWx UNRES. We
neglected RE& UNRES since a resolved subhalo at a given location excludepresence
of unresolved substructures.

Itis important to stress that the subhalos labelled as Ivegd do not correspond to those
substructures that will be detected by Fermi LAT. Insteasy tinerely represent the nearest
subhalos that we generated to account for the discretefh#ss subhalo spatial distribution.
Moreover, considering the population of RES subhalos ateounts for the pixel-to-pixel
variation in the annihilation flux that would be neglectedusing only on the smooth UNRES
signal.

The possibility of detecting Galactic DM substructures iscdssed in details in Pieri
et al. (2008): in this paper additional prescriptions tof@en the extrapolation for the
subhalos concentration from higher to lower masses arademesl and for each model they
predict the detectability, on one hand, of th&we UNRES contribution and, on the other
hand, of single subclumps appearing as isolated gammaostages. Changing the particle
physics factor so that each model does not overcome the EQRET(Galactic foreground



Not-so-Dark Matter 120

plus EGB), the number of detectable subclumps ranges fromtae- 130. The model with
the highest number of detectable subclumpB,js.s, while for the more conservativy, (e
Fermi LAT is expected to detect only an handful of substregu

In Fornasa et al. (2009) we were interested in the correlgiroperties of the diuse
gamma-ray emission and these detectable sources shoulddiedn However, we checked
that the angular spectrum does not significantly depend @exklusion of these point-like
sources.

In Figure 43 the dferent contributions to the fierential annihilation flux at 10 GeV as
a function of the angl® from the GC is shown, in modd,, ¢ (right panel) and,, ¢ (left
panel).

For B, et the flux from Galactic substructures (red curve) dominates the smooth
NFW profile (black curve) at angular distances from the G@dathan about3and it remains
the dominant contribution at larger angles. The blue libelad 'EGRET’ represents the EGB
inferred from EGRET measurements, equal 0k 108cm2s1GeV!sr! at 10 GeV, that
can be used as a generous upper bound (the Fermi LAT satelliiempose more stringent
constraints, see Section 22.2).

Note that the NFW curve in Figure 43 exceeds the EGRET EGBacéntral degree, but
not the flux of the bright gamma-ray source (J1746-2851)ibatbeen identified by EGRET
to be near - possibly coincident with - the GC, and it is thusststent with observations.

For B, et, Galactic substructures dominate the NFW signal at everllamangular
separations form the GC. In this case, the average flux foadBalsubstructures is larger
than in theB,, ;s case and almost matches the EGRET background.

22.2. Extra-galactic contribution

The green line in Figure 43 represents the average exteatgaflux contributed by DM
annihilation in extra-galactic halos, and their subsuites, calculated with Equation (99).
In modelB,, e this flux turns out to be 20 x 10-*cm?sGeV 'sr?, significantly smaller
than in modeB,, s (for which it is 145 x 10%cm?s1GeV *sr) but still well below the
Galactic contribution and the EGRET constraint.

| stress the fact that in Fornasa et al. (2009) we consideeeBGRET background since
it constitutes the best observational constraint avalébldate. This background is likely to
be dominated by unresolved extra-galactic sources likeabta Using the blazars Gamma-ray
Luminosity Function derived from the blazars detected byREG®, Ando et al. (2008) and
Ando et al. (200@) have shown that these sources should contribute only t02b6-of the
total EGB. One therefore expects that, thanks to its supsabsitivity, Fermi LAT will be
able to resolve a significant fraction of these sources (Aetdal. 2003). As a result, the
amplitude of the unresolved gamma-ray background will eleee, &ectively lowering the
blue line in Figure 43 in the case of Fermi LAT. This will havede advantages. First of
all, a fainter gamma-ray background will increase the pdiig of detecting the gamma-ray
annihilation signal produced by individual structures.c&el, the background from Fermi
LAT will provide tighter constraints to our model for the DMhihilation, telling us if our
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Figure 43. Different contributions to the filerential fluxd®/dEdQ [cm2s1GeV1sr!] at
10 GeV as a function of the ang from the GC, in modeB,, et (left panel) andBy; ref
(right panel). The blue line corresponds to the EGRET edérofthe EGB as parametrized in
Sreekumar et al. (1998). The contribution from DM annilidiain the smooth host halo and its
substructures are represented by the black and red cuespgatively. The latter is obtained
by averaging over 10 fferent Monte Carlo realizations of the subhalos populatBumps
and wiggles are due to the contribution of the individualtglbs of the RES population.
The green line represents the extra-galactic flux congibbyy DM annihilation within extra-
galactic halos and their substrutures. We have assumed40 GeV,oanV = 3x10-26cm’s ™t
and annihilations tbb. Taken from Fornasa et al. (2009).
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description is too optimistic. Finally, with a larger numlaé resolved astrophysical sources,
Fermi LAT will provide a better estimate of the blazar lunsityg function.

The fact that the extra-galactic flux is contributed by bot¥d Bnnihilation and blazars
and because of the uncertainty on the latter contributiop, ltas the freedom of modifying
the relative importance of blazars emission to the total EK&8ping a good agreement with
the data. Diferent choices for these relative contributions have beepgsed in Ando et al.
(2007). They are listed in the first two columns of Table 9. The sarivedhnihilation flux
leads to a dierent value off %" for EGRET and Fermi LAT, due to the lower Fermi LAT
EGB.

It is particularly important to note that not all of the scena in Table 9 are physically
plausible when implemented in our model. For example, logshe average galactic and
extra-galactic DM annihilation flux so that it will accourdrfmore than 61% of the Fermi
LAT EGB, leads to a flux that exceeds the EGRET constrainttdsthe GC (even excluding
the central degree). Thus, f8, .+ we will only considerfis™ as large as 0.61, restricting
to the last two rows in Table 9. For the modg) ¢, a Similar argument rules out cases with
frem > 0.80.
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Table 9. f5SRET and f5GRET indicate the contribution of gamma-ray from blazars andhffaM
annihilation respectively, to the EGB as measured by EGRET.. and f/2™ represent the
same quantities estimated for the Fermi LAT satellite in éwetlal. (200B) using the blazar
luminosity function derived from EGRET data. The last twaves indicates the corresponding
boost factors needed to bring the average annihation fluba@@aplus extra-galactic) to the

relative percentage of the EGB value.

fEGRET  fEGRET  ffermi — fFemi  hoost factoB,,er  boost factorB,, ret

blazars blazars

0.1 0.9 0.03 0.97 ruledout ruled out
0.3 0.7 0.20 0.80 ruledout 5.9
0.5 0.5 0.39 0.61 4938 4.2
0.7 0.3 0.61 0.39 29.9 2.6

23. Angular power spectrum of the gamma-ray unresolved sigal

23.1. Galactic contribution

To compute the Galactic gamma-ray angular power spectrumirarestigate the relative
importance of the dierent contributions, in Fornasa et al. (2009) we separatedyized the
five maps ofdb*™ corresponding to the NFW, RES, UNRES, NKRES and NFWUNRES
contributions. In the maps, the value ®f*™ is specified within angular bins ofQ =
9.57 x 107%sr.

Since we were interested in the contributions of DM halos sumohalos, we masked
out the region close to the GC and the Galactic plane in whiehsignal is dominated by
gamma-rays produced by cosmic rays interacting with trezsitellar galactic medium (Strong
et al. 2000). This background rapidly decreases with galdatitude. For this reason we
used a composite mask consisting in a strip dfdlove and below the Galactic plane and the
squared area around the GC with coordindtbes: 30° and|l| < 30°. Outside the mask, the
average galactic annihilation flux turns out to(dé/dEdQ) = 8.79x10 'cm2s1GeV 'sr?
in the case 0B, et and(d®/dEdQ) = 1.16 x 10%cm2s1GeV 'sr? for B, (e, and it is
dominated by the UNRES term.

