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IntroductionAstrophysical observations of very high energy (VHE) γ-rays play a crucial role inthe exploration of non-thermal phenomena in the Universe in their most extreme andviolent forms. It can also provide unique information about exotic Particle Physics phe-nomena beyond the Standard Model of Particle Physics, which at even higher energiescomplements the studies performed at particle accelerators such as the Large HadronCollider (LHC). For instance, an intense γ-ray production might be expected from theannihilation of non-baryonic dark matter under some circumstances. Indeed, since thediscovery that various luminous objects (stars, gas clouds, globular clusters, or entiregalaxies) move faster than one would expect if they felt the gravitational attractionof only other visible objects, with the addition of the most recent observations of thecosmic microwave background (CMB) radiation, supernova distance measurements, andlarge scale galaxy surveys, there are compelling evidences that dark matter exists in theform of non-baryonic and weakly interacting massive particles (WIMPs).Numerical N-body simulations of hierarchical formation of structures in the Universesuggest that dark matter is distributed as halos surrounding galaxies and galaxy clusters.Observations of dynamical tracers of the gravitational potential of galaxies (and galaxyclusters) also corroborate with the existence of a large amount of dark matter to explaintheir velocity dispersions. In many Particle Physics models beyond the Standard Model,dark matter particle candidates can self-annihilate in dense environments, and produce
γ-rays as a sub-product of the annihilation process. Therefore one of the main goalsof γ-ray astronomy is to observe structures in which dark matter is expected to behighly concentrated in order to detect a possible annihilation signal. Historically, the�rst astrophysical source to be considered as a good candidate possessing a strong darkmatter annihilation signal was the Galactic Center. However various observations inradio, microwave, infrared, X-rays and γ-rays in the past decades revealed an enormous

xi



concentration of emissions in almost every waveband coming from the Galactic Centerinner region. For instance, the H.E.S.S. array of Cherenkov telescopes detected a verystrong γ-ray signal coming from the Galactic Center region, including a point-like sourcecoincident in position with Sgr A* and a region of di�use radiation (di�use emission).Although there exist astrophysical scenarios which can explain such emissions, the exactunderlying processes are still under debate. In order to disentangle a dark matterannihilation signal from the overall emission of the Galactic Center region, it is crucialto �rst have a better understanding of the ongoing astrophysical processes in this region.Finally, astronomical objects with low astrophysical γ-ray background, such as the dwarfgalaxies satellites of the Milky Way, or galaxy clusters with a low cosmic-ray content,are the most promising targets for searches for γ-rays from dark matter annihilation.This thesis presents a study on indirect searches of dark matter through VHE γ-raystowards dwarf galaxies and galaxy clusters, and the analysis of the Galactic Center atVHE with the H.E.S.S. instrument. The following manuscript is organized in threeparts. The �rst part presents a general introduction to the γ-ray astronomy. Thenon-thermal phenomena that may lead to the emission of VHE γ-rays, as well as themain γ-ray astrophysical sources are �rst described in Chapter 1. In Chapter 2, anoverview of the γ-ray detection techniques is given. All the data used in this work wascollected by the H.E.S.S. array of imaging atmospheric Cherenkov telescopes (IACTs):the instrument and the detection technique are introduced in Chapter 3. In this chapterthe data analysis procedure, including methods for the rejection and subtraction ofhadronic background and the reconstruction of energy spectra, is described.The second part is devoted to the study of the indirect searches of dark matterthrough VHE γ-rays. First, in Chapter 4, an overview on the actual cold dark matterparadigm is given. Chapter 5 presents a detailed description of the methodology devel-oped to extract constraints from γ-ray observations on dark matter astrophysical andparticle physics models. Constraints on a dark matter annihilation signal are obtainedfollowing this methodology to the H.E.S.S. observations of the Sculptor and Carinadwarf galaxies, which are reported in Chapter 6. In Chapter 7 the sensitivity of thefuture Cherenkov Telescope Array (CTA) to a dark matter annihilation signal towardsthe tidal disrupted Sagittarius dwarf galaxy, and the ultra-faint dwarf galaxy Segue 1,are presented. The Chapter 8 reports on the observations in VHE γ-rays of the Fornaxgalaxy cluster, and constraints on several dark matter properties are derived.



The third and �nal part of the manuscript addresses the Galactic Center region.A �rst introductory chapter (Chapter 9) describes in details the structure and mor-phology of the Galactic Center region at di�erent wavelengths relevant for non-thermalphenomena. In the same chapter, the VHE γ-ray observations of the Galactic Cen-ter region, including all the published results from H.E.S.S. and other ground-basedCherenkov telescopes, are summarized and discussed. Chapter 10 presents the analysisof the entire H.E.S.S. data set of the Galactic Center region from 2004 to 2011. Thespectra of both the central VHE γ-ray source and the di�use emission are updated.The spectral subtraction of the di�use component under the central γ-ray source is per-formed, allowing to recover the intrinsic spectrum of the central source. A study on thespectral morphology of the whole di�use emission region in VHE γ-rays is conductedand the results are presented at the end of the chapter.





Part IVery high energy γ-ray astronomy
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Chapter 1
γ-ray emission above 100 GeV
Contents1.1 Non-thermal phenomena and γ-ray emission processes . . . . . . 51.1.1 Charged particles acceleration . . . . . . . . . . . . . . . . . . . . . . 51.1.2 γ-ray emission processes . . . . . . . . . . . . . . . . . . . . . . . . . 71.2 Where to look for very high energy γ-rays? . . . . . . . . . . . . . 101.2.1 Galactic sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101.2.2 Extragalactic sources . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
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1. γ-ray emission above 100 GeVIntroductionThe γ-ray astronomy is intrinsically related to the problem of the origin of cosmic rays(CRs). The history of cosmic rays begins in the early twentieth century when it wasrealized that electroscopes discharged even if they were kept shielded from naturalsources of radioactivity. It was Victor Franz Hess who, in 1912, discovered in balloonascents that the ionization even increases when going up in the atmosphere. He foundthat electroscopes discharged twice as fast at 5300 meters altitude than at sea leveland attributed this to extraterrestrial radiation of very high penetration power - thecosmic rays (Hess [1] 1912). Today it is well established that an intense �ux of chargedand neutral cosmic particles exists and arrives isotropically at Earth. Their mainconstituents are the normal nuclei as in the standard cosmic abundances of matter,with some enhancements for the heavier elements; there are also electrons, positronsand antiprotons. The known spectrum extends over energies from a few tens of MeVto 300 EeV (= 3×1020 eV). For most parts the spectrum is well described by a singlepower law with index -2.7. The cosmic-ray spectrum reveals two distinct features, theknee and the ankle at ∼ 1015 eV and ∼ 1018 eV, respectively. At the knee the spectrumsteepens, at the ankle it hardens again. It is generally believed that cosmic rays upto the ankle are of Galactic origin, whereas beyond the ankle they are produced andaccelerated outside the Galactic disk.Nevertheless the exact origin of these CRs is still under debate. The main obstacleis the di�usion of charged particles in the interstellar magnetic �elds. Once the cosmicrays are injected into the interstellar medium at the acceleration site, they are de�ectedby Lorentz forces thereby loosing directional information. From the isotropicallyarriving charged radiation no information about the source direction can be inferredon Earth. For this reason, neutral CR particles, such as γ-rays play a crucial role inthe exploration of the CRs origins, since they propagate freely in space from the sourcewithout de�ection in the interstellar and intergalactic magnetic �elds. Generally, theobservational γ-ray astronomy can be divided into 5 areas - low (LE: below 50 MeV),high (HE: 50 MeV - 100 GeV), very high (VHE: 100 GeV - 100 TeV), ultra high (UHE:100 TeV - 100 PeV), and �nally extremely high (EHE: above 100 PeV) energies.
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1.1 Non-thermal phenomena and γ-ray emission processesThis chapter �rst reviews the non-thermal phenomena that may lead to the emissionof VHE γ-rays. The astrophysical γ-ray sources, where non-thermal particle accelerationmechanisms are most likely ongoing, are brie�y described.1.1 Non-thermal phenomena and γ-ray emission processesThe power-law behavior of the energy spectrum of CRs up to extremely high ener-gies indicates that such a radiation originates from non-thermal acceleration processesrather than from black-body radiation of thermal processes. Indeed, the hottest ob-jects observed in the universe emit thermal radiation with energies extending up tothe hard X-ray range of ≈ 10 keV. Therefore, any radiation exceeding these energiesmust be created in non-thermal processes [2]. The production of VHE γ-rays is relatedto the interaction of highly relativistic charged particles with ambient radiation �eldsand matter of the interstellar medium. The exact production mechanism depends onthe astrophysical conditions and the type of particle which is accelerated (electrons1 orhadrons).1.1.1 Charged particles accelerationCharged particles are accelerated in astrophysical sources mainly by two mechanisms:- very intense magnetic �eld, such as in pulsars;- Fermi acceleration mechanisms;Fermi particle acceleration (Fermi [3], 1949) is essentially based on the fact the ener-getic particles (with velocity v ∼ c) can gain energy by elastically scattering o� magneticturbulence structures or irregularities moving with some velocity u. Historically it wasproposed by E. Fermi in 1949 to explain the origin of CRs as being from Galactic ori-gin. E. Fermi realized that, if interstellar magnetic �eld disturbances have convergingmotions, then the CRs have systematic energy gains proportional to the �ow velocitydi�erence. This has been called the �rst-order Fermi process. However at that time, itwas di�cult to �gure out whether this kind of process could be so frequent in the inter-stellar medium to account for the generation of the CR spectrum. Then Fermi devised1The term electron stands here for both electrons and positrons.
5



1. γ-ray emission above 100 GeVthe second order process which consists in considering a set of random magnetohydro-dynamic disturbances; he was thinking about interstellar clouds. Second order Fermiacceleration thus represents a classical example of a stochastic acceleration process dueto many small, nonsystematic energy changes. The average energy gain < ∆E/E >per collision is second order in u/c, i.e.,
< ∆E >

E
∝
(u
c

)2
, (1.1)when averaged over all momentum directions [2]. Unfortunately the irregular motionof the interstellar clouds u is generally too slow, and thus the second order Fermi istypically not very e�cient.First order Fermi acceleration theories were developed in the 1970's [4, 5, 6, 7], mo-tivated in particular by the fact that acceleration in supernova remnant non-relativisticshocks would be particularly e�cient, because the motions are not random. Assuminga strong (non-relativistic) shock wave propagating through the plasma, in the frame ofthe shock the conservation relations imply that the upstream velocity uu (ahead of theshock) is much higher than the downstream velocity ud (behind the shock), so that thetwo regions may be regarded as two converging �ows. Hence, in the upstream rest framethe plasma from the other side of the shock (downstream) is always approaching withvelocity u = uu−ud, so that to �rst order there are only head-on/approaching collisionsfor particles crossing the shock front. The acceleration process, although stochastic, thusalways leads to a gain in energy, so that for magnetic turbulence structures virtuallycomoving with the plasma �ow, the energy gain at every crossing of the shockwavebecomes �rst order in u/c, i.e.,

< ∆E >

E
∝
(u
c

)
. (1.2)The energy spectrum of a population of charged particles accelerated following aFermi process, with unmodi�ed conditions1, follows a power-law distribution. The �rstorder Fermi process usually generates a power-law spectrum with spectral index &2. The observed values of the spectral indexes coming from supernova remnants are1For example, energy losses of the shock wave in �rst order Fermi acceleration, or non-linearfeedback processes might induce a deviation from a power-law behavior in the charged particles energyspectrum.
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1.1 Non-thermal phenomena and γ-ray emission processesgenerally close to this lower-bound value, although energy dependent losses due to thepropagation of these CRs in the interstellar medium on large distances might inducessofter observed spectrum, with a typical spectral index of ∼2.7.1.1.2 γ-ray emission processesSynchrotron radiationCharged particles propagating in an electromagnetic �eld are de�ected by Lorentz forcesand loose their energy through synchrotron radiation. The characteristic energy Esynof the synchrotron emission of a charged particle of mass m and energy E propagatingin a magnetic �eld B can be expressed as [8, 9]
Esyn = 3µB

(
E

mc2

)2

B sin θ , (1.3)where µB = e~/2me is the Bohr magneton. Energy losses through synchrotron emissionare thus proportional to BE2m−2.For instance, in the case of the Crab nebula, electrons are accelerated to energiesup to a few PeV (1015 eV) in a magnetic �eld of 100 µG1. Hence, the typical energyof a emitted synchrotron photon is of the order of a few MeV. In order to produce
γ-rays in the TeV energy scale by synchrotron emission in a source like the Crabnebula, electrons would have to be accelerated to energies of the order of tens ofPeV. However, due to synchrotron energy losses during the acceleration, such energiescannot be reached [9]. Nevertheless, in the presence of very intense magnetic �elds,such as those in the neighborhood of some neutron stars or black holes (∼ 1012 G),electrons with energies of only a few GeV could produce γ-rays at the TeV energy range.Energy losses through synchrotron emission are weaker for more massive particles,like protons or atomic nuclei. In fact, in order to emit γ-rays at the TeV energy range, itwould be necessary to accelerate protons up to energies of 1016eV in a magnetic �eld ofthe order of 10 G. Thus standard values of magnetic �elds in astrophysical γ-ray sources,which are inferior to 10 G, do not allow to explain the TeV γ-ray emission by synchrotron1For comparison, the Earth magnetic �eld is about 0.5 G (Gauss).
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1. γ-ray emission above 100 GeVlosses. On the other hand, most of the radio and X-ray emission of astrophysicalobjects are explained by these synchrotron processes. In the case of a population ofcharged particles with an energy spectrum following a power-law distribution E−α, thesynchrotron energy spectrum also follows a power-law distribution but with a spectralindex of (α+ 1)/2 [10].BremsstrahlungBremsstrahlung, or �braking radiation�, is an electromagnetic radiation produced bythe deceleration of a charged particle when de�ected by the Coulomb �eld of anothercharged particle, typically an electron by an atomic nucleus. The moving particleloses kinetic energy, which is converted into a photon because energy is conserved.Bremsstrahlung produces a continuous spectrum, which becomes more intense andshifts toward higher frequencies when the energy of the accelerated particles isincreased. For instance, a charged particle accelerated to an energy E emits photonswith an average energy of E/3 [10] . Therefore, electrons and protons with energiesat the tens of TeV energy range can produce TeV γ-rays through bremsstrahlungradiation. The e�ciency of this process depends on the density of charged particlesand nuclei in the propagation environment.Inverse Compton scatteringCharged particles propagating through radiation �elds may lead to a γ-ray emissionby Inverse Compton (IC) up-scattering of background photons. The angle-averagedtotal cross section of IC scattering depends only on the product of the energies ofthe interacting charged particle Ec and that of the target photons ε, κ0 = Ecε/m
2
c ,where mc is the charged particle mass. In the non-relativistic regime, Ecε � m2
c ,it approaches the classical Thompson cross section σIC ≈ σT(1 − 2κ0), while in theultra-relativistic regime, Ecε � m2

c , it decreases with κ0 as σIC ≈ (3/8)σTκ
−1
0 ln (4κ0).The latter e�ect (also referred as to the Klein-Nishina cut-o�) signi�cantly limits themaximum energy of the up-scattered photon. In the Thompson regime the averageenergy of the up-scattered photon is Eγ ≈ εE2

c /m
2
c . The energy losses of a chargedparticle due to IC are thus proportional to NεE

2
c εm

−2 in the Thompson regime, where
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1.1 Non-thermal phenomena and γ-ray emission processes
Nε is the target photons density [9, 10].For a power-law distribution of charged particles, dNc/dEc ∝ E−α

c , the resulting
γ-ray energy spectrum in the Thompson regime has a power-law form with a photonindex (α + 1)/2. In the ultra-relativistic regime, also called the Klein-Nishina regime,the γ-ray spectrum is noticeably steeper, dNγ/dEγ ∝ E

−(α+1)
γ ln (κ0 + const) [9].The interaction of relativistic charged particles with radiation �elds through ICscattering provides one of the principal γ-ray production processes in astrophysics. Itworks e�ectively almost everywhere, from compact objects like pulsars and active galaxynuclei to extended sources like supernova remnants and galaxy clusters [9]. Because ofthe universal presence of the 2.7 K cosmic microwave background (CMB) radiation,as well as low gas densities (infrared radiation �eld) and low magnetic �elds (opticalradiation �elds), IC scattering proceeds with very high e�ciency in the intergalacticmedium over the entire γ-ray domain. Indeed, electrons with energies of about 100TeV up-scattering CMB photons can lead to the emission of γ-rays in the TeV energyrange. The exact IC scattering calculation is detailed in the Section 5.4.2, in the caseof electrons and positrons coming from dark matter particles annihilation, interactingwith the CMB radiation �eld.

π0 decayInelastic collisions of relativistic protons and nuclei with ambient nucleons or radiation(proton-proton and proton-photon reactions) yield pions, kaons and hyperons, that thendecay to produce HE photons and leptons [9]. For high proton energies, the probabilityof creation of the three species of pions (π0, π+ and π−) is almost the same. The neutral
π0 provide the main channel of conversion of the kinetic energy of protons to γ-rays. The
π0 has a mean lifetime of tπ0 = 8.4× 10−17s and thus immediately decays to two γ-rays(with 98.8% of branching ratio). The decays of charged pions (tπ± = 2.6 × 10−8s) leadto muons and neutrinos with spectra quite similar to the spectrum of accompanying
π0-decay γ-rays. Therefore this process is very interesting, in the sense that a jointdetection of neutrinos and γ-rays would be a clear signal that CR acceleration processes
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1. γ-ray emission above 100 GeVare ongoing in local astrophysical sources. The distinct feature of the spectrum of π0-decay γ-rays is a maximum at Eγ = mπ/2 ' 67.5 MeV, independent of the energydistribution of π0, and consequently of the parent protons.Dark matter annihilationThe main part of the matter density of the universe consists of an unknown component,called dark matter, and only a small fraction consists of baryonic matter (see chapter 4).The dark matter is often described as being composed of weakly interacting massiveparticles (WIMPs). The annihilation of such WIMPs would lead to a �ux of particles,among of which γ-rays are of the most interest. Chapter 4 and chapter 5 describe indetail the dark matter paradigm and the dark matter particle annihilation processesleading to γ-ray signals, respectively.1.2 Where to look for very high energy γ-rays?The �rst source to be ever detected in the γ-ray domain was the di�use Galactic planeemission by the satellite OSO-3 (Clark et al. [11]). It is in fact the most abundantsource of high energy γ-ray in the sky, accounting for almost 80% of all the γ-raysdetected by the modern satellites, such as the Fermi-LAT (see Section 2.1). The originof this emission is related to almost all the processes of γ-ray production described inthe previous section, when applying them to the interaction of CRs with the matterand the radiation �elds in the interstellar medium of the Galaxy. In the VHE γ-raydomain (& 100 GeV), the �rst source to be detected was the Crab nebula in 1989 by theWhipple telescope [12]. The most recent catalogues of γ-ray sources contain, in July2012, about 1873 sources in the GeV energy domain (Nolan et al. [13]) and about 136sources in the TeV energy domain [14]. These sources can be both from Galactic andextragalactic origin.1.2.1 Galactic sourcesShell-type supernova remnantsAll stars above an original mass of more than 8 M� are expected to explode at theend of their life-time, after they have exhausted nuclear burning; the observable e�ectof such an explosion is called a supernova. A supernova is �rst categorized as either
10



1.2 Where to look for very high energy γ-rays?a Type I or Type II, then sub-categorized based on more speci�c traits. Supernovaebelonging to the general category Type I lack hydrogen lines in their spectra; in contrastto Type II supernovae which do display lines of hydrogen. The Type I category issub-divided into Type Ia, Type Ib and Type Ic supernovae. Type Ia supernovae area particular category of supernovae formed in binary systems, in which a white dwarfaccretes matter from a companion until it reaches a mass limit and explodes. Thiscategory of supernovae produces consistent peak luminosity because of the uniformmass of white dwarfs that explode via the accretion mechanism. The stability of thisvalue allows these supernovae to be used as standard candles for cosmology to measurethe cosmological expansion rate (Hubble parameter), since the observed brightness ofthe supernovae depends primarily on the distance to their host galaxies. Stars withoriginal masses superior to 8 solar masses produce Type II, Ib, and Ic supernovae.In Type II supernovae, when the mass of the star inert core exceeds the Chan-drasekhar limit of about 1.4 M�, electron degeneracy alone is no longer su�cient tocounter gravity. A cataclysmic implosion takes place within seconds, in which the outercore reaches an inward velocity of up to 23% of the speed of light and the inner corereaches temperatures of up to 1011 K. The collapse is halted by neutron degeneracy,causing the implosion to bounce outward. The energy of this expanding shock waveis su�cient to detach the surrounding stellar material, forming a supernova explosion.The ejecta material forms the so called shell-type SuperNova Remnant (SNR) [9].When the ejected material meets the interstellar medium a new shock wave is cre-ated, which loses energy with time. A γ-ray emission is produced in the interface of theejecta and the interstellar medium, by proton-proton interactions or inverse Comptonscattering of relativistic charged particles accelerated through �rst-order Fermi pro-cesses. H.E.S.S. was the �rst telescope to have detected a γ-ray emission at the TeVenergy range coming from a shell-type SNR. After the initial detection of the shell-typeSNR RXJ1713.7-3946 [15](Figure 1.1a), several others SNR detections of TeV γ-rayswere reported, such as the SNR RXJ0852.0-4622 [16] (Figure 1.1a), also called VelaJunior, and the SN 1006 [17] which exploded very recently, in the year 1006.
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1. γ-ray emission above 100 GeV

(a) RXJ1713.7-3946 (b) RXJ0852.0-4622Figure 1.1: Shell-type supernova remnants RXJ1713.7-3946 [15] (a) and RXJ0852.0-4622 [16] (b), detected by H.E.S.S. in 2004 and 2005, respectively. The black (a) and white(b) contours indicates the X-ray morphology of these sources.PulsarsIn general when the progenitor star is below about 20 M� the degenerate remnant of acore collapse is a neutron star, with masses between 1 to 2 solar masses. The neutronstar retains most of its angular momentum, and since it has only a tiny fraction of itsprogenitor's radius (about 10 kilometers), it is formed with very high rotation speed,thus characterizing a so-called pulsar. The rotation period of such objects is veryshort: from a few miliseconds to a few seconds. Pulsars possess a very strong bipolarelectromagnetic �eld (up to 1012 G) which is not necessarily aligned along the rotationaxis of the neutron star, and thus the magnetic axis spins along with the rotation.Particles are accelerated along the magnetic axis, producing two beams of radiation.The misalignment between the magnetic and rotational axis causes the beam to be seenonce for every rotation of the neutron star, which leads to the �pulsed� nature of itsappearance. These objects were discovered accidentally in 1967 by Antony Hewish andJocelyn Bell at Cambridge, from observations at radio wavelength of the pulsar PSR1919+21. About 1800 pulsars have been observed so far at radio wavelength. At theGeV energy domain, the EGRET satellite observed only 6 pulsars, but recently theFermi-LAT satellite has increased this number to more than 50 detected pulsars. VHE
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1.2 Where to look for very high energy γ-rays?
γ-rays from pulsars had never been observed until very recently, when a pulsed γ-rayemission from the Crab pulsar was detected by the VERITAS [18] and MAGIC [19]experiments, extending up to at least 400 GeV. Moreover the collective emission of highenergy γ-rays from a population of milisecond pulsars in globular clusters has beenclaimed to be detected by Fermi-LAT [20], and the emission in the VHE energy rangehas been predicted by several models for these objects [see for instance, 21, 22, 23].Recently the H.E.S.S. telescope has detected a VHE γ-ray emission coming from thedirection of globular cluster Terzan 5 [24], which could be explained as coming from thecollective emission of milisecond pulsars. Globular clusters could be a new class sourcesat the VHE regime.Pulsar wind nebula or plerionsSome pulsars are associated to supernova remnants presenting a very intense syn-chrotron emission coming from the interior of a nebula. This nebula is powered bystrong electron and positron winds coming from the pulsar. The pulsar wind createsa shock wave (distinct from the original supernova shock wave) in the interior of theSNR shell, accelerating electrons to relativistic velocities, and thus producing very highenergy γ-rays through IC scattering. A famous example of plerion is the Crab nebula,which was the �rst TeV source to be detected and it used to serve as prototypical pul-sar wind nebula. The Crab nebula had played an important role in γ-ray astronomybecause it was believed to have a stable γ-ray �ux at time scales superior to year, andthus it was used as reference for calibration of γ-ray detectors. However the stabilityof the Crab nebula VHE γ-ray emission was challenged very recently with the detec-tion of a γ-ray �are by the Fermi-LAT [25] at the hundreds of MeV energy range, andas already mentioned the detection of the pulsed emission of the Crab central pulsarbetween 50-400 GeV by IACTs [18, 19]. The multi-wavelength spectrum of the Crabnebula is shown in Figure 1.2. The spectrum was measured from radio to TeV energies.The bump at lower energies, from radio to a few hundreds of MeV, is due to synchrotronemission of electrons, and the IC scattering of the same electrons leads to the secondbump at energies from a few GeV to tens of TeV [26].
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1. γ-ray emission above 100 GeV

Figure 1.2: Crab nebula emission model. The multiwavelength data is superposed tothe model for comparison. The solid line is the model, which is the sum of a synchrotroncomponent (thick dashed), a thermal component (short dashed), and a non-thermal syn-chrotron component at mm wavelengths (long dashed). Extracted from Ref. [26].X-ray binariesGalactic X-ray binaries are binary systems containing a compact object (the primary:a black hole, neutron star, or white dwarf) and a normal star (the secondary). Thecompact primary accretes matter from a stellar wind of the secondary or by directmass transfer from the surface of the secondary, if the secondary has expanded so farthat matter on a section of its surface becomes gravitationally bound to the primary.Due to angular-momentum conservation, the matter accreting onto the primary settlesin an accretion disk, where viscous stresses heat the material to millions of K. At suchtemperatures, the disk is radiating primarily in X-rays, hence the name �X-ray binaries�.In addition to the thermal X-ray emission which one expects from the standard accretiondisk, X-rays binaries are also potential sources of γ-rays. If the primary is a black hole,the binary system is often called microquasar due to its similitude to quasars, and arelativistic jet of particles can emit VHE γ-rays through the interaction of this jet withthe secondary photon radiation �elds. If the primary is a neutron star, the systemmight emit through a similar mechanism to the pulsar wind nebula, where in this casea stationary shock wave is formed between the neutron star wind and the secondarywind. The �rst X-ray binary system to be detected in VHE γ-rays was LS 5039 [27],
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1.2 Where to look for very high energy γ-rays?showing a periodic emission of 3.907±0.001 days correlated to the orbital period of thesystem, which was also detected by Fermi-LAT [28] at GeV energies but anti-correlatedto the TeV emission. Only three others X-ray binary systems were detected to date(July 212) in the TeV energy domain, which are: LSI + 61-303 [29], PSR B1259-63 [30]and more recently HESS J0632+057 [31].1.2.2 Extragalactic sourcesActive galactic nucleiActive galactic nuclei (AGN) are the most luminous persistent sources of electromag-netic radiation in the universe. They manifest themselves through extremely luminousemission from the nuclear region of a galaxy, which often extends far into the X-ray and
γ-ray bands. The radiation from AGN is believed to be a result of accretion of mass bya supermassive black hole at the center of the host galaxy. In many of these sources, rel-ativistic out�ows (jets) are observed which are probably powered by the mass accretiononto the black hole. AGNs detected in the TeV energy domain are generally blazars,for which the angle between the jet and line-of-sight is relatively small. Those blazarsare often observable in all wavelength bands - from radio waves to γ-rays-, are rapidlyvariable, emit polarized, non-thermal optical light, and their total energy output is oftendominated by their high-energy emission in X-rays and γ-rays. For instance, H.E.S.S.has observed the active galaxy M 87 [32] and the blazar PKS 2155-304 [33] which re-vealed strong variabilities in 2005 and 2006, respectively, and for which simultaneousobservations at other wavelengths were performed in order to obtain better constraintsto the emission models. Also, an impressive multiwavelength monitoring campaign onM 87 followed the �rst detection of VHE γ-rays and a �are was simultaneously detectedin 2010 at VHE γ-rays (by MAGIC, VERITAS and H.E.S.S.), X-rays (by Chandra),and radio (by 43 GHz Very Long Baseline Array, VLBA) [34].
γ-ray bursts
γ-ray bursts (GRBs) are short emissions of γ-rays which can last from ten millisec-onds to several minutes, and are very intense in low energy γ-rays (between 100 keVand 1 MeV). The initial burst is usually followed by a longer-lived �afterglow� emittedat longer wavelengths (X-ray, ultraviolet, optical, infrared, microwave and radio) [35].
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1. γ-ray emission above 100 GeVGRBs were �rst detected in 1967 by the Vela satellites, a series of satellites designedto detect covert nuclear weapons tests. However over 30 years after their discovery,the source of these GRBs is still unidenti�ed. Only in 1997 the BeppoSAX satellitedetected the �rst X-ray afterglows with a rapidly following up by multiwavelength ob-servations [36]. Their redshifts were measured thanks to optical spectroscopy withlarge ground-based telescopes, showing that GRBs take place at cosmological distances(i.e. gigaparsecs). At these distances GRBs are the most powerful explosions in theUniverse. These discoveries, and subsequent studies of the galaxies and supernovaeassociated with the bursts, clari�ed the distance and luminosity of GRBs, de�nitivelyplacing them in distant galaxies and connecting long GRBs with the deaths of massivestars [35]. However, the exact nature of GRB progenitors and the primary mechanismdriving GRB explosions are still largely unknown. No GRB has been detected in theVHE γ-ray domain by ground-based Cherenkov telescopes. Nevertheless, recently theFermi-LAT has detected emissions in the high energy domain (superior to 100 MeV)coming from about ten GRBs, in particular a photon with an energy of 33.4+2.7
−3.5 GeVwas detected coming from the GRB 090902B1 [38].

1Such high energy photons coming from GRB are useful probes for fundamental Physics studies,such as test of possible Lorentz symmetry invariance violations [37].
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2. γ-ray detection techniquesThe γ-ray astronomy presents some particular characteristics that distinguish itfrom other wavelength domains :- γ-rays from space can not be directly detected on the ground because they getabsorbed in the Earth's atmosphere;- the γ-ray �uxes are very small and decrease rapidly with energy. The spectrafollow approximately a power-law over a large energy range, and with a spectralindex around -2;- since the wavelength of γ-rays is of the order of interatomic distances, unlike op-tical light and X-rays, γ-rays cannot be captured and re�ected in mirrors. Newtechniques were thus developed, inspired by those used in particle physics detec-tors, in order to detect γ-rays.Two di�erent detection strategies are used: the �rst one consists using detectors em-barked on satellites for the detection of high energy γ-rays in the range of 10 MeV to 100GeV, and the second consists in building ground based detectors of the sub-productsof the interaction between γ-rays, with energies superior to a few tens of GeV, and theatmosphere. Both strategies are complementary in energy, covering the energy domainfrom high energy to very high energy γ-rays. In this chapter an overview of the γ-raydetection techniques is done, where an emphasis is given on the imaging atmosphericCherenkov technique.2.1 The high-energy domain by satellitesHigh energy γ-ray detectors embarked on satellites, such as EGRET1[39], Fermi2 (orig-inally called GLAST3, see Figure 2.1b) [40], AGILE4 or AMS-025 [41] observe γ-raysfrom a few MeV to hundreds of GeV. They are composed by several particle physicssub-detectors, namely a particle tracking detector, an electromagnetic calorimeter and1EGRET : Energetic Gamma Ray Experiment Telescope2Fermi : Fermi Gamma Ray Space Telescope3GLAST : Gamma-Ray Large Area Space Telescope4AGILE : Astro-rivelatore Gamma a Immagini LEggero is a small satellite launched in 2007, oper-ating in the energy band of 30 MeV - 30 GeV5Alpha Magnetic Spectrometer is a charged particles detector for the cosmic ray �ux measurements.It also detects γ-rays in the energy band of 10-300 GeV.
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2.1 The high-energy domain by satellitesan anticoincidence detector (see Figure 2.1a).