To characterize the angular correlation signatures of taeowus contributions we
computed the angular power spectrum of th&edent maps with theHEALPix 2.01
package (Gorski et al. 1999). Fi#emalpix_Map objects are created covering the whole
sky with 786432 pixels of constant area (corresponding_tide = 28). Each pixel of the
Healpix Map is filled with the corresponding flus®/dEdQ from the simulated maps. The
number of pixels is determined from the requirement thattiea of the single bin is smaller
thanAQ.

The angular power spectrur@,, is computed from the spherical harmonic fimgents
a;m Of the gamma-ray flux angular fluctuation map as follows:

<dEdQ> f dQ(d;D é%g) - <d(éq(;2>)Y{’,m(9, 9), (115)
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20+1 °
whereY; (6, ¢) are the spherical harmonics and the integration in Eqnélib5) extends
to the unmasked area. The angular spectra of the RES and<REW maps have been
obtained by averaging the spectra of the 10 independent owmapessponding to the fierent
Monte Carlo realizations of resolved subhalos.

| note in passing that the angular correlation signal dodsdepend on the particle
physics scenario since it is evaluated with respect to tleeage flux (aside from a weak
dependence on the minimum subhalo mass, which, in turn,ndispen the properties of
the DM patrticle). However, for the purpose of comparing thengha-ray angular spectrum
due to DM annihilation to that of extra-galactic astroplegsisources, a particular particle
physcis scenario has to be specified. In this case we reféetceference values presented
in Section 21. The angular spectrum is computed at the erwdrgy GeV where Fermi LAT
exhibits its best angular resolutionof0.1°.

The masking procedure induces spurious features in thdrapafcthe NFW, UNRES
and NFWKUNRES maps: they have been smoothed out by averaging oveulti®ofes.

The total angular spectrum is obtained by performing a sunthefaforementioned
contributions and the cross-correlation terms:

doe \? doi \? do' \ [ d] —
<dEdQ> Cr' = Z<ﬁ> Co+ ;<dEm><dEm>;a'&maﬂjm’ (117
with i, j € [NFW, RES, UNRES, NFWRES, NFWKUNRES].

The results for modeB,,,.; and B, (¢ are plotted in Figure 44, for which we also
took into account the pixel window function for the corresdimg resolution of our maps
(Gorski et al. 1999). The ferent curves in the plot represent the angular spectrumabf ea
component weighted by the square of its relative contrilouto the total annihilation flux
(dd' /dEdQ)?/(dd™/dEdQ)?. Cross-correlations are taken into account in the comioutat
of the total spectrum but are not shown in Figure 44. Black®es represent the spectrum of
the total flux and the shaded areas show thesfror boxes. These are obtained by summing
in quadrature the uncertainties related to the finite benara, if applicable, the scatter among
the diferent Monte Carlo realizations of resolved subhalos. Tlsedontribution dominates
at lower multipoleg while the second becomes the main source of error at largkipaies
where the power spectrum is mainly due to the RES contributiBoisson errors are not
accounted for since they depend on the observational saetthay will be discussed in the
next Section for the case of the Fermi LAT satellite.

The main contribution to the total flux is provided by the aawoelation of the resolved
(red curve) and unresolved (blue curve) subhalos. The fodominates at large multipoles
while the latter dominates a < 30. The interplay between these two components is
responsible for the minimum &t ~ 30 in the total spectrum. All components involving
the smooth DM distribution provide a negligible contrilmutito the total spectrum.

The total spectrum and theftérent contributions for modds,, ,.; are very similar to
model B, et. The only diference is represented by the position of the minimum which is

C[ = (116)
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Figure 44. The curves represent the angular power spectyf(¥ + 1)/2r of the diferent
contributions to the Galactic annihilation flux in the franuek of modelB,, (¢ (left panel) and

B, ret (right panel). The labels identify theftirent contributions. Black crosses represent
the angular spectrum of the total annihilation signal tbgetvith its 1o~ error (shaded areas).
Taken from Fornasa et al. (2009).
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now around ~ 50. This is due to the contribution of the resolved subhated ¢urve) which

is smaller than in the previous case: subhalos inBhe.+ model are less concentrated than
in B, rer and consequently they contribute less to the spectrum dt angular scales. We
conclude that changing the concentration parameter signifly gfects the mean annihilation
flux but not the angular power spectrum of the signal.

Our model predictions depend on the assumption about thienmm subhalo mass, for
which the theory does not provide very strong constraimsoréler to check the dependence
of our results on the minimum subhalo mass, we have re-stedlildne resolved subhalos
excluding all structures below a given mass threshold. Peetsum does not change when
excluding subhalos with a mass belowlA),, showing that the angular correlation is mainly
contributed by massive subhalos.

To check the reliability of our hybrid model, we have compboer results with those of
a similar study recently carried out by Siegal-Gaskinsg&li€saskins 2008) who used a pure
Monte Carlo approach to compute the power spectrum of thidetion signal produced by a
population of subhalos in the MW aboveNIg and 13M,, hence neglecting the contribution
of smaller subhalos. To compare our simulation approachets, hwe have modified our
subhalo model to match that of Siegal-Gaskins (2008). Iniquaar we re-simulated our
Galactic subhalo using a shallower mass functiofidM o« M-1°, assuming an Einasto
density profilepnaos for subhalos, adopted a simplified power-law model for thecentration
parameter witlt(M) o« M~%138 and normalized the number of subhalos in the MW with a mass
larger that 18M,, to beN(M > 10®M,) = 0.0064(1EMy/Muw )~ (this normalization forces
the number of MW subhalos to be five times smaller than witmitrenalization assumed in
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Section 20 for thd3,, . andB,, ;s Cases).

The only residual dierence between our model and that of Figures 5 and 6 of Siegal-
Gaskins (2008) is the spatial subhalo distribution in the MMich is more similar to the
anti-biased model of Siegal-Gaskins (2008).

The result of this exercise is shown in Figure 45. The cunie®ns the spectra
normalized atC, = 150 for the various cases explored. The spectra of the sobhdh
Siegal-Gaskins are consistent with Fig. 5 and 6 of Siegak{a (2008) for both the two
mass thresholds considered (¥Q (black curve) and 1M, (red curve)). The agreement is
valid at the same time for the shape and the amplitude of grals.

The comparison with the spectrum of our subhalos in the ca, @+, shows that,
for the same mass cut, our spectrum is steeper than in SBagkins (2008). This can be
explained by noting that small mass halos are more condedtia Siegal-Gaskins (2008)
than in our case, resulting in a larger power at small scakesat large multipoles).

Also the amplitude of the angular spectra predicted in moBglet andB,, ref results to
be diferent than the same quantity in Fig. 5 of Siegal-Gaskins§g@¥en when the éerent
subhalo spatial distribution is considered: our speciacharacterized by a lower amplitude,
the result of having considered subhalos with masses |dveer 10M,. They contribute to
the total annihilation flux but their distribution is almdstmogeneous around the observer,
hence decreasing the spectral amplitude.

Finally, as | have already pointed out, the results preseiméee are robust to the choice
of the maximal simulation distance. We have checked thalvi® halos at distances larger
than 3x dynaxM) has very little impact on the angular power spectrum.

23.2. Extra-galactic contribution

For the analysis of the angular spectrum of the extra-galannihilation flux in Fornasa et al.
(2009) we referred to the approach used originally by Andodirtatsu (2006) and extended
by Ando et al. (200M) to account for substructures.

For the description of extra-galactic DM halos, (Ando & Kaswa2006) followed an
analytical approach, using thet fact that the angular peoikisC, are related to the three
dimensional power spectruRy (k) of f = 6% — (6)? with § = d®/dEdQ — (d®/dEdQ):

2
<dg%> C, = fd%wz([l + 7 E,, r)Ps (k = ?; r), (118)

whereW([1 + Z]E,,r) contains the particle physics parameters, while the way iBM
distributed is encoding in the power spectréa(k), which is itself the Fourier transform of
the two-point correlation function df: £7(% - ¥) = (f (%) f (¥)).

The two-point correlation function of is then re-written as two-point and four-point
correlation function ob:

EP(R-9) = €A R YY) + 26D(X - y)% (119)
This is equivalent to decomposing the power spectrum in tams® (k) = Ps2(k) +
P:.4(K), the first depends on the non-linear power spectrum of tdefisctuations and is
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Figure 45. Angular power spectrui@,, normalized taC;50 for the resolved subhalos modeled
as in Siegal-Gaskins (2008). The black (red) curve showsdie of a 1M, (10'My) mass
cutoff. The green (blue) curve indicates the spectrum for thevedaubhalos in modé;, e+

for a mass cut- of 10M,, (10’M,). Taken from Fornasa et al. (2009).
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always sub-dominant. On the contrary the second Baitk) receives contribution from
the so-called.-haloterm, relative to the case where bathndy belong to the same DM halo
and from the2-halo term whenx andy belong to diferent halos. The computation Bf 4
contains also the Fourier transform of the DM density pradfiehe single halo, which it is
assumed by Ando & Komatsu (2006) to be a described by a NF\Werofi

The final result can be seen in Figure 46 (panels (c) and (d)a fé/IMP DM with
m, = 100 GeV andc,,v) = 3 x 102°cm-3s: the 2-halo term dominates at low multipoles
while the relevance of the 1-halo term depends on the low éndeomass integration. If
the integration is extended to low mass halos (lower pahellthalo significantly contribute
only at very high multipoles while, on the contrary, with animnal halo mass of M, its
contribution is relevant at all scales.

Ando et al. (200B) is instead devoted to theéfect of extra-galactic DM subhalos: like in
our model, their DM halos and subhalos are described by NFvgityeprofiles and subhalos
trace the smooth underlying mass distribution of the hokt. hdoreover they assumed that
the mean number of subhalos within a host halo of Mas&\|M), scales asc M* and they
considered two extreme casess 1 anda = 0.7 (Ando et al. 200B) (in Fornasa et al. (2009)
we only considered the first case to match the subhalo massdorof our model).
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Figure 46. Angular power spectrunt,£(¢ + 1)/2x of DM annihilating in extra-galactic
substructures with (a) = 1 and (b)e = 0.7. The (c) and (d) panels refers to the angular
spectrum of DM annihilating in extra-galactic halos (with subhalos) with two dierent
mass cut. The dotted and dashed line show the contributomtine 1-halo and 2-halo terms,
respectively, and the solid line is the total. Taken from amedal. (200D).

T ||||||T| T TTTITT T TTTH T ||||||T| T |||||||| T TTTT

0.1 ¢ = = (c) host halo =

o 3 E M,_,,=108 M, 3
—_———

10-2 2>~ 2-halo E

~

(a) subhalo
a=1

IIIII]}\I T IIIIII|

11+1)C,/2m

(b) subhalo
a=0.7

(d) host halo
M ,=10"8 M,

T M|
T

IIIIII| /I’”»II IIII| 1 IIIIIII|

—_

o

&
T

Ll
T

1 IIIIII_IJ 1 IIIIIII| ~‘I\”‘I‘IIIIEJ 1 IIIIII_IJ 1 Illl*ﬁ’l’lc 1 Illllﬁ

10 102 10% 1 10 102 108

Multipole 1

—_

It should be noticed that Ando et al. (208)7did not account for the contribution
of subhalos by integrating over their mass function, as m skcond term of Equation
(114). Instead, they considered a gamma-ray subhalo specweraged over its mass
function and multiplied by the mean comoving density of aalbk. Their approach remains
analytical, computing the angular spectrum as Fourierstaam of the correlation function
and distinguishing 1-halo and 2-halo contribution. Theitssor the case of "subhalos-only”
can be seen in Figure 46.

These model details hardlyffact the angular power spectrum since one considers
fluctuations over the mean flux. While we will quantify thefdirences between the two
approaches in a future work in which the angular power spettand the mean flux will
be computed self-consistently, for the purpose of disagstfie angular power spectrum, we
adopted the same approach as in Ando et al. (Bp@iAd we used their very same angular
power spectra shown in Fig. 5 of their paper for both the DMilaifation and the blazars
contribution to the extra-galactic flux.

We did not plot the contribution of the DM and blazars to thgwar spectrum of the
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extra-galactic gamma-ray background in Figure 44 to avoifusion. Instead, in the next
section | show how well these spectra will be measured by Heff and compare them to
the Galactic contributions.

24. Fermi LAT gamma-ray angular spectra

| want now to apply the model described in the last sectiongréalict the angular power
spectrum that Fermi LAT is expected to observe and discuesgadissibility of indirect DM
detection through characteristic signatures in the spectr

The contribution of the dierent components to the total angular spectrum of the gamma-
ray flux is shown in Figure 47 for thB,, s case. The red histogram indicates the angular
spectrum of anisotropies in the blazar emissivity (see bigf Ando et al. (200@)). Black
crosses represents the contribution of Galactic substesthat, as we have shown, dominate
over the smooth NFW signal. Open diamonds indicate the iboniton of extra-galactic
halos and their substructures. All thefdrent contributions are normalized to the square
of the ratio between the average flux of that particular ¢bution to the average total flux
(d®' /dEdQ)?/(dd*/dEdQ)?.

Poissonian errors in each bin of the sky maps are due to th# statstics, i.e. the
limited number of gamma-ray photons from annihilation ecléd during observations. The
1o error is computed, following Ando et al. (200)7 as follows:

_ Cn 12
C =\ @+ ar,.. (C' i vvf)’ (120)

whereAl = 18 and 4f,,, = 9.706 sr is the area outside the masBy is the power
spectrum of the photon noi§&, = 4rf.,, /N that depends on the instrument characteristics
and integration timeNc; is the number of photons of the EGB) and is independent ffom
We have assumed affective area constant with energy of'¢0¥ and an exposure time of 1
year.W, is the window function of a Gaussian point spread functn= exp(£202/2) that
we computed for the Fermi LAT angular resolutiop= 0.115.

The angular spectrum of the backgrou@fl is not uniquely defined but depends on
the signal one wants to detect: for the extra-galactic DM ponent, the background is
represented by blazars and by the Galactic annihilationsile/MWiceversa, for the Galactic
DM component, blazars and extra-galactic annihilatioay phe role of background.

The total signal (shown as crosses in Figure 47 and Figureigi&)btained by
adding all components weighted by their relative contitiuto the total gamma-ray flux
(dd' /dEdQ)?/(dd™/dEdQ)? including the cross-correlation term involving extraaglc
halos and blazars. We ignored the cross-correlation betwese Galactic subhalos and the
blazars since they have independent spatial distributibims total errors (blue boxes) account
for the Poisson noise of both the Galactic and extra-galdai component, to which we
summed the binsize and scatter among Monte Carlo realimtiolrhe Poissonian noise
becomes the main source of errors only al large multipolesallly, we assumed that the
angular power spectrum of blazars is known without errors.
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In the particle physics scenario considered here and foBglhe; model, the average
flux (d®/dEdQ) produced by DM annihilations within and outside our galaxyess than
1% of the EGB estimated for Fermi LAT. We can therefore bogsthis contribution by
increasing the cross section of the DM candidate. This hasffact of changing the values
of ffam™ and ffe™, i.e. the relative contribution of blazars and DM to the t&&B. The two
panels in Figure 47 refer tf™ = 0.61 (left) andfis™ = 0.39 (right). The corresponding
boosting factors are shown in the plots. Larger boostingpfagcorresponding to largdfe™)
are excluded since they would correspond to models alreedyaed by the current EGRET
constraint.