(a) (b)Figure 2.1: (a) Schematic view of a γ-ray detector embarked in satellites. (b) Cutawayview of the Fermi-LAT instrument [40].The anticoincidence detector is made of a scintillating material, normally placedaround the tracking detector forming an active veto. Incoming γ-rays pass freelythrough the anticoincidence detector, while charged cosmic rays cause a �ash of light,allowing e�cient identi�cation of the relatively rare γ-rays, which have a �ux 105 lessintense than the charged CRs. The tracking detector consists of several layers of adense material that converts an incoming γ-ray into pairs of electrons and positrons(e−/e+). Between these layers, detectors of charged particles are placed, allowing theprogress of the particles to be tracked, and thus the direction of the γ-ray to be recon-structed. The tracking detector of EGRET was a spark chamber consisting of manyplates of metal and gases such as helium or neon, which signi�cantly limited the per-formances of EGRET, specially in terms of dead time of the system. The trackingdetectors of Fermi, AGILE and AMS-02 are silicon strip detectors which have betterperformances than spark chambers. Finally the charged particles are stopped by a thickelectromagnetic calorimeter which measures the total energy deposit. The informa-tion from the anticoincidence detector, tracker and calorimeter is combined to estimate
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2. γ-ray detection techniquesthe energy and direction of the γ-ray.Instrument EGRET Fermi-LAT(1991-200) (2008-...)Energy range 30 MeV - 30 GeV 100 MeV- 300 GeVAngular resolution/γ 5.5◦ (100 MeV) 3.5◦ (100 MeV)0.5◦ (5 GeV) 0.12◦ (10 GeV)Energy resolution 20-25% ∼ 10%E�ective area 103 cm2 104 cm2Field of view 0.6 sr 2.4 srSensitivity 5.4×10−8cm−2s−1(E ≥ 100 MeV) 1.5×10−9cm−2s−1(E ≥ 100 MeV)1.2×10−8cm−2s−1(E ≥ 1 GeV) 1.5×10−9cm−2s−1(E ≥ 1 GeV)Dead time 0.1 s 100 µsTable 2.1: Performances comparison between EGRET [39] and Fermi-LAT [40].Table 2.1 compares the performances of EGRET and Fermi Large Area Telescope(Fermi-LAT)1. These two experiments represent the old and the new generation ofspace telescopes for the detection of high energy γ-rays. At the end of EGRET missionand after nine years of service, about 271 sources were detected, of which 170 wereunidenti�ed. The �rst Fermi-LAT catalog [42], after only 11 months of data taking,contains 1451 sources detected and characterized in the 100 MeV to 100 GeV range. Asecond Fermi-LAT catalog [13] has recently been released after 24 months of activity,and it contains 1873 detected sources, of which 127 as being �rmly identi�ed and 1170as being reliably associated with counterparts of known or likely γ-ray-producing sourceclasses.2.2 Ground-based Cherenkov telescopesThe direct detection of cosmic γ-rays by satellite experiments can observe γ-rays upto about 100 GeV, but due to a strongly decreasing �ux of CRs with energy, theirdetection area, typically of the order of 1 m2, is not su�cient for detection of particleswith even higher energies. Therefore, for higher energies, indirect measurements bymeans of the Earth's atmosphere as calorimeter are required. Whenever a high-energy1The Fermi Gamma Ray Space Telescope is composed of two instruments: a main Large AreaTelescope (LAT), which provides sensitivity to γ-rays in the energy range of about 20 MeV to about300 GeV, and a detector of transient sources, the Gamma-ray Burst Monitor (GBM) which is sensitiveto X-rays and γ-rays with energies between 8 keV and 40 MeV.
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2.2 Ground-based Cherenkov telescopescosmic-ray nucleus or γ-ray hits the top of the terrestrial atmosphere it sets o� acascade of secondary particles, produced in interactions of the primary particle andin turn of the secondary particles with molecules and atoms in air. The cascade iscalled an air shower. It can have two di�erent components depending on the type ofthe primary particle. In case of a photon or an electron a shower of electromagneticnature is initiated1. In case of proton and nucleus, like for the overwhelming partof the cosmic rays, interactions via the strong and the weak force will occur besidethe electromagnetic processes, and hadronic, as well as electromagnetic, sub-showersevolve. Two di�erent methods can be used to detect the passage of an air shower:one can look for the charged particles in the shower directly through extensive airshower arrays (EAS arrays), or one can look for the Cherenkov light generated bythe charged particles in the atmosphere through imaging atmospheric Cherenkovtelescopes (IACTs). Thus in the energy range between ∼ 100 GeV and ∼ 100 TeV,indirect detection is carried out by ground based telescopes. The detection area of suchinstruments exceeds the detection area of satellite experiments by up to six orders ofmagnitude, thus accounting for the decreasing �ux of very high-energy particles.2.2.1 Electromagnetic air showersHigh energy electrons and photons penetrating in the atmosphere generate anelectromagnetic air shower. In case of a photon, the interaction with the Coulombelectromagnetic �eld of an air nuclei leads to an electron-positron (e∓) pair creation,occurring after the traversed mean free path of 7/9X0, with X0 = 37.2 g cm−2 beingthe radiation length for electrons, whereas the interaction of an incoming electronwith an air nuclei leads to irradiations of an energetic photon due to bremsstrahlungprocess. These two processes are responsible for a subsequent exponential rise of theparticle number during the shower development, until the mean energy of particlesdrops below 80 MeV and energy losses due to ionization start to become dominant.The shower has reached its maximum particle number at this stage, no new particleswill be created any more. The trajectories of the created particles remain close to thedirection of the incident one, however due to multiple Coulomb-scattering of created1Note that for UHE and EHE photons a hadronic component in the shower cannot be excluded,due to photonuclear processes.
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2. γ-ray detection techniquese±-pairs electromagnetic showers get a certain lateral extent, which is, however, smallcompared to its longitudinal extent which accounts to several kilometers, as it can beseen in Figure 2.2. Electromagnetic showers initiated by γ-rays with energies between100 GeV and 1 TeV reach their maximum development at an altitude of about 10kilometers, with a lateral extension of about 50 meters.2.2.2 Hadronic air showersAlthough the development of hadronic air showers is similar to that of electromagneticones, since its constituent quarks also undergo strong interactions, both types di�ersigni�cantly in some aspects. For a hadronic shower, the dominant process for creationof secondary particles is hadronization, in which further hadronic particles like mesonsand baryons are produced. Due to meson decays into leptons and photons, the inducedair shower has three components, an electromagnetic, a hadronic and a leptonic com-ponent. The mass of particles, created in strong interactions, is much higher than themass of electrons, thus the electrons receive higher transverse momenta by inelasticscattering resulting in a much larger lateral extension of hadronic showers, compared tothe electromagnetic one (see Figure 2.2 (a) and (b)). Besides, complex multi-particleprocesses in contrast to the dominant three-particle processes in electromagnetic show-ers cause larger �uctuations in hadronic showers and make them less regular, while forelectromagnetic showers mainly three-particle processes play a role, as explained above.Moreover, a part of the energy of a hadronic shower is carried away by muons and neu-trinos, created in charged mesons decay, whereas the energy of electromagnetic showersmostly remains in its constituent particles. These di�erent characteristics a�ect theproperties of the subsequently produced Cherenkov radiation, which is discussed in thefollowing.2.2.3 Cherenkov radiation from air showersMost secondary particles of extensive air showers have high-relativistic energies. Thus,charged shower particles will move with a velocity larger than the local phase velocityof light and emit Cherenkov radiation. The opening angle θ of the radiation cone, withrespected to the propagation direction, depends on the air refraction index, n(λ) (λ is
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2.2 Ground-based Cherenkov telescopesthe radiation wavelength), and it can be calculated as:
cos θ =

c

n(λ)v
∼ 1

n(λ)
for v ∼ c , (2.1)where v is the velocity of the particle. At an altitude of about 10 km in the air,

θ ≈ 1 − 2◦. The energy threshold of production of Cherenkov light is de�ned as theenergy for which the velocity of the particle becomes similar to that of the light in theair. For electrons, such threshold varies between 20 and 40 MeV during the showerdevelopment. This values is very close to the critical energy where energy losses due toionization start to be become dominant, thus the e± with these energies almost do notemit Cherenkov radiation.At observation level the light cones emitted by electrons in di�erent heights super-impose resulting in an almost homogeneous light distribution in a circle with radiusbetween 80 m and 150 m (in case of an electromagnetic shower) around the showeraxis. The Cherenkov photons arrive within a very short time interval of the order of10 nanoseconds. If all the particles emitting Cherenkov light would move parallel andclose to the shower axis, there would be no light outside the maximum radius. However,due to multiple scattering (as mentioned above), the light distribution is smeared out.This can be seen in Figure 2.2 which compares distribution of light on the ground for asimulated electromagnetic (c) and hadronic shower (d). One can see the smearing e�ectfor the electromagnetic shower, also the distinct circle of the maximum radius is visible.In contrast to that stands the image for the hadronic case which exhibits heterogeneous,asymmetric structures re�ecting the di�erences in the shower development as describedabove. Faint circles originating from the various electromagnetic sub-showers occur.The total number of Cherenkov photons reaching the ground amounts to 100 photonsper m2 for a 1 TeV γ-ray. Such a low number of photons makes a large collecting areaand fast electronics required for the detection of Cherenkov light from particle cascadesin the atmosphere.2.2.4 Extensive air shower arraysOne way to measure air showers is to deploy an array of particle counters on theground and directly observe the charged particles in the shower once they reach groundlevel. They are called Extensive Air Shower arrays (EAS arrays). Traditionally an air
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2. γ-ray detection techniques

(a) (b)

(c) (d)Figure 2.2: Comparison between shower shapes induced by a γ-ray (a) and by a proton(b). The distribution of Cherenkov light on the ground, emitted by relativistic showerconstituents, images the shape of the shower, yielding a regular circular shape for γ-rays(c), while Cherenkov light from a proton shower has a rather disperse distribution (d),where the sub-shower are clearly seen. Credits to Konrad Bernlöhr.shower array is composed of a sparse array of plastic scintillators which emit a shortburst of UV light when they are penetrated by a charged particle. However, they are
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2.2 Ground-based Cherenkov telescopesvery ine�cient detectors of the γ-rays in the air showers. The main challenges of theEAS approach are the rejection of the CR background and directional and energyreconstruction using the exponentially decreasing tail of particles detected well beyondthe shower maximum. Because the scintillators cover less then 1% of the total area ofthe array, traditional EAS arrays have rather high energy thresholds, and high altitudesare therefore critical to achieve low (< 1 TeV) thresholds with such instruments.Alternatively, the particle detectors can be tanks full of water. When particlesfrom the shower pass through the water they emit Cherenkov light, which are thendetected by photomultipliers placed around the tanks of water. Such arrays are calledwater Cherenkov detectors. Unlike IACTs, EAS arrays can operate under all conditions,night or day, and they have a very wide (∼1 steradian) �eld of view. By using buriedcounters they can detect the muons in air showers generated by cosmic-ray nuclei, therejection of the hadronic background is based on the muon content of showers and/or thedistribution of shower particles on the ground. However, this method of distinguishingbetween γ-rays and nuclear cosmic rays is not as e�cient as the imaging method used byIACTs. The most recent generation of EAS array observing in the TeV energy domainincludes the ARGO-YBJ [43] and the Milagro [44] experiments. Milagro achieves itsbest background rejection power and sensitivity in the regime above 10 TeV. The nextgeneration consists on the High-Altitude Water Cherenkov Observatory [45], or HAWC,which is currently under construction and will be sensitive to γ-rays from 100 GeV to100 TeV, and the Large High Altitude Air Shower Observatory (LHAASO [46]), whichis in its preparatory phase and it is projected to be sensitive to γ-rays from 30 GeV and100 TeV.2.2.5 The imaging atmospheric Cherenkov techniqueCherenkov light, emitted by constituents of a particle cascade, carries informationabout properties of the primary particle, i.e. its type, energy and incident direc-tion. In order to determine these characteristics with su�cient precision, telescopeswith mirror areas of the order of ∼ 100 m2 are placed on the ground to collectthe Cherenkov photons. These are subsequently re�ected onto a camera, that issensitive and fast enough to be able to detect such weak Cherenkov �ashes ofabout 10 ns duration. Such cameras are comprised of highly sensitive photo-multiplier
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2. γ-ray detection techniquestubes (PMTs), which are capable to provide the required sensitivity and time resolution.

(a) Plane shower axis-telescope (b) Plane perpendicular to shower axis-telescope planeFigure 2.3: Illustration of the imaging principle used in IACTs: The longitudinal exten-sion of the shower de�nes the length of the image in a Cherenkov camera, while its latitudeextent de�nes its width. The angle between the shower and the axis de�nes the positionof the shower image in the camera plane. Image taken from [47].Figure 2.3 shows a sketch which explains the shape of the light distribution ina Cherenkov camera. It is evident, that the resulting image on the camera is atwo-dimensional projection of the corresponding particle shower. Its shape is ellipsoidaland thus characterized by the long (major) and short (minor) axes. The size of themajor axis, also called the length of the image, is determined by the angle betweenthe observation position and the shower direction, while the size of the minor axis(width of the shower) is determined by the lateral extension of the particle cascade.As described above, electromagnetic showers have a smaller lateral extent, comparedwith hadronic ones, hence usually images from hadronic showers have a larger width,in this way o�ering a selection criterium for the rejection of the hadronic background.Figure 2.4 presents real images from the H.E.S.S. cameras. The γ-ray events on tophave a clear line shape, while the events on the bottom are more di�use an extended,which are typical of hadronic showers. The image on bottom right shows a signatureof local muons which have a narrow Cherenkov light cone. These muons are created insub-showers from hadronic origin, and trigger only a single telescope with a ring-like
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2.2 Ground-based Cherenkov telescopesshape.

(a) γ-ray candidate (b) γ-ray candidate

(c) Hadronic candidate (d) Muon arcsFigure 2.4: Examples of air showers images observed in the H.E.S.S. cameras. In (a) and(b) two images of showers initiated by γ-ray candidates. In (c) an image of a probablehadronic shower. In (d) an image of two muon arcs, related to hadronic showers. The colorscale represents the number of photo-electrons in the camera pixels. Image taken fromRef. [48].The major axis of a shower image in the camera points towards the incidentdirection of the primary particle, which can in principle be reconstructed by a single
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2. γ-ray detection techniquestelescope. However, operating multiple telescopes proved to improve the performanceconcerning the direction reconstruction. Moreover, the irregular shape of hadronicshowers leads to deviating images between individual telescopes, yielding an improvedbackground rejection potential for a multiple-telescope array.2.3 IACTs around the world: present and futureThe IACT technique was pioneered by the Whipple collaboration [12] which wasthe �rst to detect a source of VHE γ-rays with this technique, the Crab nebula, in1989. The HEGRA collaboration [49] took the next step in 1996 with the installationof an array of 5 Cherenkov telescopes to perform stereoscopic observations of airshowers. This approach of simultaneous observations with more than one telescope hasdi�erent advantages: the trigger threshold of the system can be lowered since a triggercoincidence of multiple telescopes can be required which drastically reduces randomtriggers of night-sky background (NSB) light and single-telescope triggers by localmuons. As a result the telescopes can be operated with reduced energy thresholds.Another advantage of having multiple views of the same air shower is that the amountof information is increased which improves the reconstruction of the shower geometry(and thereby the direction of the primary) and of the primary energy. Finally, viewingthe shower from di�erent sides improves the rejection of the dominant background,hadronic cosmic rays, given that on average γ-ray induced showers are much moreregular and symmetric than cosmic-ray showers. All of the experiments of the currentgeneration of IACT experiments, H.E.S.S. [50], MAGIC [51], VERITAS [52], andCANGAROO-III [53], take or plan to take the stereoscopic approach, aiming at energythresholds1 of 50 GeV to 100 GeV. The main characteristics of these experiments aredescribed in Table 2.2. The H.E.S.S. array of telescopes is presented in detail in thenext chapter (Chapter 2).1The �energy threshold� of a detection system is usually quoted as the energy of the maximumof the Crab nebula spectrum multiplied by the e�ective area of the instrument. It typically de�nesthe transition region between the steeply rising part and the nearly constant part of the acceptance.However, it is important to notice that individual events may be detected at energies well below thisenergy threshold de�nition.
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2.3 IACTs around the world: present and futureInstrument Site Alt. Ntel Stel Stot Npix FoV Eth[m] [m2] [m2] [◦ ] [TeV]H.E.S.S. Namibia (S) 1800 4 107 428 960 5 0.1VERITAS Mont Hopkins (N) 1275 4 106 424 299 3.5 0.1MAGIC La Palma (N) 2225 2 234 468 574 3.5 0.06CANGAROO-III Woomera (S) 160 4 57 230 427 4 0.4Whipple Mont Hopkins (N) 2300 1 75 75 379 2.3 0.3HEGRA La Palma (N) 2200 5 9 43 271 4.3 0.5CAT1 Targassone (N) 1650 1 18 18 600 4.8 0.25Table 2.2: Comparative table of di�erent IACTs. The �rst four lines are the currentgeneration of IACTs, while the three last are the old generation of IACTs. The �rstcolumn gives the experiment name. The second column gives the site of construction withthe hemisphere in parenthesis. The third column shows the altitude of the site. Ntel, Steland Stot are the number of telescopes in the array, the surface of each telescope, and thetotal surface of the array, respectively. Npix indicates the number of pixels in the camera.FoV is the total �eld of view on a �xed position in the sky. Eth is the typical instrumentenergy threshold for observations at zenith.

Figure 2.5: Artistic view of the Cherenkov Telescope Array (CTA). Credits to G. Perez.In the very near future (Summer 2012) the H.E.S.S. telescope array will enter inits second phase. A �fth large telescope is under construction in the center of theH.E.S.S. array, which will not only increase the sensitivity in the currently accessibleenergy regime, but will in addition lower the energy threshold of the system down to
∼ 30 GeV. In the long run, the plan for the next generation of IACTs, the CherenkovTelescope Array (CTA, 2010), involves building two large arrays (see Figure 2.5), one ineach hemisphere, with an order of magnitude more telescopes than current instruments.This future instrument is expected to increase the �ux sensitivity by a factor of 10
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2. γ-ray detection techniquescompared to current instruments, and enlarge the accessible energy range both towardsthe lower and higher energies, from ∼ 10 GeV to ∼ 100 TeV. Based on the currentCTA design study, a factor of about ten in e�ective area, and a factor of two better inhadron rejection and angular resolution are expected. The �ux sensitivity as functionof the energy of the current and future IACTs is compared with the space telescopes inFigure 2.6.

Figure 2.6: Sensitivity as function of the energy of current and future IACTs. Also forcomparison, the sensitivities of the Fermi-LAT satellite and EAS arrays (Milagro and theupcoming HAWC) are plotted.

1CAT : Cherenkov Array at Themis [55]. French IACT experiment started in 1996 detecting andidentifying very high energy γ-rays in the range 200 GeV - 20 TeV.
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3. H.E.S.S.: The High Energy Stereoscopic SystemThe High Energy Stereoscopic System (H.E.S.S.)[50] consists of four identical imag-ing atmospheric Cherenkov telescopes, designed for observations of astrophysical sourcesemitting VHE γ-ray radiation in the energy range between ∼ 100 GeV and ∼ 100 TeV.This chapter describes in detail the H.E.S.S. telescope array. The �rst section describesthe H.E.S.S. experiment, where details about the telescopes and cameras are given. Thedata taking and analysis are described in the second section. The spectral reconstructionprocedure is detailed in the last section.3.1 The H.E.S.S. experimentThe �rst H.E.S.S. observations were conducted in summer 2002, when the constructionof the �rst telescope was completed. From December 2003 on, observations have beencarried out with the completed 4-telescope array. A �fth telescope is being placed inthe center of the array for the second phase of the H.E.S.S. experiment, H.E.S.S.-II.The new telescope consists of a 28m-diameter dish, equipped with almost 600 m2of mirrors. The telescope structure is under construction, with the mount and dishstructure already on site. The drive systems are ready, as well as the entire set ofmirror facets. The camera is on site and is being mounted [50]. (see Figure 3.1).3.1.1 The siteThe H.E.S.S. array is located in the Khomas Highland of Namibia (23◦16′18′′ South,
16◦30′00′′ East) at an altitude of 1800 m above sea level. The site was chosen due toits excellent astronomic conditions, in particular a cloudless sky is present for ∼ 54%of all moonless nights and the humidity hardly reaches 90% for almost all nights, thusenabling safe operation of electronic equipment. Besides, the location in the southernhemisphere allows observations of the most part of the Milky Way, including theGalactic disk and Galactic Center regions (see Chapter 10).3.1.2 The telescopesThe four identically designed IACTs of the H.E.S.S. I array are placed on a square of120 m side length. The geometrical con�guration of the array was determined in order
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3.1 The H.E.S.S. experiment

Figure 3.1: Aerial view of the H.E.S.S. telescope array, located in the Khomas Highland ofNamibia at an altitude of 1800 m above sea level. The four identically designed telescopesare placed on a square of 120m side length.to: - maximize the number of collected photons, since as already mentionedbefore (see Section 2.2), at 1800 m of altitude, the radius of the Cherenkov lightpool from electromagnetic showers on the ground extends up to ∼ 120 m;- optimize the stereoscopic trigger conditions. A minimum trigger conditionthat at least two telescopes trigger at a given time window (see more detailsabout the trigger in the paragraph 3.1.3) is applied. The separation between twotelescopes for which the e�ective detection area of γ-rays with energies above 100GeV is maximum is about 100 m;- optimize the muon background rejection. Indeed, a 100 m separation be-tween telescope allows to minimize the probability that a muon event triggerseveral telescopes at the same time.Each of the telescopes consists of a mirror dish of 13 m in diameter, its supportstructure and a camera. On each dish, 382 spherical mirrors are arranged in a
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3. H.E.S.S.: The High Energy Stereoscopic System

(a) Telescope structure (b) David-Cotton designFigure 3.2: H.E.S.S. telescope structure and the David-Cotton design principle for themirrors arrangement. Taken from Ref [56].Davies-Cotton design [57] with a total mirror area of ∼ 107 m2 and a focal lengthof 15.2 m (see Figure 3.2). At the peak of the Cherenkov light on the ground, atwavelength ∼ 330 nm, the re�ectivity of the mirrors accounts to 80%. The opticalpoint spread function (PSF) is found after alignment of individual mirror, and itusually de�nes the angular resolution after analysis [58]. The PSF of one of H.E.S.S.telescopes is represented in Figure 3.3a. Di�erent quantities are used to quantifyits width. These include the rms (root-mean-square) width σproj of the projecteddistributions on a given axis (radial or tangential), and the radius r80 of a circle aroundthe center of gravity of the image, containing 80% of the total intensity. Figure 3.3bshows the measured width of the PSF as function of the angular distance to the opticalaxis. It lies between 0.25 mrad on-axis and 1.8 mrad at the edge of the �eld of view [58].The rotation of the telescopes in azimuth direction is performed on a circular steelrail of 13.6 m in diameter, while rotation in altitude is done by friction drive systemsacting on altitude rails at ≈ 7 m radius from the axes, with a maximum rotation
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3.1 The H.E.S.S. experimentvelocity of 100◦/min in both directions. The total weight of the dish and its supportstructure is ∼ 60 t, ensuring a su�cient rigidity of the telescope. The pointing of eachtelescope is monitored by two optical CCD cameras, and with all systems in use, thepointing accuracy of the H.E.S.S. array can be reduced from 28′′, being the standardpointing accuracy, to 9′′ for selected strong sources [see, for instance, 59].

(a) (b)Figure 3.3: (a) Representation of the point spread function of a point-like source. Thiscorresponds to the image of a star on the camera of the telescope CT3 of H.E.S.S.. Theboxes correspond to the camera CCD pixels. (b) Width of the point spread function asfunction of the angular distance θ to the optical axis. Di�erent measures of the width areshown (see text for details). Full symbols represent the CT3 telescope and open circles theCT2 telescope of H.E.S.S.. Extracted from Ref. [58].3.1.3 The camerasGeneral descriptionThe H.E.S.S. cameras were conceived for detection of short and weak Cherenkov light�ashes [60]. Thus several criteria had to be ful�lled during the camera conception:- small pixel size in order to obtain a good image quality (∼ 1.8 mrad);- large �eld of view (∼ 5◦ ×5◦) for extended sources observations and blind searchesof astrophysical sources;- a fast trigger system;
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3. H.E.S.S.: The High Energy Stereoscopic System- a fast electronic system for the data acquisition in order to maximize the back-ground suppression.

(a) (b) (c)Figure 3.4: Mechanics of the H.E.S.S. camera: (a) exploded view, showing all elements(b) cut-through view of a closed camera with three drawers in place (c) H.E.S.S. cameraphotography during the placement of the Winston cones. Extracted from Ref. [60].The cameras have 1.5 m of length for 1.6 m of width, and a total weight of 900kg each. They are equipped with fast and sensitive photo-multiplier tubes (PMTs).Each of H.E.S.S. cameras comprises 960 of such PMTs, each one subtending a �eld ofview of 0.16◦, and thus a total �eld of view of a H.E.S.S. camera of 5◦ × 5◦. In orderto reduce light losses, Winston cones are installed in front of each PMT, focusing theincident light into the active volume of PMTs (see Figure 3.4). The signals comingfrom PMTs are captured using analog memories, Analog Ring Sampling (ARS), whichsample the signal every nanosecond and which keeps the last 128 ns of signal history ina circular bu�er. Every 16 PMTs are integrated to a module (drawer), of a total of 60individual drawers for a camera, containing also trigger and readout electronics and thehigh voltage supply (see Figure 3.5) [61]. The readout time is adjusted to 16 ns, thustaking into account the short duration of a Cherenkov pulse and reducing backgroundphotons from the night sky. More details about the cameras and the calibration of thecameras are given in [60] and [61], respectively.Trigger systemThe system trigger requires the simultaneous detection of air showers by severaltelescopes at the hardware level. This requirement allows a suppression of background
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3.2 Data analysis

Figure 3.5: Photography of a H.E.S.S. cameras drawer. The PMTs can be seen on theright. Ref. [61].events, which in turn leads to a lower system energy threshold for the detection of
γ-rays. The trigger of the H.E.S.S. experiment consists of two levels, a telescope triggerand a central trigger system [62].As far as the telescope trigger is concerned, it is implemented by dividing the camerainto 64 overlapping trigger sectors. A telescope trigger signal is generated, if more than 3pixels within such a sector receive a signal of more than 4 photo-electrons (p.e.) within atime window of 1.5 ns. The frequency of telescope triggers depends, beside atmosphericconditions, on the zenith angle of observations and has a rate between 300 Hz and 500Hz. The telescope trigger signal is subsequently sent to the hardware central trigger,located in the control building on the site. The central trigger checks, whether at leasttwo telescope trigger signals arrive within a time window of 80 ns. If this is the case,the central trigger sends a readout signal to the telescopes, and the information of theindividual telescopes is subsequently read out and stored on the data acquisition systemon the H.E.S.S. site. The requirement of at least two triggered telescopes reduces thesystem trigger rate to ∼ 150-200 Hz and e�ectively discriminates against Cherenkovlight from muons, mostly seen only by single telescopes. For more details see [62].3.2 Data analysis3.2.1 Data takingH.E.S.S. carries out observations of γ-ray sources only during moonless nights, withgood weather conditions, and with the Sun at more than 18◦ below the horizon. Under
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3. H.E.S.S.: The High Energy Stereoscopic Systemthese conditions the observation time amounts to a maximum of ∼ 1700 hours per year,while the mean total data taking time is ∼ 1000 hours per year. The light from theMoon would severely in�uence the sensitivity of the telescopes, making the detection ofthe Cherenkov light from VHE photons at energies close to the energy threshold of 100GeV impossible, thus only some data taking for calibration purposes is possible. Theobservations are split in 28 minutes runs, during which a potential target is tracked onthe sky. Di�erent observation strategies are used by H.E.S.S.:- ON-OFF strategy : the telescope pointing alternates between the studied sourceposition (ON-position) and a position out of the source (OFF-position), o�set by30 minutes in right ascension but with the same declination as the putative source.This OFF-position run begins approximatively 30 sidereal minutes before or afterthe start of the ON-position run so that the telescope tracks the same range ofelevation and azimuth. This allows a robust hadronic background estimation (seeparagraph 3.2.4) on the same region in the sky, and thus with similar atmosphericand night sky brightness conditions. The disadvantage of this strategy is thatonly half of the available observation time is used on the target.- Wobble mode strategy : the center of the camera points to a direction slightlyo�set from the target position (typically ±0.5◦ for a point-like source). Thehadronic background can thus be estimated in the same �eld-of-view. An eventualdisadvantage of this technique is the impossibility of having background estimationfor extended sources with sizes similar or larger than the H.E.S.S. �eld-of-view.3.2.2 Data quality selectionThe data, recorded during γ-ray observations, need to be prepared for analysis. There-fore, observation runs are �rst checked for the stability of the system performance.This means that besides the hardware performances, also the stability of the weatherconditions is checked, since the atmosphere is used as a calorimeter and is thus anintegral part of the detection system.
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3.2 Data analysisAtmospheric controlThe air-showers development strongly depends on the atmospheric conditions. In par-ticular, the atmosphere transparency has a direct e�ect on the amount of Cherenkovlight that reaches the ground. The presence of clouds is the most visible phenomenon,but the presence of aerosols also decreases its transparency. Atmospheric monitoringis thus necessary for the data selection, in order to reduce the systematic error on theanalysis procedure. Di�erent instruments are used for the atmospheric monitoring andtheir data are recorded on the database after every observations. For instance, eachtelescope is equipped with infrared radiometers to measure the e�ective sky tempera-ture in the �eld of view of the telescope. Clouds in the �eld of view manifest themselvesthrough an increased sky temperature. A weather station measures permanently thetemperature and pressure on the ground level, and the wind speed and direction. Aninfrared LIDAR (Ceilometer, 95 nm) is used as an active cloud sensor scanning the skywith a laser beam and detecting light backscattered by clouds and aerosol. And �nallya transmitter was recently installed to measure the atmosphere transparency at ∼ 500m of elevation above the ground level at di�erent wavelengths (390, 455, 505 and 910nm).Standard data-quality selectionThe standard data-quality selection which will be used for all the H.E.S.S. analysespresented in this work follows the following criteria:- trigger condition of 3 pixels with more than 4 p.e. within a camera sector, and atleast two telescope trigger signals arriving within a time window of 80 ns.- number of disabled PMTs (which are represented as �broken� pixels on the camera)due to hardware failures or bright stars in the �eld of view not exceeding 10%.- global temperature variation of the cameras, measured by radiometers, not ex-ceeding 10%.- global trigger rate superior to 200 Hz.- variation on the individual trigger rate of each telescopes inferior to 10%.A full description of calibration steps can be found in Rolland [63] (2005).
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3. H.E.S.S.: The High Energy Stereoscopic System3.2.3 γ-ray selection and reconstructionAir showers and detector simulationsIn the absence of a test beam, the data analysis methods are based on the comparisonbetween observed images on the cameras and images generated by simulations.Simulations of air showers initiated by γ-rays are essential for improving the detectionand spectral reconstruction of γ-ray sources. Additionally, simulations of hadronicshowers are used for validation of the detector response, since most of the actualacquired data contains events initiated by hadrons.Electromagnetic showers simulations are produced using a Monte Carlo technique,including all the di�erent particle interaction processes during the shower developmentin the atmosphere (energy loss through ionization, bremsstrahlung, e+/e− annihilation,inelastic di�usion...). Several shower generators are used in the H.E.S.S. collaboration,in particular CORSIKA [64] and KASKADE [65]. Atmospheric models are based onthe temperature and pressure pro�les measured in Windhoek between January andJuly 1999. Seasonal atmospheric condition oscillations induce changes on the den-sity of Cherenkov light at the ground level, which can reach 15-20% at the H.E.S.S. site.The detector is simulated taking into account all the analysis chain. The full tele-scope structure is simulated, each mirror being individually modelled. The mirror re-�ection on the Winston cones, followed by the PMTs readout and electronic signalreconversion to be �nally treated by the data acquisition electronics, are all modelledand included in the simulations. More details about the detector simulation can befound in [66].Second moments or Hillas parameters techniqueAs described in Sec. 2.2, electromagnetic and hadronic air showers exhibit a quite dif-ferent shape, therefore parameters like length and width of the corresponding imageon the camera can be used for discriminating between air showers induced by γ-rays(and electrons) and hadronic CRs. This idea was �rst proposed by Hillas in 1985 forthe WHIPPLE experiment [67], where the images were parametrized as ellipses withthe intensity on the major and minor axis following a Gaussian distribution. This
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3.2 Data analysisparametrization yields a set of Hillas parameters, which are illustrated in Figure 3.6and de�ned by:
• the nominal distance, D, between the center of gravity (CoG) of the shower imageand the real source position (pointing position) on the camera;
• the length l and width w of the shower, de�ned as the length of the major andminor axes, respectively;
• the overall image intensity amplitude;
• the angular distance θ the reconstructed position and real positions of the sourceon the camera;
• the angle α between the major axis and the axis linking the CoG to the real sourceposition. This parameter is usually only used for mono-telescope observations.

Figure 3.6: Illustration of the Hillas parameters for a elliptical image. The parametersare de�ned in section 3.2.3.The reconstructed parameters l and w of individual shower images are used in orderto obtain a discrimination between γ-rays and hadrons showers. In order to account forintrinsic �uctuations of photon emission during the shower development, these parame-ters are renormalized to the mean expected value for a shower with the same amplitude,zenith angle and impact parameters. The expected values are found after simulations.
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3. H.E.S.S.: The High Energy Stereoscopic SystemThe renormalized variables are called the Scale Width (SW ) and the Scale Length (SL)and they are found by
SW =

w − 〈w〉
σw

and SL =
l − 〈l〉
σl

, (3.1)where 〈w〉 and 〈l〉 are the mean reconstructed values, and σw and σl are their respectivespread for simulated showers assuming a Gaussian distribution. In stereoscopic mode,the values of these variables for each telescope are combined and a mean value can befound (Mean Scale Width/Length):
MSW =

∑
Ntels

SW

Ntels
and MSL =

∑
Ntels

SL

Ntels
, (3.2)where Ntels corresponds to the number of telescopes triggered for a given event. Thedistribution of these parameters for simulated γ-rays, protons and data from emptyregions in the sky (o�-data) is shown in Fig. 3.7.

(a) (b)Figure 3.7: Distributions of mean (a) reduced scaled width (MRSW) and (b) meanreduced scale length parameters (MRSL) for simulated γ-rays and protons, and data takenfrom empty regions in the sky (o�-data). The simulations were performed at a zenith angleof 20◦. Proton and o�-data distribution show a nice agreement, leading to the conclusionthat the distributions are understood and can be used as selection variables. The standardcut values are indicated by vertical lines. Image taken from Ref. [68].The distributions for simulated γ-ray events are highly concentrated around 0,whereas the distributions for simulated protons exhibit a much more extended shape,being in good agreement with o�-data, which almost entirely consists of hadronic CRs.In the same �gure, cut values, introduced to reject the most part of the hadronic back-ground, both for MSW and MSL distributions, are depicted by vertical lines. The
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3.2 Data analysisstandard cuts for H.E.S.S. analysis are
−2 ≤MSW ≤ 0.9 and − 2 ≤MSL ≤ 2 . (3.3)These values were optimized for a source with a �ux of the order of 10% of the �uxfrom the Crab nebula and a spectral index of Γ = −2.6. In addition, these Hillasparameters contain the necessary information to reconstruct the incident directionand the energy of the primary particle as well. Since for all events at least twotelescopes exist, which have observed the same particle shower, the determinationof the particle incoming direction is possible by intersecting the major axes of thereconstructed ellipses. If Ntels telescopes have triggered for the same shower, thenumber of intersection points is Ntels(Ntels − 1)/2, i.e., one intersection point for atwo-telescope event and six intersection points for a four-telescope event. In case

Ntels > 2, the direction is reconstructed by calculating a weighted mean [68]. The moretelescopes have seen the shower, the more accurate is the direction reconstruction. Theenergy of the primary particle is determined by the comparison between the observedimage and simulated images with the same impact parameters and intensity in theHillas ellipse. A large number of showers initiated by γ-rays is simulated for di�erentdiscrete values of energy, impact parameter, zenith angle, o�-axis angle and opticale�ciency. The simulated photons are then reconstructed with the same algorithm asfor the real data, and the results are stored in look-up tables. The event energy is thenfound by interpolation between the observed Hillas parameters and the tables.Semi-analytical modelThe analysis by semi-analytical model is based on a comparison of the recordedCherenkov light distributions of photon-induced electromagnetic showers in the camera,i.e. the shower images, with calculated shower images from a model of the Cherenkovlight distribution in electromagnetic showers. This analysis technique was pioneered bythe CAT experiment [69], and it was improved by the H.E.S.S. collaboration (Modelanalysis) [70]. The calculated shower images are derived from Monte Carlo simulationsof the Cherenkov light distribution of charged particles in electromagnetic showers tak-ing into account the atmospheric density pro�le, atmospheric absorption, etc. TheCherenkov light distribution of the shower is determined by the longitudinal, lateral,
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3. H.E.S.S.: The High Energy Stereoscopic Systemand angular distributions of charged particles in the shower, as well as their energyspectra. These distributions are parametrised to yield an analytical description of theshower, i.e. the shower model. The mirror asynchronicity and their re�ectivity, thequantum e�ciency of the PMTs, as well as the signal integration window are all in-cluded in the simulations. Additionally, the contribution of the night sky backgroundnoise in every pixel of the camera is modelled on the basis of a detailed statisticalanalysis.The semi-analytical model predicts the amount of Cherenkov light µi expected ona pixel i of the camera. This quantity depends on several parameters, which are:- the primary γ-ray energy Eγ ;- the coordinates of the impact point of the Cherenkov front on the ground withrespect to the center of the camera, or impact parameters, (Xγ , Yγ) of the showerinitiated by the primary γ-ray1;- the zenith angle θz,γ of the primary photon;- the azimuthal angle φγ of the primary photon with respect to the telescope point-ing direction;- the PMTs response to a unique photon σγ , calculated for each pixel of the camera;- the pixel i pedestal width σp,i.The latter accounts for the residual light that falls into each pixel due to the night skybackground light and electronic noise. A telescope log-likelihood function is de�ned fora signal xi, seeing by each pixel i of the camera, as
lnL = −2

∑

i

lnP (xi, µi, σp,i, σγ) , (3.4)where P (xi, µi, σp,i, σγ) is the probability to observe a signal xi on a pixel i with apedestal width σp,i and a response to a unique photon σγ , when a signal µi is expected.Its value is given by the convolution between a Poisson distribution of photo-electronsand the PMTs resolution σγ .The minimization of the log-likelihood function gives best �t parameters Eγ , Xγ ,Yγ , θz,γ and φγ for a given triggered event. A �tting quality variable G is de�ned1The XY plan is de�ned at the ground level.
44



3.2 Data analysis(goodness of �t), in order to create a discrimination criteria between showers initiatedby γ-rays or hadrons. This variable is de�ned as the sum, normalized over all pixels, ofthe di�erences between the likelihood function lnL and its expectation value lnL :
G =

lnL− lnL√
2×Ndof

, (3.5)where Ndof = Npixels − 5 is the number of degrees of freedom of a �tting procedurewith 5 parameters by log-likelihood minimization. The choice of G as discriminatingvariable comes from the analytical calculation of the likelihood logarithmic average lnL.Indeed the distribution of lnL follows a χ2 law with Ndof degrees of freedom. Thus theexpected distribution of G must be close to a Gaussian distribution with mean 0 andstandard deviation 1. In order to fully exploit the di�erences between the γ and hadron-induced showers, individual pixels contributing to the goodness of �t are classi�ed intotwo di�erent groups at the end of the �t:
• Pixels belonging to the shower core, de�ned as pixels whose predicted amplitude isabove 0.01 p.e., are grouped together with three rows of neighbours around themto construct a variable named ShowerGoodness (SG). Due to the large reduction ofthe number of degrees freedom, this variable is more sensitive than the Goodnessto discrepancies between the model prediction and the actual shower images.
• Remaining pixels, denoted as background pixels, are grouped together to constructa variable named BackgroundGoodness (BG), which is sensitive to hadronic clus-ters outside the main image, and other irregularities.In stereoscopic mode these variables are averaged for all telescopes detecting theevent. The new variables are the Mean Scaled Shower Goodness (MSSG) and the MeanScaled Background Goodness (MSBG), which have a better discrimination strengththan the Goodness variable alone. The analysis method using these variables is calledModel++. The distribution of the Shower Goodness variable for data from emptyregions in the sky (background), γ-rays coming from the blazar PKS 2155-304 andsimulated γ-rays is shown in Fig. 3.8. It is clear that by introducing a cut value mostpart of the hadronic background can be rejected. The H.E.S.S. standard cut for analysisis

−2 ≤MSSG ≤ 0.6 . (3.6)
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3. H.E.S.S.: The High Energy Stereoscopic System

Figure 3.8: Distribution of Shower Goodness for real data taken on the blazar PKS 2155-304 (blue point for excess events, grey triangles for background events), compared witha simulation of γ-rays (red histogram) with a similar night sky background level. FromRef. [70].In order to e�ciently improve the hadronic background rejection, secondary cutsare added to the γ-ray selection procedure. The set of cuts which de�nes the Standardcuts con�guration of the H.E.S.S. Model++ analysis are the following [70]:
• A minimum image amplitude of 60 photoelectrons per telescope;
• A maximal nominal distance (distance between the center of the shower image tothe center of the camera) inferior to 2◦;
• At least two telescopes passing the previous shape cuts;
• A maximum MeanScaleShowerGoodness (MSSG) of 0.6;
• A reconstructed primary interaction depth t0 between -1 and 4 X0

1;
• For a point-like emission search, a squared angular distance cut of θ2 ≤ 0.01 deg2.3.2.4 Residual hadronic background estimateThe previous selection methods allow to select only showers which have similar charac-teristics to an electromagnetic shower. The selected events are de�ned as γ-candidates(or γ-like events). However, due to the actual large �ux of hadrons reaching the Earth,1X0 is represented in radiation length. The atmosphere has ∼ 28 radiation length.
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3.2 Data analysisstatistically, a residual number of showers initiated by hadrons still remains amongthe selected event. Such events strongly resemble an electromagnetic shower and areundistinguishable from true γ-ray events. In order to estimate this residual backgroundseveral methods were developed, making use of the fact that the hadronic backgroundis isotropic. Figure 3.9 shows the event distribution as function of the squared angulardistance to the blazar PKS 2155-304, which is point-like source [70]. The residualbackground can be clearly seen for angular distances > 0.01 deg2. The region ≤ 0.01deg2 is de�ned as the ON-region, where the point-like γ-ray source is expected to belocated. In order to perform an estimation of the residual hadronic background underthe central source, OFF regions are de�ned. These regions must be chosen so that theobserving conditions and telescope sensitivity are as similar as possible to those of theON region.