In both plots the contribution of the Galactic signal to thgalar power spectrum largely
dominates the extra-galactic component at all multipoks.a consequence, the two main
contributions to the angular spectrum are provided by taedrk and the Galactic annihilation
signal. The former dominates at large multipoles whereadatter dominates at lol The
position of the cross-over depends on the boosting factbe\en in the less favourable case
of ffo™ = 0.39 the DM annihilation signature can be clearly seen as aduen in the power
spectrum at < 30.

These considerations remain valid for 8g,.; model whose angular power spectrum is
shown in Figure 48. In this case, however, the cross-oveousd at smaller multipoles,
making more dficult to detect the contribution for DM annihilation whedf™ = 0.39
because of the large errorbars. On the other hand, witlBthe; model one can increase
the boost factor up tdfs™ = 0.80 without ending up with an unphysical scenario already
excluded by EGRET.

25. Discussion and results

In Fornasa et al. (2009) we modeled for the first time the aargudwer spectrum of thefliuse
gamma-ray signal at high Galactic latitude taking into aetdboth the DM annihilation
in substructures within our Galaxy and annihilation witl@xtra-galactic halos and their
subhalos, also including the contribution from extra-gateobjects like blazars. The purpose
is to understand whether the gamma-ray satellite Fermi LAlTb& able to unambiguously
detect the signature of DM annihilation that, in tR€DM scenario, preferentially takes place
in the central regions of DM halos and in their hierarchigcalésted substructures.

For this purpose we developed an hybrid approach in whichatiehilation signal
is computed using two fterent techniques. First, we performed a numerical integrat
to compute the contributions to the gamma-ray flux from theaim Galactic halo, from
the unresolved Galactic substructures and, finally, frotnaegalactic DM halos and their
substructures. Second, we used Monte Carlo techniquestwigicfor the nearest Galactic
subhalos, that show up in the mock gamma-ray maps as individgimma-ray sources.

We explored two dterent subhalo models corresponding tffetient prescriptions for
the mass concentration within the halBy, ;er andBy; e+.

The EGB is computed by adding the annihilation signal from Bafbs and subhalos and
that from high-energy astrophysical sources like blaZEng relative contributions of the two
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Figure 47. Angular power spectrum of gamma-ray anisotropies in thes dhat DM
annihilations contribute to 61% (left) and 39%(right) otttotal average flux of the CGB
as estimated for the Fermi LAT satellite. The plus signimdicate the Galactic component
following the By, et model (see Figure 44). The diamondsefer to DM annihilating in
extra-galactic, unresolved DM halos and subhalos and thetigpn is taken from Ando et al.
(200M). The red line represents the angular spectrum of blazadssgibed in Ando et al.
(2007). All these three components are normalized to their avecagtribution to the total
flux (d®'/dEdQ)?/(dd®/dEdQ)2. The I error of the total spectrum is indicated by the blue
boxes and it is obtained propagating the errors from the cBialand the extragalactic DM
components, assuming no errors for the blazars. Taken foymaBa et al. (2009).
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signals is treated as a free parameter. The only constsaihat the total gamma-ray signal,
Galactic annihilation foreground and CGB, does not exchedttirrent limit of EGRET.
Our main conclusions are:

e The annihilation of the NFW smooth Galactic halo dominatesrdhat of Galactic
substructures only within a few degrees from the GC. Thetexalae depends on the
subhalos concentration and ranges fram° in modelB;, e, to ~ 3° in modelB,, e+.
Moreover, the gamma-ray flux from extra-galactic halosirstéa than the Galactic signal
at all angles. This is true both f@;, s andB;, rer.

e To predict the annihilation flux we have assumed a favourpbhticle physics setup,
with a mass of 40 GeV, a cross sectiog, Vv = 3x 1026cm3s1, and annihilations tob.
With this choice, modeB,, ¢ accounts for only 0.8% of the total unresolved EGB that
will be measured by Fermi LAT. Larger fluxes are possible foaber masses and larger
cross sections, provided that the total flux does not exdeedurrent measurement of
the EGB by EGRET and still allowing blazars to contribute tsignificant fraction of
the flux. Similar considerations also apply to moégl.s. The largest boost factor
compatible with the data is of order 100, and it could be addes.g. through the so-
called Sommerfeld enhancement or in some rather fine-twnsetsymmetric scenarios
(Profumo 2005, Sommerfeld 1931).
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Figure 48. Angular power spectrum of gamma-ray anisotropies in thes dhat DM
annihilations contribute to 80% (upper left), 61%(uppght) and 39% (lower center) of the
total average flux of the EGB as estimated for the Fermi LAEI§td. The curves and the
error boxes have the same meaning of Figure 47 but refer béine B, ;s case. Taken from
Fornasa et al. (2009).
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e The angular power spectrum predicted by our model is rediaid robust. To
test its reliability we compared our results with those ndlyepublished in Siegal-
Gaskins (2008), who performed a similar analysis consigefowever, only Galactic
substructures and using a full Monte Carlo approach. Wherstme halo model is
considered, we found fair agreement with Siegal-GaskiG8&2 To test the robustness
of our method we verified that our results do not change sanifly when we increase
the volume within which we simulate the distribution of Gala subhalos beyond a well
defined reference value.

e The angular power spectrum of the Galactic gamma-ray pksopsoduced by DM
annihilation is dominated by subhalos. Contributions imwg the DM particles in
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the smooth Galactic halo are negligible at all multipolest Iédw multipoles (large
angles) the spectrum is dominated by unresolved halos wdnosilation flux appear
in the gamma-ray sky map as a smooth foreground (see e.g. Biged 7 of Pieri
et al. (2008)). On the other hand, nearby resolved clumpsrddmthe power at small
angular separations (large multipoles). These resultsadmest in the sense that they
do not change appreciably when adoptinffedent prescriptions for the concentration
parameters. This is not surprising since the power spec¢tnimch refers to fluctuations
about the mean flux, should not depend appreciably on theatmbtructure.

e Subhalos of masses below*M), give a small contribution to the angular spectrum of
the Galactic annihilation flux.

e The signature of DM annihilations in the angular power speotcan be found only
for an optimistic particle physics setup. In fact, for oumbemark particle physics
scenario (without any boost factor) the power spectrum efuthresolved gamma-ray
background would be completely dominated by blazars. Heweboosting up the
particle physics factor without exceeding the backgrourat EGRET has estimated,
we find that the power spectrum is dominated by the DM compioaiglow multipoles
while blazars determine the spectrum at small angular scalee turn-over depends on
the prescription for the concentration of subhalos, ooguat smaller scales in the case
of BZO’ref.

e The angular power spectrum of DM annihilations is largelyndwated, at all scales, by
the Galactic signal. It depends mostly on the relative irtgpare of the average Galactic
flux compared to the extra-galactic DM signal which, in ourdeis, favours the first
term, both forB,, et andBy, res.

e We found that a 1-year all-sky survey with Fermi LAT, now cgternal, may be able to
spot the annihilation signature of DM in the angular powercspum of the unresolved
gamma-ray flux. This signature is provided by the up-turteagower spectrum which,
at low multipoles, is dominated by the DM annihilation sign®ur results partially
contradict those of Ando et al. (200)Avho did not account for the Galactic contribution
to the angular power spectrum which, instead, completdiyenate the one provided by
annihilations in extra-galactic halos.

e Our results seem to confirm those of Siegal-Gaskins (2008gghe angular spectrum
measured by Fermi LAT should indeed provide a detection of @ihilation within
our Galaxy, although it is doubtful that such measuremefitbgiable to constrain the
properties of the subhalo population. However, we shouldtpaut that the subhalo
description adopted in Siegal-Gaskins (2008) would bogsthe extra-galactic DM
annihilation flux to a value of 80 x 10 1°%cm2s1GeV comparable to, if not larger
than, the Galactic annihilation flux. On one side this facréases the possibility of
detecting the DM contribution to the angular spectrum. Qndtiner hand it will be hard
to disentangle Galactic and extra-galactic contributions

As a remark | want to stress that the results of the retéatLactea Il (Diemand
et al. 2008) and théAquarius (Springel et al. 2008 Springel et al. 2008 numerical
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experiments, both with improved resolution, have now updaur knowledge on the subhalo
distribution function and concentration parameters. Tiffeknces in the subhalos extracted
from these simulations, whose main characteristics atedlisn Table 8, may change the
angular spectrum of the DM annihilation flux although we hsfvewn that changing subhalo
model significantly ffects the gamma-ray flux but has less impact on the spectriiseésra
We will investigate this issue thoroughly in a forthcomingper. Here | just report the
result of a preliminary analysis in which we computed theuagpower spectrum of the
Galactic annihilation signal obtained when subhalos areeteal according td/ia Lactea
Il and Agquarius In both cases we found that the angular spectrum is flatspeaally at
small¢. This is not surprising since, in both experiments, the ndésgsibution is less clumpy
and the subhalo radial distribution is flatter than in the el@tlopted in the present paper.
A flatter spectrum, combined with a fainter annihilation fde to the reduced number of
substructures, would reduce the up-turn in the angulartspacmaking it more challenging
to detect the DM annihilation feature. The significance of dfect depends on the boosting
factors that, because of the dimmer flux, could be furtherem®ed without exceeding the
measured gamma-ray background.

| also want to stress that our analysis of the angular spectocused on a particular
energy rangel > 10 GeV) hence ignoring the fierent energy dependence of the variuos
contributions to the correlation signal. Indeed it has mdgeargued that a multiwavelength
analysis of the angular power spectrum could discriminateveen astrophysical and
annihilation signal and, if the statistics is good enougbuld constrain the DM properties
(Siegal-Gaskins & Pavlidou 2009).

25.1. Angular power spectrum of IMBHs

Being tuned to the results &§-body simulations, our description of the Galactic and axtr
galactic subhalos population does not account for ffeeeof baryons in the evolution of DM
structures. As a consequence our computation of the angpdetrum does not account for
the dfect, e.g., of IMBHSs, which may be present in extra-galactit ltalos and contribute, to
some extent, to the EGB. The correlation properties of thBH¥g predicted to populate extra-
galactic DM halos have been recently studied in Taoso, ABddpne & Profumo (2008). To
report their results, each DM halozat 0 is assumed to host a number of IMBHs proportional
to the mass of the host halo (as it was done in Fornasa et &7)2hd Horiuchi & Ando
(2006)), so that the today comoving number density of uneteilylIBHs is:

« dn M

n(z = O) = - d MW(M, Z= O)NIMBH 10121—h_1|\/|@’
wheredn/dM is the halo mass function (parametrized following Sheth &ien (1999)

and Eisenstein & Hu (1997)Mni, is the critical mass for a DM halo to host an IMBH

(see Equation (87)) and the comoving number density is niarethto the prediction for

the numbem,s, of IMBHs harbored today in the MW halo of mass'th-*M,. On the

contrary, at the redshift of formation, it is assumed theD& halos with a mass larger than

Mmin host one (and only one) IMBH so thafz = z) = fl\:nn dn/dM(M, z = z;)d M.

(121)
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At intermediate redshifts, the comoving number of IMBHss$s@med to depend on the
redshift by a simple power-law, linking the twoffirent regimes at = 0 andz = z; (Horiuchi
& Ando 2006):

(122)

1+z\
1+ z '

@) = )

B is taken to be @B (Horiuchi & Ando 2006) and the implementation of the new
cosmological WMAP parameters (Komatsu et al. 2008) hasdhsaequence of modifying the
prediction for the number of Galactic IMBHs today from 10Zk(®ne, Zentner & Silk 2005)
to aroundN,z, = 40.

The DM halo around each IMBH is described by a mini-spike wlthpe equal te-7/3,
independent from redshift (except than in the cut radiuggdrding the spatial distribution
of IMBHSs within the host halo, the shape is assumed to be stabpn a NFW profile and the
size is rescaled proportionally to the virial radius of tlusthalo.

Following these prescriptions, the annihilation flux poted for mini-spikes around
IMBHs results to be at the same level of the EGRET data for tled Eat least for a
DM candidate with a mass of 100 GeV, a cross sectioorgff = 3 x 10%°cm=3s and
annihilating, alternatively, b or 7.

The computation of the angular spectrum of anisotropiesmednalytically, modifying
Equation (118) (taken from Ando & Komatsu (2006)) and theiitssare shown in Figure 49.
The description of the blazar population idfdrent in the two panels of Figure 49 (see
Taoso, Ando, Bertone & Profumo (2008) for details) so that Bxvhihilating around IMBHs
contribute to a dferent percentage of the EGB (the quantity indicated in the figures).
The spectrum is computed at an energy of 10 GeV with the santielpgphysics parameters
than above and the contribution of blazars is also shown alegbound. The spectrum of
DM annihilation around extra-galactic IMBHSs results to betattable over the background
by Fermi LAT after two years of data in both the cases of Figiie The power spectrum
due to the presence of extra-galactic subhalos (as in Fig)res also shown for comparison
and it results that the IMBHSs signal is characterized by gdapower at high multipoles, as a
consequence of thefierent spatial distribution of IMBHs compared to that of saibois.

In Taoso, Ando, Bertone & Profumo (2008) they finally show hibm signal changes
if the spectrum is computed at affdirent energy (increasing the energy increases also the
amplitude of the spectrum even if the statistics is worsel) thre annihilation channel or the
mass of the DM candidate is changed (softer energy speatrespond to a lower amplitude
in the angular spectrum while changing basically modifies the amplitude of the error bars).
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Figure 49. Angular power spectrum of the EGB from DM annihilations arduMBHSs at the
photon energy oE = 10 GeV. Dashed line shows the contribution from the DM anaiitin

(f2, CP"), dotted line is for blazarsfécf) and the dot-dashed line is the cross-correlation term
(2fom fBC?Q. The total signa(:}0t is shown as a thick, black solid line. Errors bars are for 2
years of Fermi LAT data. The thin blue solid line shows the Diyhal for DM annihilations

in subhalos (Ando et al. 200y. Taken from Taoso, Ando, Bertone & Profumo (2008).

f=0.87%
Annihilation channel: bl
E,=10 GeV

M‘—l\'}(} GeV

Subhslos sigral

TMBH= cross—correlation

1m0 100

1 {multipale)

L
1t

100

11+1)c,/2 =

01 E

10-%

100

E =029 E|
o amnrs q

Annihilation channel: bb

Ey=10 GeV
M =100 GeV

I {muitipele)



Not-so-Dark Matter 136

Acknowledgments

Dopo tre anni di lavoro la lista di persone da ringraziare aduralmente molto lunga.
Innanzitutto il prof. Antonio Masiero e, prima a Padova, ¢ @®arigi, Gianfranco Bertone,
per la sua costante disponilita. Poi tutte le persone concavuto I'occasione di collaborare
durante questo dottorato, tra i quali Enzo Branchini, BardBringmann, David Cerdend,
Michele Doro e Lidia Pieri.