Figure 3.9: Squared angular distribution (θ2) obtained on the blazar PKS 2155-3042.The number of events coming from the γ-ray source is measured for distances θ2 < 0.01deg2 (red line), de�ned as the ON region. The residual hadronic background is clearly seenfor θ2 > 0.01 deg2. From Ref. [70].The telescope sensitivity to γ-rays is called acceptance, and it is de�ned as theprobability for a given event to trigger the camera and pass the γ-ray selectioncuts. Its estimation depends on several instrumental e�ects, like the camera responseinhomogeneities, the mirror re�ectivity, and thus it is not homogenous over the wholecameras �eld-of-view. Therefore, any acceptance measurement needs to be performed
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3. H.E.S.S.: The High Energy Stereoscopic Systemon a �eld-of-view with an homogenous and isotropic γ-ray background. The methodsapplied by the H.E.S.S. collaboration �rst calculate the acceptance on each cameraand then translates it on the �eld-of-view acceptance. Because the presence of a
γ-ray source would forbid the acceptance calculation during an observation, twomethods were developed in order to circumvent this problem. The �rst one relieson the assumption that the acceptance of the detector is radially symmetric aroundthe observation position, and the second one uses bi-dimensional maps of detected
γ-candidates and hadrons-candidates.Radial acceptanceFigure 3.10 illustrates the radial acceptance calculation. In Wooble mode observations,the acceptance on a called exclusion region of radius d (larger or equal to the ON regionradius)1, surrounding the ON region is calculated assuming that the camera responseis radially symmetric around its center. A weight w is de�ned for each γ-candidate onthe camera as

w =
π

π − θ
, (3.7)where θ is the angle between the reconstructed γ direction and the source (seeFigure 3.10). If the circle of radius r (distance between the reconstructed γ directionand the center of the camera) does not intersect the exclusion region, a weight w = 1 isattributed to the γ-candidate. On the other hand, if the circle intersects the exclusionregion, the weight is given by Eq. 3.7 and it represents the inverse of the circle fractionwhich does not intersect the exclusion region (w > 1).The main advantage of this method is that it can be applied run-by-run, thusautomatically taking into account variations from run to run due to di�erent skynight background or zenith angle. Also it can be applied to a single observation run,i.e., it does not require a large number of data for the acceptance calculation (asit is the case for the bi-dimensional acceptance method). But it relies on the quitestrong assumption that the camera acceptance is purely radial, which might be wrong.1This exclusion region is de�ned as a region which cannot be used for hadronic background esti-mation. Indeed, due to the HESS angular resolution, some true γ events leaks out of the ON regionand should not be miscounted as hadronic background.
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3.2 Data analysis

Figure 3.10: Illustration of the radial acceptance calculation method. The distance ofbetween the reconstructed γ direction and the center of the camera is given by r, and thedistance between the source position and the center of the camera is given by r0. Theradius of the exclusion region surrounding the source is de�ned by d.Indeed, non-operational pixels and inhomogeneous pixel responses are often present,implying on a anisotropic response of the camera. Also if several sources are found inthe �eld-of-view, exclusion regions need to be de�ned for each source, which turns themethod to be very time consuming.Bi-dimensional acceptanceThe bi-dimensional acceptance method does not su�er of the same di�culties as theradial acceptance method. On the other hand, this method requires a large number ofevents, in order to reduce Poisson �uctuations of the hadronic background.First, an exposition map is calculated centered on the center of the camera(camera reference frame). The exposition map calculation procedure is illustratedin Figure 3.11. For each data run, two hadronic background map are created, with
49

3/figures/radialacc.eps


3. H.E.S.S.: The High Energy Stereoscopic Systemand without the exclusion regions around the sources positions, and then summedfor all runs on the same region. The ratio between these maps de�nes the expositionmap, which basically gives the observation time fraction spent by each pixel outof the exclusion regions. In the case of a single run, the exposition map wouldhave a value 0 inside the exclusion regions and 1 everywhere else. For several dataruns, the time fraction will have an intermediary value between 1 and 0 due to thedisplacement of the sources on the camera during several data takings (see Figure 3.11).

Figure 3.11: Schematic illustration of the exposition map calculation. The �rst two maprepresent the hadronic background maps, with and without the exclusion regions aroundthe sources positions.Second, a γ-events map is created for each data run, using all γ-candidates outof the exclusion regions, and then summed for all data runs (see Fig. 3.12). The bi-dimensional acceptance is found by dividing the events map by the exposition map.The same procedure can be used to derive the hadronic background bi-dimensionalacceptance. Once the acceptance map is found on the camera reference frame for eachobservation run, a conversion is done in order to obtain the acceptance on the �eld-of-view reference frame (centered on the source).Geometrical �ON-OFF� background techniquesOnce the telescope acceptance on the �eld-of-view is calculated, OFF regions can besafely de�ned in order to estimate the residual background in the ON region. Several ge-ometric con�gurations for the OFF region can be de�ned, under the condition that ONand OFF region have similar acceptances. For this reason, OFF regions are generallychosen within a similar distance to center of the camera as the ON region. Figure 3.13
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3.2 Data analysis

Figure 3.12: Schematic illustration of the bi-dimensional acceptance map calculation.The γ-ray candidates map and exposition map are used.shows a schematic illustration of the di�erent regions de�ned for the background esti-mate:- re�ected background : uses OFF regions symmetrically opposed to the ONregion, with respect to the center of the camera;- multiple-o� background : uses non-overlapping OFF regions placed aroundthe observation position at the same o�set as the ON region;- ring-segment background : similar to the multiple-o�, but instead of severalOFF regions uses a ring centered on the observation position with a radius equalto the o�set;- full-ring background : uses a ring around the ON region as OFF region. ThisOFF region is selected only once for the total data analysis of a particular sourceand is valid of all runs, independent of the actual observation position. Sincethe de�nition of this OFF region does not depends on the observation o�set, thismethod is applied mainly in cases when the source is too close to the observationposition and there exist nearby sources. It is used, in particular, for the GalacticCenter data analysis (chapter 10).The estimate on the number of residual hadronic events under the central sourcecan thus be performed by taking into account the ratio between the ON and OFFregion surfaces. The statistical uncertainty on the background estimation decreases iflarge OFF region surfaces are taken. The number of residual background events is also
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3. H.E.S.S.: The High Energy Stereoscopic System

(a) Re�ected region (b) Multiple-o� regions

(c) Ring-segment (d) Full-ringFigure 3.13: Di�erent OFF regions de�nitions for the residual hadronic backgroundestimate. The ON regions are indicated in gray areas, and the OFF regions in white.Adapted from Ref. [48].corrected from di�erences between acceptances in the ON and OFF regions. Finally,the number of γ-ray excess Nγ in the ON region is found by
Nγ = NON − αNOFF , (3.8)where NON and NOFF are the number of γ-candidates in the ON and OFF regions,respectively. The normalisation factor α includes the ratio between the ON and OFFregions surfaces and di�erences between acceptances of these regions. For a detailed
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3.2 Data analysiscomparison between the di�erent techniques see Ref. [71].Template background techniqueThe template background model invokes a di�erent philosophy to that of geometricbackground models. Instead of using spatially distinct OFF regions, this technique em-ploys as a background estimate hadron-like events with reconstructed directions over-lapping the source of interest. Such events can form a suitable template of response for
γ-like events. This method is illustrated in Figure 3.14, and can be used for both Hillasand Model analysis. In the γ-ray selection parameters space, the parameters range whichis fully dominated by hadronic background is de�ned as the �OFF-regime�. Similarly,the parameters range fully dominated by γ-candidates is de�ned as the �ON-regime�.The number of OFF events NOFF is then calculated by counting all the events in sourceregion (geometrical ON region), but in the OFF-regime of the parameters space. The
γ-ray excess Nγ is then de�ned in same way as for the geometric background technique,where α in this case is the ratio between the acceptances for γ-candidates and hadrons.

Figure 3.14: Illustration of the template background geometry with the �eld of view(radius R). The ON and OFF regions are spatially coincident but di�er in the γ-ray selectionparameters space.The template background technique is very useful for blind searches of γ-ray sources,where neither the position or extension of the sources are known previously. Thismethod will be used in particular for the extended analysis of the Fornax galaxy cluster(chapter 8). A disadvantage of this technique is that it needs the hadronic backgroundacceptance map, and since the position of primary hadrons are badly reconstructed, the
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3. H.E.S.S.: The High Energy Stereoscopic Systemhadronic background acceptance map calculation su�ers from much more systematicaluncertainties than the γ-ray acceptance map calculation. Another source of systemati-cal uncertainty can also come from the fact that the background estimation is performedin the same region as the source, and thus it does not take into account possible inho-mogeneities that might exist in the hadronic background sky. The template backgroundtechnique is described in more details in Ref. [72].Signi�cance calculationIn order to estimate whether the number of γ-candidates detected in the source (ON)region is a signi�cant signal detection, a comparison with the residual number of back-ground events in the same region has to be done. The statistical signi�cance of a sourcecandidate is determined using the number of ON and OFF events (NON and NOFF) aswell as the normalisation factor α (Li & Ma 1983 [73]):
S =

√
2

[
NON ln

1 + α

α

(
NON

NON +NOFF

)
NOFF ln (1 + α)

(
NOFF

NON +NOFF

)]1/2
. (3.9)A signi�cance superior to 5 is required to declare a signi�cant detection. The signi�-cance distribution S measured in absence of a signal re�ects the statistical �uctuationof the hadronic background and it follows a Gaussian with mean 0 and standarddeviation 1. It is important to notice that the signi�cance of a true signal will increaseproportionally to √

Tobs, where Tobs is the observation time.3.3 Spectral reconstructionThe spectral reconstruction method used in this work1 is a �forward-folding� methodbased on a maximum-likelihood procedure, comparing the energy distributions of ONand OFF events to pre-de�ned spectral shapes. Generally in VHE γ-ray astronomy theemission comes from particle acceleration processes and non-thermal photon emission(see chapter 1.1). The γ-ray �ux in such processes is predicted to decrease following anpower-law behavior dN/dE ∝ E−Γ, where Γ is the spectral index. However cut-o�s and1Another method used by the H.E.S.S. collaboration is based on a �unfolding� method, and it isdescribed in details in [47] (called �Method A� in the work).
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3.3 Spectral reconstructioncurvatures might be present in the energy distribution of certain sources. Such featurescan be intrinsic to the acceleration mechanism of the source, or related to energyabsorptions processes during the photon propagation in the interstellar or intergalacticmedium. For instance, the energy spectrum of an hypothetical self-annihilation of darkmatter particles should follow an power-law with an energy cut-o� at the particle mass.In order to properly reconstruct the energy distribution of detected γ-candidates,knowledge of detector energy resolution and acceptance as function of the energy, zenithangle of observation, source o�-set (for observations in Wooble mode) and optical e�-ciency (which can varies with time due to the mirrors degradation) is needed. Thereforeshower simulations for discrete values of the energy, zenith angle, o�-set and optical ef-�ciency are performed. Both the energy resolution and acceptance are extracted afterthe γ-ray selection cuts, so their values will depend on the analysis technique used inthe simulations.3.3.1 E�ective detection areaThe detector acceptance as function of the energy is expressed in terms of the e�ectivedetection area, or collection area. This e�ective area is de�ned by
Aeff =

∫
dS ε(~r,Etrue, θz, θd, µ) , (3.10)where ε(~r,Etrue, θz, θd, µ) accounts for the detector e�ciency in collecting a trueprimary γ-ray of impact parameter ~r and energy Etrue, for a zenith angle of observation

θz, observation o�-set θd and an optical e�ciency µ.Figures 3.15a and 3.15b show the e�ective area as function of the primary γ-rayenergy, for di�erent zenith angles and o�-set. With increasing zenith angle theCherenkov light cone travels increasingly larger distances until the observation levelis reached and widens correspondingly. As a consequence the Cherenkov radius onground, in a plane perpendicular to the shower axis, also increases. In this case, notonly the probability of detection of showers energetic enough to trigger the telescopesat high θz increases, but also a large number of low-energy γ-rays not being energeticenough to trigger the telescopes are lost. This behavior is clearly seen in Fig 3.15a.Similar explanation can be derived for the acceptance behavior at high source o�-sets.In this case, only energetic enough γ-rays are able to trigger the telescopes when a
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3. H.E.S.S.: The High Energy Stereoscopic System

(a) On axis (b) At zenithFigure 3.15: E�ective area as function of the energy. (a) E�ective area, on axis, asfunction of the energy for three di�erent zenith angle of observation. (b) E�ective area atzenith angle of observation for three di�erent o�-sets. Adapted from Ref. [48].signi�cant part of their light cone falls outside of the telescope camera �eld-of-view.Besides, the fact that a signi�cant part of their Cherenkov light cone is missing reducesthe γ-ray reconstruction and selection e�ciency. The e�ective area thus decreasesat higher energies. The same e�ect takes place for γ-rays with energies & 10 TeV,even with no o�-set, since their Cherenkov radius on ground can also be larger thanthe �eld-of-view. E�ective areas for both the Hillas and Model analysis methods arecalculated and stored in look-up tables, which can later be recovered for each dataspectral reconstruction.3.3.2 Energy resolutionThe probability to reconstruct a γ-ray event at an energy Ereco, when the true primary
γ-ray energy is Etrue, de�nes the energy resolution and bias of the instrument for a givenanalysis method. These probabilities are estimated in the same way as the acceptance,through simulations using discrete values of the zenith and o�-set angles, and thenstored in look-up tables. The evolution of the energy resolution as function of theprimary γ-ray energy, represented in terms of ∆E/Etrue, where ∆E = (Etrue − Ereco),is presented in Figure 3.16 for observations at zenith [70]. The energy resolution isbetter than 15% for the whole energy range (from 80 GeV up to more than 20 TeV),
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3.3 Spectral reconstructionwith biases not exceeding 5% in the central range. For the very central energy range(500 GeV to more than 10 TeV), the energy resolution is better than 10% and reachesvalues as low as 7 to 8%. Larger energy biases appear at very low energy (up to 20%at 80 GeV), due to trigger selection e�ects.

Figure 3.16: Energy resolution (main plot) and bias (inset) as function of energy, atzenith, obtained for standard cuts Model, and the standard and hard cuts (minimumimage amplitude of 200 photoelectrons) Hillas parameters based analyses. From Ref. [70].3.3.3 Maximum-likelihood methodThis method is based on a global forward-folding method, using the knowledge of thedetector response (γ-ray e�ective detection area and energy resolution), as well as aparameterization of the spectral shape. The spectral shape is convoluted with thedetector response and the energy distribution which is obtained is compared with theactual measured energy distribution. A maximum-likelihood method, assuming thatthe number of ON and OFF γ-ray events follows a Poisson distribution, is then appliedin order to recover the values of the most probable spectral shape parameters and theircovariance matrix, used for the errors estimate.The number of ON and OFF γ-ray events passing the selection cuts is �rst separatedin the following sets of parameters intervals,
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3. H.E.S.S.: The High Energy Stereoscopic System- reconstructed energy intervals ∆ie = [Ẽmin
ie − Ẽmax

ie ] ;- zenith angle intervals ∆iz = [θmin
iz

− θmax
iz

];- o�-set intervals ∆id = [δmin
id

− δmax
id

];- optical e�ciency intervals ∆ir = [µmin
ir − µmax

ir ].The predicted number of γ-rays Spred
ie,iz,id,ir

for each interval ∆ie,iz,id,ir = {∆ie ⊗ ∆iz ⊗
∆id ⊗∆ir} is calculated by
Spred
ie,iz,id,ir

= TON

∫ Ẽmax
ie

Ẽmin
ie

dẼ

∫ ∞

0
dE

[
dN

dE

]pred
×Aeff(E, θ̄iz , δ̄id , µ̄ir)P (E, Ẽ, θ̄iz , δ̄id , µ̄ir) ,(3.11)where (dN/dE)pred is the assumed spectral shape, θ̄iz , δ̄id and µ̄ir are the mean valueof the zenith angle, o�-set and optical e�ciency, respectively, in the correspondingintervals. Aeff is the e�ective detection area of γ-ray photons with true energy E,

P (E, Ẽ, θ̄iz , δ̄id , µ̄ir) is the probability function to reconstruct a γ-ray photon of trueenergy E at an energy Ẽ1, and TON is the observation time in the ON region. Themean predicted number of events in the ON region n̂ie,iz,id,ir can be expressed as
n̂ie,iz,id,ir = Spred

ie,iz,id,ir
×+β × p̂ie,iz,id,ir , (3.12)where p̂ie,iz,id,ir is mean predicted number of events in the OFF region and β =

TON/TOFF . Assuming that the observed numbers nie,iz,id,ir and pie,iz,id,ir have Poisso-nian probability distributions P (nie,iz,id,ir) and P (pie,iz,id,ir), respectively, the likelihoodfunction is as follows:
L({Λ}, p̂ie,iz,id,ir) =

∏

ie,iz,id,ir

P (nie,iz,id,ir)P (pie,iz,id,ir) , (3.13)where {Λ} is the set of parameters of the assumed spectral shape. The quantities
p̂ie,iz,id,ir, which are unknown, and {Λ} can be determined by maximizing the function
L for all the intervals ∆ie,iz,id,ir . A more precise study of this maximum-likelihoodprocedure with the H.E.S.S. data can be found in Ref. [63].1The symbols for true energy Etrue and reconstructed energy Ereco were changed in order to notovercharge the formulas.
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3.3 Spectral reconstructionThis method allows to test any spectral shape. The commonly tested spectral shapesare a power-law,
dN

dE
= Φ0 ×

(
E

Enorm

)−Γ

, (3.14)a log-parabolic power-law,
dN

dE
= Φ0 ×

(
E

Enorm

)−Γ−β×ln(E/Enorm)

, (3.15)and a power-law with exponential cut-o�,
dN

dE
= Φ0 ×

(
E

Enorm

)−Γ

× e
E
Ec , (3.16)where Φ0 is the �ux normalisation in TeV−1 m−2 s−1, Enorm is the energy normalisationat 1 TeV, Γ the spectral index, β the curvature parameter, and Ec the exponentialcut-o� energy.In order to estimate the quality of the �t, a equivalent χ2 is calculated1. Alsoassociated residuals are often plotted, which are de�ned as

R =
n̂predie

− nobsie

n̂predie

, (3.17)where n̂predie
and nobsie

are the predicted and observed number of γ-rays in the interval
∆ie , respectively. Ideally for a good �t, this distribution should follows a Gaussiandistribution of mean 0 and standard deviation 1.Calculation of spectral pointsSpectral points are de�ned from the �tted spectrum and not the reverse. These pointsare simply a representation of the quality of the �tting and available statistics, whichshould not be confused with experimental data points on which the spectrum curve is�tted. In particular, their position in energy and �ux will depend on the �tted spectrum.The reconstructed energy intervals ∆ie are �rst grouped in new intervals ∆′

ie , sothat the mean signal signi�cance in each of these intervals is superior to 3σ. The mean1χ2 = −2× lnLmax
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3. H.E.S.S.: The High Energy Stereoscopic Systemtrue energy of each new interval is then calculated by (averaged for all zenith angleintervals ∆iz and o�-set intervals ∆id in the �eld of view) :
〈E〉∆′

ie
=

∑
∆ie⊂∆′

ie

[∫ Ẽmax
ie

Ẽmin
ie

dẼ
∫∞

0 dE × E ×
[
dN
dE

]pred ×Aeff (E)P (E, Ẽ)

]

∑
∆ie⊂∆′

ie

[∫ Ẽmax
ie

Ẽmin
ie

dẼ
∫∞

0 dE
[
dN
dE

]pred ×Aeff (E)P (E, Ẽ)

] . (3.18)For each new interval, the observed number of γ-rays nobsi′e
, and the predictednumber of γ-rays n̂predi′e

, are calculated, using the e�ective area and energy resolutionin the interval. The ratio between these two quantities is used as a normalization forthe spectral point �ux with respect to the �tted spectrum �ux at the calculated meantrue energy. The spectral point �ux is given by
F
(
〈E〉∆′

ie

)
=

[
dN

dE

]pred (
〈E〉∆′

ie

)
×

nobsi′e

n̂predi′e

. (3.19)The asymmetrical con�dence interval on this �ux is calculated using the methods ofFeldman & Cousins [74]. If the �ux is compatible with 0, an upper-limit is given. Thespectral point in the reconstructed energy interval ∆′
ie is then placed at the true energy

〈E〉∆′
ie
, with its corresponding �ux F and errors.Light curvesIn order to follow a source activity, light curves can be constructed. They are de�nedas the integrated �ux above certain energy E0 (E0 is generally de�ned as the highestenergy threshold1 among all the observations). The integration can be performed forany time range, from a few minutes to several days.The light curve determination is performed after the previously described spectralreconstruction procedure. Thus it depends on the assumed spectral shape. Theprocedure is similar to the spectral reconstruction method, but this time the spectralparameters are �xed at the values found with the previous maximum-likelihoodestimate, and only the �ux normalisation Φ0 is found after a new maximum-likelihood1The energy threshold for an observation is de�ned as the energy for which the acceptance of theinstrument as function of the energy reaches 20% of its maximum value.
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3.3 Spectral reconstructionestimate for each time interval.3.3.4 Systematic errorsThe e�ciency of the spectral reconstruction method was studied in detail in Ref. [63].Several sources of systematic errors were found to in�uence the spectral parametersestimate. Source of error Spectral index FluxPMTs lost of gain < 1% +5%Broken pixels < 1% < 1%Azimuth angle ±2% ±7%NSB < 1% < 1%Atmospheric conditions negligible ±15%Table 3.1: Main sources of systematic errors and their value for the reconstruction of thespectral index and �uxes. Ref. [63].The most important are:
• variation of the detector calibration parameters : the e�ective detectionarea and energy resolution are calculated for an ideal camera operational condi-tion, i.e., without broken pixels and for nominal values of the PMTs gain. Theseparameters do not re�ect the actual operational state of the cameras.
• azimuth distribution of the observation : The electromagnetic showers de-velopment as function on the azimuth angle can vary due to the interaction ofcharged particles with the Earth magnetic �eld. This e�ect is specially impor-tant for low energy γ-rays and is not generally taken into account in the showerssimulations.
• night sky background (NSB) : The night sky brightness is an important sourceof background. Imprecise estimates of the NSB variations with the position in thesky is a source of systematic error. For instance, the NSB photon rate for sourceson the galactic plane (∼ 100 MHz) is more intense than for extragalactic sources(∼ 40 MHz for the blazar PKS2155-304).
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3. H.E.S.S.: The High Energy Stereoscopic System
• atmospheric conditions : the spectral analysis is based on a simpli�ed atmo-spheric model, where the atmosphere characteristics do not vary with time. Thisis de�nitely not the case for actual observations. However since the installationof more precise instruments of atmospheric monitoring in the weather station ofthe H.E.S.S. site, this source of systematic error was signi�cantly reduced.Table 3.1 summarizes the main sources of systematic errors, together with their ampli-tudes on the reconstructed values of spectral index and �ux. The sum of all systematicerrors are found to be about 20% for the �ux, and ±0.1 for the spectral index.
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Part IIIndirect dark matter searchesthrough gamma-rays
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Chapter 4Cold Dark Matter
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4. Cold Dark MatterIt is generally accepted nowadays that the matter density of the universe mainlyconsists of an unknown component, called the Dark Matter (DM). The �rst observa-tions suggesting the existence of DM were measurements of a large velocity dispersionof the members of the Coma galaxy cluster by Zwicky in 1933 [75]. Similarly, theproblem of galactic rotation curves - the circular velocity of stars at large distances tothe galactic center was found �too fast� to be explained by Newtonian dynamics withthe visible matter - can be traced back to Babcock's measurements of the Andromedagalaxy in 1939 [76]. In the late 1970's and early 1980's the so-called cold dark matter(CDM) paradigm appeared [77], where in this context, cold means matter movingwith non-relativistic velocities when structures formed in the universe. The recentimpressive amount of data from studies of the cosmic microwave background (CMB)radiation, supernova distance measurements, and large scale galaxy surveys havetogether solidi�ed the Standard Model of cosmology, where structures formed throughgravitational ampli�cation of small density perturbations with the help of cold darkmatter. Without the existence of dark matter the formation of structures in the presentuniverse is hard to be explained, given the small amplitude of density �uctuationsinferred from anisotropies of the CMB [78].1This chapter gives an overview on the CDM paradigm. The standard model ofcosmology is described in the �rst section. The experimental evidences in favor of theexistence of dark matter are presented next. Then the predicted distribution of darkmatter in the present Universe is discussed in Section 4.3. In the end some of themain candidates from particle Physics models which were proposed in the literature toaccount for the dark matter are presented.4.1 Dark Matter cosmology4.1.1 Standard cosmological modelThe present Standard Model of Cosmology which is most accepted is the Standard Big-Bang model, �rst proposed by Friedmann and Lemaître in the 1920's. This scenario1Although the hot dark matter scenario is mainly excluded by several cosmological reasons, warmdark matter (WDM) is still a viable candidate to account for the dark matter relic density, under someparticular assumption. For a review on the topic see Ref. [79].
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4.1 Dark Matter cosmologydescribes the evolution of the Universe from a once very hot and dense state, and its ex-pansion to a much cooler present state. The formulation of the Big-Bang model is basedon the solution of the Einstein's equations for an isotropic and homogeneous universe.Although this is de�nitely not true on galactic scales and smaller, the distribution ofmatter seems to become more and more smooth on large scales. For instance, on thelargest observable scales, probed by the CMB radiation, isotropy and homogeneity isrealized at the level of 10−5. Given isotropy and homogeneity, the overall geometryand evolution of the Universe is described by a space-time metric found by Friedmann,Lemaître , Robertson and Walker (FLRW), for which the line element is expressed as
ds2 = c2dt2 − a(t)2

[
dr2

1− kr2
+ r2dΩ

]
, (4.1)where a(t) is the so-called scale factor and the constant k, describing the spatial cur-vature, can take only the discrete values +1, -1, or 0 corresponding to closed, open, orspatially-�at geometries, respectively. The Einstein equations can be solved with thismetric, one of its components leading to the Friedmann equation

Ω(t)tot − 1 =
k

H(t)2a(t)2
, (4.2)where H(t) = ȧ(t)/a(t) is the Hubble parameter, which is de�ned as the expansion rateof the scale factor, and Ωtot is the total average energy density of the Universe ρtot inunits of its critical density ρc1:

Ωtot ≡
ρtot
ρc

and ρc ≡
3H

8πGN
. (4.3)The critical density is de�ned as the energy density for which the Universe is �at (k = 0).The current value of the Hubble parameter and the energy density will be noted as H0and Ω0. Observations gives k ≈ 0 (Ω0 ≈ 1), i.e., a geometrically �at universe on largescales, to good accuracy. Moreover, theoretical in�ation models, where the Universehas passed by a period of accelerated expansion in its early stages, so far have provideda good description on how the Universe can automatically generate a negligible spatial1ρ0c = 2.775× 1011 h2 M�Mpc−3 = 1.053 × 10−5 h2 (GeV/c2) cm−3 [80]
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4. Cold Dark Mattercurvature [81, 82]. The total energy density of the Universe can be decomposed intoseveral components,
Ωtot = Ωm +ΩΛ +Ωr , (4.4)where Ωm is the total present matter density, ΩΛ the cosmological constant density(vacuum energy density) and Ωr the radiation density.Assuming that a non-zero cosmological constant, and a matter density composedby baryons and cold dark matter (and neutrinos, since they have non-zero mass), giverise to the so-called ΛCDM model of cosmology. This model is completely determinedby the energy density distribution of the Universe. The current observational data areconsistent with the ΛCDM model. The ΛCDM parameters are obtained via several as-trophysical observations, amongst which the most important are: the CMB temperatureanisotropies and power spectrum, Type Ia supernovae luminosity observations, abun-dance of primordial elements and the study of galaxies distribution in large structures,in particular their power spectrum oscillations due to the baryon acoustic oscillations(BAOs) [83]. The most recent results on the (Ωm,ΩΛ) are shown in Figure 4.2 [84]),and the full set of parameters are shown in Table 4.1 [80].Parameter Symbol ValueHubble parameter h 0.704 ± 0.025Cold dark matter density Ωcdm Ωcdmh

2 = 0.112 ± 0.006Baryon density Ωb Ωbh
2 = 0.0225 ± 0.0006Cosmological constant ΩΛ 0.73 ± 0.03Radiation density Ωr Ωrh

2 = 2.47 ×10−5Neutrino density Ων Ωνh
2 . 0.07 (95% C.L.)Table 4.1: Most recent set of cosmological parameters. The values are obtained using a�t of a spatially-�at ΛCDM cosmology with a power-law initial spectrum (source Ref. [80]).4.1.2 Relic density of dark matterThe simplest models of cold dark matter assume that the present relic value of CDMenergy density was thermally produced, i.e., the DM particles number density was
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4.1 Dark Matter cosmology

Figure 4.1: Contours at 68.3%, 95.5% and 99.7% con�dence levels in the (Ωm,ΩΛ) planefrom recent supernovae data (blue solid lines), baryon acoustic oscillations (green dashed),and CMB peak positions (orange dotted). These plots are all assuming a ΛCDM cosmo-logical model. Plot taken from Ref. [84].�frozen� at some particular value after they were in thermal and chemical equilibriumwith the hot �soup� of Standard Model (SM) particles after in�ation [85]. Most ofthe more natural candidates to a DM particle are weakly interacting massive particles(WIMPs) χ, i.e. particles which do not have electromagnetic nor strong interactionswith standard matter . In most of the DM particle models, WIMPs are generallyparticles with masses roughly between 10 GeV and a few TeV, and with cross sectionsof approximately weak strength. WIMPs can self-annihilate with their antiparticle togive SM particle-antiparticle pairs χχ → ψψ. Within standard cosmology with anexpanding Universe, the evolution of number density of WIMPs nχ is described by the
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4. Cold Dark MatterBoltzmann equation,
dnχ
dt

+ 3Hnχ = −〈σannv〉 ×
(
(nχ)

2 − (neqχ )2
)
, (4.5)where 〈σannv〉 is the total annihilation cross section multiplied by velocity, brackets de-note thermal average, H is Hubble constant, and neqχ is the number density at thermalequilibrium. The term proportional to 3Hnχ expresses the dilution that automaticallycomes from the Hubble expansion. The condition that the interactions maintain equilib-rium is that the interaction rate Γ = nχ〈σannv〉 is larger than the expansion rate of theuniverse Γ > H. Hence the annihilations stop changing the dark matter number den-sity when Γ ∼ H, that is when nχ〈σannv〉 ∼ H, basically de�ning the freeze-out. Afterfreeze-out, the co-moving WIMP density remains essentially constant; if the Universeevolved adiabatically after WIMP decoupling, this implies a constant WIMP numberto entropy density ratio. Freeze-out happens at temperature TF ∼ mχ/20 almost in-dependently of the properties of the WIMP [81]. Their present relic density is thenapproximately given by (ignoring logarithmic corrections) :

ΩCDMh
2 ' 3× 10−27cm3s−1

〈σannv〉
. (4.6)Using the actual value of the CDM relic energy density ΩCDMh

2 = 0.11, this impliesa DM annihilation cross section of 〈σannv〉 ∼ 2.8 × 10−26cm3s−1. The fact that thiscorresponds to what one gets with a weak interaction cross section (gauge couplings)for particles of mass around typical electroweak interaction magnitude (a few hundredof GeV) is sometimes coined the �WIMP miracle�.4.2 Evidences in the UniverseThe most compelling pieces of evidence in favor of dark matter are [86]:- the anomalous behaviour of the rotation curves of galaxies,- strong gravitational lensing e�ects,- primordial Big Bang Nucleosynthesis, and- CMB measurements of the cosmological parameters and Silk damping.
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4.2 Evidences in the Universe

Figure 4.2: Rotational curve of the NGC6503 galaxy, broken down to its individualcomponents. For small radii, gravitational potential stems from the matter in the galacticdisk, whereas for larger radii the in�uence of the DM halo is clearly dominant. Figure istaken from Ref. [87].4.2.1 Rotation curves of galaxiesThe most convincing and direct evidence for dark matter on galactic scales comes fromthe observations of the rotation curves of galaxies, namely the graph of circular velocitiesof stars and gas as a function of their distance from the galactic center [88]. Indeed,according to the Kepler law, rotation curves of galaxies should decrease with the distancer to the center of the galaxy beyond the optical disc, as
v(r) =

√
GM(r)

r
(4.7)while observation indicate that they remain constant far from the galactic center. Here,as usual, M(r) = 4π

∫
ρ(r)r2dr, and ρ(r) is the mass density pro�le. One way tosolve this problem is to postulate the existence of a dark halo of mass Mdark(r) whichincreases proportionally to the distance r from the center of the galaxy1.1Another way to solve the problem would be through modi�cations of Newton's law of gravity.This approach is commonly referred as Modi�ed Newtonian dynamics (MOND) [89].
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4. Cold Dark Matter4.2.2 Gravitational lensingStrong gravitational lensing magni�es and distorts light from a source, generating� depending on the case � Einstein rings, luminous arcs or even multiple images.This e�ect is used to estimate the dark matter distribution in clusters of galaxies andit revealed that the mass enclosed in such clusters is clearly dominated by a darkcomponent [90]. Although this de�nitely indicates that there is more dark matter thanluminous matter in clusters, this method does not give a precise information on thenature of dark matter (Fig. 4.3).

Figure 4.3: Chandra X-ray (left) and Hubble Space Telescope Wide Field PlanetaryCamera 2 optical (right) images of Abell 2390 (z = 0.230) and MS2137.3-2353 (z = 0.313).The gravitational arcs are clearly seen in the Hubble images. Extracted from Ref. [88].A particularly compelling example involves the bullet cluster (1E0657-558) whichrecently (on cosmological time scales) passed through another cluster. As a result,
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4.2 Evidences in the Universethe hot gas, traced by its X-ray emission, which forms most of the clusters baryonicmass was shocked and decelerated, whereas the galaxies in the clusters proceeded onballistic trajectories. Gravitational lensing shows that most of the total mass alsomoved ballistically, indicating that DM self-interactions are indeed weak (see Fig. 4.4)1.

Figure 4.4: Composites image of the Bullet cluster (1E 0657-56) of an X-ray image fromthe Chandra X-Ray Observatory and a visible light image from the Hubble Space Telescope.The pink clumps are hot gas in the X-ray image that contain most of the normal baryonicmatter in the two colliding clusters. The blue areas, on the other hand, show where themass in the clusters is concentrated based on measurements of gravitational lensing in theoptical image. The blue and pink regions are clearly separated, indicating that most of themass in the clusters is dark matter. Figure extracted from Ref. [91].4.2.3 Primordial Big-Bang NucleosynthesisAn essential element of the standard cosmological model is Big-Bang nucleosynthesis(BBN), the theory which predicts the abundances of the light element isotopes D, 3He,
4He, and 7Li [80]. Nucleosynthesis takes place at a temperature scale of order 1 MeV.1Interestingly, MOND theories cannot explain this results without the introduction of a new massiveparticle.
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4. Cold Dark MatterThe nuclear processes lead primarily to 4He, with a primordial mass fraction of about25%. Lesser amounts of the other light elements are produced: about 10−5 of D and
3He and about 10−10 of 7Li by number relative to H. The abundances of the lightelements depend almost solely on one key parameter, the baryon-to-photon ratio η.The nucleosynthesis predictions can be compared with observational determinations ofthe abundances of the light elements. Consistency between theory and observationsleads to a conservative range of η (see Figure 4.5):

5.1 × 10−10 < η < 6.5× 10−10 . (4.8)On the other hand, η is related to the baryons energy density Ωb by
Ωbh

2 = 3.66× 107η , (4.9)which gives a value of Ωbh
2 ' 0.02. Hence, for h = 0.7, the baryon fraction is of theorder of Ωb ∼ 0.04: approximately only four percent of the universe density is dueto ordinary matter. Moreover this value is about �ve times smaller than the observedpresent total matter density Ωmh

2 ' 0.13. Thus a signi�cant matter content of theUniverse has to come from a non-baryonic dark component.4.2.4 CMB observations and the Silk dampingAs already mentioned the analysis of CMB anisotropies enables accurate testing ofcosmological models and puts stringent constraints on cosmological parameters. Theobserved temperature anisotropies are usually expanded in spherical harmonics [88] as
δT

T
(θ, φ) =

+inf∑

l=2

+l∑

m=−l

almYlm(θ, φ) , (4.10)where Ylm(θ, φ) are spherical harmonics. The variance Cl of alm is given by
Cl ≡ 〈|alm|2〉 ≡ 1

2l + 1

l∑

m=−l

|alm|2 . (4.11)If all perturbations in the universe are stochastic and Gaussian, as appears to be thecase, all of the information contained in CMB maps can be compressed into the powerspectrum, essentially giving the behavior of Cl as a function of l. Usually plotted is
l(l + 1)Cl/2π (see Fig. 4.6). Assuming a cosmological model (ΛCDM for example)
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4.2 Evidences in the Universe

Figure 4.5: The abundances of 4He, D, 3He, and 7Li7Li as predicted by the standardmodel of Big-Bang nucleosynthesis - the bands show the 95% C.L. range. Boxes indicate theobserved light element abundances (smaller boxes: ±2σ statistical errors; larger boxes: ±2σstatistical and systematic errors). The narrow vertical band indicates the CMB measureof the cosmic baryon density, while the wider band indicates the BBN concordance range(both at 95% C.L.). Extracted from Ref. [80].with a �x number of parameters, the best-�t parameters can be determined from thepeak of the N-dimensional likelihood surface. Several e�ects need to be taken intoaccount in order to match a theoretical power spectrum to the observed one, and a fullunderstanding of the cosmological perturbations evolution during several stages of theUniverse history is needed.1 With the analysis of the WMAP data alone the abundancesof baryons and matter in the Universe were found
Ωbh

2 = 0.024 ± 0.001 Ωmh
2 = 0.14 ± 0.02 , (4.12)which implies a large amount of non-baryonic matter to account for it. The value of

Ωbh
2 thus obtained is consistent with the results from Big Bang nucleosynthesis.1A full description of the CMB theory goes beyond the scope of this work, but excellent introduc-tions to CMB theory can be found in the literature [see for instance, 80, 92].
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4. Cold Dark Matter

Figure 4.6: The WMAP 7-year temperature power spectrum [93], along with the temper-ature power spectra from the ACBAR1 [94] and QUaD [95] experiments. The ACBAR andQUaD data is only showed at l ≥ 690, where the errors in the WMAP power spectrum aredominated by noise. The solid line shows the best-�tting 6-parameter �at ΛCDM modelto the WMAP data alone. Extracted from Ref. [83].An interesting e�ect a�ecting the CMB temperature spectrum is the so-called Silkdamping e�ect. In cosmological theory, di�usion damping, also called photon di�usiondamping, is a physical process which reduced anisotropies in the early universe, makingthe universe itself and the cosmic microwave background radiation (CMB) more uni-form. This question was �rst addressed by Misner in 1967 [96] who wondered whetheror not the neutrino-electron interactions could damp the small matter �uctuations in-troduced by Peebles in 1965 [97] to explain the formation of large-scale structures. J.Silk noticed in 1967 and 1968 [98, 99] that electromagnetic interactions, which happenedjust after the photons left the thermal equilibrium of the initial hot �soup� (photondecoupling), could damp the baryonic �uctuations up to 1 Mpc. This basically meansthat no (or too few) Milky Way-size galaxy should have formed. Hence the Silk damp-ing forbids the hypothesis of a baryonic matter dominated Universe and, in fact, can beseen as the �rst theoretical evidence in favor of non baryonic dark matter [86]. Indeedby postulating that the Universe is dominated by a neutral weakly-interacting massiveparticle, the gravitational potentials created by the latter would not undergo the Silkdamping, thus allowing the existence of gravitational structures smaller than 1 Mpc.The Silk damping can be easily seen in the suppression of power peaks at small scale
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4.3 Dark matter density distribution in the Universe(l & 800) on Figure 4.6.4.3 Dark matter density distribution in the Universe4.3.1 Cosmological N-body numerical simulationsThe hierarchical formation of structures is due to the gravitational ampli�cation ofprimordial density �uctuations during the Universe expansion. Theoretical approachesare far from being su�cient to describe the actual large scale distribution in theUniverse, since the action of many physical processes like gas dynamics, radiativecooling, photoionization, recombination and radiative transfer would have to be prop-erly treated and are rather complicated to be treated analyticaly. N-body numericalsimulations are thus used in order to model the structures formation from density�uctuations in a non-linear regime. Notable examples of simulations are the AquariusProject [100] and the Via Lactea Project [101]. Figure 4.7 presents a composite imageof the projected dark matter density-square maps of the simulated Milky Way-size haloVia Lactea-1 at the various epochs.
(a) z=6.2 (b) z=0.8 (c) z=0.0Figure 4.7: Projected DM density-square maps of the simulated Milky Way-size halo ViaLactea-1. Cubes of 800 proper kpc are shown at di�erent redshifts z, always centred onthe main progenitor halo.The evolution of structures is then approximated with non-linear gravitationalclustering from speci�ed initial conditions of dark matter particles and can be re�nedby introducing the e�ects of gas dynamics, chemistry, radiative transfer and otherastrophysical processes. However until very recently simulations used only CDM, andthus include only the gravitational force. Incorporating baryons into the simulations
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4. Cold Dark Matterdramatically increases their complexity and in the past, radical simpli�cations of theunderlying physics was made. The reliability of an N-body simulation is measured byits mass and length resolution. The mass resolution is speci�ed by the mass of thesmallest (�elementary�) particle considered, being the scale below which �uctuationsbecome negligible. Length resolution is limited by the so-called softening scale, intro-duced to avoid in�nities in the gravitational force when elementary particles collide [88].N-body simulations of cosmological structures with CDM agree in general that DMis distributed in the form of halos surrounding galaxies and galaxy clusters. However N-body simulations tend to predict DM halo pro�les which are too cuspy at the innermostparts of the halo. Meaning that the DM density distribution increases too fast atdistances close to the center. This result appears to be in disagreement with the �atcores observed in astrophysical systems, such as low surface brightness galaxies [102].Only results from more recent N-body simulations suggest actually a lack of a de�niteinner slope: the density pro�le of the now better resolved DM haloes would continuesto �atten with decreasing radius (e.g., Navarro et al. 2004; Merritt et al. 2005, 2006;Graham et al. 2006). In fact, in galaxies, groups and clusters the central regions aredominated by the baryons. Predictions on the dark matter and total mass distributionrequire a realistic treatment of the baryons and their dynamical interactions with thedark matter. However very recent attempts to include the e�ect of baryons in the DMhalo formation, such as H2 and metal cooling, star formation (SF) and supernovae-driven gas out�ows [103, 104], are not yet conclusive.Moreover recent cosmological N-body simulations, such as Aquarius [100] and ViaLactea [101], have suggested the presence of dark matter substructures in the form ofself-bound overdensities within the main halo of galaxies. These substructures mayplay an important role in DM searches through γ-rays as it will be treated in the nextchapter. Also the most used predicted DM halo pro�les are going to be discussed in thenext chapter.
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4.3 Dark matter density distribution in the Universe4.3.2 Distribution in di�erent scales
• Milky WayThe central part of the Milky Way (MW) DM halo pro�le is still very uncertain. How-ever microlensing optical depth observations of the center of the Galaxy by EROS-IIshowed that the matter distribution is dominated by baryons [105]. The modelisation ofthe bulge and the galactic disk gives a good estimation of the visible matter contributionto the rotation curve of the Milky Way. The DM halo can be then be deduced, and itis well �tted by an isothermal halo distribution with a �at density distribution towardsthe center [106]. However, due to the uncertainties on the DM density distribution inthe inner kiloparsec of the MW, several DM density pro�les were used in the literatureand normalized to the local DM density (see Fig 4.8).

Figure 4.8: DM density distribution of the MW normalized to the local DM density ρ� =0.3 GeV cm−31. Several DM density pro�les are used. For more details about the di�erentdensity pro�les parameterizations, see Section 5.2.1The local dark matter density can be constrained through a determination of the dependence ofthe gravitational potential on distance above the mid-plane of the disk, from measuring the kinematics
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4. Cold Dark MatterRecently, near-infrared high-resolution imaging and spectroscopic observations ofindividual stars, as close as a few light days from the galactic center, were carried outat Keck [108] and ESO/VLT telescopes [109]. The analysis of the orbital parametersof such stars suggest the existence of a Super Massive Black Hole (SMBH) lying at thecenter of the Galaxy, with a mass of (2.87 ± 0.15) × 106 M� [110]. It has been proposedthat (see e.g. Ref. [111]), under certain assumptions, the process of adiabatic accretionof DM by SMBH would produce a �spike� in the center of the halo, modifying the DMdensity pro�le for distances inferior to 1 kpc. If the SMBH grew to its �nal size in thesimplest possible way � via spherically symmetric infall of gas � it would pull the darkmatter and increase its density in the process [111, 112]. In the limit that the growthtimescale of the SMBH is long compared with orbital periods, this scenario predicts a�nal density (of stars or dark matter) near the SMBH of
ρf(r) ≈ ρi(rf)(r/rf)

−γf , γf = 2 + 1/(4 − γi) , (4.13)where ρi ∝ r−γi is the pre-existing density pro�le and rf ≈ 0.2rh, with rh being theSMBH gravitational in�uence radius1. Gondolo and Silk [113] have estimated that sucha steep DM density pro�le near the SMBH would imply very high rates of DM self-annihilation signals, which would signi�cantly improve the possibility of detection ofsuch signals coming from the GC.
• Dwarf galaxies, satellites of the Milky WayThe Milky Way has tens of very faint satellite galaxies with luminosities of the orderof 106L� down to 103L�. These dwarf galaxies are very hard to be detected, and onlyrecently they were discovered by survey programs as 2MASS and SDSS [114, 115]. Thepredictions of N-body simulations that dark matter substructures should exist in theGalaxy, suggest that such dwarf galaxies may be the most massive manifestation ofthese DM substructures. However, the number of detected dwarf galaxies are still toofew compared to the N-body simulations predictions, con�guring the so-called �missingsatellites� problem [116].of stars. The most recent studies found a dark matter density of 0.3±0.1 GeV cm−3 [107].1rh = GMSMBH/σ

2, where MSMBH is the SMBH mass and σ2 is the one-dimensional rms velocityof stars in the spheroid.
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4.3 Dark matter density distribution in the UniverseDwarf galaxies of the Local Group can be classi�ed into two types, based on theirluminosity and morphology: dwarf elliptical galaxies and dwarf spheroidal galaxies.Measurements of the stars dynamics within dwarf galaxies and their surface luminosityshowed that these object have a high mass-to-light ratio (M/LV ∼ 10 − 100), thusgravitationally dominated by DM [117, 118]. However, due to tidal forces from the MilkyWay, the DM halo of dwarf galaxies might have been modi�ed from what is predicted byN-body numerical simulations. Indeed, the last estimations of DM density distributionsinside several dwarf galaxies from the measurements of their stars velocity dispersionhave been well described by both cuspy or cored DM halo pro�les (see Figure 4.9).

Figure 4.9: Projected velocity dispersion pro�les for eight bright dwarf spheroidal galax-ies. Overplotted are pro�les calculated from NFW and cored halos (see chapter 5 for theparameterization of these pro�les). In general both cuspy and cored DM halo pro�les canwell describe the stellar dynamics inside dwarf galaxies. Extracted from Ref. [119].
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4. Cold Dark Matter
• Galaxy clusters scaleThe mass of a cluster can be determined via several methods, including applicationof the virial theorem to the observed distribution of radial velocities of gravitationaltracers, by weak and strong gravitational lensing, and by studying the pro�le ofX-ray emission that traces the distribution of hot emitting gas in rich clusters.Combining X-ray and gravitational lensing measurements allowed to estimate theexistence of a substantial amount of dark matter in clusters. Plus, the distortion ofthe images of background objects due to the gravitational mass of a cluster can beused to infer the shape of the potential well. Finally, the fraction of baryons inside acluster, crucial to disentangle the contributions of ordinary (visible) and dark matter,can also be inferred through the so-called Sunyaev-Zel'dovich e�ect by which thecosmic microwave background gets spectrally distorted through Compton scatteringon hot electrons [88]. A di�erent approach is to use Jeans equation solutions (seeSection 5.2.1 for details) from the observation of dynamical tracers of the gravitationalpotential of the cluster halo, such as stars, globular clusters, planetary nebulae orgalxies. This method is limited by the observability of such tracers, but can yield lessmodel-dependent and more robust modeling of the DM distribution. Figure 4.10 showsthe radial mass pro�le of the galaxy M87 located at the center of the Virgo galaxycluster, obtained with several di�erent tracers at di�erent distance scales from its center.The DM halo distribution within galaxy clusters appears to be well reproduced byN-body numerical simulations at large radii [121, 122, 123, 124, and references therein].However, it is unclear whether there is agreement with the predicted pro�les in theinner parts of clusters. For instance, gravitational lensing measurements appear to bein con�ict with spherically symmetric cuspy DM halo pro�les [125]. In addition it hasbeen shown that the in�uence of baryon infall in the DM gravitational potential canstill �atten the DM density distribution in the inner regions of galaxy clusters [see, forinstance, 126]. On the other hand, recent Chandra observations of X-ray emission fromAbell 2029 suggest a full compatibility of dark matter distributions with cuspy pro�les.In this work both cored and cuspy pro�les are going to be used in order to describe theDM density distribution inside galaxy clusters (see chapter 8).
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4.4 Dark matter candidates

Figure 4.10: Radial mass pro�le of M87 located at the center of the Virgo galaxy cluster.The heavy solid lines show estimates from the Jeans equations using the stars and globularclusters separately. The long-dashed lines show con�dence limits from X-ray analysis.The best orbit models �tted to the combined star and GC data for an isothermal DMhalo pro�le (dashed line) and a NFW DM halo pro�le (light solid line) are also plotted.Extracted from Ref. [120].4.4 Dark matter candidates4.4.1 NeutrinosThe �rst natural candidate which was proposed to account for the DM particle werethe neutrinos. In the Standard Big-Bang cosmological model, knowing the CMB tem-perature Tγ = 2.725 K, if neutrinos have mass in the range 5 × 10−4eV to 1 MeV, the
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4. Cold Dark Matterdensity parameter of neutrinos is predicted to be [127]
Ωνh

2 =

∑
mν

93eV
, (4.14)where the sum is over all families with mass in that range. Results on atmospheric andSolar neutrino oscillations [128] imply non-zero mass-squared di�erences between thethree neutrino �avors. The most stringent upper bounds on the ν mass were obtainedin the Troitzk [129] and Mainz [130] by measuring the spectrum of electrons near theend point in 3H β-decay experiments at

mν < 2.05 eV (95%C.L.) . (4.15)The above upper limit applies to all three mass eigenvalues [80], since the mass di�er-ences among them must be very small to explain solar (∆m2 ≈ 7 ×�10−5 eV2) andatmospheric (∆m2 ≈ 3 ×�10−3 eV2) neutrino anomalies. This implies an upper boundon the total relic density of
Ωνh

2 . 0.07 , (4.16)which means that neutrinos are simply not abundant enough to be the dominantcomponent of dark matter. Additionally, being relativistic collisionless particles,neutrinos would erase (moving from high to low density regions) �uctuations belowa scale of ∼ 40 Mpc(mν/30 eV), called the free-streaming length [88]. This wouldimply that big structures would have to be formed �rst in the formation history ofstructure in the Universe. The fact that the Milky Way appears to be older than theLocal Group, and the discrepancy between the predicted late formation of galaxies,at redshift z.1, against observations of galaxies around z > 4, is a further argumentagainst neutrinos as a viable dark matter candidate [88].Another possibility to explain the DM still in the neutrino sector is the existence ofstates of relativistic neutrinos (antineutrinos), which are predominantly right-handed(left-handed). At present there is no compelling evidence for their existence. Ifsuch neutrinos exist they should not interact with matter through standard weakinteractions [80], but only communicate with the rest of the neutrino sector throughfermion mixing, therefore called �sterile� or �inert� neutrinos. They are limited by avariety of observational data [131], but it seems that, e.g, a region below 10 keV for
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4.4 Dark matter candidatesvery small mixing angles is allowed.In this work, however, constraints on DM scenarios are going to be derived inthe energy range scale of a few hundreds of GeV up to tens of TeV. So neutrinos arenot going to be tested in the present work. The next sections describe the two mostbroadly used DM particle candidates, coming from extensions of the Standard Model(SM) of particle physics, which predict viable DM particles with masses in the rangeof a few GeV to tens of TeV.4.4.2 Supersymmetric dark matterSupersymmetry (SUSY) is a generalization of the space-time symmetries of quantum�eld theory that transforms fermions into bosons and vice versa. Supersymmetry isan ingredient in many superstring theories which attempt to unite all the fundamentalforces of nature, including gravity. In most versions of the low-energy theory thereis, to avoid, for example, excessive baryon number violating processes, a conservedmultiplicative quantum number, R-parity [85]:
R = (−1)3(B−L)+2S , (4.17)where B is the baryon number, L the lepton number and S the spin of the particle.This implies that R = +1 for ordinary particles and R = −1 for supersymmetricparticles. This means that supersymmetric particles can only be created or an-nihilated in pairs in reactions of ordinary particles. It also means that a singlesupersymmetric particle can only decay into �nal states containing an odd numberof supersymmetric particles. In particular, this makes the lightest supersymmetricparticle (LSP) stable, since there is no kinematically allowed state with negative R-parity which it can decay to, and thus making it an excellent dark matter candidate [85].A disadvantage of a full supersymmetric model (even making the particle contentminimal, the Minimal Supersymmetric Standard Model, MSSM) is that the number offree parameters is excessively large - of the order of 100. Therefore, most treatmentshave focused on constrained models, such as minimal supergravity (mSUGRA) models[132], which is a constrained MSSM and where one has the opportunity to explain
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4. Cold Dark Matterelectroweak symmetry breaking by radiative corrections caused by running from agrand-uni�cation scale down to the electroweak scale.The MSSM is minimal in the sense that it contains the smallest possible �eld contentnecessary to give rise to all the �elds of the Standard Model. The procedure to derivethe MSSM is the following
• Each gauge �eld is associated to a fermionic superpartner. Gluons, W± and Bbosons then get fermionic partners called gluinos (g̃), winos (W̃ i) and binos (B̃),respectively. The common name for all partners of gauge �elds is the gaugino.
• Each fermion is associated to a scalar partner, i.e., quarks and leptons get scalarpartners called squarks and sleptons.
• One additional Higgs �eld is introduced (for a total of two Higgs doublets, cor-responding to �ve physical Higgs states) and to each Higgs boson a spin 1/2Higgsino is associated. This is done to give masses to both up and down-typequarks upon electroweak symmetry breaking and also preserve supersymmetry[88]. Introducing another Higgs doublet also makes the theory anomaly free.The resulting particle content of the theory is shown in Figure 4.11.The nature of the LSP in the MSSM is constrained by many observations. It cannothave a non-zero electric charge or color, or it would have condensed with baryonic matterto produce heavy isotopes, in con�ict with observations. Among the neutral candidates,the lightest neutralino is most promising candidate for DM particle, with possibilitiesfor discovery in direct detection [85] and in various channels of indirect detection (γ-raysfor example).4.4.3 Universal extra dimensionKaluza-Klein (KK) particles are new particles which appear in extra dimensionstheories. In such theories the usual 4-dimension space-time is seen as a structure,called brane, which is embedded in a (3+δ+1) space-time called the bulk. Generally,in most of the extra dimensions scenarios (see for instance Arkani-Hamed, Dimopoulosand Dvali (ADD) [133] or Randall-Sundrum [134] scenarios), the SM �elds are con�ned
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4.4 Dark matter candidates

Figure 4.11: Standard Model particles and their superpartners in the MSSM. Extractedfrom Ref. [88].in the brane and only gravity can propagates in the bulk. Scenarios in which all�elds are allowed to propagate in the bulk are called Universal Extra Dimensions (UED).Extra dimensions are compacti�ed on circles (or other topology) of some size R, anda general feature of extra-dimensional theories is that upon compacti�cation of the extradimensions, all of the �elds propagating in the bulk have their momentum quantized inunits of p2 ∼ 1/R2. The result in UED model is that for each SM �eld, a set of Fourierexpanded modes, called Kaluza-Klein (KK) states, appears as a series (called a tower)of states with masses mn = n/R, where n labels the mode number (see Figure 4.12).These KK states are also called KK particles.The lightest KK particle (LKP) is an interesting, viable particle dark mattercandidate arising from UED models. For the LKP to be a well-motivated darkmatter candidate, it should be electrically neutral and non-baryonic. Thus, themost promising candidates in the minimal treatment of radiative corrections ofUED picture are �rst level KK modes of the neutral hypercharge gauge bosons(analogues of the KK modes of the photon and Z), called B̃(1) particle and the KKneutrino, ν(1). However, KK neutrinos were found to generate unacceptably largerates in direct detection experiments in [136]. Here the B̃(1) particle is taken as the LKP.
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4. Cold Dark Matter

Figure 4.12: Representation of di�erent Kaluza-Klein states. Here only one compacti�edextra dimension is represented. Figure adapted from Ref. [135].The relic density of B̃(1) was calculated by Servant and Tait [136], who found thatit is compatible with the measured ΩCDM if its mass (which is inversely proportionalto the compacti�cation radius R) lies in the range of 400 to 1200 GeV [136]. Thespectrum of �rst level KK states has been calculated to one loop by Cheng et al. [137].The branching ratios for B̃(1) annihilation (see Table 4.2) are almost independent ofthe particle mass. Unlike in the case of supersymmetry, the bosonic nature of theLKP means that there will be no chirality suppression in its annihilations, and thuscan annihilate e�ciently to fermion-fermion pairs. In particular, since the annihilationcross section is proportional to hypercharge of the �nal state, a large fraction of LKPannihilations produce charged lepton pairs.Annihilation channel Branching ratiocharged lepton pairs 59%quark pairs 35%neutrino pairs 4%Gauge bosons 1.5%Higgs boson 0.5%Table 4.2: Branching ratios of the di�erent annihilation channels of the B̃(1) particle.
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4.4 Dark matter candidatesThe predicted B̃(1) self-annihilation cross section has been calculated in [136] in aminimal UED framework, and is given by
〈σv〉 ≈ 95g41

324πm2
B̃(1)

' 0.4 × 10−26cm3s−1

(
1TeV

m2
B̃(1)

)
, (4.18)where g1 is the gauge coupling of the U(1)Y. However these predictions can change inextensions of this UED model [138], where for example the mass splitting between theLKP and the next lightest KK particle is too small. The evolution of the predicted 〈σv〉as function of this mass splitting is showed in Figure 4.13.

Figure 4.13: LKP e�ective annihilation cross section σeffv as a function of the masssplitting ∆q1 between the LKP and the next LKP, for a extra dimension of R−1 =1 TeV.Figure adapted from Ref. [138].
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4. Cold Dark Matter
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5. Exclusion and sensitivity limits to dark matter annihilationIntroductionThe Standard Model of Cosmology assumes that in the early Universe dark matterparticles, in the form of WIMPs, were produced in collisions between particles of thethermal plasma during the radiation-dominated era. Production and annihilationof DM particle pairs into Standard Model (SM) particles were the main reactionstaking place and controlling the initial thermal equilibrium. After freeze out, DM pairannihilation becomes greatly suppressed. However, even if nowadays its impact on thedark matter relic density must be negligible, dark matter still annihilates and may beobservable in dense environments. Dark matter may therefore be detected indirectly:dark matter pair-annihilates somewhere, creating as sub-product of annihilation SMparticles, which might then be detected. There are many indirect detection methodsbeing pursued. Their relative sensitivities are highly dependent on which WIMPcandidate is being considered, and the systematic uncertainties and di�culties in de-termining backgrounds also vary greatly from one method to another (see Feng [139]).Among the sub-products used as probes for indirect DM searches the predominant areneutrinos, positron and electrons, and γ-rays.Searches for neutrinos coming from DM annihilation have been performed by severalexperiments. Constraints on the DM particle annihilation cross section were derivedby the IceCube Collaboration [140] from the null excess of neutrinos coming fromthe annihilation of DM particles in the Galactic halo (see �gure 5.1a). Searches forneutrinos have the peculiarity of probing not only the DM annihilation cross section,but also the scattering cross section of a DM particle when looking towards the Sun.The idea behind is the following: when WIMPs pass through the Sun, they may scatterand be slowed below escape velocity. Over the lifetime of the Sun, a su�cient density ofWIMPs may have accumulate in its center so that an equilibrium is established betweentheir capture and annihilation rates. Although most of their annihilation products areimmediately absorbed, neutrinos are not. Some of the resulting neutrinos then travel tothe Earth, where they can be e�ciently identi�ed using large volume neutrino detectors.Under some general assumptions the neutrino signal is completely determined by thecapture rate in the Sun, that is, the scattering cross section. The Super-Kamiokande,IceCube, and AMANDA Collaborations have looked for excesses of neutrinos from the
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Sun with energies in the range 10 GeV . Eν .1 TeV. Their null results provide theleading bounds on spin-dependent scattering cross sections, as seen in Fig. 5.1. Theseexperiments are just beginning to probe relevant regions of supersymmetric and UEDparameter space [139, 141].

(a) Annihilation cross section (b) Scattering cross sectionFigure 5.1: The current status of searches for dark matter using high-energy neutrinos.Left: Upper limit on the dark matter self annihilation cross section for �ve di�erent anni-hilation channels for a Einasto DM Galactic halo density pro�le (see Section 5.2 for moredetails) with IceCube. Also shown are the natural scale (red dotted line), for which theWIMP is a thermal relic, and unitarity bound (blue line). From Ref. [140]. Right: Upperlimits on spin-dependent WIMP-proton cross sections as function of the WIMP mass fromseveral neutrino detectors (CDMS, IceCube, Super-K, KIMS and COUPP), along withpreliminary limits from AMANDA and the projected 10-year sensitivity of IceCube withDeepCore are presented. The shaded regions are predictions for neutralino dark matter inthe general minimal supersymmetric standard model with 0.05 < Ωcdmh
2 < 0.20. For thedata and references see Ref. [142].Recent measurements of cosmic electron and positron spectra with energies between10 GeV and 1 TeV by PAMELA [143], ATIC [144], H.E.S.S. [145] and Fermi-LAT [146]have been explained in terms of DM annihilation primarily into leptonic �nal states(to avoid an over-production of anti-protons). These data are shown in Figure 5.2,and reveal an excess above an estimate of the expected background, as modeled by acosmic-ray di�usion simulations (GALPROP [147]). The PAMELA experiment mea-sures only the �ux of positron, and the ATIC and Fermi experiments are unable todistinguish positrons from electrons, and so constrain the total e+e− �ux. The ex-cess seen by ATIC was �rst in good agreement with the PAMELA data, however such
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5. Exclusion and sensitivity limits to dark matter annihilation

Figure 5.2: Left: the cosmic positron fraction measured by PAMELA and other experi-ments and the predictions of pulsars with various parameters (grey contours) (94). Right:the total e+e− �ux measured by ATIC, Fermi, and other experiments [150]. In both cases,the dashed contours represent the predicted backgrounds from GALPROP [147].prominent excess was not con�rmed by neither the Fermi-LAT data, which has muchhigher statistics, nor the H.E.S.S. measurements. These results thus exacerbate thePAMELA discrepancy. However the PAMELA data was found to be consistent withstandard expectations from nearby pulsars and supernova remnant, and thus may alsohave other more natural explanations than DM particles annihilation. Despite the as-trophysical explanations, one may explore the possibility that the positron excesses arisefrom dark matter annihilation and constraints are derived for this scenario, for instance,in chapter 8 (see also [148] and [149] for more details).The present work focus on the search for secondary γ-rays from annihilations of DMparticles. The main advantages of this powerful indirect detection technique are:(i) γ-rays do not su�er deviation of their trajectories from propagation e�ects,(ii) the γ-ray signal should be proportional to the square of the DM density, and(iii) characteristic features such as bumps, steps or cut-o�s may be present in theenergy spectrum, given by the fact that no more energy than DM particle massper particle can be released in the annihilation of two non-relativistic DM particles.On the other hand γ-rays are also abundantly produced by astrophysical sources inelectromagnetic and hadronic processes, thus the unambiguous identi�cation of a DMemission above such astrophysical background is di�cult, as it will be seen later.Imaging atmospheric Cherenkov telescopes (IACTs) such as HESS [50], MAGIC [51]and VERITAS [52], are particularly well suited for deep searches of targeted objects
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5.1 γ-ray �ux from dark matter annihilationbecause of their large e�ective areas (∼ 105 m2 above 100 GeV). However, since IACTsare multipurpose astrophysical experiments and have a relatively short duty cycle(∼1000 hours/year), the observation time dedicated to these objects is typically limitedto a few tens of hours per year.Up to date no clear detection of a γ-ray signal coming from a DM annihilation hasbeen con�rmed. In the absence of a signi�cant signal, constraints on DM models, fromastrophysics and particle physics, can be derived. This chapter describes each step ofthe methodology used in order to extract these constraints, from the predicted γ-ray�ux from DM annihilation to upper limits on the DM annihilation cross section from
γ-ray observations.5.1 γ-ray �ux from dark matter annihilationThe γ-ray �ux from the annihilations of DM particles of mass mDM in a DM halo isgiven by a particle physics term times an astrophysics term:dΦγ(∆Ω, Eγ)dEγ

=
1

8π

〈σv〉
m2

DM

dNγdEγ︸ ︷︷ ︸
Particle Physics

× J̄(∆Ω)∆Ω︸ ︷︷ ︸
Astrophysics

, (5.1)where the astrophysical factor is de�ned as
J(∆Ω) =

1

∆Ω

∫

∆Ω
dΩ ∫

l.o.s.
ρ2[r(s)]ds = J(∆Ω)

∆Ω
. (5.2)In equation 5.2 the squared density distribution of DM (ρ2) is integrated along theline of sight (l.o.s.) and over the solid angle ∆Ω. For point-like source search, forexample, the solid angle is �xed as the angular resolution of the telescope. For theH.E.S.S. experiment ∆Ω = 10−5 sr. The models that describe how DM is distributedin gravitational halos are detailed in the next section (Sect.5.2). The particle physicsterm contains the DM particle mass, mDM, the velocity-weighted annihilation crosssection, 〈σv〉, and the di�erential γ-ray spectrum from all �nal states weighted bytheir corresponding branching ratios, dNγ/dEγ . The γ-ray �nal spectra for di�erentDM annihilation models are addressed in Sect. 5.3. Some particular models that couldgive rise to an enhancement to the γ-ray annihilation �ux are treated independently in
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5. Exclusion and sensitivity limits to dark matter annihilationSect. 5.4.5.2 Dark matter halo modellingDark matter is predicted to be distributed in dark halos surrounding structures assmall as globular cluster to as large as clusters of galaxies. The models which describethe DM density pro�les of halos are motivated by both observation and numericalsimulations. The choice of this model is the crux of most of the DM analyses in theliterature, and many models exist. These can be broadly distinguished in two groups:halo models with a core, and halo models with a cusp.Isothermal and pseudo-isothermal pro�le:The simplest density pro�le one can derive is the based on the isothermal spheremodel. This model allows to reproduce the �at rotation curves observed in spiral galax-ies. The isothermal pro�le [151] is described by
ρISO(r) =

Vc
2

4πGr2
, (5.3)where Vc is the circular velocity and G the gravitational constant. However this pro�le isknown to overestimate the mass and rotational velocity in the central parts of observedgalaxies because of the singular density behavior when r → 0. In order to describe acentral component and to avoid the density singularity in r = 0, a non-singular pseudo-isothermal pro�le is often used in actual analysis. This pro�le can be expressed as

ρpISO(r) = ρ0
r2c

(r2c + r2)
, (5.4)where ρ0 is the central DM density and rc is a core radius.Navarro, Frenk and White (NFW) pro�le:A large number of cosmological N-body numerical simulations suggest the existenceof a universal dark matter pro�le, with the same shape for all halo masses. The usual
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5.2 Dark matter halo modellingparametrisation for the dark matter halo density in this case is a cusped pro�le, calledNavarro, Frenk and White (NFW) pro�le [152], with the mass density given by
ρNFW(r) =

δcρ
0
c

(r/rs)(1 + r/rs)2
, (5.5)where rs is a scale radius, ρ0c the present critical density of the Universe 1 and δc acharacteristic over-density, de�ned by δc = ∆v c