Fuori dal’'ambito lavorativo un grazie ai miei genitori eniggliari. Impossibile nominare
poi tutti gli amici che meriterebbero di comparire in questgraziamenti, quindi procedo in
ordine sparso: Carlo, Alice e prole, fRa Simon, Nicola, la Robi, Mattia, il Dema, Checco e
tutti i fisici e contorni. Una menzione a parte va dedicatarigRaina citta che mi ha regalato
un anno fa-vo-lo-so che ha significato tantissimo ed un sdcpersone stupende: Giulia,
Eva, Martina, Sofie, Nikos, Nora, Fra, Katerina, Dimitrisy&, Stefi, Sylvie.

A tutti questi che ho nominato e a tutti quelli che ho scord@®AZIE, questi anni
hanno valso la pena di essere vissuti anche grazie a voi.



Not-so-Dark Matter 137

References

Aaronson M 198&strophys. J266, L11.

Abazajian K N et al. 2008 The Seventh Data Release of the S)gital Sky Survey.

Aharonian F et al. 200Bstron. Astrophys430, 865—-875.

Aharonian F et al. 20G6Nature439, 695—698.

Aharonian F et al. 20046Phys. Rev. Let@7, 221102.

Aharonian F et al. 200Bhys. RevD78, 072008.

Ahn E J, Bertone G & Merritt D 200Phys. RevD76, 023517.

Albert J et al. 200@strophys. J638 L101-L104.

Albert J et al. 200&\strophys. J679, 428-431.

Aliu E et al. 2008 MAGIC upper limits on the VHE gamma-ray esiis from the satellite galaxy Willman 1.

Allen S W, Schmidt R W & Fabian A C 200on. Not. Roy. Astron. S0834, L11.

Ando S 2005Phys. Rev. Let®4, 171303.

Ando S & Komatsu E 200@hys. RevD73, 023521.

Ando S, Komatsu E, Narumoto T & Totani T 208%on. Not. Roy. Astron. So876, 1635—-1647.

Ando S, Komatsu E, Narumoto T & Totani T 200Phys. RevD75, 063519.

Aparicio A, Carrera R & Martinez-Delgado D 20@&tronom. J123 2511.

Appelquist T, Cheng H C & Dobrescu B A 20@hys. RevD64, 035002.

Bahcall J N & Wolf R A 1976Astrophys. J209, 214-232.

Baltz E A, Taylor J E & Wai L L 2006 Can Astrophysical Gamma Ray&es Mimic Dark Matter Annihilation
in Galactic Satellites?

Barbieri R, Hall L J & Rychkov V S 200@hys. RevD74, 015007.

Barbieri R & Strumia A 199%hys. LettB462, 144—-149.

Barth A J, Martini P, Nelson C H & Ho L C 2008strophys. J594, L95-198.

Battaglia M et al. 200Eur. Phys. JC22, 535-561.

Battaglia M et al. 2004&ur. Phys. JC33, 273—-296.

Baumgardt H, Makino J & Ebisuzaki T 20@¥strophys. J613 1143—-1156.

Begeman K G, Broeils A H & Sanders R H 19®bn. Not. Roy. Astron. So249, 523.

Berezinsky V S 199Phys. LettB261, 71-75.

Bergstrom L 198%hys. LettB225 372.

Bergstrom L, Bringmann T, Eriksson M & Gustafsson M 280hys. Rev. Letf5, 241301.

Bergstrom L, Bringmann T, Eriksson M & Gustafsson M 28@hys. Rev. Let@4, 131301.

Bergstrom L, Bringmann T, Eriksson M & Gustafsson M 260&AP0504 004.

Bergstrom L, Edsjo J, Gondolo P & Ullio P 19%hys. RevD59, 043506.

Bergstrom L, Edsjo J & Ullio P 200Rhys. Rev. LetB7, 251301.

Bergstrom L & Hooper D 200@hys. RevD73, 063510.

Bergstrom L, Ullio P & Buckley J H 1998stropart. Phys9, 137-162.

Bernabei R et al. 200Bur. Phys. JC56, 333-355.

Bernloehr K, Carmona E & Schweizer T 200i7Proc. of the 30th ICRC’ Merida, Mexico.

Bertone G, Hooper D & Silk J 200Bhys. Rept405, 279-390.

Bertone G & Merritt D 2009Phys. RevD72, 103502.

Bertone G, Servant G & Sigl G 20@2hys. RevD68, 044008.

Bertone G, Zentner A R & Silk J 200Bhys. RevD72, 103517.

Biland A 2008in ‘Proc. of IDM 2008’ Stocholm, Sweden.

Binney J & Tremaine S 198Galactic dynamic®rinceton Univ. Press.

Borzumati F, Bringmann T & Ullio P 200Bhys. RevD77, 063514.

Bringmann T, Bergstrom L & Edsjo J 200B8EP 01, 049.

Bringmann T, Doro M & Fornasa M 200BCAP0901, 016.

Bringmann T & Hofmann S 200JCAP0407, 016.

Bryan G L & Norman M L 1998Astrophys. J495, 80.

Bullock J S et al. 2004 Astrophys. J555, 240-257.



Not-so-Dark Matter 138

Bullock J S et al. 2004 Mon. Not. Roy. Astron. So821, 559-575.

Burkert A 19961AU Symp171, 175.

Carmona E et al. 2007 Monte Carlo Simulation for the MAGIGYistem.

Cembranos J AR, Feng J L, Rajaraman A & Takayama F Q5. Rev. LetB5, 181301.

Cerdeno D G, Munoz C & Seto O 2008 Right-handed sneutrinoeastdl dark matter.

Cesarini A, Fucito F, Lionetto A, Morselli A & Ullio P 200Astropart. Phys21, 267-285.

Chamseddine A. H. AR L & P. N 198Rhys. Rev. Lettl9, 970.

Cheng H C & Low | 2003JHEP 09, 051.

Cheng H C, Matchev K T & Schmaltz M 20@2hys. RevD66, 056006.

Chertok M et al. 200&\IP Conf. Proc842, 995-997.

Clowe D, Gonzalez A & Markevitch M 200Astrophys. J604, 596—-603.

Clowe D et al. 200&\strophys. J648 L109-L113.

Cohn H & Kulsrud R M 1978Astrophys. J226, 1087.

Colafrancesco S, Profumo S & Ullio P 20@hys. RevD75, 023513.

Cote P et al. 200Astrophys. J. Suppl53 223.

Cote P et al. 2006 The ACS Virgo Cluster Survey. VIII. The Nudf Early- Type Galaxies.

Da Costa G S 199® ‘The Third Stromlo Symposium: The Galactic Halo’ p. 165.

de Austri R R, Trotta R & Roszkowski L 200BHEP 05, 002.

de Blok W J G 200%Astrophys. J634, 227-238.

de Blok W J G & Bosma A 2002Astron. Astrophys385, 816.

Diemand J, Kuhlen M & Madau P 200%&strophys. J649, 1-13.

Diemand J, Kuhlen M & Madau P 200%strophys. J657, 262.

Diemand J, Moore B & Stadel J 200%ature.433 389-391.

Diemand J et al. 2008 Clumps and streams in the local darlentdititribution.