3g(c)/3. The term ∆v is �xed by de�n-ing the halo mass as the amount of matter contained in a spherical region of radius Rv(virial radius), whose mean density is ∆vρ
0
c . A common value for ∆v is ∆v = 200, whichis derived from a cosmological scenario of a �at universe with a non-zero cosmologicalconstant. The term in the numerator of Eq. 5.5 is often expressed as ρs = ρ0cδc. Here

c = Rv/rs is the concentration parameter of the halo and g(c) = (ln(1+c)−c/(1+c))−1.The NFW pro�le is characterized by the logarithmic slope d ln ρ/d ln r = −3 at
r � rs and a divergence in the inner parts with d ln ρ/d ln r = −1, leading to an in�nitedensity in the center. Note however that this do not imply a in�nite γ-ray �ux, sincethe value of J is �nite.Burkert pro�le:The NFW pro�le appears to well reproduce the DM halo distribution within largegravitational structures like galaxy clusters and large elliptical galaxies [121, 122, 123,124, and references therein]. However central density cusps as predicted by the NFWpro�le are hard to verify in normal spiral galaxies as their inner parts are gravitation-ally dominated by baryons. In addition cores are e�ectively observed in small sys-tems like dwarf galaxies, where the inner parts would be better described by a pseudo-isothermal pro�le. In order to overcome these di�culties, a purely phenomenologicaldensity distribution has been proposed in Burkert (1996) [153], called the �Burkert�pro�le, parametrised as

ρB(r) =
ρ0r

3
c

(r + rc)(r2 + r2c )
. (5.6)1ρ0c = 2.775× 1011 h2 M�Mpc−3 = 1.053 × 10−5 h2 (GeV/c2) cm−3 [80]
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5. Exclusion and sensitivity limits to dark matter annihilation
ρ0 and rc are free parameters which represent the central density and a scale or coredradius, respectively. This revised density law resembles an isothermal pro�le in theinner regions (r � rc) and predicts a �nite central density ρ0. On the other hand atlarge radii (r � rc) it has a logarithmic slope d ln ρ/d ln r = −3, in agreement with thepredictions of numerical simulations.Einasto pro�le:The density pro�les of the dark matter halos formed in N-body simulations of hierar-chical clustering have traditionally been �tted by essentially broken power law formulas.Recent simulations (Power et al. 2003; Reed et al. 2004) suggest that halo density pro-�les are better represented by a function with a continuously-varying slope. Navarro etal. (2004) proposed the �tting function

ln ρe
ln r

= −2

(
r

r−2

)α (5.7)which corresponds to the called Einasto density pro�le1 with the form,
ρE(r) = ρ−2 exp{

−2

α

[(
r

r−2

)α

− 1

]
} , (5.8)where r−2 and ρ−2 are the radius and density at which the logarithmic slope of thedensity is -2, respectively, and α is a parameter describing the degree of curvature ofthe pro�le.In principle all the above mentioned are potentially good pro�les to describe DMdistribution in haloes at any scale, from dwarf galaxies to galaxy clusters. Even ifin general, as already mentioned at the last chapter, numerical simulation with cusppro�les will tend to describe most precisely large scale distributions, while cored pro�lesare in better agreement with the observation of smaller scale objects, the dynamicalhistory of each object will be the decisive component that will �nally privilege one oranother. In this sense there are evidences of galaxy cluster which are better describedby cored pro�les as well as dwarf galaxies well described by a NFW pro�le [see for1This density law was �rst introduced by Einasto (1965) who used it to describe the distributionof old stars within the Milky Way.
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5.2 Dark matter halo modellinginstance 118, 123]. Both cuspy and cored pro�les are considered in the DM analysispresented in this work.5.2.1 Halo pro�le parameters determinationGiven a hypothesis about the DM halo pro�le of an object, one need to �nd the setof parameters for each halo pro�le assumption that best �ts the data. Two cases aredescribed here, the �rst case relies on both simulations and observations, the secondcase describes a more generic method based only on observations.NFW pro�le caseThe NFW pro�le in Eq. 5.5 can be completely de�ned by any set of two parameterswithout a bijective relation between them, for example, (δc,rs), (ρs, rs) or (c, Rv). Avery useful set of parameters however is the concentration parameter c and the virialmass Mv, which can be expressed as
MNFW

v =
4π

3
∆vρ

0
cR

3
v . (5.9)Several cosmological numerical simulations have found the concentration c to corre-late with the halo virial mass Mv in the mass range 1011 − 1014h−1M�. An example ofthis correlation is given in Jing and Suto [154] (see also [155] for the exact formula) forhaloes of galaxies at the scale of dwarf galaxies up to the scale of a Milky-Way (MW)galaxy, where

c = 10.23

(
hMv

1012M�

)−0.088

. (5.10)Another correlation can found in [156] which can be applied to MW-like galaxies upto the most massive galaxy clusters, (0.06− 20)× 1014M�. In this case the correlationis found to be
c = 9.0

(
hMv

1014M�

)−0.172

. (5.11)As it can be seen in Figure 5.3, where both equation are plotted, less massive objectsare expected to have higher concentrations.
99



5. Exclusion and sensitivity limits to dark matter annihilation
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Figure 5.3: Concentration parameter c as function of the virial massMvir for the equations5.10 (red line) and 5.11 (black line).If applied, these correlations make the NFW model completely de�ned by one pa-rameter, e.g., the virial massMv. The virial mass on the other hand can be determinedby independent methods, all based on relations linking mass to some observable. Amongthe observables that trace the virial mass, an example, which is applied in the case ofgalaxy clusters, is the X-ray temperature of the intracluster gas. Assuming hydrostaticequilibrium and an isothermal gas (which is taken as the total average gas temperature),the relation can be simply written as [124]
κBT =

GMvµmp

2Rv
= (8.2keV )

(
Mv

1015h−1M�

)2/3

, (5.12)where T is the global cluster temperature, κB the Boltzmann constant and µmp is themean mass per particle in the gas. Realistic departures from hydrostatic equilibriumcan be assessed with simulations of structure formation that include hydrodynamics,but they do not have a large e�ect on the mass-temperature relation [e.g. 124]. Anothermethods to derive the virial mass include a �xed mass-to-light ratio M/L correlation tothe total luminosity or the velocity dispersion of stars [e.g. 157], direct measurementsof the rotation curves from di�erent tracers [e.g. 158, 159, 160], kinematics of stellar
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5.2 Dark matter halo modellingpopulations [e.g. 157, 161, 162] and H I gas in galaxies [e.g. 163, 164], or gravitationallensing [e.g. 165, 166] .General case: solving the Jeans equationOne way to constrain the density distribution is to solve the Jeans equation relating thegravitational potential to various intrinsic velocity moments, which are in turn relatedto the observed velocity moments of some tracer. The Jeans equation is a particularcase of the collisionless Boltzmann equation written in the velocity moment space. Forspherical systems it has the form [151]
d(ρ∗〈v2r,∗〉)

dr
+
ρ∗
r
[2〈v2r,∗〉 − 〈v2θ,∗〉 − 〈v2ϕ,∗〉] = −ρ∗

dΦ

dr
= −ρ∗

V 2
c

r
, (5.13)where ρ∗ is the density of the tracer, 〈v2r,∗〉, 〈v2θ,∗〉 and 〈v2ϕ,∗〉 are the tracer secondmoments in the (r, θ, ϕ) directions, respectively, and Φ and Vc are the potential andthe circular velocity of the total mass distribution. Considering a galaxy whose velocitystructure is invariant under rotation about its center, 〈v2θ,∗〉 = 〈v2ϕ,∗〉. In the absenceof net streaming motions in any of the directions, 〈v2i,∗〉 = σ2i , where σi is the velocitydispersion in the direction i. The Jeans equation thus becomes

1

ρ∗

d(ρ∗σ
2
r,∗)

dr
+

2β(r)σ2r,∗
r

= −dΦ
dr

= −GM(< r)

r2
= −V

2
c (r)

r
, (5.14)where β is the velocity anisotropy parameter, de�ned as β = 1 − σ2θ/σ

2
r , assuming

σ2θ = σ2ϕ. Note that β = 0 if the velocity ellipsoid is isotropic, β = 1 if the ellipsoidis completely aligned with the radial direction, and β < 0 for tangentially anisotropicellipsoids. A even simpler rewriting of the Jeans equation where the dependencies areexplicit is:
M(< r) =

V 2
c (r)r

G
= −

rσ2r,∗
G

(
d ln ρ∗
d ln r

+
d lnσ2r,∗
d ln r

+ 2β(r)

)
. (5.15)The Jeans equation relates observable quantities like the density distribution of thetracer and its radial velocity dispersion pro�le to quantities of interest such as the totalmass distribution. Knowing ρ∗(r) and β(r), and assuming a mass model, one can derivethe predicted radial velocity dispersion pro�le for the mass model under consideration
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5. Exclusion and sensitivity limits to dark matter annihilationand compare it to the observed radial velocity dispersion pro�le of the tracer. However,knowledge of the velocity anisotropy parameter requires proper motion measurements ofthe individual stars and at the moment this is possible only in the Solar Neighbourhood.Therefore in practise one uses parametrizations for how β varies with r. The generalsolution of Eq. 5.15 is [167]
σ2r,∗(r) =

1

ρ∗e
∫
2βdx

∫ ∞

x
ρ∗V

2
c e

∫
2βdx′′

dx′ , x = lnr . (5.16)The observables are the surface brightness and the line-of-sight velocity dispersion ofthe tracer population. The latter is related to the radial velocity dispersion by
σ2los(R) =

2

Σ∗(R)

∫ ∞

R

ρ∗(r)σ
2
r,∗r√

r2 −R2
(1− β

R2

r2
)dr , (5.17)where R is the projected radius (on the sky) and Σ∗(R) is the mass surface densityof the tracer, which can be deduced from the surface brightness following a mass-to-light relation. The circular velocity Vc(r) is associated to the DM halo density pro�leassumption. For example, for a pseudo-isothermal pro�le the circular velocity is givenby

V 2
c (r) = 4πGr2cρ0

(
1− rc

r
arctan

r

rc

)
, (5.18)and for the NFW pro�le by

V 2
c (s) =

V 2
virg(c)

s

[
ln 1 + cs− cs

1 + cs

]
, (5.19)where Vvir is the circular velocity at the virial radius and s = r/Rvir.The methodology used to �nd each set of parameters for each halo pro�le consistsof comparing the observed line-of-sight velocity dispersion of the tracer, σlos, for eachdistance bin with that predicted for the various models. Minimizing the χ2 betweenthe model and the data provides the best set of pro�le parameters.Velocity anisotropy: As already mentioned, the variation of the velocity anisotropywith radius is not known. In order to compare the observations to the model predictionstwo hypotheses are often used: considering β as constant with radius; or using theOsipkov-Merritt parametrization [168, 169] for β:

βOM = r2/(r2 + r2a) (5.20)
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5.2 Dark matter halo modellingwhere ra is the anisotropy radius. In the Osipkov-Merritt parametrization theanisotropy is always ≥ 0, i.e. it is never tangential. The central regions are isotropic,and for ra → ∞ the anisotropy becomes purely radial. At r = ra, β = 0.5. The smaller
ra, the faster the anisotropy becomes very radial. Models with large ra correspond tomodels with almost isotropic behavior.Jeans degeneracy: From the equations above it is however clear that di�erentcombinations of the density and anisotropy pro�les can produce the same l.o.s. velocitydispersion pro�le, the so-called �mass-anisotropy� or Jeans degeneracy [170]. The bestobservational constraint for lifting the Jeans degeneracy on the other hand wouldbe some handle on the proper motions of tracers. Alternatively, with a data setconsisting of discrete tracers, the precisely measured di�erential distances (whichultimately yield the distances to the center of the system) can also break the Jeansdegeneracy (cf., Watkins et al. 2010 [171]). Unfortunately, with the current andnear-future observational capabilities, their uses are mostly limited to very near-byobjects. Another recent method (Battaglia et al. 2008 [172]) consists in consideringnot one, but two di�erent tracers population of the cluster gravitational potential, sothat there are two observables (the l.o.s.velocity dispersion pro�les of the two tracers)to solve for the two unknowns, ρ(rn) and β(rn). Since ρ(rn) must be the same for bothtracers, but β(rn) can in principle be di�erent, the degeneracy is only partially broken,however the constraints on the dynamics of the system are signi�cantly stronger thanwith a single tracer.5.2.2 Dark matter halo substructuresNumerical simulations of galactic halos predict a population of subhalos that couldcontribute to the overall astrophysical factor (eq. 5.2). The substructure enhancementover the smooth host halo contribution along the line of sight and inside a solid angle ofobservation ∆Ω is de�ned as Bsub(∆Ω) = 1+Lsub(∆Ω)/Lsm(∆Ω), where Lsm/sub(∆Ω)denotes the annihilation luminosity of the smooth host halo and the additional con-tribution from substructures, respectively. A quanti�cation of the substructure �uxcontribution to the total γ-ray �ux was computed from the Aquarius simulation by[173]. The annihilation luminosity is de�ned by:
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5. Exclusion and sensitivity limits to dark matter annihilation
Lsm/sub(∆Ω) = ∆Ω× J sm/sub(∆Ω) =

∫

∆Ω
dΩ

∫l.o.s. dl× ρ2sm/sub[r(l)] , (5.21)where ρsm/sub is the DM density distribution of the smooth halo and substructures,respectively. In order to perform the l.o.s. integration over the subhalo contribution,an e�ective substructure density ρ̃sub is parametrized following [100] and [173] as:
ρ̃2sub(r) =

A(r) 0.8C Lsm(Rvir)

4πr2Rvir

(
r

Rvir

)−B(r)

, (5.22)where
A(r) = 0.8 − 0.252 ln(r/Rvir) (5.23)and

B(r) = 1.315 − 0.8(r/Rvir)
−0.315 . (5.24)

Lsm(Rvir) is the smooth halo luminosity within the virial radius Rvir. The normalizationis given by C = (Mmin/Mlim)
0.226, where Mmin = 105M� is the minimum substructuremass resolved in the simulation and Mlim is the intrinsic limiting mass of substructures,or free-streaming mass.E�ect of the virial radiusIt is important to notice that numerical simulations of galactic halos are scale invariant.The total contribution of substructures to the overall γ-ray �ux is normalised at theDM halo virial radius. Integrating eq. 5.21 in the local frame of reference for thewhole volume up to the virial radius give the maximum annihilation luminosity fromsubstructures as function of the smooth halo luminosity, Lsub(Rvir) = 0.8C Lsm(Rvir).The maximum substructure enhancement over the smooth host halo contribution isthen Bsub(Rvir) = 1 + 0.8C. An example of this e�ect for the same object is given inSect. 8.1.2 in the case of the Fornax galaxy cluster, where the use of di�erent methodsto derive the virial mass gives di�erent values of the latter.
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5.3 γ-ray �nal spectraE�ect of the limiting mass of substructures MlimThe kinetic decoupling of weakly interacting massive particles (WIMPs) in the earlyuniverse sets a scale that can directly be translated into a small-scale cuto� in the spec-trum of matter density �uctuations. With decoupling temperatures of several MeV toa few GeV, Bringmann [174] found the smallest protohalos to be formed range between10−11 and almost 10−3 solar masses depending on the particle DM model. A conven-tional value for this quantity is Mlim = 10−6M� [175]. Very small Mlim would imply ina large number of substructures in DM haloes, and thus a large expected γ-ray signal.Assuming a speci�c DM model, a constraint on Mlim was derived by Pinzke et al. [173]using EGRET γ-ray upper limits on the Virgo cluster and a lower bound was placed at
Mlim = 5× 10−3M�. Nevertheless, in this work both limiting mass values are used toderive DM annihilation constraints, Mlim = 10−6M� and Mlim = 5× 10−3M�.5.3 γ-ray �nal spectraIn any theory that predicts a viable DM candidate, each pair of DM particles that disap-pears through annihilation give rise to pairs of Standard Model particles in �nal statesof annihilation, like gauge bosons, leptons or quarks. The subsequent chain of hadro-nisation, annihilations and decays of these SM particles will �nally produce secondaryphotons. The total photon energy distribution in the rest frame of the annihilation paircan be generally written in the form

dN tot
γ

dEγ
=
∑

f

Bf

(
dN sec

γ,f

dEγ
+
dN line

γ,f

dEγ

)
, (5.25)where Bf denotes the branching ratio into the annihilation primary channel f . Theterm dN sec

γ,f/dEγ encodes the contribution from secondary photons, produced in eachannihilation channel. The self-annihilation of MSSM neutralinos, for example, will giverise in general to a continuous γ-ray spectrum from the decay of neutral pions, whichare produced in the hadronisation process of �nal-state quarks and gauge bosons. Thelast term in the above equation dN line
γ,f /dEγ gives the contribution from the directannihilation into photons, γγ or Zγ, which result in a sharp line feature. However sinceDM particles cannot be charged, these processes are typically loop-induced or otherwisehighly suppressed, and are not treated in this work. The exact γ-ray spectrum and
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5. Exclusion and sensitivity limits to dark matter annihilationannihilation branching ratios will depend on the chosen underlying parameters of theDM particle model and particle mass.Nevertheless, in order to avoid the choice of a preferred DM particle model, DMannihilation spectra are presented here in a model-independent way, i.e. for givenpure annihilation channel (100% of branching ratio in one channel) and DM particlemass. The �rst Kaluza-Klein (KK) mode of the hypercharge gauge boson B̃(1) willbe the only exception. In the minimal UED framework, which is used here, the B̃(1)particle have �xed annihilation branching ratios which are independent of its mass.The branching ratios of the di�erent annihilation channels of the B̃(1) are presented inTable 4.2 of chapter 4. Figure 5.4 shows di�erent annihilation spectra for 1 TeV massdark matter particles. Spectra of DM particles annihilating into µ+µ−, bb̄, W+W− and
τ+τ− pairs are calculated using the Mathematica code from [176]. For Kaluza-Klein
B̃(1) annihilation, PYTHIA 6.225 [177] was used to compute the spectra [136].A distinct general feature of the DM annihilation spectra is the sharp step or cut-o� close to the DM particle mass. Such spectral end point features are of the utmostimportance for �tting data in indirect DM searches through γ-rays. Plus they empha-size the necessity of complementary studies from di�erent classes of γ-ray experiments,satellites versus IACTs. Indeed, the detection of these features could provide a cleardistinction between an annihilation signal and a standard astrophysical signal [see,for instance, 178]), and for this reason they are often referred as smoking-gun signa-tures. Another smoking-gun signatures include monochromatic γ-ray lines, as well aspronounced bumps, which are present in some DM models (an example is given inthe Sect. 5.4). These models can only be tested by satellite telescopes for DM particlemasses up to a few hundreds of GeV. IACTs observation can provide well-complementarysearches for such features at DM particle masses higher than a few hundreds of GeV .5.4 γ-ray �ux enhancement e�ects5.4.1 Radiative correction : Internal BremstrahlungWhenever DM particles annihilate into pairs of charged particles XX , this processwill with a �nite probability automatically be accompanied by internal bremsstrahlung
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5.4 γ-ray �ux enhancement e�ects
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Figure 5.4: Photon spectra for 1 TeV dark matter particles self-annihilating in di�er-ent channels obtained with the Monte Carlo simulation program PYTHIA (version 8.135,[179]) from Ref. [176]. Spectra from DM annihilating purely into τ+τ− (black solid line)and W+W− (long-dashed dotted line) are shown. The latter shows the e�ect of InternalBremsstrahlung (IB) occuring for the W+W− channel. The γ-ray spectrum from the an-nihilation of B̃(1) hypergauge boson pairs arising in Kaluza-Klein (KK) models with UEDis also plotted (dotted line). Annihilation spectrum into bb including the inverse Compton(IC) scattering contribution is also plotted (dot-dashed line) . The long dashed line showthe photon spectra from �nal-state radiation (FSR) and the inverse Compton (IC) scat-tering contribution in the case of DM particles annihilating into muon pairs, which wasanalytically and numerically calculated independently (see Section 5.4.2 for more detailson the calculation.(IB), i.e. the emission of an additional photon in the �nal state. These electromagneticradiative corrections will give rise to two particular photon emissions, as visualized inFig 5.5, one may distinguish between photons directly radiated from the external legs(�nal state radiation, FSR) and photons radiated from virtual charged particles (virtual
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5. Exclusion and sensitivity limits to dark matter annihilation
Figure 5.5: Types of diagrams that contribute to the �rst order QED corrections toWIMP annihilations into a pair of charged particle �nal states. The leading contributionsto diagrams (a) and (b) are universal, referred to as �nal state radiation (FSR). Internalbremsstrahlung from virtual particles (or virtual internal bremsstrahlung, VIB) is indicatedin diagram (c).internal bremsstrahlung, VIB). What is called IB photons will be the total contributionfrom both FSR and VIB photons [180, 181]. Internal bremsstrahlung processes cancontribute signi�cantly to the γ-ray spectrum [180, 181] yielding a detectable �bump�near the highest energy. Adding this e�ect to the continuous spectrum of secondary

γ-rays from pion decay, the total spectrum is given by
dNγ

dEγ
=
dN sec

γ

dEγ
+
dN IB

γ

dEγ
. (5.26)The magnitude of this e�ect depends on the intrinsic properties of the dark matterparticle model. Bringmann et al. [181] provide an approximation that is valid for wino-like neutralinos [182] which annihilates purely into W+W−. The IB spectrum in thiscase can be expressed as

dN IB
W+W−

dx
=
αem

π

4(1 − x+ x2)2

(1− x+ ε/2)x
×
[
log

(
2
1− x+ ε/2

ε

)
− 1/2 + x− x3

]
, (5.27)where ε = mW/mDM, mW is the W particle mass, mDM is the DM particle mass, and

x = Eγ/mDM. The annihilation spectrum for a 1 TeV wino is shown in Figure 5.6.5.4.2 Inverse compton processEvery time a DM particle annihilation has electrons or positrons in the �nal states ofannihilation, the propagation of these particles may lead to an additional γ-ray emissioncomponent by Inverse Compton (IC) up-scattering of background photons, such as thoseof the cosmic microwave background (CMB). If the electron/positron energy loss timescale is much shorter than the spatial di�usion time scale, the IC contribution to the
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5.4 γ-ray �ux enhancement e�ects

Figure 5.6: γ-ray spectrum for 1 TeV wino. The contributions from IB and secondaryphotons is indicated separately.
γ-ray �ux may be signi�cant. In galaxy clusters, for example, the energy loss term isdominated by the IC component [121]. The total γ-ray spectrum is then given by

dNγ

dEγ
=
dN sec

γ

dEγ
+
dN IC

γ

dEγ
. (5.28)DM particles annihilating purely into µ+µ− or W+W− will have a signi�cant amountof electrons in the �nal states coming from muon and pion decays.Let Ee be the energy of electrons and positrons, ε that of the target photons and

Eγ the energy of the scattered photon. The IC component of the annihilation spectrumcan be calculated by
dN IC

γ

dEγ
(Eγ) =

∫
dEe

dne
dEe

(Ee)PIC(Eγ , Ee) , (5.29)where
PIC(Eγ , Ee) = c

∫
dεnγ(ε)σKN (Eγ , Ee, ε) (5.30)is the IC power, which is obtained by convolving the IC cross section σKN (di�erentialKlein-Nishina cross section) with the di�erential target photon number density nγ(ε).
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5. Exclusion and sensitivity limits to dark matter annihilationIn the case of IC up-scattering on the CMB nγ(ε) is the black body spectrum of the2.73K CMB photons. The Klein-Nishina formula [151] has the form
σKN(Eγ , Ee, ε) =

3σT (mec
2)2

4εE2
e

G(q,Γe) , (5.31)where σT is the Thompson cross section and
G(q,Γe) ≡

[
2q ln q + (1 + 2q)(1− q) +

(Γeq)
2(1− q)

2(1 + Γeq)

] (5.32)with Γe = 4εEe/(mec
2)2 and q = Eγ/[Γe(Ee − Eγ)]. Finally, the total equilibriumdistribution of the electrons plus positrons is given by
dne
dEe

(Ee) =
1

b(Ee)

∫ mDM

Ee

dE′
e

dNe

dEe
(E′

e) , (5.33)where dNe/dEe denotes the di�erential spectra of electrons plus positron from an DMparticle annihilation event, and
b(Ee) =

4σT c

3(mec2)2
E2

e ≈ 2.67 × 10−17(Ee/GeV )2GeV/s (5.34)is the typical energy loss rate of an electron or positron up-scattering in a radiation�eld with average energy ε = 2.73 = 0.235 meV.Electron spectra of DM particles annihilating into µ+µ− and bb̄ pairs are calculatedusing the Mathematica code from [176]. Using these spectra the IC emission is calcu-lated for di�erent DM particle masses. Figure 5.4 shows the total annihilation spectrumfor 1 TeV DM particle. Due the cross section suppression when electrons/positrons aretoo energetic, also referred as suppression in the Klein-Nishina regime εEe � (mec
2)2,IC emission is only very signi�cative for energies inferior to EIC

γ ≈ ε(mDM/2me)
2[2]. This means that, given the energy range sensible to IACTs (like H.E.S.S.), theIC component will only be contributing signi�cantly to the total γ-ray �ux for DMparticle masses mDM > 10 TeV.It is important to notice however that a suppression of the IC signal might occurif (i) the spatial di�usion time scale of electrons/positrons is to short compared to theIC energy loss time scale, or (ii) because of a local magnetic �eld synchrotron losses,averaged over the entire volume of the object, are comparable or more signi�cant than
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5.4 γ-ray �ux enhancement e�ectsIC losses. The �rst case e�ectively happens in small scale objects such as dwarf galaxies.In this class of objects the electrons will di�use out of the system before it can e�cientlyinteract through IC. On the other hand, for large scale object such as galaxy clusters thee�ect of electrons escaping the di�usion region was shown to be negligible[121]. Indeed,as it can be seen in Fig. 5.7, a comparison among the time scales for the energy lossesdue to various mechanisms (as labeled in the �gure) and the time scale for di�usion ina cluster of typical size Rvir = 1 Mpc shows that the energy losses are dominated by IClosses for electrons in the GeV-TeV energy range.

Figure 5.7: A comparison between the time scales for the energy losses due to variousmechanisms (as labeled in the �gure) and the time scale for di�usion (black solid curve) ina cluster of size Rvir = 1 Mpc. A uniform magnetic �eld of value B = 1µG and a thermalgas density n = 1.3× 10−3cm−3 have been assumed in the computations. Figure extractedfrom Colafrancesco et al. [121].The condition for case (ii) amounts to the existence of an e�ective average magnetic�eld B in the object which have a value B & BCMB ' 3.2µG, the latter quantitybeing the amplitude of a magnetic �eld having the same energy density as the CMB.While such large magnetic �elds are possible, they are unlikely to uniformly populatethe galaxy clusters considered in this study (cf. Fornax galaxy cluster in chap. 8). If,however, this were the case, the suppression in the IC signal would be on the order of(B2
CMB/B

2).
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5. Exclusion and sensitivity limits to dark matter annihilation5.4.3 The Sommerfeld e�ectThe DM annihilation cross section can be enhanced, with respect to its primordialvalue 〈σv〉0 during thermal freeze-out, in the presence of the so-called Sommerfelde�ect. This is a non-relativistic e�ect which arises when two DM particles interact in anattractive potential and it is particulary e�ective in the very low-velocity regime. Fromthe point of view of quantum �eld theory, this Sommerfeld enhancement correspondsto the summation of a series of ladder diagrams where the scalar state is repeatedlyexchanged (see Fig. 5.8). The idea that the γ-ray �ux from DM annihilations can be en-hanced in this way was �rst proposed in the seminal paper by Hisano et al. (2004) [183].

Figure 5.8: Ladder diagram giving rise to the Sommerfeld enhancement for DM particle(χ) χχ→ XX annihilation, via the exchange of gauge bosons. Ref. [184]In DM haloes where the relative velocity between the DM particles may be su�-ciently low, the Sommerfeld e�ect can substantially boost the annihilation cross sec-tion [184]. The actual velocity-weighted annihilation cross section of the neutralino canthen be enhanced by a factor S de�ned as
〈σv〉 = S(β,mDM) 〈σv〉0 , (5.35)where the value of S depends on the DM particle mass and relative velocity β = v/c.The Sommerfeld enhancement can be obtained solving the l = 0 Schrödinger equationfor the reduced two-body wave function Φ(r):

(
1

mDM

d2

dr2
− V (r)

)
Φ(r) = −mDMβ

2Φ(r) , (5.36)with the boundary condition Φ′(∞)/Φ(∞) = imDMβ. The Sommerfeld factor S is thengiven by S = |Φ(0)/Φ(∞)|2 . Particles interacting through a Yukawa-like potential,
V (r) = −α

r
e−mVr , (5.37)
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5.4 γ-ray �ux enhancement e�ectsare considered. Here mV is the exchanged boson mass and α the coupling constant.The Sommerfeld enhancement is e�ective in the low-velocity regime, and disappears(S = 1) in the limit β → 1. In general, one can distinguish two distinct behaviors,resonant and non-resonant, depending on the value of the annihilating particle massand the relative velocity β [184]. In the non-resonant case, the cross section isenhanced for β < α, with S = πα/β up to a saturation value, roughly given by
Smax ∼ 6αmV/mDM. This value occurs for β ∼ 0.5mV/mDM. In the resonant case,occurring for particular values of the mass of the annihilating particle, the cross sectionfollows the non-resonant behavior until β '

√
αmV/mDM; below this critical value, theenhancement grows like 1/β2 before saturating. The Sommerfeld boost can then reachvalues as large as 105 for a DM particle mass of order 4.5 TeV [184]. These di�erentbehaviors can be observed in left �gure of Fig. 5.9 when considering DM particlesannihilating purely into a W bosons. The peak position in the series of resonances isapproximatively given by 4.5TeVn2, where n is an integer. The attractive potentialcreated by the exchange of Z gauge bosons implies α = 1/30 and mV = 90 GeV.

(a) (b) (c)Figure 5.9: Sommerfeld e�ect dependence with respect to the relative velocity β (a), theexchanged boson mass mV (b) and the coupling constant α (c).A more general case of the enhancement by the Sommerfeld e�ect can be treatedby changing the exchanged boson mass and the coupling constant accordingly. Theposition of the resonances is qualitatively driven by mV/α [184]. Increasing the bosonmass shifts the resonance to higher DM masses since the the weak coupling constant
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5. Exclusion and sensitivity limits to dark matter annihilationis only a slowly varying function of the boson mass. Simultaneously, once the relativevelocity and the DM particle mass are �xed, the value of the enhancement close tothe resonance grows roughly linearly with the boson mass [184]. The behavior of theSommerfeld e�ect with respect to the exchanged boson mass and the coupling constantare presented in Fig. 5.9.The relative velocity, or velocity dispersion, between the DM particles in galac-tic haloes is assumed here as having the same value as the velocity dispersion of thegravitational tracers, such as stars, globular clusters or galaxies, in the case of galaxyclusters. The later assumption is plausible due to the large relaxation time scales ofgalaxy clusters, galaxies and dwarf galaxies. The relaxation time being su�ciently long,the velocity dispersion of the tracers was not signi�cantly perturbed by other objectsin the system. The velocity dispersion is then still very close to the initial value, whichcan be assumed to be the same for DM and other gravitational bound objects.5.5 Limits on the dark matter annihilation cross sectionConstraints on a DM particle scenario from γ-rays observations can be derived compar-ing the number of detected γ-ray events Nd
γ (∆Ω) in a region ∆Ω with the number ofevents expected from an assumed γ-ray emission scenario N e

γ (∆Ω) in this same region.The number of expected signal events is calculated by:
N e

γ (∆Ω) = Tobs

∫ ∞

0
Aeff(Eγ)

dΦγdEγ
(Eγ ,∆Ω)dEγ , (5.38)where Tobs is the observation time, and Aeff(Eγ) is the e�ective area of the detector as afunction of the γ-ray energy. The predicted γ-ray �ux from DM annihilation Eq. 5.1 inthen replaced in Eq. 5.38. Comparing the expected number of γ-rays with the numberof detected events and assuming a DM density distribution, one can constraint the DMparticle physics scenario through the remaining pair of parameters (〈σv〉,mDM ):

〈σv〉 = 8π

J̄(∆Ω)∆Ω
×

m2Nd
γ

Tobs
∫m
0 Aeff(Eγ)

dNγdEγ
(Eγ)dEγ

. (5.39)However in real observations the number of detected γ-rays is always subject tobackground contamination and up-to-date no γ-ray signal from a DM annihilation has
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5.5 Limits on the dark matter annihilation cross sectionbeen signi�cantly detected from any astrophysical source. In case of no signi�cant
γ-ray signal, an upper limit on the detected number of γ-rays (N95%C.L.

γ for upper limitat 95% con�dence level) can be derived based on the background level contamination.Replacing the number of detected γ-rays by the upper limit on this number, anupper limit on the velocity-weighted annihilation cross section is directly obtainedas function of the DM particle mass, spectrum and density distribution. Two kindsof limits can be extracted from γ-ray observations. The �rst are exclusion limits fora DM model, which can be derived from actual observations where no signi�cant
γ-ray signal has been detected. The second are sensitivity limits for future observations.
5.5.1 Exclusion limitsIn order to estimate whether the number of events detected in the region of interest,signal or ON region, is a signi�cant signal detection, a comparison with the estimatednumber of background events in the same region needs to be done. In IACTsobservations the background is measured simultaneously with the signal but in adi�erent region, OFF region, and then renormalised by the factor α which is the ratiobetween the OFF/ON region sizes. The signi�cance of a signal is given by the for-mula 3.9, where a signi�cance superior to 5 is required to declare a signi�cant detection.In case of no signi�cant signal detection (Eq. 3.9) an upper limit on the number oftrue γ-rays in the ON region is calculated using the methods of Feldman & Cousins [74]or Rolke et al. [185]1. These methods allow to estimate a con�dence interval and �xingthe con�dence level (C.L.) at 95% the number of γ-rays at 95% con�dence level (C.L.),
N95%C.L.

γ is found for given NON, NOFF and α (see Section 3.2 for details).1Both methods are fully frequentist constructions, where the limit calculations make use of a pro�lelikelihood method. The Feldman & Cousins is usually used in case of no (or negligible) uncertainties innuisance parameters. However it does not handle background expectations or signal e�ciencies whichare known only with some limited accuracy, which might be the case for some IACTs observations. Inthese cases, Rolke et al. [185] is applied. See [185] for more details.
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5. Exclusion and sensitivity limits to dark matter annihilation5.5.2 Sensitivity limitsIn the case where the background cannot be measured experimentally, future exper-iments for example, it can still be estimated assuming that the background consistsof misidenti�ed hadron showers. The estimate of the expected number of backgroundevents in the signal region can be determined using the following expression [see Ref.186]: d2ΦhaddΩdEγ
= 8.2 × 10−8εhad

(
Eγ

1TeV

)−2.7

[TeV−1cm−2s−1sr−1] , (5.40)where εhad is the hadron detection e�ciency. To take into account the performance ofthe future IACTs the hadron rejection is taken at the level of 90%, which correspondsto εhad = 0.1 and it is twice as good as the current instruments like H.E.S.S.. Thisparametrisation gives remarkable agreement with CTA background simulations [187],but since CTA is still in the conception phase this value can become better and thusthe value εhad = 0.1 can be considered as a conservative one.In the case of 95% C.L. sensitivity calculations, N95%C.L.
γ is calculated assumingthat only hadronic background events are detected and misidenti�ed with γ-rays. Thenumber of background events NOFF is calculated by integrating the background event�ux given in Eq. (5.40) after multiplication by the e�ective area of the detector and theobservation time. Then the method of Rolke et al. [185] (or Feldman & Cousins [74])is applied with NON = NOFF.Finally the 95% C.L. limit on the velocity-weighted annihilation cross section isgiven by the following expression:

〈σv〉95%C.L.
min =

8π

J̄(∆Ω)∆Ω
×

m2N95%C.L.
γ

Tobs
∫m
0 Aeff(Eγ)

dNγdEγ
(Eγ)dEγ

, (5.41)which will be used to derive all the exclusion and sensitivities limits in the next chapters.
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6. Dark matter towards Sculptor and Carina dwarf galaxiesIntroductionThe Dwarf Spheroidal Galaxies (dSphs) of the Local Group are the most commonlystudied satellites of the Milky Way and assumed to be gravitationally bound dominantlyby Dark Matter (DM). Although the predicted very high energy (VHE, E & 100 GeV)
γ-ray �ux from DM annihilation from dwarf galaxies is smaller compared to theexpected DM annihilation γ-ray �ux from denser regions of DM such as the GalacticCenter, these galaxies are promising targets for searches for γ-rays from DM annihila-tion since they are environments with a favorably low astrophysical γ-ray background.The galaxies themselves are expected to contain no astrophysical γ-ray sources sinceno recent star formation activity gives rise to VHE γ-rays (supernova remnants, pulsarwind nebula, etc.) and little or no gas acting as target material for cosmic rays has beenmeasured [188]. Additionally their position at high galactic latitude is well separatedfrom the numerous sources of VHE γ-rays harbored in the Galactic plane. Also at suchhigh altitudes no detectable contamination due to di�use VHE γ-ray emission is ex-pected, which in any case has shown up so far only from the Galactic Center region [189].The H.E.S.S. array of Cherenkov telescopes has already observed dSphs and thecollaboration has published results on the Sagittarius dSph [190, 191] and the over-density Canis Major [192]. In January 2008 H.E.S.S. launched observation campaignson the Sculptor and Carina dSphs, which are among the most luminous dSphs nearthe Milky Way (see Table 6.1 for coordinates and distances). The Sculptor dSph wasdiscovered in 1938 [193], and was the �rst example of this type of galaxy in the vicinityof the Milky Way. The Carina dSph was discovered in 1977 [194]. The best estimatesof the orbits of the two dSphs show that Carina is likely to be more tidally disruptedthan Sculptor [195, 196], leading to higher uncertainties for the DM content of theCarina dSph than of the Sculptor.This chapter presents the results of a search for VHE γ-rays from DM annihilationfrom the Sculptor and Carina dSphs. The work presented here has been publishedin the Astroparticle Physics Journal [197]. The chapter is organized as follows: inSection 6.1 the analysis of the data is presented, from which upper limits on the
γ-ray �ux are extracted assuming power-law spectra and DM annihilation spectra
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6.1 H.E.S.S. observations and data analysisGalaxy Sculptor CarinaRA 01h02m19s·2 06h41m36s·0Dec. −33◦ 33′ 00′′· 0 −50◦ 58′ 12′′· 0Distance (kpc) 79± 4 101± 5Table 6.1: Coordinates (taken from [188]) for the Sculptor and Carina dSphs.are derived for both dSphs (Section 6.2). Then the possibility of giving constraintson the DM particle properties is discussed (Section 6.4), by assuming several DMgalactic halo pro�les of the dSphs, and considering various possibilities for the DMcandidate particle, in particular those that could give rise to an enhancement to the
γ-ray annihilation �ux. The results obtained are discussed in Section 6.4.2. At thetime of the H.E.S.S. publication the Fermi-LAT collaboration [198] had published asearch for γ-ray emission, in the energy range from 100 MeV to 100 GeV, only fromthe direction of the Sculptor dSph. The results from Fermi-LAT [199] will also beaddressed in Section 6.4. However, since the �rst H.E.S.S. publication, the Fermi-LATcollaboration had published another study including constraints on DM annihilationfrom Carina. These results are now quickly presented and compared to the H.E.S.S.results at Section 6.5.6.1 H.E.S.S. observations and data analysisThe observations of the Sculptor and Carina dSphs were conducted between January2008 and December 2009. They were performed in wobble mode, i.e. with the targettypically o�set by 0.7◦ to 1.1◦ from the pointing direction, allowing simultaneousbackground estimation in the same �eld-of-view (c.f. chapter 3). The data used forthe analysis were taken at average zenith angles of ∼14◦ and ∼34◦ for the Sculptorand Carina dSphs, respectively, leading to di�erent e�ective energy thresholds. Aminimal energy (Emin) is de�ned as the energy for which the acceptance of theinstrument reaches 20% of its maximum value, which for the Sculptor and Carina gives
Emin ∼ 220 GeV and Emin ∼ 320 GeV, respectively. This minimal energy will be usedin section6.2 for the calculation of the upper limits on the γ-ray �ux. The data sets
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6. Dark matter towards Sculptor and Carina dwarf galaxiesused for the analysis include only the observation runs that meet the standard qualitycontrol criteria described in Section 3.2. The total data set amounts to 11.8 h forSculptor and 14.8 h for Carina of live time after the quality selection. These parametersare summarized in Table 6.2.dSph Galaxy Sculptor CarinaObservation Period 2008 Oct - 2008 Nov 2008 Jan - 2009 DecLive time (h) 11.8 14.8NON 117 86NOFF 2283 1858
α 0.04 0.05Signi�cance 1.0σ −1.4σ

N95%C.L.
γ, tot 32.4 8.6

Emin (GeV) 220 320
N95%C.L.

γ (Eγ > Emin) 19.2 10.2Table 6.2: H.E.S.S. observation characteristics and upper limits on the observed numberof γ-rays for the Sculptor and Carina dSphs. NON and NOFF are the number of γ-raycandidate events in the signal region and in the background region, respectively. α is de�nedas the ratio of the on-source area to the o�-source area. The signi�cance of the excess in thesignal region is calculated for the given NON, NOFF and α. N95%C.L.
γ, tot is the 95% con�dencelevel upper limits on the total observed numbers of γ-rays, and N95%C.L.

γ (Eγ > Emin) isthe 95% con�dence level upper limits on the observed numbers of γ-rays above the givenminimal energy Emin for each dSph.The data are analyzed using the model analysis described in the chapter 3(Model++) with standard cuts. The background was determined by the ring-background technique (see 3.2 for more details), calculating the background for eachposition in the �eld-of-view using the background rate contained in a ring around thetarget.No signi�cant γ-ray excess was found above the estimated backgrounds at thenominal positions of Sculptor and Carina dSphs, as seen in Figure 6.1. The signi�canceof the excess in the 0.1◦ radius integration area for Sculptor and Carina are +1.0σ
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6.1 H.E.S.S. observations and data analysis

Figure 6.1: Oversampled signi�cance maps (with an integration region of 0.1◦, whitecircle) in equatorial coordinates calculated according to the Li & Ma method [73] in thedirections of Sculptor (top left) and Carina (bottom left) dSphs. Distributions of thesigni�cance in the maps for the Sculptor (top right) and the Carina (bottom right) dSphs.The solid line is a Gaussian �tted to the data. The signi�cance distribution is well describedby a normal Gaussian. No signi�cant excess is seen at the target position.and −1.4σ, respectively1. This allows one to set 95% con�dence level upper limits onthe total observed numbers of γ-rays N95%C.L.
γ, tot , using the number of γ-ray candidate1A sensitivity of 20.1 events is reported for Carina, following the suggestion in Feldman &Cousins [74] in the case where fewer events than the expected background are measured. The sen-sitivity is de�ned as the average upper limit (at 95% C.L.) obtained with the expected background andno true excess signal.
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6. Dark matter towards Sculptor and Carina dwarf galaxiesevents in the signal region NON, in the background region NOFF, and the ratio α of theon-source area to the o�-source area. The limits have also been computed above thegiven minimal energy Emin for each dSph. The N95%C.L.
γ, tot and N95%C.L.

γ (Eγ > Emin)obtained using the method described in Feldman & Cousins [74] are shown in Table 6.2.6.2 γ-rays �ux upper-limitsUpper limits on the number of observed γ-rays above a minimal energy Emin can betranslated into an upper limit on the observed γ-ray �ux Φγ if the energy spectrum
dNγ/dEγ of the source is assumed to be known. The relation is given by

Φ95%C.L.
γ (Eγ > Emin) = N95%C.L.

γ (Eγ > Emin)∫ ∞

Emin dEγ
dNγ

dEγ
(Eγ)

Tobs

∫ ∞

Emin dEγ Aeff(Eγ)
dNγ

dEγ
(Eγ)

, (6.1)where Tobs is the observation time, and Aeff(Eγ) is the e�ective area of the detectoras a function of the γ-ray energy, the zenith angle, the o�set of the source from thepointing direction and the selection cuts. By replacing the N95%C.L.
γ from Section 6.1(Table 6.2) in equation 6.1, the upper limit on the �ux at 95% C.L. is completelydetermined for an assumed spectrum.To obtain �ux upper limits for standard astrophysical sources, power-law photon�ux spectra of index Γ are assumed,

dΦγ

dEγ
∝ E−Γ

γ . (6.2)The index Γ was varied between 1.8 and 2.4, which correspond to a typical spectral indexrange for astrophysical sources [200]. The results are summarized in the Table 6.3.Upper limits on the �ux at 95% C.L. for di�erent DM annihilation spectra areconsidered as a function of the DM particle mass. A parametrization using theaverage of the WW and ZZ �nal states was taken from Bergström et al. [186], which
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6.3 Dark matter halo modellingGalaxy Φ95%C.L.
γ (Eγ > Emin) (10−13 cm−2s−1)Sculptor (Emin = 220 GeV) 5.1 - 6.2Carina (Emin = 320 GeV) 1.6 - 2.0Table 6.3: The 95% con�dence level upper limits on the γ-ray �uxes above the minimalenergy Emin, given in units of 10−13 cm−2s−1, for a power-law model with indices between

Γ = 1.8 and Γ = 2.4. The lower values of the upper limits are found for the index Γ = 1.8.will be used here and in Section 6.4. A comparison with DM particles annihilat-ing purely into bb and τ+τ− is done, using spectra computed with PYTHIA 6.225 [177].Figure 6.2 shows the calculated upper limit on the �ux for both Sculptor andCarina dSphs, which depends on the assumed spectrum and hence on the mass ofthe neutralino. The results obtained by Fermi-LAT [199] for the Sculptor dSph andenergies & 100 MeV are also plotted. As can be seen, for high neutralino masses(& 500 GeV) H.E.S.S. is more sensitive than Fermi-LAT. The �ux sensitivity isqualitatively driven by the product of the acceptance Aeff(Eγ) times the observationtime Tobs. Using the acceptances of about Aeff ∼ 105 m2 for H.E.S.S. and of a few m2for Fermi-LAT, and observation times of about ∼12 hours for H.E.S.S. and ∼11 monthsfor Fermi-LAT, the ratio between their sensitivities for a given DM mass yields a bettersensitivity for H.E.S.S. by a factor of a few hundred, for masses well above the H.E.S.S.threshold.6.3 Dark matter halo modellingIn order to calculate the exclusion limits on the DM annihilation cross section, oneneeds to model the density distribution of DM in the observed target that will beused in the astrophysical factor J (eq. 5.2) calculation. Two hypotheses for sphericalDM halo pro�les are used for Sculptor and Carina: a pseudo-isothermal (pISO) pro�le(Eq. 5.3), and the Navarro, Frenk, and White (NFW) pro�le (eq. 5.5). Given ahypothesis about the gravitational potential of the galaxy, i.e. its DM halo pro�le,and about the velocity dispersion anisotropy of its stars, one can obtain the theoretical
123



6. Dark matter towards Sculptor and Carina dwarf galaxies
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Figure 6.2: (top) Upper limits on �uxes at 95% C.L. for the Carina (dashed lines) andSculptor (solid lines) dSphs obtained with H.E.S.S., for E > 320 GeV and E > 220 GeV,respectively, as function of the DM mass. The parametrization of the annihilation spectrumusing the the average of the WW and ZZ �nal states is extracted from Bergström et al. [186].Fermi-LAT results for Sculptor [199] with E & 100 MeV are also plotted for τ+τ− and
bb �nal states [199]. (bottom) A zoomed view on the upper limit from H.E.S.S. using inaddition various parametrizations for the annihilation spectrum [177].line-of-sight velocity dispersion, σlos, from the Jeans equation following the proceduredescribed in Sect. 5.2.1. Comparing the observed line-of-sight velocity dispersion ofstars for each distance bin with that predicted for the various models, one can �nd theDM halo parameters that best �t the observations (see Sect. 5.2.1 for more details).This was done in the literature in the both cases of Sculptor and Carina.
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6.3 Dark matter halo modelling
Sculptor: The DM halo mass content of Sculptor dSph as well as its pro�leparameters are estimated in a recent paper [172] and thesis [201], using two RGB(Red Giant Branch) stars populations to partially break the Jeans degeneracy in theDM halo modelling (Sect 5.2.1). The last gravitationally bound star was measuredat rlast = 1.8 kpc, which gives an estimate of the tidal radius [201] and is used inthe integration to obtain J(∆Ω). Two hypotheses for the velocity anisotropy pro�le,

β(r), were explored in [172]: a radially constant velocity dispersion anisotropy, and aOsipkov-Merritt (OM) velocity dispersion anisotropy [168, 169] (see Sect. 5.2.1). Usingthe parameters extracted from [201], the astrophysical factor J is computed for eightdi�erent Dark Matter halos. The parameters as well as the astrophysical factor aresummarized in the Table 6.4.The large variety of investigated DM halos allows one to encompass the astrophysi-cal uncertainties induced by the modelling. This amounts to a factor of ten for di�erentassumptions. The assumption of an Osipkov-Merritt β induces higher J factor than aconstant β, since the central isotropy (β = 0) in the OM model implies in a slightlyhigher central density. The main di�erence however comes from the core radius size rc,in the pISO pro�le, and the concentration parameter c which is directly related to thescale radius rs in the NFW pro�le. Small values of these radii (or high concentrationin the NFW case) gives a higher central density, and thus a higher J factor, than largevalues of these radii.Carina: Here, the best �t parameters of each DM halo pro�le were given for aNFW pro�le in [118] and for the pseudo-isothermal pro�le in [117]. The parameters forthe NFW pro�le obtained from [118] are the virial massMv = 2×108 M� and the star'svelocity dispersion anisotropy β(r) = −0.5. Replacing Mv in Eq. 5.12 of Sect. 5.2.1,the virial radius is found to be Rv = 12 kpc. Using the relationship between Mv andthe concentration parameter c found in [154] (Eq. 5.10 of Sect. 5.2.1) yields c ' 22.Finally rs = 5.35 × 10−1 kpc is obtained using rs = c/Rv (see Sect. 5.2 for parametersde�nition). The parameters for a pseudo-isothermal pro�le with an isotropic velocitydispersion (β(r) = 0) and consistent with the kinematic data were obtained from [202],see also Figure 4 of [117]. The tidal radius is set arbitrarily to rt = 2.0 kpc. Some works
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6. Dark matter towards Sculptor and Carina dwarf galaxiesSculptor dSphIso Pro�le rc Mrlast ρ0 J(kpc) (108 M�) (107 M�kpc−3) (1023 GeV2cm−5)
β = const 0.05 1.2 221 2.980.5 3.3 9.13 0.27
β = βOM 0.05 1.3 240 3.490.5 3.4 9.40 0.29NFW Pro�le c Mv rs J(109 M�) (kpc) (1023 GeV2cm−5)
β = const 20 1.9 1.26 2.7535 0.59 0.48 5.20
β = βOM 20 2.2 1.32 3.2935 0.68 0.51 6.24Table 6.4: Structural parameters of the eight best �ts [172] in the case of a pseudo-isothermal and NFW DM halo pro�les for the Sculptor dSph, as well as the correspondingvalues of the astrophysical factor J , for two hypotheses of the velocity anisotropy pro�le

β(r), two core radii (pseudo-isothermal) and two concentration parameters (NFW).claim to observe stars around Carina as far as 3.5 kpc from its center, however it is stillan open question whether these are bound or unbound objects [203, 204]. So the choiceto arbitrarily set the tidal radius at 2.0 kpc is a conservative one. This value is used inthe DM �ux calculation to obtain J(∆Ω). The parameters of the DM halo pro�les aswell as the astrophysical factor J are summarized in Table 6.5.6.4 Exclusion limits on the dark matter annihilation crosssection6.4.1 Generic case for exclusion limitsThe exclusion limits are calculated following the methodology described in Sect. 5.5using the Eq. 5.41. The N95%C.L.
γ from Sect. 6.1 are used (Table 6.2). A parametriza-tion of dNγ/dEγ is taken here from [186] for typical DM particle self-annihilation intoWW and ZZ pairs, and calculated from [136] for Kaluza-Klein B̃(1) self-annihilation.
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6.4 Exclusion limits on the dark matter annihilation cross sectionCarina dSphIso Pro�le rc rt ρ0 J

β = 0 (kpc) (kpc) (108 M�kpc−3) (1022 GeV2cm−5)0.22 2.0 1.36 2.01NFW Pro�le c Mv rs J

β = −0.5 (109 M�) (kpc) (1022 GeV2cm−5)22 0.20 0.54 4.37Table 6.5: Structural parameters of the two best �ts [117, 118] in the case of a pseudo-isothermal and NFW DM halo pro�le for the Carina dSph, as well as the correspondingvalue of the astrophysical factor J (see equation 5.2).The �rst parametrization was chosen by Bergström et al. [186] in order to establisha benchmark model, which is particulary applied for MSSM neutralino studies. Herethis parametrization is used for comparison purposes with past DM exclusion limitspublications. The e�ects of di�erent annihilation channels in the exclusion limits aregoing to be treated only in chapter 8.The exclusion curves for a typical DM particle self-annihilation into WW and ZZpairs are plotted for the Sculptor and Carina dSphs in Figure 6.3 and 6.4 referring tothe halo pro�les given in the Table 6.4 for Sculptor, and in the Table 6.5 for Carina,respectively. The values of 〈σv〉 which are above the lines are excluded at 95% C.L. fora given DM halo pro�le assumption. The Fermi-LAT exclusion limit for Sculptor isadded extending up to 1 TeV [199], which is based on a NFW pro�le with rs = 0.9 kpcand ρs = δc × ρ0c = 3.7 × 107 M�kpc−3, and a DM particle parametrization with only
bb in the �nal state. Using the parameters rs and ρs from Fermi-LAT paper [199],the astrophysical factor with the H.E.S.S. solid angle for point-like observations(∆Ω = 10−5 sr) is J = 1.33 × 1023 GeV2cm−5. The resulting H.E.S.S. exclusion limitsassuming this speci�c DM halo pro�le are plotted (pink dashed line).Below ∼ 1 TeV, the Fermi-LAT results provide stronger limits than the H.E.S.S.results. In comparison with the �ux sensitivity (Section 6.2), the 〈σv〉 upper limitsalso take into account the predicted integrated number of γ-rays in the instrument
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6. Dark matter towards Sculptor and Carina dwarf galaxies
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HESS limits for Fermi’s NFW profileFigure 6.3: Upper limit at 95% C.L. of 〈σv〉 as function of the DM particle mass for dif-ferent DM halosof Sculptor dSph. For the NFW halo pro�le of Sculptor two concentrationparameters are used: 20 and 35. For the pseudo-isothermal halo pro�le two core radii areused: 0.05 kpc and 0.5 kpc. Two hypotheses on the velocity anisotropy parameter are alsostudied: a constant (solid lines) and an Osipkov-Merritt (dashed lines) anisotropy. Thevelocity anisotropy and the concentration parameters are given in brackets for the NFWpro�le. The velocity anisotropy and the core radius are given in brackets for the pseudo-isothermal pro�le. The Fermi-LAT limits [199] for a NFW pro�le are also plotted as wellas the H.E.S.S. limits for this NFW pro�le (rs = 0.9 kpc and ρs = 3.7× 107 M�kpc−3).energy range. The predicted number of γ-rays per annihilation event in the Fermi-LATenergy range is about 103 times higher than the one in the H.E.S.S. energy range. Thisimplies a Fermi-LAT limit which is of the order of 10 times better than the one forH.E.S.S., despite the latter's stronger �ux sensitivity. Fermi-LAT and H.E.S.S. givecomplementary limits on 〈σv〉 in the 10 GeV - 100 TeV mass range.The Figure 6.5 shows the exclusion limits of 〈σv〉 in the case of the Kaluza-KleinDM particle B̃(1). The limits are plotted for the Sculptor dSph referring to the halo
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6.4 Exclusion limits on the dark matter annihilation cross section
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Figure 6.4: Upper limit at 95% C.L. of 〈σv〉 as function of the DM particle mass fordi�erent DM halos for Carina dSph. Both the NFW halo pro�le and the pseudo-isothermalhalo pro�le of Carina are plotted (see text for parameters).pro�les given in the Table 6.4. In the TeV range the 95% C.L. upper limit on 〈σv〉reaches 10−23 cm3s−1.6.4.2 Enhancement e�ects for the exclusion limitsThree cases that can modify the exclusion limits are considered: two particle physics ef-fects, namely the Sommerfeld enhancement (Sect. 5.4.3)and the Internal Bremsstrahlung(IB) from the DM annihilation (Sect. 5.4.1), and an astrophysical e�ect due to the massdistribution of dark-matter sub-halos.The Sommerfeld enhancementHere two new assumptions were made for the Sculptor's and Carina's DM halocomposition. The �rst assumption is to assume the DM particle annihilates to a Wboson, which is the case when the neutralino is a pure wino. The second assumption is
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6.4 Exclusion limits on the dark matter annihilation cross sectionfor a thermally produced DM (〈σv〉0 ∼ 10−26 cm3s−1 [205]) are also plotted. TheSommerfeld e�ect allows to exclude some speci�c wino masses at the level of 〈σv〉0
∼ 10−26 cm3s−1.
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Figure 6.6: Upper limit at 95% C.L. on 〈σv〉 /S as function of the DM particle massenhanced by the Sommerfeld e�ect (see text for more details) for Sculptor. The NFW halopro�le as well as the pseudo-isothermal pro�le are used. The predicted 〈σv〉0 for a purewino [182] (solid black line) as well as the typical cross section for a thermally producedDM (dashed red area) are also plotted.Internal BremsstrahlungAlso in the case of a wino annihilation spectrum, the electromagnetic radiative cor-rection to the main annihilation channels into charged particles can give a signi�cantenhancement to the expected γ-ray �ux in the observed environment due to internalBremsstrahlung. This contribution to the annihilation spectrum was computed usingthe parametrization of [181] for all the wino masses in the H.E.S.S. energy range as
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Figure 6.7: Upper limit at 95% C.L. on 〈σv〉 /S as function of the DM particle massenhanced by the Sommerfeld e�ect (see text for more details) for Carina. The NFW halopro�le as well as the pseudo-isothermal pro�le are used. The predicted 〈σv〉0 for a purewino [182] (solid black line) as well as the typical cross section for a thermally producedDM (dashed red area) are also plotted.already mentioned in Sect. 5.4.1. The enhancement e�ect on the 95% C.L. upper limiton the velocity-weighted annihilation cross section is shown in Figure 6.8. The jointenhancement due to the Sommerfeld e�ect and IB is also plotted. The e�ect of the IBis only signi�cant in the exclusion limits for the low mass DM particle regime.Enhancement from dark-matter sub-halosAstrophysical e�ects may also modify the exclusion limits. Numerical simulations ofgalactic halos predict a population of subhalos that could contribute to the overallastrophysical factor in equation 5.2. Using the procedures given in Sect. 5.2.2, thecontribution to the astrophysical factor by the DM sub-halos population is estimated.
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Figure 6.8: Upper limit at 95% C.L. on 〈σv〉 /S as function of the DM particle massenhanced by the Sommerfeld e�ect and the internal Bremsstrahlung (see text for moredetails) for a NFW pro�le of Sculptor. The predicted 〈σv〉0 for a pure wino (solid blackline) as well as the typical cross section for a thermally produced DM (dashed red area)are also plotted.An enhancement of the astrophysical factor is found to be of a few percent, which istoo small to signi�cantly a�ect the exclusion limits presented.6.5 Summary and conclusionBoth Sculptor and Carina dSphs are well-studied in multiple wavelengths, providingreasonable measurements of the pro�le of the DM in their halos. Recent VHE γ-rayobservations from H.E.S.S. of both of these objects provide new insight into theDM within them. While no positive DM annihilation signal has been detected, theobservations provide constraining limits on dark matter parameters.
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6. Dark matter towards Sculptor and Carina dwarf galaxiesConstraints have been obtained for the velocity weighted annihilation cross section
〈σv〉 as a function of the mass for neutralino and KK DM particles. ConcerningSculptor dSph upper limits on 〈σv〉 have been obtained in the range of ∼10−21 cm3s−1to ∼10−22 cm3s−1 for DM particles annihilating into W and Z pairs and ∼10−21 cm3s−1to ∼10−23 cm3s−1 for KK particles. From the di�erent pro�le parameters investigated,much better limits are obtained for a NFW pro�le with a strong concentrationparameter c = 35 when compared to the limits obtained for a isothermal pro�le witha large core radius of rc = 0.5 kpc. Also for the Carina Sph better limits for 〈σv〉 ofneutralinos have been obtained for a NFW pro�le.The DM halo model induces systematic uncertainties in the exclusion limits: thevalue of the astrophysical factor can vary over one order of magnitude for a given halopro�le in the case of Sculptor. The results presented show that the DM particle modelsthat could satisfy WMAP constraints on the Cold Dark Matter relic density [206]cannot be tested. H.E.S.S. limits are comparable to the limits reported by other IACTslike MAGIC [207] and VERITAS [208] on classic dSphs at the TeV mass range, butweaker than those obtained by Fermi-LAT [199] in the GeV mass range. Nevertheless,they are complementary to the Fermi-LAT limits in the TeV range. In the WWchannel Icecube constraints towards the DM Galactic halo on 〈σv〉 lie at the level of
∼10−22 cm3s−1 [209]. Finally due to the resonant behavior of the Sommerfeld e�ect,some speci�c wino masses can be excluded, and the �rst experimental constraints havebeen obtained on the Sommerfeld e�ect using H.E.S.S. data and DM annihilationspectra.Since these results from the H.E.S.S. collaboration [197] other studies were performedwith H.E.S.S. and Fermi-LAT which provided stronger limits to the ones presented here.Using 24 months of Fermi-LAT data DM constraints to 〈σv〉 as a function of the DMparticle mass were derived, applying a joint likelihood analysis to 10 dwarf satellitesgalaxies. This work was performed by both the Fermi-LAT collaboration [210] andan independent group [211], which found similar results. Figure 6.9 shows the all-galaxies combined upper limits on the annihilation cross section for the bb �nal state.This procedure allows to rule out WIMP annihilation with cross sections predictedby the most generic cosmological calculation up to mass of ∼ 27 GeV for the DM
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6.5 Summary and conclusionannihilating purely into bb, and up to mass of ∼ 37 GeV for DM annihilating purelyinto τ+τ−. However, it is important to notice that these limits were derived assumingonly a NFW pro�le for each of the galaxies. As it was showed in this work for theparticular case of Sculptor and Carina, other assumptions on the DM halo pro�le, forexample assuming cored pro�les, or di�erent anisotropy parameters, might induce lessoptimistic DM annihilation �uxes. Therefore the quoted errors on their astrophysicalfactor calculations may be underestimated. The H.E.S.S. collaboration, on the other

Figure 6.9: Summary of relevant constraints on the DM annihilation cross section withH.E.S.S., VERITAS and MAGIC, and the Fermi-LAT line is for a 24 months exposure.Ref. [212].side, has reported limits on DM annihilation coming from an extended analysis of theGalactic Center halo [213]. The Figure 6.9 also presents the upper limits on 〈σv〉 as afunction of the DM particle mass for an Einasto DM density pro�le of the Milky Way.The limits on 〈σv〉 are very strong in the TeV mass range, reaching 3×10−25 cm3s−1 at 1TeV for the assumption of a DM particle annihilating into quark-antiquark pairs. Theselimits are better than the Fermi-LAT limits on dwarf galaxies for DM masses above ∼ 1TeV. Nevertheless they also depend on the Milky Way DM halo pro�le assumption. For
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6. Dark matter towards Sculptor and Carina dwarf galaxiesinstance, assuming an isothermal DM halo pro�le would signi�cantly losen the givenconstraints.Another very promising objects which might provide strong limits to a DM annihi-lation signal are the so-called ultra-faint dwarf galaxies. These are Milky Way satellitesonly recently discovered by the Sloan Digital Sky Survey (SDSS, [214]), and which arebelieved to even more DM dominated than the �classical� dwarf galaxies. On the otherhand they su�er from an even more uncertain DM halo pro�le determination, since theyharbors a very low number of luminous stars in their systems, and some of them may betidal dwarf galaxies, or shreds from the violent building phase of the Milky Way [214].In the next chapter the issue of well determine the DM halo distribution of tidal dwarfgalaxies is addressed, for the particular case of the Sagittarius dwarf galaxy. Exclusionlimits from the current generation and sensitivities of next generation of IACTs to aDM annihilation signal coming from the Sagittarius galaxy, as well as coming from theultra-faint galaxy Segue 1 are then derived.
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Chapter 7Prospects for the CherenkovTelescope Array towards dwarfgalaxies
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7. Prospects for the CTA towards dwarf galaxiesIntroductionIn this chapter, an update at the constraints on a DM annihilation signal towardsthe Sagittarius dwarf galaxy (SgrDw) by the H.E.S.S. array of Imaging AtmosphericCherenkov Telescopes is presented. The work presented here has been published inThe Astrophysical Journal [215]. The current HESS constraints on SgrDw are based onthe observation dataset collected in June 2006 and a work published in 2008. Theconstraints are updated in light of more realistic DM halo models than previouslyused [190, 216]. A prospect on the sensitivity of the future generation of IACTs, i.e.CTA (Cherenkov Telescope Array, 2010), for the detection of a DM annihilation signalis also given. The CTA design-study sensitivity is used to investigate the detectionpotential of possible conventional γ-ray emission, e.g. to the population of millisecondpulsars (MSP) in the globular cluster M54 at the center of SgrDw, or from the jet of ahypothetical central intermediate-mass black hole [217] (IMBH) . Finally the potentialof conservative performances of various telescope con�gurations of CTA are studied andsensitivity predictions to a DM annihilation signal coming from Sculptor dwarf galaxyand Segue 1 ultra-faint dwarf galaxy is given. The latter work is part of an article,which is about to be published in an special issue of the Astroparticle Physics Journalon CTA.7.1 CTA e�ective areaAs described in Sect. 2.3 CTA is expected to increase the �ux sensitivity by a factorof 10 compared to current instruments, and enlarge the accessible energy range bothtowards the lower and higher energies. Based on the current CTA design study, afactor of about ten in e�ective area and at least a factor of two better in hadronrejection are expected. In the published �Conceptual Design Report� (CDR) of CTA,several conservative values of the e�ective area were calculated for various CTAtelescopes con�gurations (CTA-array B, C and E are presented in the CDR). Theconservative value of the e�ective areas comes mainly from the fact that the analysiscuts used in the Monte Carlo simulations were optimized for a detection of a Crab-likeobject, i.e., point-like and with the same power-law spectrum as the Crab nebula(Hinton and Bernlohr private communication). An optimal cut was found at largetelescope multiplicity, thus imposing a very high energy threshold and a low value
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7.1 CTA e�ective area
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Figure 7.1: CTA e�ective area as function of the energy. The CTA e�ective area at thetrigger level is smoothly connected below 200 GeV to the CTA e�ective of array E where
γ-ray selection cuts were applied.of the e�ective area below 1 TeV. These cuts are not necessarily optimal for DM searches.In the study presented here, in the case of SgrDw, a higher value of the CTAe�ective area is used due to looser analysis cuts. The estimated CTA e�ective areaat the trigger level (before o�ine analysis for gamma-hadron separation) is extractedfrom [218] and, from the experience with the H.E.S.S. e�ective area calculations, itis considered as a good estimate of the e�ective area at high energy (> 200 GeV).However, at lower energy (< 200GeV), for actual observations, even applying veryloose analysis cuts for the γ-rays selection, the e�ective area is expected to be muchlower than the e�ective area at trigger level. So the trigger e�ective area is smoothlyconnected below 200 GeV to the published CTA e�ective area of array E (see forexample Di Pierro et al. ICRC 2011). The e�ective area then decreases from ∼ 106 m2at 200 GeV down to ∼ 103 m2 at about 20 GeV. In Figure 7.1 the CTA e�ective area asfunction of the γ-ray energy calculated at the trigger level and with the analysis cutsof the array E, as well as the reconstructed e�ective area used in this work are presented.
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7. Prospects for the CTA towards dwarf galaxies7.2 The Sagittarius dwarf galaxyThe Sagittarius dwarf galaxy is one of the nearest dwarf satellite galaxy, located ata distance of about 24 kpc from the Sun. Since the �ux of the expected γ-ray signalis inversely proportional to the square of distance, one would expect the best dwarfspheroidal target to be the nearest one. However such dwarfs are also the closest to theGalactic Center and experience the tidal e�ect of the Milky Way. Recently, it has beenshown that one could take advantage of this e�ect to trace back the evolution historyof the object [219]. During the orbital motion of a dwarf galaxy, multiple crossings ofthe dwarf galaxy through the galactic disc of the Milky Way give rise to the formationof tidal streams, a careful study of which allows one to infer the gravitational potentialof the dwarf galaxy.In the case of the Sagittarius Dwarf galaxy (SgrDw), the tidal streams have beendetected with multiple tracer populations [188, 220, 221, 222, 223, 224, 225, 226] andhave been used to derive the DM halo potential. Furthermore, measurements of starswithin SgrDw and the luminosity of its core and surrounding debris, allows the estimateof the DM content prior to tidal disruption [227, 228]. Other peculiar features of SgrDwinclude the presence of the M54 globular cluster coincident in position with its centerof gravity [229], and hints for the presence of a central IMBH [217]. The latter point issupported by the observation of a deviation from a �at behavior in the surface brightnessdensity pro�le towards the center of the object.7.3 Modelling the Sagittarius dwarf dark matter haloSagittarius dwarf galaxy has experienced substantial tidal disruption by the MilkyWay. Such e�ect inevitably modi�ed the properties of the stellar and DM halo pro�les.The initial luminosity and mass are larger than those observed today and depend onthe history of the orbital motion of the galaxy around the Milky Way. The presentluminosity in the stellar tidal debris can be used to reassemble the initial stellar pro�leof the galaxy [219, 230]. It has been estimated [227], using SDSS and 2MASS data,that 70% of SgrDw's luminosity now resides in the tidal debris. N-body simulations onthe evolution of dwarf galaxies driven by galactic tides allows to recover the stellar and
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7.3 Modelling the Sagittarius dwarf dark matter haloDM halo pro�les after evolution [230].In a recent model, SgrDw is assumed to originate from a late-type, rotating discgalaxy [228]. In this model, the galaxy is composed of a stellar disk and a DM com-ponent. The DM halo pro�le is taken as an pseudo-isothermal (pISO) pro�le with theaddition of an exponential cut-o�, described by the density distribution
ρpISO(r) =

mhα

2π3/2rcut

exp[−(r/rcut)
2]

(r2c + r2)
, (7.1)where mh is the halo mass, rc is the core radius and α ' 1.156 [228]. The DMhalo mass can be estimated using the initial luminosity and a given mass-to-lightratio. Using the results from Niederste-Ostholt et al. [227] the initial luminosity wasestimated to be ∼ 108 L�. Assuming a typical mass-to-light ratio for dwarf galaxies of25 [188], the DM halo mass was found to be mh = 2.4 × 109 M�. To account for theinitial tidal disruption of the SgrDw halo by the Milky Way, a truncation of the halopro�le was imposed at rcut = 12 rc. The evolution of the SgrDw in the Milky Waypotential was obtained via a N-body model of SgrDw using the particle-mesh gravitycode SUPERBOX [231]. Peñarrubia et al. [228] applied this evolution code to recoverthe actual DM pro�le, by using the constraint of the observed stellar distribution. Thevalues of the parameters found by Peñarrubia et al. [228] of the present ISO pro�le aregiven in Table 7.1.Alternatively, cosmologically-motivated models of dwarf galaxies show that theirDM halo can be described by a cuspy NFW pro�le (Eq. 5.5). To date, no N-body codesimulates the evolution of SgrDw system with a NFW halo pro�le. Nevertheless, itwas shown in [219] that the tightly bound central dark matter cusp is more resilientto disruption than a more loosely bound cored pro�le. Assuming that the externaltidal �eld does not in�uence the kinematics of stars that locate the central regionsof the dwarf, and ignoring the e�ects of tidal stripping on the outer (r � rs) darkmatter halo pro�le, one can use the Jeans equations to search the DM halo parametersthat best �t the stellar central velocity dispersion for a observed King �core� radiusof this object. The assumption of isotropy and constant velocity dispersion impliesin a King-NFW degeneracy, which gives rise to a family of NFW halo models which
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7. Prospects for the CTA towards dwarf galaxiescan reproduce the stellar dynamics [230]. One way to break this degeneracy is usingthe relationship between the virial mass and concentration found in cosmologicalN-body simulations [see for instance, 232]. Using this procedure on the SDSS surveydata provides a value of rs = 1.3 kpc. Considering the scatter on the relationshipbetween virial mass and concentration, the 2σ error on rs is found to be ∼0.2 kpc.This corresponds to the family of models with ρs spanning from 7.5 × 10−3 to
1.3 × 10−2 M�pc

−3. In Table 7.1 the results of �ts together with the astrophysicalfactors J̄ for di�erent solid angles ∆Ω are presented. Taking into account the error onthe halo pro�le parameters the value of the astrophysical factor can vary by a factor of 2.Table 7.1: Values of the LOS-integrated squared density averaged over the solid angle(J̄) expressed in units of 1023GeV2 cm−5, for di�erent solid angles ∆Ω. The values of J̄are calculated for the NFW and pISO DM halo pro�les. The parameters of these pro�lesare given in the �rst column.DM halo pro�le ∆Ω = 10−3 sr ∆Ω = 2× 10−5 sr ∆Ω = 2× 10−6 srNFW 0.065 0.88 3.0
rs = 1.3 kpc

ρs = 1.1 ×10−2 M�pc
−3pISO 0.49 1.0 1.0

rc = 0.34 kpc
mh = 9.5× 108 M�

7.4 Exclusion and sensitivity limits to the dark matter an-nihilation cross section7.4.1 Sensitivity calculation and background estimatesThe sensitivity for IACTs is calculated by comparing the number of events expectedfrom an assumed γ-ray emission scenario with the expected level of background events.Following the procedure described in Sect. 5.5, in case of no γ-ray signal, a limit onthe number of γ-rays at 95% con�dence level (C.L.), N95%C.L.
γ , is calculated using the
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7.4 Exclusion and sensitivity limits to dark matter annihilation cross sectionmethod of Rolke et al. [185]. In what follows two cases are considered. In the case ofcurrent IACTs, the N95%C.L.
γ calculation uses the numbers of γ-ray and backgroundevents extracted from 11h H.E.S.S. measurements of Sgdw [190]. The projected

N95%C.L.
γ for 50 h observation time is obtained by extrapolating both the numbers of

γ-ray and background events from 11 h to 50 h. In the case of 95% C.L. sensitivitycalculations, N95%C.L.
γ is calculated assuming the background-only hypothesis. For theH.E.S.S. sensitivity the number of background events is taken from the extrapolationat 50 h of observation. For the CTA sensitivity, the number of background events iscalculated from Eq. (5.40) of Sect. 5.5 after multiplication by the e�ective area of thedetector and the observation time. N95%C.L.