Dienes K R, Dudas E & Gherghetta T 19P8ys. LettB436, 55—-65.

Dodelson S 20081odern Cosmologycademic Press.

Driscoll D D et al. 2007 Search for Dark Matter AnnihilationDraco with STACEE. preprint, arXiv:0710.3545.

Einasto J 1963rudy Inst. Astroz. Aima-Atal, 87.

Eisenstein D J & Hu W 199Astrophys. J511, 5.

Eke V R, Navarro J F & Steinmetz M 20@4strophys. J554, 114-125.

Faber S M & Gallagher J S 197nn. Rev. Astron. Astrophykz, 135-183.

Falk T, Olive K A & Srednicki M 1994Phys. LettB339, 248—-251.

Fan X et al. 200RAstron. J.122, 2833.

Feng J L, Rajaraman A & Takayama F 20PBys. Rev. Let®1, 011302.

Ferrarese L & Ford H 2004 Supermassive Black Holes in Galdtticlei: Past, Present and Future Research.

Flanagan E E & Hughes S A 198®hys. Re\D57, 4535—-4565.

Flanagan E E & Hughes S A 198®hys. Re\D57, 4566—4587.

Fornasa M & Bertone G 2008t. J. Mod. PhysD17, 1125-1157.

Fornasa M, Pieri L, Bertone G & Branchini E 2009 Anisotropglpe of galactic and extra-galactic Dark Matter
annihilations.

Fornasa M, Taoso M & Bertone G 20@hys. RevD76, 043517.

Fornengo N, Pieri L & Scopel S 200hys. RevD70, 103529.

Frank J & Rees M J a C U 19Mon. Not. Roy. Astron. Sot76, 633.

Freitag M, Amaro-Seoane P & Kalogera V 2086trophys. J649, 91-117.

Fryer C L & Kalogera V 2001Astrophys. J554, 548-560.

Gaisser T K, Stanev T, Honda M & Lipari P n.d. Prepared for 2i@térnational Cosmic Ray Conference (ICRC
2001), Hamburg, Germany, 7-15 Aug 2001.

Geha M et al. 2008 The Least Luminous Galaxy: SpectroscoplyeoMilky Way Satellite Segue 1. preprint,
arXiv:0809.2781.

Gehrels N & Michelson P 199A8stropart. Physl11, 277-282.

Gentile G, Burkert A, Salucci P, Klein U & Walter F 20@trophys. J634, L145-1.148.



Not-so-Dark Matter 139

Genzel R et al. 2008strophys. J594, 812—-832.

Gilmore G et al. 2007 The Observed properties of Dark Mattesroall spatial scales. preprint, arXiv:0703308.

Gondolo P, Edsjo J, Bergstrom L, Ullio P, Schelke M, BaltBEngmann T & Duda G 2005 ‘Darksusy 5.0.1".
URL: httpyAvww.physto.gedsjgdarksusy

Gondolo P & Silk J 199%hys. Rev. LetB3, 1719-1722.

Gondolo P et al. 2004CAP 0407, 008.

Gorski K M, Wandelt B D, Hansen F K, Hivon E & Banday A J 1999.

Graham A W & Guzman R 2008stron. J.125, 2936.

Green A M, Hofmann S & Schwarz D J 2004on. Not. Roy. Astron. So853, L23.

Green A M, Hofmann S & Schwarz D J 2008AP0508 003.

Griest K & Seckel D 199Phys. RevD43, 3191-3203.

Gualandris A & Merritt D 200@ Dynamics around supermassive black holes.

Gualandris A & Merritt D 2008 Ejection of Supermassive Black Holes from Galaxy Cores.

Gustafsson M, Lundstrom E, Bergstrom L & Edsjo J 260is. Rev. LetB9, 041301.

Hagelin J S, Kane G L & Raby S 19®ucl. PhysB241, 638.

Haisch U & Weiler A 2007Phys. RevD76, 034014.

Halpern J P, Gezari S & Komossa S 208gtrophys. J604, 572-578.

Hayashi E & Navarro J F 200@on. Not. Roy. Astron. S0873 1117-1124.

Hillas A M 1985in ‘Proc. of the 19th ICRC’ La Jolla.

Hofmann W 2006 Performance limits for Cherenkov instruraent

Hooper D, de la Calle Perez I, Silk J, Ferrer F & Sarkar S 200AP0409 002.

Hooper D & Dingus B L 2004hys. RevD70, 113007.

Hooper D & March-Russell J 200Bhys. LettB608, 17—-23.

Hooper D & Profumo S 200Phys. Rept453 29-115.

Horiuchi S & Ando S 2006°hys. RevD74, 103504.

Hubble E 192%roceedings of the National Academy of Scierices

Hunter S D et al. 199Astrophys. J481, 205—-240.

Ibanez L E 1984hys. LettB137, 160.

Islam R R, Taylor J E & Silk J 200B1on. Not. Roy. Astron. S0840, 647.

Islam R R, Taylor J E & Silk J 200¥on. Not. Roy. Astron. S0854, 629.

Jeltema T E & Profumo S 2008 Searching for Dark Matter withe)-©bservations of Local Dwarf Galaxies.

Jungman G, Kamionkowski M & Griest K 199hys. Rept267, 195-373.

Kaplinghat M 2005Phys. RevD72, 063510.

Kazantzidis S et al. 2004strophys. J608 663—3679.

Keshet U, Waxman E & Loeb A 200CAP0404 006.

Kildea J et al. 2007Astropart. Phys28, 182—-195.

Klypin A A, Kravtsov AV, Valenzuela O & Prada F 199%strophys. J522, 82—-92.

Kolb EW & Turner M S 199(Early UniverseAddison-Wesley.

Komatsu E et al. 2008 Five-Year Wilkinson Microwave Anisgly Probe (WMAP) Observations: Cosmological
Interpretation. preprint, arXiv:0803.0547.

Komossa S et al. 2008strophys. J582 L15-L20.

Komossa S et al. 2004strophys. J603 L17-L20.

Kormendy J & Ho L C 2000 Supermassive Black Holes in Inactiae®@ies.

Koushiappas S M, Bullock J S & Dekel A 2004on. Not. Roy. Astron. S0854, 292.

Koushiappas S M & Zentner A R 200&strophys. J639, 7.

Koushiappas S M, Zentner A R & Walker T P 20BAys. RevD69, 043501.

LiTP & Ma'Y Q 1983Astrophys. J272 317-324.

Lokas E L, Mamon G A & Prada F 20040on. Not. Roy. Astron. So863 918.

Lopez Honorez L, Nezri E, Oliver J F & Tytgat M H G 200CAPQ702 028.

Ma E 2006Phys. RevD73, 077301.

Mack G D, Jacques T D, Beacom J F, Bell N F & Yuksel H 2608/s. RevD78, 063542.



Not-so-Dark Matter 140

MacMillan J D & Henriksen R N 200Astrophys. J569, 83—-90.

Martin N F, Ibata R A, Chapman S C, Irwin M & Lewis G F 2007 A K¢DIEIMOS spectroscopic survey of
faint Galactic satellites: searching for the least masdwarf galaxies. arXiv:0705.4622.

Martin S P 1997 A Supersymmetry Primer.

Mashchenko S, Sills A & Couchman H M P 2086trophys. J640, 252—-269.

Mateo M 1998Ann. Rev. Astron. Astrophy&6, 435-506.

Matsubayashi T, Shinkai H & Ebisuzaki T 208&trophys. J614, 864—868.

Mayer-Hasselwander H A et al. 199&tron. Astrophys335 161-172.