γ is then calculated using �ve o� regions(α = 1/5) (see Sect. 5.5 for details).7.4.2 Upper limits on the dark matter annihilation cross sectionHere the parametrization of the DM self-annihilation γ-ray spectrum dNγ/dEγ istaken from [186] for a typical DM particle annihilating into W and Z pairs. Fig. 7.2shows the upper limits of current IACTs on 〈σv〉 as a function of the DM mass m for
∆Ω = 2 × 10−5 sr. Using the HESS upper limits published in [190], the new upperlimits are calculated for the NFW and pISO DM halo pro�les of Section 7.3 and 11 h ofobservation time; the projected upper limits for 50 h of observation time is also plotted.The limits are at the level of 5 × 10−23 cm3s−1 around 1 TeV for 50 h. The sensitivityof H.E.S.S. for 50 h observation time is also displayed. The limits now published withmore realistic DM halo models loosen the existing constraints by more than one orderof magnitude. However it is important to notice that older publications [e.g. 190, 216]on DM searches towards SgrDw used dark matter mass pro�les which lead to somewhatoptimistic constraints on particle dark matter self-annihilation cross sections. Thesemodels were used because no accurate modelling of SgrDw existed at that time.The sensitivity limits for CTA on 〈σv〉 as a function of the DM mass m arepresented in Fig. 7.3 for 50 h and 200 h observation times. The limits are calculatedwith ∆Ω = 2 × 10−6 sr for the NFW DM halo pro�le and ∆Ω = 10−3 sr for the ISODM halo pro�le. The sensitivity limits at 95% C.L. reaches the level of 10−25 cm3s−1
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7. Prospects for the CTA towards dwarf galaxiesfor DM masses of about 1 TeV in the case of the ISO DM halo pro�le.
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7.4 Exclusion and sensitivity limits to dark matter annihilation cross section
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Figure 7.3: Sensitivity at 95% C.L. for CTA on the velocity-weighted annihilation crosssection 〈σv〉 versus the DM mass m for a NFW (solid line) and Isothermal (ISO) (dashedline) DM halo pro�les, respectively. The sensitivity is shown for 50 and 200 h observationtimes. The solid angle of observation is taken as ∆Ω = 2× 10−6 sr for the NFW DM halopro�le and ∆Ω = 10−3 sr for the ISO DM halo pro�le.function of the mass.Additionally, every time a DM particle annihilates into charged particles, theelectromagnetic radiative correction to the main annihilation channel can give amore or less signi�cant enhancement to the expected γ-ray �ux in the observedenvironment due to internal Bremsstrahlung (IB) [181, 233]. As already discussed inSect. 5.4.1 in the case of a wino DM particle the annihilation spectrum would receivea considerable contribution from Internal Bremsstrahlung [181]. Fig. 7.4 shows the95% C.L. upper limits on 〈σv〉/S as a function of the DM mass m for current IACTs(H.E.S.S.). The projected upper limit is shown for the NFW pro�le, 50 h observationtime and ∆Ω = 2 × 10−5 sr. The e�ect of the IB is only signi�cant below ∼ 1TeV.
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7. Prospects for the CTA towards dwarf galaxiesSome speci�c wino masses can be excluded due to the resonant enhancement in theSommerfeld e�ect. Outside resonances, the projected upper limits are improved bymore than one order of magnitude for DM masses above 1 TeV. The sensitivity at 95%C.L. for CTA on 〈σv〉/S as a function of the DM mass m is presented in Fig. 7.5. Thelimits are calculated for the ISO DM halo pro�le, with 200 h observation time and
∆Ω = 10−3 sr. The values of 〈σv〉 corresponding to cosmological thermally-producedDM, 〈σv〉 ∼ 3× 10−26 cm3s−1, can be tested for speci�c wino masses in the resonanceregions of the Sommerfeld e�ect. Outside the resonances the sensitivity on 〈σv〉/S isimproved by more than one order of magnitude for TeV DM masses, reaching the levelof 10−26 cm3s−1.
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7.5 Astrophysical background emission
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Figure 7.5: Sensitivity at 95% C.L. for CTA on the 〈σv〉/S versus the DM mass menhanced by the SE for the ISO pro�le. The sensitivity is shown for 200 h observationtimes and ∆Ω = 10−3 sr.7.5 Astrophysical background emissionDwarf galaxies are generally believed to contain very little background emission fromconventional astrophysical sources at VHE energies, and are therefore easy targets forDM searches. This assumption is based on their low gas content and stellar formationrate. However, some γ-ray emitting sources may still exist within them: in particularfrom pulsars, and black hole accretion and/or jet emission processes. The Sagittariusand Carina dwarf galaxies both host globular clusters (the M54 globular cluster islocated at the center of SgrDw), and globular clusters are known to host millisecondpulsars (MSPs). The collective emission of high energy γ-rays by MSPs in globularclusters has been detected by Fermi-LAT [20], and emission in the VHE energy rangehas been predicted by several models for these objects, but has not yet been observed.The possible emission of very high energy radiation by millisecond pulsars from the
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7. Prospects for the CTA towards dwarf galaxiesM54 globular cluster is examined in section 7.5.1. Additionally, it has been suggestedby some authors [see 234, 235, and references thereby] that globular clusters may hostblack holes with masses of around 102 to 104 solar masses (called intermediate-massblack holes, or IMBHs). Indeed, Ibata et al. [217] suggest SgrDw may also be a possiblehost for a 104 M⊙ IMBH. The high energy emission from the IMBH candidate in thecenter of M54 is discussed in section 7.5.2.7.5.1 Millisecond pulsars in M54The M54 globular cluster at the center of SgrDw is likely to harbor a large populationof pulsars, especially MSPs. The number of MSPs in globular clusters has been shownby the Fermi-LAT collaboration [20] to be correlated with the stellar collision rate, Γ,inside the globular cluster. Γ is proportional to ρ3/2r2c , where ρ is the cluster centralluminosity and rc its core radius. Taking a central surface brightness of µV ' (14.12 −
14.9)mag arcsec−2 from Table 4 of [236] and a core radius rc = 0.9 pc , the stellarcollision rate of M54 is scaled with respect to the collision rate of the M62 globularcluster (in M62 ρ3/2r2c = 6.5× 106 L

3/2
� pc−2.5) :

ΓM54 '
(
0.8− 2.6

)
× ΓM62 . (7.2)

ΓM62 is the reference collision rate of the M62 globular cluster which was normalised in[20] so that it is equal to 100. In Figure 7.6 [20] the correlation between the predictednumber NMSP of MSPs and the collision rate is presented. The predicted number ofMSPs in M54 is found to be: NMSP = 60− 140.The collective very-high-energy γ-ray emission of millisecond pulsars from globularclusters has been predicted by several authors, notably Bednarek and Sitarek (BS) [21],Venter, deJager and Clapson (VJC) [22] and Cheng et al. (CCDHK) [23]. Using thee�ective area of CTA described in Section 7.1, one expects to observe respectively 1285,181 and 71 γ-rays per hour towards the 47 Tucanae globular cluster, with the BS,CCDHK and VJC models, respectively. As suggested by Venter and de Jager (2008),a rough estimate of the collective VHE emission of M54 can be obtained from theirpredicted emission of 47 Tucanae by scaling by the factor:
x =

(
NMSP

100

)(
d47Tuc
dM54

)2( < uM54 >

< u47Tuc >

)
. (7.3)
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7.5 Astrophysical background emission

Figure 7.6: Predicted number of MSPs versus stellar encounter rate Γe. The data havebeen �tted by a linear relation NMSP = 0.5× Γe + 18. (source Ref. [20])In this equation, d47Tuc and dM54 are the distances to 47 Tucanae and M54, and
< uM54 > and < u47Tuc > the average luminosity per cubic parsec of the globularcluster. Taking the distances, luminosity and half-mass radii of M54 and 47 Tucanaefrom [238] (2010 edition), one �nds a correction factor x ' 1.6 × 10−2, assuming thatM54 contains 100 MSPs. The expected number of γ-rays per hour are thus 19.9 and5.6 in the BS and CCDHK models. For the VJC model, the number of expected γ-raysper hour is about 1.1.The signal extension are predicted to be almost point-like ∼ 1 ′ in the BS and VJCmodels and as extended as ' 12 ′ for the CCDHK model. To estimate whether thissignal is observable or not, the signal integration regions are taken as 3′ for the BSand VJC models and 12′ for the CCDHK model. With an hadron rejection factor of10% as in section 5.5, the number of background per hour is calculated following theprocedure of 7.4. The signi�cance of the collective MSP signal depends thus on theobservation time Tobs (in hours) as respectively 4.5

√
Tobs, 0.31

√
Tobs and 0.25

√
Tobsin the BS, CCDHK and VJC models. The BS model would give a signal at the 4.5 σlevel after just a one hour observation. The other models would give a much smallersignal, with a typical signi�cance of 4σ after 200 hours of observation.In summary, the millisecond pulsars of M54 could give a signi�cant VHE γ-ray signal
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7. Prospects for the CTA towards dwarf galaxiesin CTA with observation times of typically 200 hours. For a cosmological thermallyproduced DM particle, 〈σv〉 = 3×10−26 cm3s−1, the corresponding signal would havea signi�cance of 0.1σ, after 200 hours of observation and without any boost factor.The collective MSP signal would be a few orders of magnitude stronger than the DMannihilation signal.7.5.2 Intermediate-Mass Black holeIbata et al. [217] reported evidence for density and kinematic stellar cusps in the globularcluster M54, possibly due to the presence of 104 M⊙ IMBH. An estimation of the largestcontribution of the IMBH to a possible VHE γ-ray signal is done, assuming that theIMBH is active and has a jet inclined towards the line of sight with an angle θ. Thecontribution of the black hole to the VHE γ-ray emission is estimated using the modeldeveloped by [239], on the emission of relativistic jets associated with active galacticnuclei. The parameters of the model for the central black hole and jet are describedin [239]. However at higher energies, in particular in the CTA energy range, the emissionis in the 10−18 − 10−17 erg cm−2 s−1 �ux range�too faint to be detected by CTA (fordetails see Viana et al. 2012 [215]).7.6 Sensitivities predictions for Sculptor and Segue 1In order to investigate the potential of various telescope con�gurations of CTA astudy was performed using the e�ective areas for the CTA-arrays B, C and E of theCRD. A conservative sensitivity prediction to a DM annihilation signal is given for the�classical� dwarf galaxy Sculptor, and the the ultra-faint dwarf galaxy Segue 1. Segue1 is considered as one of the best targets for DM searches, although its nature is stillunder debate, due to its similarities with globular clusters.Segue 1 was recently discovered in 2006 as an overdensity of resolved stars in theSDSS [214]. It is located at a distance of 23 ± 2 kpc from the Sun at (RA,Dec)=(10h07m03.2s,16◦ 04'25�), well above the galactic plane. Because of its proximityto the Sagittarius stream, the nature of the Segue 1 overdensity has recently beendisputed, with some authors arguing that it was a tidally disrupted globular clusteroriginally associated with the SgrDw. However a metallicity and kinematics study of
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7.6 Sensitivities predictions for Sculptor and Segue 1a large number of Segue 1 star members (71 stars) demonstrated that Segue 1 is adwarf galaxy. According to the study of its star kinematics, Segue 1 is probably one ofthe most dark matter-dominated dSph and is often highlighted as the most promisingdSph target for indirect dark matter searches.Table 7.2: Astrophysical factors J̄ for Sculptor and Segue 1. Dec. is the target declinationand D the distance. dSph Dec. D J̄ Pro�le[deg] [kpc] [GeV2cm−5]Sculptor -83.2 79 8.9×1017 NFW2.7×1017 ISOSegue 1 +16.1 23 1.7×1019 EinastoThe same procedure applied in the case of SgrDw in the past section can be appliedin the case of Sculptor and Segue 1, with the caution of changing accordingly thee�ective area and the astrophysical factor J̄ in the calculation of the 95% C.L. limit onthe velocity-weighted annihilation cross section (Eq. 5.41). The observation time is setto 100 hours. The integration solid angle to ∆Ω is taken as ∆Ω = 1 × 10−5 sr. Theastrophysical factors J̄ are extracted from Charbonnier et al. [240].In the case of Sculptor two DM halo pro�les are assumed, a NFW and an ISOpro�le. The DM halo of Segue 1 is modeled by an Einasto pro�le (see Sect. 5.2). Theastrophysical factor for both galaxies are summarized in the Table 7.2. The sensitivitylimits as a function of the DM particle mass mDM for both the NFW and the ISODM halo pro�les of Sculptor are depicted in Figures 7.7. The sensitivity is calculatedassuming that the DM particles annihilating exclusively into bb, for arrays B, C andE at an observation zenith angle of 20◦. Sensitivity limits as a function of the DMparticle mass mDM assuming DM particle annihilating into bb, τ+τ− and mu+µ− arepresented in Figure 7.8 for the Segue 1 Einasto pro�le and the CTA-array E. In thesame �gure the sensitivity limit assuming the bb annihilation channel and the NFWpro�le of Sculptor (and Ursa Minor) is plotted for comparison purpose. Because of themuch larger astrophysical factor of Segue 1 the sensitivity limits reach stronger values
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7. Prospects for the CTA towards dwarf galaxies

Figure 7.7: CTA sensitivities on the velocity-averaged annihilation cross section as afunction of the DM mass for 100 hours observation of Sculptor with the CTA array E(solid line), B (dashed line) and C (dashed-dotted line). Both the NFW (black line) andcored isothermal (ISO, red line) DM halo pro�les are shown, for an integration solid angle
∆Ω = 1 × 10−5 sr. Annihilations are assumed to occur with 100% branching ratio into
bb. Ref. [212].than the ones of Sculptor. Nevertheless it is important to stress that no systematicalanalysis on the Segue 1 DM halo pro�le determination was ever done in the literature,and the uncertainties on its DM halo pro�le, when evaluated, may losen the presentedconstraints.7.7 Summary and conclusionOlder publications [e.g. 190, 216] on DM searches towards SgrDw used dark mattermass pro�les which lead to somewhat optimistic constraints on particle dark matter
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7.7 Summary and conclusion

Figure 7.8: CTA sensitivities on the velocity-averaged annihilation cross section versusthe WIMP mass for 100 hours observation towards Sculptor, Ursa Minor and Segue 1,assuming 100% branching ratio into bb. For Segue 1 also annihilation with 100% branchingratio into τ+τ−. and µ+µ− are shown. The calculations are done for array E and ∆Ω =

1 × 10−5 sr. Ref. [212].self-annihilation cross sections. These models were used because no accurate modellingof SgrDw existed at that time. Several realistic models are now published that loosenthe existing constraints by more than one order of magnitude. The future CTA arraywill be sensitive to 〈σv〉 values around a few 10−24 cm3 s−1. Some models could beexcluded after 200 hours of observation, if boosts factors are taken into account.However, the very high energy emission of several astrophysical objects could givean observable signal for long-enough observation times. The collective very high energyemission of the MSPs of the M54 globular cluster, which is predicted by several models,could be much stronger than a DM signal. It could be observed in just a few tens ofhours with CTA. The candidate IMBH located at the center is not expected to give
153

7/figures/Scu_Segue.eps


7. Prospects for the CTA towards dwarf galaxiesan observable signal. Under favorable circumstances (active black hole and jet alignedtowards the line of sight), it might nevertheless be detectable in observations of SgrDw.The potential of conservative performances of various telescope con�gurations ofCTA are studied. Sensitivities predictions to 〈σv〉 of a DM annihilation signal comingfrom Sculptor dwarf galaxy and Segue 1 ultra-faint dwarf galaxy reach values arounda few 10−23 cm3 s−1 and 10−24 cm3 s−1, respectively. In the case of Segue 1, if the DMparticle annihilates into τ+τ−, CTA could be sensitive to 〈σv〉 of a few 10−25 cm3 s−1for a DM particle mass around 200 GeV.In the past two chapters the current H.E.S.S. exclusion limits and sensitivities offuture IACTs to a DM annihilation signal towards Milky Way dwarf satellite galaxieswere presented. Investigations were done towards the �classical� dSph galaxies Sculp-tor and Carina, the tidal disrupted Sagittarius dwarf galaxy, and the ultra-faint dwarfgalaxy Segue 1. Besides dwarf galaxies, another class of objects which have been con-sidered as good targets for the indirect detection of DM are the galaxy clusters. DM,in fact, is supposed to be the dominant component of the galaxy clusters mass budget,accounting for up to 80% of its mass (the other components are the galaxies and thegas of the intra-cluster medium). In the next chapter the search for VHE γ-rays fromDM annihilation coming from the Fornax galaxy cluster is presented.
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Chapter 8Gamma-rays from the Fornaxgalaxy cluster
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8. Gamma-rays from the Fornax galaxy clusterIntroductionGalaxy clusters are the largest virialized objects observed in the Universe. Theirmain mass component is dark matter (DM), making up about 80% of their total massbudget, with the remainder provided by intracluster gas and galaxies, at 15% and 5%respectively [see e.g 124]. Despite the fact that galaxy clusters are located at muchfurther distances than the dwarf spheroidal galaxies around the Milky Way, the higherannihilation luminosity of clusters make them comparably good targets for indirectdetection of dark matter. The �ux of γ-rays from WIMP DM annihilation in clusters ofgalaxies is possibly large enough to be detected by current γ-ray telescopes [173, 241].Also standard astrophysical scenarios have been proposed for a non-thermal γ-rayemission [see e.g. 242, for a review], in particular, collisions of intergalactic cosmicrays and target nuclei from the intracluster medium. Despite these predictions, nosigni�cant γ-ray emission has been observed in local clusters by H.E.S.S. [243, 244],MAGIC [245] and Fermi-LAT [246, 247] collaborations. Although γ-rays of a di�erentastrophysical emission processes have already been detected from some central radiogalaxies in clusters [e.g. 32, 248, 249, 250].This chapter reports on the observation in VHE γ rays of the Fornax galaxy cluster(ACO S373) with the High Energy Stereoscopic System (H.E.S.S.). The work presentedhere has been published in The Astrophysical Journal [148]. Interdependent constraintson several DM properties are derived from the data, such as the DM particle massand annihilation cross section. Di�erent models of the DM density distribution of thecluster halo are studied. The chapter is structured as follows. In Section 8.1 the Fornaxgalaxy cluster is described. The choice of Fornax for a DM analysis is motivated, basedon the DM content and distribution inside the cluster. Section 8.1 describes the mostimportant non-thermal astrophysical phenomena taking place in the Fornax galaxycluster. In Section 8.1 the data analysis and results are presented. Upper limits on the
γ-ray �ux for both standard astrophysical sources and DM annihilation are extractedin Section 4. Exclusion limits on the DM annihilation cross section versus the particlemass are given in Section 5. Several DM particle candidates are considered, withparticular emphasis on possible particle physics and astrophysical enhancements to the
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8.1 Target selection and dark matter content
γ-ray annihilation �ux.8.1 Target selection and dark matter contentH.E.S.S. telescope has observed three galaxy clusters, Coma, Virgo and Fornax. Allthree clusters are in principle promising targets for indirect dark matter searchesthrough γ-rays because of its high expected annihilation �ux (Section 4.3.2). Never-theless, the radio galaxy M 87 at the center of Virgo provides a strong astrophysical
γ-ray signal [32], showing �ux variabilities from daily to yearly timescales that excludethe bulk of the signal to be of a DM origin. Since a DM γ-ray signal would be hard todisentangle from this dominant standard astrophysical signal, Virgo is found not to bea prime target for DM searches.Moreover, galaxy clusters are expected to harbor a signi�cant population ofrelativistic cosmic-ray protons originating from di�erent sources, such as large-scaleshocks associated with accretion and merger processes [251, 252], or supernovae [253]and AGN activity [254]. The γ-ray emission arising from pion decays produced by theinteraction of these cosmic-ray protons with the intracluster gas may be a potentialastrophysical background to the DM-induced γ-ray signal. In the case of Coma, it wasshown [241] that such astrophysical background is expected to be higher than the DMannihilation signal1. On the other hand, the same study ranked Fornax as the mostluminous cluster in DM-induced γ-ray emission among a sample of 106 clusters fromthe HIFLUGCS catalog [255]. The DM-to-cosmic-ray γ-ray �ux ratio of Fornax waspredicted to be larger than 100 (see Table 8.1) in the GeV energy range [241]. Thecosmic-ray induced emission will be discussed in the case of Fornax in Section 8.2.The center of Fornax galaxy cluster is located at RA(J2000.0) = 03h38m29s· 3and Dec(J2000.0) = −35◦ 27′ 00′′· 7 in the Southern Hemisphere. For ground-basedCherenkov telescopes like H.E.S.S. (cf. Chap. 3), low zenith angle observations arerequired to guarantee the lowest possible energy threshold and the maximum sensitivity1Also the two brightest radio galaxies, NGC 4874 and NGC 4889, lying in the central region ofComa may be potential sources of a standard astrophysical γ-ray signal.
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8. Gamma-rays from the Fornax galaxy clusterGalaxy Cluster Fornax Coma VirgoRA (J2000.0) 3h38m40s 12h59m47s 12h26m32sDec. (J2000.0) -35◦ 18′ 37′′ 27◦ 56′ 20′′ 12◦ 43′ 23′′Distance (Mpc) 19 99 17
θz,min 12◦ 51◦ 35◦DM/CR �ux ratio 108.1 3.6 no dataTable 8.1: Characteristics of the galaxy clusters observed by H.E.S.S.: �rst three linesshow the coordinates in RADEC (J2000.0) and the distance in Mpc (taken from [255]).The fourth line show the minimum zenithal angle of observation by the H.E.S.S. telescope.The �fth line present DM-to-cosmic-ray γ-ray �ux ratio extracted from [241] for Fornaxand Coma; in the case of Virgo no DM induced γ-ray emission is studied due to the M 87strong emission.of the instrument. Given the location of H.E.S.S., this condition is best ful�lled forFornax, compared to the Virgo and Coma clusters as it can be seen in Table 8.1.Therefore, Fornax is the preferred galaxy cluster target for dark matter searches forthe H.E.S.S. experiment. The properties of its dark matter halo are discussed in moredetails in the following section.8.1.1 Dark matter in the Fornax galaxy clusterThe �rst approach to determine the DM distribution in Fornax follows the methoddescribed in 4.3.2. Using the X-ray measurements of the gravitationally bound hotintracluster gas in the HIFLUGCS catalog [255], the virial mass and radius of Fornaxare found to be Mvir ∼ 1014 M� and Rvir ∼ 1 Mpc, respectively. Under the assumptionof a NFW halo pro�le, and the concentration parameter-virial mass relation fromEq. 5.11, the NFW halo parameters are expressed in terms of ρs and rs. This model ishereafter referred as to RB02.The second approach is based on the velocity dispersion measurements and thesubsequent solution of the Jeans equation for di�erent sets of dynamical tracers found inthe Fornax cluster. From velocity dispersion measurements on dwarf galaxies observedup to about 1.4 Mpc, a dynamical analysis of the Fornax cluster by Drinkwater
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8.1 Target selection and dark matter contentet al. [256] constrained the cluster mass. The associated DM density pro�le, hereafterreferred as to DW01, can be well described by a NFW pro�le [122] with parametersgiven in Table 8.2. Richtler et al. [122] have analyzed the DM distribution in the innerregions of Fornax by using the globular clusters (GCs) as dynamical tracers. Thisallowed an accurate DM mass pro�le measurement out to a radial distance of 80 kpcfrom the galactic cluster centre, corresponding to an angular distance of ∼ 0.25◦. Theresulting velocity dispersion measurements can be well �tted by a NFW DM halopro�le with parameters given in Table 8.2. This density pro�le is referred in the nextas to RS08.Detailed analysis using the same data set but this time separating the datainto di�erent samples of subpopulations of globular clusters was done in [123]. Thekinematics stellar data of Fornax was also used in di�erent samples. As discussed in5.15 the use of di�erent samples to derive the DM halo helps to partially breaks theJeans degeneracy. Both a NFW and a Burkert DM halo pro�les can equally well �tthe globular cluster and stars velocity dispersion measurements. Representative DMhalo pro�les using di�erent sets of globular clusters samples, hereafter referred as toSR10 a6 and SR10 a10, are extracted from Table 6 of [123]. The parameters for boththe NFW and Burkert DM halo pro�les are given in Table 8.2.Using the dark matter halo parameters derived from the above-mentioned methods,values of J were derived for di�erent angular integration radii. The point-spread-function of H.E.S.S. corresponds to an integration angle of ∼ 0.1◦ [68], and most oftenthe smallest possible angle is used in the search for dark matter signals in order tosuppress background events. However, since a sizable contribution to the γ-ray �uxmay also arise from dark matter subhalos located at larger radii (see Section 5.2.2),integration angles of 0.5◦ and 1.0◦ were also considered.The choice of the tracer samples induces a spread in the values of the astrophysicalfactor J up to one order of magnitude for an integration angle of 0.1◦. This spread canbe better seen in Figure 8.1, which shows the astrophysical factor J ×∆Ω as functionof the integration angle. Note that the GCs and stars measurements of [122] and [123]trace the DM density distribution only up to 80 kpc from the center. In consequence the
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8. Gamma-rays from the Fornax galaxy cluster
J(∆Ω) [1021 GeV2cm−5]NFW pro�leModel rs [kpc] ρs [M�pc

−3] θmax = 0.1◦ θmax = 0.5◦ θmax = 1.0◦RB02 98 0.0058 112.0 6.5 1.7DW01 220 0.0005 6.2 0.5 0.1RS08 50 0.0065 24.0 1.2 0.3SR10 a10 34 0.0088 15.0 0.6 0.1SR10 a6 200 0.00061 7.0 0.5 0.1Burkert pro�leModel rc [kpc] ρc [M�pc
−3] θmax = 0.1◦ θmax = 0.5◦ θmax = 1.0◦SR10 a10 12 0.0728 15.0 0.6 0.2SR10 a6 94 0.0031 2.4 0.5 0.1Table 8.2: Dark matter halo models for the Fornax galaxy cluster. The �rst three columnsshow the selected pro�les (see text for details) with their respective NFW or Burkert haloparameters. The last three columns show the astrophysical factor J , calculated for threedi�erent integration radii.derived values of the virial mass and radius are signi�cantly smaller than those derivedfrom X-ray measurements on larger distance scales (see Table 8.3). Thus the DM densityvalues may be underestimated for distances larger than about 100 kpc in these models.On the other hand, for indirect DM searches this does not pose a real problem sinceit is well known that for an NFW pro�le about 90% of the DM annihilation signalcomes from the volume within the scale radius rs. This can be seen in Figure 8.2, wherethe normalized astrophysical factor J × ∆Ω is plotted as function of the integrationangle expressed in terms of radial distance to the center. Therefore, even for NFWmodels with large virial radii such as RB02 and DW01, the main contribution to theannihilation signal comes from the region inside about 98 kpc and 220 kpc, respectively.8.1.2 Dark matter halo substructuresFigure 8.3 shows the substructure enhancement Bsub over the smooth halo as functionof the opening integration angle for the NFW pro�le RB02 following the prescriptiondescribed in Sect. 5.2.2. At the distance of Fornax, integration regions larger than
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8.1 Target selection and dark matter content
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∼ 0.2◦ correspond to more than 65 kpc. Beyond these distances the substructureenhancement exceeds a factor 10. Two values of the limiting mass of substructures areused: Mlim = 10−6M� and Mlim = 5 × 10−3M�, inducing a high and a medium valueof the enhancement, respectively. The values of Bsub for the opening angles of 0.1◦,0.5◦ and 1.0◦ and for both values of Mlim are given in Table 8.4.E�ect of the virial radiusAs already mentioned in Sect. 5.2.2 numerical simulations of galactic halos are scaleinvariant. Since the virial radii of the di�erent dark matter halo models in Table 8.2 arealso di�erent, the substructures contribution to the γ-ray �ux will be renormalised attheir maxima at di�erent distances from the Fornax cluster center. As a consequence,for a �xed solid angle of observation the substructure enhancement will depend on theassumed halo model. This e�ect can be seen in Figure 8.4 , where the substructureenhancement Bsub over the smooth halo as function of the opening integration angle isgiven for all the halo models of Table 8.2.Nevertheless the NFW pro�le RB02 is chosen to be used as the DM densitydistribution of the smooth halo to derive γ-ray �ux enhancements from substructures.
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8. Gamma-rays from the Fornax galaxy clusterModel Tracers Method Rvir [Mpc] Mvir [1013M�]RB02 Hot intracluster gas X-ray + c-Mvir 0.88 8.3DW01 Dwarf galaxies Jeans 0.72 4.6RS08 GCs Jeans 0.56 2.1SR10 a10 Red GCs + Stars Jeans 0.39 0.7SR10 a6 Blue GCs Jeans 0.72 4.5Table 8.3: Dark matter halo models for the Fornax galaxy cluster. The �rst three columnsshow the selected pro�les (see text for details) with the tracers and method used to derivethe DM halo parameters. The last two columns show the predicted values of virial radiusRvir and virial mass Mvir for each DM halo model.
θmax 0.1◦ 0.5◦ 1.0◦

Mlim = 10−6M� 4.5 50.5 120
Mlim = 5× 10−3M� 1.5 8.2 18.3Table 8.4: Enhancement Bsub due to the halo substructure contribution to the DM �ux,for di�erent opening angles of integration θmax. The enhancement is calculated for twolimiting masses of substructures Mlim and over the smooth DM halo RB02.The choice of the RB02 pro�le among the others is based on the observation thatsubstructures in the form of gravitationally bound dwarf galaxies to Fornax are actuallyobserved up to about 1 Mpc from the center. They are thus included within the virialradius predicted by the RB02 pro�le (Rvir ' 1 Mpc), but not within the virial radii ofthe other halo pro�les.8.2 Astrophysical non-thermal emission from FornaxAlthough not directly detected in galaxy cluster, relativistic cosmic-ray particles areexpected to populate these objects. The most compelling evidence for relativisticparticle populations in such objects is the non-thermal radio emission observed fromseveral galaxy clusters (Giovannini et al. 1993, Feretti et al. 2004). Further evidenceis provided by possible non-thermal X-rays observed from a few clusters (Rephaeliand Gruber 2002, Fusco-Femiano et al. 2004, Eckert et al. 2007). Moreover in
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8.2 Astrophysical non-thermal emission from Fornax
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Figure 8.2: DM annihilation luminosity normalized at its maximum value as function ofthe integration radius for all the DM halo models of Fornax presented in Table 8.2.
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Figure 8.3: Substructure γ-ray �ux enhancement as function of the opening angle ofintegration. Two values of the limiting mass of substructures are used: Mlim = 10−6M�,for the high (HIGH) boost (solid line), and Mlim = 5 × 10−3M�, for the medium (MED)boost (dashed line). The RB02 pro�le is chosen as the smooth host DM halo.supernovae remnants and on scales of galaxies, especially, in the MW, the cosmicrays are observed directly as well as indirectly through radio, X-ray, and γ-ray emission.
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8. Gamma-rays from the Fornax galaxy cluster
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Figure 8.4: Substructure γ-ray �ux enhancement for all the models of table 8.2 as functionof the opening angle of integration. Two values of the limiting mass of substructures areused: Mlim = 10−6M�, for the high (HIGH) boost (solid line), and Mlim = 5 × 10−3M�,for the medium (MED) boost (dashed line).
γ-ray emission is expected from inelastic collisions of relativistic protons on theintracluster gas, which produce, in their hadronic debris, neutral pions promptlydecaying into two γ-rays. Relativistic electrons are also expected to produce γ-raysthrough inverse Compton up-scattering on the background radiation �elds, such as theCMB. In this context the fraction η of thermal energy in the cluster volume in the formof relativistic non-thermal particles is an important parameter that can determine thelevel of γ-ray emission expected. Since the thermal energy content is a function of thecluster mass, the most massive and nearby clusters present the best targets to probefor such γ-ray emission.Recent studies [173, 241, 257] have computed the cosmic-ray induced γ-ray �ux frompion decays using a cosmological simulation of a sample of 14 galaxy clusters [258]. Sincethe electron induced γ-ray �ux from inverse Compton is found to be systematicallysubdominant compared to the pion decay γ-ray �ux [241], this contribution is notconsidered. Using the results of [173], the γ-ray �ux above 260 GeV for Fornax is
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8.3 H.E.S.S. observations and data analysiscalculated assuming an opening angle of observation of 1.0◦ and 10% of the thermalcluster energy in the form of cosmic-rays (e�ciency η = 0.1) and it is found to be:
Φγ(Eγ > 260GeV) = 6− 12 × 10−15 cm−2 s−1 , (8.1)depending if the emission from individual galaxies within Fornax are taken into accountor not.8.3 H.E.S.S. observations and data analysis8.3.1 Fornax galaxy cluster observation by H.E.S.S.Dedicated observations of the Fornax cluster were conducted in fall 2005 [259]. Thenominal pointing position was �xed at the position of the central galaxy NGC 1399,RA(J2000.0) = 03h38m29s· 3 and Dec(J2000.0) = −35◦ 27′ 00′′· 7. The observationswere carried out in wobble mode [68], with the target typically o�set by 0.7◦ fromthe pointing direction, allowing simultaneous background estimation from the same�eld of view. The total data passing the standard H.E.S.S. data-quality selectiondescribed in chapter 3 yield an exposure of 14.5 hrs live time with a mean zenith angleof 21◦. The Fornax cluster is a very extended object. Its DM halo possibly reachesdistances as far as 1 Mpc of its center, which correspond to an angular distance ofabout 3◦. Together with the fact that beyond 65 kpc (∼ 0.2◦) the γ-ray �ux fromDM substructures becomes very important, extended analyses using integration an-gles of 0.5◦ and 1.0◦ are performed in order to improve the chances of a signal detection.8.3.2 Data analysisThe data analysis was performed using the improved model analysis described in thechapter 3 (Model++), with independent cross-checks performed with the Hillas-typeanalysis procedure. Both analyses give compatible results using standard cuts. Thecosmic-ray background estimation for the three di�erent signal integration angles 0.1◦,

0.5◦ and 1◦ was done using the template model described in the Section 3.2. Because ofthe large integration ON region all the other background subtraction methods, based onON-OFF regions, cannot be applied. Indeed for integration ON regions with radii tooclose or larger than the observation o�set there is problem in de�ning the OFF regions,
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8. Gamma-rays from the Fornax galaxy clustersince an exclusion region needs to be taken at least as large as the ON region itself.The template model circumvent this problem by selecting the hadron-like events in thesame region, but selecting only those which do not pass the analysis cuts as background.No signi�cant excess was found above the background level in any of the integrationregions, as visible in Fig. 8.5 for an integration angle of 0.1◦. An upper limit on the totalnumber of observed γ-rays N95%C.L.
γ , was calculated at 95% con�dence level (C.L.).The calculation followed the Rolke et al. [185] method, using the number of γ-raycandidate events in the signal region NON and the normalized number of γ-ray eventsin the background region NOFF. Since the normalization is performed with respectto the direction-dependent acceptance and event rate, the background normalizationfactor for NOFF as de�ned in [72] is α ≡ 1. This is equivalent to the assumption thatthe uncertainty on the background determination is the same as for the signal, allowinga conservative estimate of the upper limits. This information is summarized in Table 8.5.A minimal γ-ray energy (Emin) is de�ned as the energy at which the acceptancefor point-like observations reaches 20% of its maximum value, which gives 260 GeV forthe observations of Fornax. Limits on the number of γ-ray events above the minimalenergy Emin have also been computed (see Table 8.6) and are used in Section 8.4 forthe calculation of upper limits on the γ-ray �ux.