McConnachie A W, Penarrubia J & Navarro J F 2006 Multiple comgnts and the interpretation of velocity
dispersion profiles in dwarf spheroidals. preprint, arstro-phi0608687.

McGaugh S S & de Blok W J G 1998strophys. J499 41.

Merritt D 2003 Single and Binary Black Holes and their Inflaeron Nuclear Structure.

Merritt D 2006 Rept. Prog. Phy$69, 2513-2579.

Merritt D 2006 Astrophys. J648, 976.

Merritt D & Ferrarese L 200Mon. Not. Roy. Astron. S0820, L30.

Merritt D, Harfst S & Bertone G 200Phys. RevD75, 043517.

Merritt D, Milosavljevic M, Verde L & Jimenez R 200Rhys. Rev. LetB8, 191301.

Merritt D, Navarro J F, Ludlow A & Jenkins A 200Astrophys. J624, L85—-L88.

Merritt D & Szell A 2006Astrophys. J648 890.

Miller M C & Colbert E J M 2004Int. J. Mod. PhysD13, 1-64.

Moore B, Quinn T R, Governato F, Stadel J & Lake G 1988n. Not. Roy. Astron. S0810, 1147-1152.

Moore B et al. 199®Rstrophys. J524, L19-L22.

Munoz R R et al. 200&strophys. J631, L137-L142.

Murphy B W, N. CH & H. D R 1991Astrophys. J370, 60.

Nakano T & Makino J 1999 On the Cusp around Central Black Hiolésiminous Elliptical Galaxies.

Navarro J F, Frenk C S & White S D M 19%&trophys. J462, 563-575.

Navarro J F, Frenk C S & White S D M 19%&trophys. J490, 493-508.

Navarro J F et al. 200Mlon. Not. Roy. Astron. S0849, 1039.

Navarro J F et al. 2008 The Diversity and Similarity of Coldrbo&atter Halos.

Neto A F et al. 2007 The statistics of LCDM Halo Concentrasgion

Pagels H & Primack J R 1982hys. Rev. Let#8, 223.

Paige F E, Protopopescu S D, Baer H & Tata X 2003.

Peebles P J E 197@en. Rel. and Gra\s, 63.

Peskin M E & Schroeder D V 1994n introduction to Quantum Field TheoAddison-Wesley.

Piatek S, Pryor C, ArmandfbT E & Olszewski E W 2002.

Pieri L, Bertone G & Branchini E 200Blon. Not. Roy. Astron. S0884, 1627.

Pohl M 1997Astron. Astrophys317, 441-447.

Press W H & Schechter P 192&trophys. J187, 425-438.

Preto M, Merritt D & Spurzem R 200Astrophys. J613 L109.

Profumo S 200%hys. RevD72, 103521.

Pulhofer G et al. 2008 ‘Proc. of the 28th ICRC’ Tsukuba, Japan.

Raffelt G G 2007J. Phys A40, 6607-6620.

Reed D et al. 200Mon. Not. Roy. Astron. So857, 82—-96.

Rodriguez C et al. 200Astrophys. J646, 49—-60.

Salucci P & Burkert A 200@&strophys. J537, 9.

Sanchez-Conde M A et al. 20@hys. Re\D76, 123509.

Schodel R et al. 2007 The structure of the nuclear stellatetof the Milky Way.

Segall M, Ibata R, Irwin M, Martin N & Chapman S 200fon. Not. Roy. Astron. So875, 831-842.

Sersic J L 196&\tlas de galaxiss austral€Sordoba, Argentina: Observatorio astronomico.

Servant G & Tait T M P 2008lucl. PhysB650, 391-419.

Shapiro S L & Teukolski S A 198Black Holes, White Dwarfs and Neutron Stars, the physicsigact objects



Not-so-Dark Matter 141

John Wiley & sons.

Sheth R K & Tormen G 1998on. Not. Roy. Astron. So808 119.

Shetrone M, Cote P & Sargent W L W 208&trophys. J548 592-608.

Siegal-Gaskins J M 2008CAP081Q 040.

Siegal-Gaskins J M & Pavlidou V 2009 Robust identificatiosotropic diftuse gamma rays from Galactic dark
matter.

Siegel M H, Shetrone M D & Irwin M 2008 Trimming Down the Willmal dSph. arXiv:0803.2489.

Sigurdsson S, Hernquist L & Quinlan G D 1994.

Sikivie P 2006AIP Conf. Proc.805, 23—-29.

Simon J D & Geha M 200Astrophys. J670, 313—-331.

Sommerfeld A 193RAnnalen der Physik03, 257.

Spitzer L J 198 Dynamical evolution of Globular ClusteRrincenton series in Astrophysics.

Springel V et al. 2008 A blueprint for detecting supersymmetric dark matter in@wmdactic halo.

Springel V et al. 2008 The Aquarius Project: the subhalos of galactic halos.

Sreekumar P et al. 1998strophys. J494, 523-534.

Strigari L E et al. 200 Phys. Re\D75, 083526.

Strigari L E et al. 2008 Redefining the Missing Satellites Problem. preprint, arXip4.1817.

Strigari L E et al. 200 The Most Dark Matter Dominated Galaxies: Predicted Gamma-Signals from the
Faintest Milky Way Dwarfs. preprint, arXiv:0709.1510.

Strigari L E et al. 200&ature454, 1096—-1097.

Strong A W, Moskalenko | V & Reimer O 2008strophys. J537, 763—784.

Swartz D A, Ghosh K K, Tennant A F & Wu K W 2004.

Taoso M, Ando S, Bertone G & Profumo S 2008.

Taoso M, Bertone G & Masiero A 200BCAP0803 022.

Tegmark M et al. 2004 Phys. RevD69, 103501.

Tegmark M et al. 2004 Astrophys. J606, 702—740.

Thorne K S & B. BV 1976Astrophys. J204.

Tremaine S & Gunn J E 1973hys. Rev. Lett)2, 407-410.

Trotta R, Feroz F, Hobson M P, Roszkowski L & Ruiz de Austri R20HEP 12, 024.

Tyler C 2002Phys. RevD66, 023509.

Ullio P, Bergstrom L, Edsjo J & Lacey C G 20®hys. RevD66, 123502.

Ullio P, Zhao H & Kamionkowski M 200Phys. RevD64, 043504.

\olonteri M, Haardt F & Madau P 2008strophys. J582, 559-573.

Walker M G et al. 2007 Velocity Dispersion Profiles of Sevenddfisspheroidal Galaxies.

Wang J X & Merritt D 2004Astrophys. J600, 149-161.

Willman B et al. 200%Astrophys. J626, L85-L88.

Willman B et al. 2006 Willman 1 - A Galactic Satellite at 40 kp¢ith Multiple Stellar Tails. preprint,
arXiv:astro-ph0603486.

Willott C J, McLure R J & Jarvis M J 2008strophys. J587, L15-L18.

Wilson A G 1954in ‘Publications of the Astronomical Society of the PacificIMd7 Chicago Journals p. 27.

Wood M et al. 2008 A Search for Dark Matter Annihilation withet Whipple 10m Telescope. preprint,
arXiv:0801.1708.

Yao W M et al. 2006). PhysG33, 1-1232.

York D G et al. 200QAstron. J.120, 1579-1587.

Young P 198QAstrophys. J242, 1232.

Zentner A R, Berlind A A, Bullock J S, Kravtsov A V & Wechsler R2005Astrophys. J624, 505-525.

Zentner A R & Bullock J S 2003strophys. J598 49.

Zhao H 1996Mon. Not. Roy. Astron. So278 488-496.

Zwicky F 1933Helv. Phys. Act®, 110-127.

Zwicky F 1937Astrophys. J86, 217—-246.