θmax NON NOFF N95%C.L.
γ Signi�cance0.1◦ 160 122 71 2.30.5◦ 3062 2971 243 1.21.0◦ 11677 11588 388 0.6Table 8.5: Numbers of VHE γ-ray events from the direction of the Fornax galaxy clustercentre, using three di�erent opening angles for the observation. Column 1 gives the openingangle θmax, columns 2 and 3 the numbers of γ-ray candidates in the ON region, NON, andthe normalized number of γ-ray in the OFF region, NOFF, respectively. Column 4 givesthe 95%C.L. upper limit on the number of γ-ray events according to [74]. The signi�canceof the numbers of γ-ray candidates in the ON region is stated in column 5 according toRolke et al. [185].
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8.4 Gamma-ray �ux upper limits

RA J2000.0 (hours)
-56.962 -52.298

D
ec

 J
20

00
.0

 (
de

g)

-37

-36.5

-36

-35.5

-35

-34.5

-34

-4

-3

-2

-1

0

1

2

3

4

03h30m03h35m03h40m03h45m
Significance

-4 -2 0 2 4

C
ou

nt
s

1

10

210

310

 / ndf 2χ  70.37 / 49

Constant  14.4±  2196 

Mean      0.00547± 0.05176 

Sigma     0.004± 1.027 

 / ndf 2χ  70.37 / 49

Constant  14.4±  2196 

Mean      0.00547± 0.05176 

Sigma     0.004± 1.027 

 / ndf 2χ  70.37 / 49

Constant  14.4±  2196 

Mean      0.00547± 0.05176 

Sigma     0.004± 1.027 Figure 8.5: Left: Signi�cance map in equatorial coordinates, calculated according to theLi & Ma method [73], with an oversampling radius of 0.1◦ . The white circle denotesthe 0.1◦ integration region. No signi�cant excess is seen at the target position. Right:Distribution of the signi�cance. The solid line is a Gaussian �tted to the data. Thesigni�cance distribution is well described by a normal distribution.8.4 Gamma-ray �ux upper limitsThe upper limits on the number of observed γ-rays above the minimal energy Emin aretranslated into the upper limit on the observed γ-ray �ux Φγ with an assumed sourceenergy spectrum dNγ/dEγ . For instance the intrinsic spectra of standard astrophysicalVHE γ-ray sources typically follow power-law behavior of index Γ ≈ 2 − 3. Upperlimits at 95% C.L. on the integral �ux above the minimum energy (cf. Section 6.2) aregiven in Table 8.6 for di�erent source spectrum indices. Flux upper limits for a DMannihilation spectrum as function of the DM particle mass are presented in Figure 8.6assuming DM annihilation purely into bb̄ , W+W− and τ+τ− and an opening angleof the integration of 0.1o. Flux upper limits reaches 10−12 cm−2 s−1 for 1 TeV DM mass.On the other hand, using the results from Section 8.2, the cosmic-ray induced
γ-ray �ux above 260 GeV for Fornax is expected to lie between a few 10−15 cm−2s−1 and 10−14 cm−2 s−1 for an opening angle of observation of 1.0◦. The �ux isabout 2-to-3 orders of magnitude lower than the upper limits presented in Table 8.6,thus this scenario cannot be constrained. In order to compare with a γ-ray emissionfrom DM annihilation, a DM particle with mass of 1 TeV and a typical value of theannihilation cross section for thermally-produced DM, 〈σv〉 = 3×10−26 cm3s−1, andthe NFW pro�le of DM density pro�le of Fornax RB02 assumed. In this scenario the
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8. Gamma-rays from the Fornax galaxy cluster
θmax N95%C.L.

γ (Eγ > Emin)
Φ95%C.L.
γ (Eγ > Emin)(10−12 cm−2 s−1)

Γ = 1.5 Γ = 2.50.1o 41.3 0.8 1.00.5◦ 135.1 2.3 3.31.0o 403.5 6.8 10.0Table 8.6: Upper limits on the VHE γ-ray �ux from the direction of Fornax, assuminga power-law spectrum with spectral index Γ between 1.5 and 2.5. Column 1 gives theopening angle of the integration region θmax, column 2 the upper limits on the numberof observed γ-rays above the minimum energy Emin = 260 GeV, calculated at 95% C.L..Columns 3 and 4 list the 95% C.L. integrated �ux limits above the minimum energy, fortwo power law indices.predicted DM γ-ray �ux is found to be a few 10−13 cm−2 s−1. This estimate takes intoaccount the γ-ray enhancement due to dark halo substructure and the Sommerfeldenhancement (see section 8.5) to the overall DM γ-ray �ux. Therefore the dominant
γ-ray signal is expected to originate from DM annihilations.8.5 Exclusion limits on dark matter annihilationsUpper limits at 95% C.L. on the dark matter velocity-weighted annihilation cross sectionare derived for di�erent DM halo pro�les and annihilation spectra. The exclusion limitsas a function of the DM particle mass mDM for all the DM halo pro�le models ofTable 8.2 are depicted in Figures 8.7 and 8.8 for DM particles annihilating exclusivelyinto bb and B̃(1) particles, respectively. Predictions for the 〈σv〉 as function of the massare given in Figure 8.8 for the B̃(1) particle within the UED framework of Servant andTait [136]. These predictions can change in extensions of this UED model [138]. Arange of predicted 〈σv〉 is given in the case of a mass splitting between the LKP and thenext lightest KK particle down to 1%. In the TeV range the 95% C.L. upper limit onthe annihilation cross section 〈σv〉 reaches 10−22 cm3s−1. Exclusion limits as a functionof the DM particle mass mDM assuming DM particle annihilating into bb, τ+τ− and
W+W− are presented in Figure 8.9 for the RB02 NFW pro�le. Stronger constraints areobtained for masses below 1 TeV in the τ+τ− where the 95% C.L. upper limit on 〈σv〉reaches 10−23 cm3s−1. The Fermi-LAT exclusion limit for Fornax is added in Figure
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8.5 Exclusion limits on dark matter annihilations
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Figure 8.6: Upper limits 95% C.L. on the γ-ray �ux as a function of the DM particlemass for Emin= 260 GeV from the direction of Fornax. DM particles annihilating into bb̄(solid line) , W+W− (dotted line) and τ+τ− (dashed line) pairs are considered.8.7 (pink dashed-line), extending up to 1 TeV [246]. It is based on the RB02 NFWpro�le and a γ-ray spectrum which assumes annihilation to bb pairs. Below 1 TeV,the Fermi-LAT results provide stronger limits than the H.E.S.S. results. However, theH.E.S.S. limits well complement the DM constraints in the TeV range.8.5.1 γ-ray �ux enhancementsThe �ux enhancement caused by the internal bremsstrahlung and the Sommerfelde�ect are taken into account in the exclusion limits calculation. A parametrization ofthe internal bremsstrahlung for DM particles annihilating uniquely into W+W− wasgiven in Section 5.4.1. This parametrization is used in the calculation of the 95% C.L.upper limit on the velocity-weighted annihilation cross section as a function of the DMparticle mass, presented in Figures 8.9 and 8.10. As already discussed in Section 5.4.1
169

8/figures/flux95DM.eps


8. Gamma-rays from the Fornax galaxy cluster
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Figure 8.7: Upper limit at 95% C.L. on the velocity-weighted annihilation cross section
〈σv〉 as a function of the DM particle mass, considering DM particles annihilating purelyinto bb pairs. The limits are given for an integration angle θmax = 0.1◦. Various DMhalo pro�les are considered: NFW pro�les, SR10 a10 (blue solid line), DW01 (black solidline), RB02 (pink solid line) and RS08 (green solid line), and Burkert pro�les, SR10 a6(red dotted line) and a10 (blue solid line). See Table 8.2 for more details. The Fermi-LATupper limits [246] for the NFW pro�le RB02 are also plotted.and in the previous chapter, the internal bremsstrahlung a�ects the exclusion limitsmostly in the low mass DM particle regime, where its contribution to the total numberof γ-rays in the H.E.S.S. acceptance is largest.In the Fornax galaxy cluster, the velocity dispersion and thus the mean relativevelocity of �test masses� such as stars, globular clusters or galaxies is of the orderof a few 100 km s−1 [123], hence β ≈ 10−3. Assuming that the same velocitydistribution holds true for DM particles, the Sommerfeld e�ect can take place on theassumption of a DM particle annihilation into W+W− (c.f. Section 5.4.3). The limitson 〈σv〉eff/S are derived and shown in Figure 8.10 for a signal integration radius of1.0◦ and the RB02 NFW pro�le. Although the DM velocity dispersion is about one
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8.5 Exclusion limits on dark matter annihilations
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〈σv〉 as function of the B̃(1) mass is given (dotted-line). A range for this predictions isgiven in case of a mass splitting between the LKP and the next LKP down to 1% (dashedarea).order of magnitude higher than in dwarf galaxies, a boost of ∼103 is obtained forDM particle masses around 4.5 TeV. The resonance-like feature is clearly visible formasses above 4.5 TeV. Outside the resonances, the limits on 〈σv〉eff/S are tightenedby more than one order of magnitude for dark matter particles heavier than about 3 TeV.8.5.2 Inverse Compton emissionDi�erently from dwarf spheroidal galaxies, in galaxy cluster the spatial di�usion timescale of positron/electrons is large enough to allow these particles to e�ciently loseenergy by Inverse Compton (IC) up-scattering on the CMB photons. Assuming a
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8. Gamma-rays from the Fornax galaxy clusterDM particle annihilating primarily into µ+µ− pairs, the subsequent muon decay intopositrons and electrons will lead to an additional γ-ray emission component by IC.The IC component of the annihilation spectrum is then added to the FSR spectrum.For instance, the scenario of a DM annihilation primarily into leptonic �nal stateswas proposed to explain measurements of cosmic electron and positron spectra byPAMELA [143], ATIC [144], H.E.S.S. [145] and Fermi-LAT [146], and are often referredas leptophilic models.As discussed before (Section 5.4.2) the enhancement of the γ-ray �ux by IC in
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Figure 8.9: The e�ect of di�erent DM particle models: Upper limit at 95% C.L. on
〈σv〉 as function of the DM particle mass. The limits are given for θmax = 0.1◦ and theNFW pro�le RB02. The limits are shown for DM particles annihilating into bb̄ (blacksolid line) , W+W− (black dash-dotted line), τ+τ− (gray long-dashed line) pairs. Thee�ect of Internal Bremsstrahlung (IB) occuring for the W+W− channel is plotted in graylong-dashed line. The gray solid line shows the limits for DM annihilating into µ+µ− pairsincluding the e�ect of inverse Compton (IC) scattering. The Fermi-LAT upper limits [246]for the NFW pro�le RB02 and for an DM annihilating into µ+µ− pairs including the e�ectof IC scattering are also plotted (gray dotted line). See section 5.4.2 for more details onIC.
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8.6 Summary and conclusionthe H.E.S.S. energy range is found to lower the exclusion limits only for very highDM masses, mDM > 10 TeV. The limits are enhanced by a factor of ∼10. TheFermi-LAT exclusion limit for Fornax is added (gray dashed-line), extending up to10 TeV [246]. Due to the IC component, below a few tens of TeV the Fermi-LATresults provide stronger limits than the H.E.S.S. results. However, since for DMparticle masses above 10 TeV the IC emission peak falls out of the Fermi-LATenergy acceptance, the IC spectra becomes harder in the same energy range. TheFermi-LAT limits for DM particle masses above 10 TeV would tend to raise with astronger slope than the slope in between 1 and 10 TeV. Thus H.E.S.S. limits wouldwell-complement the Fermi-LAT constraints in the DM mass range higher than 10 TeV.8.5.3 Enhancement from dark matter substructuresThe e�ect of DM substructures inside the opening angle of 0.1◦ and 1.0◦ are presentedin Figure 8.11, using the enhancement values calculated in Section 8.1.2. The en-hancements to the 95% C.L. upper limits on 〈σv〉 are estimated using the two limitingmasses of substructures Mlim. In the TeV range, the upper limit on 〈σv〉 is at the
10−23 cm3s−1 level. The joint enhancement due to the Sommerfeld e�ect added to theIB and the substructures contribution is plotted in Figure 8.10. In the most optimisticmodel, with the largest enhancement by substructures and the Sommerfeld e�ect, the
95% C.L. upper limit on 〈σv〉eff reaches 10−26 cm3s−1, thus probing natural values forthermally-produced DM.8.6 Summary and conclusionThe Fornax galaxy cluster is the best galaxy cluster for indirect DM searches. Obser-vations with the H.E.S.S. telescope array to search for VHE γ-rays were conducted andpresented here. No signi�cant γ-ray signal was found and upper limits on the γ-ray�ux were derived for power-law and DM spectra, at the level of 10−12 cm−2s−1 above260 GeV .Assuming several di�erent models of particle dark matter and di�erent modelsof the dark matter density distribution in the halo, exclusion limits on the DM
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8. Gamma-rays from the Fornax galaxy cluster

(TeV)DMm
-110 1 10 210

)
-1

 s3
/S

 (
cm

ef
f

 v
 >

σ<

-2610

-2510

-2410

-2310

-2210

-2110

-2010

-1910

-1810

NFW profile

NFW + Substructures

NFW + Substructures with Sommerfeld effect

NFW + Substructures with Sommerfeld effect and IB

Thermally-produced DMFigure 8.10: The Sommerfeld e�ect: Upper limits at 95% C.L. on the e�ective annihi-lation cross section 〈σv〉eff = 〈σv〉0/S as a function of the DM particle mass annihilatinginto W pairs. The black line denotes the cross section limit for θmax = 1.0◦ without γ-ray�ux enhancement, the dashed blue line shows the e�ect of halo substructure (using the�high boost�, cf. Fig. 8.11). The solid green and blue lines show the limit for the caseof Wino dark matter annihilation enhanced by the Sommerfeld e�ect, with and withoutincluding Internal Bremsstrahlung, respectively. The DM halo model RB02 is used (seeTable 8.2 and main text for more details). A typical value of the annihilation cross sectionfor thermally-produced DM is also plotted.self-annihilation cross section as a function of the DM particle mass were derived.Particular consideration was given to possible enhancements of the expected γ-ray�ux which could be caused by DM halo substructure or the Sommerfeld e�ect. For aDM mass of 1 TeV, the exclusion limits reach values of 〈σv〉 ≈ 10−22 − 10−23 cm3s−1,depending on DM model and halo properties, without the substructures contribution,and 〈σv〉 ≈ 10−23 − 10−24 cm3s−1 when considering the substructures signal enhance-ment. At MDM ≈ 4.5 TeV, a possible Sommerfeld resonance could lower the upperlimit to 10−26 cm3s−1.Compared to observations of dwarf spheroidal galaxies (see chapters 7 and 6) or
174

8/figures/sigmaFinal.eps


8.6 Summary and conclusion
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θmax = 0.1◦ (dashed lines) and θmax = 1.0◦ (solid lines). The DM halo model RB02 is used(see Table 8.2 and main text for more details). In addition, the e�ect of halo substructureson the 〈σv〉 limits is plotted. The �medium boost� (MED) with Mlim = 5 × 10−3 M�(blue lines) and the �high boost� (HIGH) with Mlim = 10−6 M� (red lines) are considered.globular clusters [260] 1, these limits reach roughly the same order of magnitude. Thechoice of di�erent tracers to derive the DM halo pro�le in Fornax galaxy cluster allowsto well constraint the uncertainty in the expected signal. The poorly constrained, butplausibly stronger subhalo enhancement in the galaxy cluster induces an uncertaintyin the expected signal of about two orders of magnitude.With an optimistic joint γ-ray signal enhancement by halo substructures and theSommerfeld e�ect, the limits on 〈σv〉 reach the values predicted for thermal relic darkmatter. Additionally, they extend the exclusions calculated from Fermi-LAT observa-tions of galaxy clusters to higher DM particle masses.1However, it is important to notice that the presence of DM in globular clusters is very uncertainsince their formation scenarios may not require a DM halo.
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8. Gamma-rays from the Fornax galaxy cluster
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Part IIIThe Galactic Center region
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9. The Galactic Center inner 500 pcIntroductionThe center of our Galaxy is located at 8.5 ± 0.5 kpc from the Sun. The region sur-rounding the Galactic Center is one of the most complex regions studied in high-energyastrophysics harboring a variety of potential sources of high-energy radiation. Inparticular it hosts a super-massive black hole (SMBH) Sagittarius (Sgr) A* (2.87 ±0.15) × 106 M� [110] that was discovered in radio in 1974 [261]. Given its distanceof 8.5 kpc [262], it is the closest SMBH to Earth and is therefore used to study thephysical phenomena in such environments. Various observations in radio, microwave,infrared, X-rays and γ-rays followed that discovery and revealed an enormous densityof emitting objects in every waveband, while optical and ultra-violet observations arecompletely obscured by dust along the line of sight. This inner part de�nes the so-calledzone of avoidance, consisting of dust, stars and gas, with size and shape which dependson the wavelength. It surrounds the high density molecular cloud region called CentralMolecular Zone (CMZ), which extends over about 600 pc in galactic longitude and200 pc in latitude around the dynamical center of the Milky Way which correspondsto around 4◦ ×�1.5◦ in angular coordinates, thus completely included in the H.E.S.S.telescope �eld of view on this region of about 5◦ ×�5◦. This chapter describes, �rstthe structure and morphology of the Galactic Center region in di�erent wavelengthsrelevant for non-thermal interactions. Then the TeV observations, including publishedresults from H.E.S.S. and other ground based Cherenkov telescopes are summarizedand discussed.9.1 Morphology and main components of the Galactic Cen-ter region9.1.1 Central region morphology in radioA wide-�eld radio image of the Galactic Center region taken by the Very Large Array1(VLA) at 90 cm of wavelength (330 MHz) is shown in Figure 9.1 [263]. At λ =90 cmthe VLA is sensitive to both thermal and non-thermal emission and the resulting image1The VLA is a radio astronomy observatory located on New Mexico (USA) observing with afrequency coverage of 74 MHz to 50 GHz. The angular resolution goes down to 0.04�.
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9.1 Morphology and main components of the Galactic Center region

Figure 9.1: The galactic center region as observed by VLA at 90cm [263]. Numerousfeatures like SNR shells, thin non-thermal �laments and HII regions are visible at thiswavelength.
181

9/figures/VLA90.eps


9. The Galactic Center inner 500 pcgives a detailed view of the structure and morphology of this region. The non-thermalemission seen in radio is due to synchrotron emission (see chapter 1.1). The centralstructure, Sgr A, has a compact synchrotron source which is related to the SMBHSgr A*. Apart from the non-thermal emission from the SMBH, the region exhibits anexpanding non-thermal shell from the SNR called Sgr A East, a thermal, spiral-shapeddi�use HII nebula Sgr A West, the stellar cluster IRS 16 and two GMCs [264]. Sincethese objects are located within just a few parsecs, their interactions are especiallyinteresting from the point of view of high energy astrophysics, knowing that SMBHs,SNR shells and objects in stellar clusters 1 can accelerate particles to relativisticenergies, while regions of dense molecular gas provide the target for γ-ray productionboth from hadrons and leptons collisions. Other than the Sgr A complex, the GalacticCenter region has lots of other sources and structures. For instance several thin�laments of non-thermal emission are visible within 0.5◦ from the GC, of which theRadio Arc and Sgr C are the most prominent one, that are believed to harbor apopulation of relativistic electrons that emit synchrotron photons [263]. Anotherradio sources includes supernova remnants, like SNR 0.9+0.1 (G0.9+0.1), which wasalso detected in γ-rays by H.E.S.S. [265], and the SNR 359.1-00.5 which was shownto possibly be associated to the VHE source HESS J1745-303 [266]. Thermal radioemission can also be seen coming from the molecular clouds Sgr B1 and Sgr B2, andfrom H II regions like Sgr D HII.9.1.2 Central region morphology in X-raysSoft X-rays observationsThe most recent soft X-ray observations of the Galactic Center were performed bythe satellites Chandra 2 [267, 268], XMM-Newton 3 [269] and Suzako 4 [270], with an1It is also assumed that stellar clusters themselves can accelerate particles through collective e�ectssuch as colliding winds of massive stars or the interactions of several SNR ejecta [9].2Chandra is an American satellite launched in July 1999. It observes X-rays in the energy band of1 keV to 10 keV, with an angular resolution of 0.5′′ and an energy resolution of about 10%.3XMM-Newton is an European satellite launched in December 1999. It observes X-rays in theenergy band of 1 keV to 10 keV, with an angular resolution of 14′ and an energy resolution of less than0.5%.4Suzako is an American-Japanese satellite launched in July 2005. It observes X-rays in the verywide energy band ranging from 0.2 keV to 700 keV, with an angular resolution about 1.0′ and an energy
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9.1 Morphology and main components of the Galactic Center regionunprecedent precision and resolution.Figure 9.2a shows the Galactic Center map viewed by Chandra [271]. A largenumber of point and extended sources is visible, as well as a di�use emission. Thelatter is strongly asymmetric and the east region from Sgr A is brighter than thewest part. The energy spectrum of the di�use emission was found to be harderthan the expected spectrum from a purely thermal emission. Indeed, previous X-raymissions (ROSAT, ASCA, BepoSAX) have shown that the di�use emission was dueto a combined thermal emission from hot gas at a temperature of 107-108 K, plusa non-thermal emission from point sources, generally X-ray binaries. Chandra hasdetected about 2300 point like sources in the Galactic Center region, of which 281 areforeground sources and about one hundred are far galaxies hosting an active galacticnucleus (AGN). The energy spectra of the local sources was found to be very hard,with an spectral index typically of smaller than 1, which is characteristic of a X-rayemission from white dwarf stars or neutron stars accreting mass. The non-thermalcomponent to the di�use emission was thus con�rmed by Chandra. Sgr A* was alsodetected in X-rays [272], and it is clearly seen in Figure 9.2a, however its luminos-ity, L =2×1033 erg s1 in the 2-10 keV band, is very low compared to other galactic nuclei.Beside emission from Sgr A*, X-ray emission was also detected by Chandra fromSgr A East [273]. However, in this frequency range, compared to the radio couterpartthe source turns out to be smaller in diameter (≈ 4 pc vs ≈ 20 pc in radio) and revealsa non-thermal shell together with a thermal core region. The latter is explained by areverse shock of the expanding shell that heats the matter inside the remnant. Withthe help of X-ray observations it was possible to estimate that the explosion took place
≈ (10 ± 2.5) 103 years ago and the mass of the exploding star was M = 13-20M�,contradicting earlier estimates based on radio observations that stated the emissionseen from Sgr A East is a result of up to 40 supernova explosions [264]. Additionally,Chandra has discovered an energetic pulsar wind nebula G359.95-0.04 [274]. It islocated only 8.7′′ away from the position of Sgr A*, making it a suitable candidate forTeV emission, since despite its low X-ray luminosity L = 1034 erg s−1, the very denseradiation �elds of the GC region provide enough target photons for e�cient inverseresolution of about 1%.
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9. The Galactic Center inner 500 pcCompton production.

(a) Galactic Center view by Chandra

(b) Galactic Center view by XMM-NewtonFigure 9.2: (a) The GC region as observed by Chandra (from Ref. [271]). The scale ofboth images is matched. A large number of point and extended sources is visible. Thecounterparts to the TeV point sources at the positions of G0.9+0.1 and Sgr A are visible.(b) XMM-Newton color image of the Galactic Centre Region along the Galactic Plane inthe energy band 2-9 keV. Ref. [269]Figure 9.2b exhibits a mosaic the Galactic Center observations by XMM-Newton[269], covering a region of 2.5◦ ×1.0◦. Several bright sources are clearly distinguishable,two stable X-ray binaries (1E1240.7-2942 and 1E1743.1-2843) and one variable X-raybinary (SAXJ1747.0-2853). The X-ray emission from the Sgr A complex and from the
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9.1 Morphology and main components of the Galactic Center regionSNR 0.9+0.1 (PWN 0.9+0.1 on the map) are also pointed out. The di�use emission isclearly visible in the whole area. X-ray observations carried out by ASCA and Suzakuon the Galactic Center (see Figure 9.3, Koyama et al. [270] (2006) revealed that theSgr B HII area, the non-thermal radio �lament Sgr C and the complex with the SNRs359.0-0.09 and 359.1-0.05 appear to be a so-called X-ray re�ection nebulae [275, 276].This term means that most part of the X-ray emission received from an object isnot produced there but is rather due to re�ection of and �orescence caused by X-rayphotons coming from a di�erent site, with a strong �uorescent 6.4 keV iron line locatedon top of a non-thermal continuum as its main characteristic. Interestingly, therewould be a connection between these sources and the γ-ray source HESS J1745-290,since in all three cases it is assumed that the source of primary emission is the SMBHSgr A*. The �ux produced by Sgr A* that is required to �t the observations fromthe re�ection nebulae is about 106 times higher than the quiescent emission observedduring the last years [264]. From the distance of Sgr B and Sgr C to the GC itwas concluded that Sgr A* must have been very bright in X-rays some hundredsof years ago. Due to a possible correlation between X-ray �ux and particle accel-eration in the GC, this is an important fact for studies of TeV emission from this region.

Figure 9.3: Narrow band map of the GC region as observed by Suzaku (from Ref.[270])at the 6.4 keV line (the 6.34-6.46 keV band). Coordinates are galactic l and b in degrees.Hard X-rays observationsConcerning higher energy X-rays, the INTEGRAL satellite performed a deep exposurethe GC region in the energy range between 20 and 400 keV [277]. The Galactic
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9. The Galactic Center inner 500 pcCenter region map obtained by the imager IBIS/ISGRI of INTEGRAL is presentedin Figure 9.4. Six distinct sources are revealed in the region comprising 2.0◦ ×2.0◦around the Galactic Center. The central source IGR J17456-2901 has a positioncompatible with that of Sgr A*, however due to INTEGRAL's angular resolution of ≈10',�it is not yet conclusive whether the emission has its origin directly at the SMBHor whether it is rather a di�use radiation. The combined spectrum of soft and hardX-rays from the GC can be �tted by a thermal component, produced in hot plasma,in soft and a non-thermal power law component in hard X-rays, which origin is stillunder exploration. Additionally, some observations were carried out together withXMM-Newton and during that period several soft X-ray �ares were detected, while theemission in hard X-rays stayed steady, therefore mostly favoring the di�use hypothesisand a link to the VHE emission.Another emission even harder in X-rays (56-85 keV band) was also detected betweenSgr A* and the Radio Arc [278], as it can be seen in Fig. 9.4b at galactic longitudel∼0.1◦. This source was interpreted as coming from the central molecular cloud. Thesimultaneous observations performed by INTEGRAL and XMM-Nexton in soft X-raysshowed that most of INTEGRAL sources are associated to X-ray binaries, one of whichmight harbor a stellar-mass black-hole (1E 1740.7-2942). The unidenti�ed sourceIGR J17475-2822 was also discovered by INTEGRAL and might be associated to themolecular cloud Sgr B2.9.1.3 Central molecular zoneThe Central Molecular Zone (CMZ) is a very dense region hosting, among other objects,about 10% of the total molecular mass of the Galaxy that can predominantly be foundin Giant Molecular Clouds (GMC). As already mentioned, this region extends overabout 600 pc in galactic longitude and 200 pc in latitude around the dynamical centerof the Milky Way which corresponds to around 4◦ ×�1.5◦ in angular coordinates,revealing an ellipsoidal shape [262, 264]. Usually, its distribution is mapped usingCO12 and CO13 rotational state transition lines, which e�ectively trace the H2 densitypro�le [279, 280]. However, this method is inappropriate for the GC region, due tothe high foreground and background contamination in the corresponding velocitybands. Instead, the emission line of the CS molecule (J=1-0) is used. Its advantage
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9.1 Morphology and main components of the Galactic Center region

(a) 20-40 keV band

(b) 56-85 keV bandFigure 9.4: INTEGRAL IBIS/ISGRI signi�cance mosaic in two energy bands: 20-40 keV(top) and 56-85 keV (bottom). Black indicates a statistical signi�cance below or equalto 3 σ, and white indicates a signi�cance greater than or equal to 50 σ. Contours markisosigni�cance levels from 9.5 to 75 linearly. The orientation is in Galactic coordinates.The grid lines indicate Galactic coordinates with a spacing of 0◦.5 (source Ref. [278]).is a higher critical density n(H2) ≈ 104 cm−3 of molecular material that is essentiallyonly reached in the vicinity of the GC. Additionally, molecular clouds (MCs) withlower densities would be destroyed due to tidal forces present in this region [281], so
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9. The Galactic Center inner 500 pc

Figure 9.5: Velocity-integrated CS J = 1-0 emission in the Galactic center region. Theobserved area includes the Sgr A , Sgr B, Sgr C, and Sgr D complexes. The CS emissionis a good tracer of high-density molecular clouds (source Ref. [281]).one can expect the entire molecular content of the GC region to be properly imagedby such observations. The most complete measurement so far was achieved by theNRO telescope (see Fig. 9.5). Four high density regions are clearly distinct which areassociated with strong X-ray and radio sources, the Sgr A, Sgr B, Sgr C, and Sgr Dcomplexes. The total mass of the molecular clouds in the mapped area was estimatedto be (3-7)×107M�. Most of the molecular material is found at low rotationalvelocities, organized in GMCs. Such a crowded and dense environment can providea very e�cient target region for interaction of cosmic rays accelerated in the GC vicinity.9.1.4 Sgr A complexAround a few parsecs from the Galactic Center, the multiwavelength emission is due tothe Sgr A complex. The schematic diagram showing the sky locations and rough sizesand shapes of the Sgr A complex sources is presented in Figure 9.6 (e.g., Ref. [282]).In this paragraph the main sources of this region are detailed.Central stellar clusterThe central parsecs of our Galaxy contain a dense and luminous star cluster. Infraredobservations of this region revealed several comoving groups of stars (Fig. 9.7a). Thebrightest groups in central stellar cluster include the IRS 16 complex, which is located
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9.1 Morphology and main components of the Galactic Center region

Figure 9.6: Schematic diagram showing the sky locations and rough sizes and shapes ofGalactic center sources (e.g., Ref. [282]). The coordinate o�sets are with respect to thecompact non-thermal radio source Sgr A* which coincides with the MBH. Sgr A* is locatedat the center of the thermal radio source Sgr A West, which consists of a spiral-shapedgroup of thermal gas �laments. Sgr A West is surrounded by the molecular ring (alsoknown as the circumnuclear disk), the radius of which is about 30sec. The non-thermalshell-like radio source Sgr A East is surrounding Sgr A West, but its center is o�set byabout 50sec. The non-thermal shell is surrounded by the dust and the molecular ridge.The molecular cloud M.0.02.0.07 (the +50 km s.1 cloud) is located to the Galactic east ofSgr A East. At the eastern edge of the Sgr A East shell, the chain of HII regions (A-D) isseen. One arcminute corresponds to about 2.3 pc at the distance of 8 kpc.at about 1-2′′ east of the radio source Sgr A*, the IRS 13 complex at 3.5′′ south-eastof Sgr A*, and the Sgr A* star cluster centered at the radio source with an extensionof 1′′. The central stellar cluster is composed of old stars but also about a hundred ofyoung massive stars. The existence of these young massive stars indicates that star
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9. The Galactic Center inner 500 pcformation must have recently taken place at or near the Galactic Center within the lastfew million years. This is surprising, since regular star formation processes are likelyto be suppressed by the tidal forces from the massive black hole. Many scenarios havebeen suggested for the origin of these stars [see 283, 284, for recent reviews]. Theseinclude in situ star formation through gravitational fragmentation of gas in disk(s)formed from infalling molecular cloud(s); transport of stars from far out by an infallingyoung stellar cluster, or through disruption of binary stars on highly elliptical orbitsby the massive black hole; and rejuvenation of old stars due to stellar collisions andtidal stripping. The surface density distribution of stars as a function of projectedradius from Sgr A* is shown in Figure 9.7b. The resulting pro�le has broken powerlaw shape, with a power-law slope of r−1.4 in the inner r< 0.2 − 0.4 pc and a break atlarger distances with a slope of r−2 [109].

(a) Infrared image of the centralstellar cluster (b) Density pro�le of the centralstellar clusterFigure 9.7: (a) VLT infrared image of the central stellar cluster at the wavelength bandof 1.65 µm to 3.76 µm. Red color is de�ned as cold and blue as hot. The di�use emission iscaused by the interstellar dust. The two yellow arrows denote the position of Sgr A*. (b)Surface density of stars as a function of projected radius from Sgr A*. Di�erent symbolscorrespond to stars detected in di�erent wavelengths (H, Ks, ..). The dashed curve is themodel of a �attened isothermal sphere of core radius 0.34 pc. The continuous curve is thebroken power-law �t discussed in the text. Figures extracted from Ref. [109].
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9.1 Morphology and main components of the Galactic Center regionThe supernova remnant Sgr A EastSgr A East is a 3.5′′ × 2.5′′ (8 pc × 6 pc) shell-like non-thermal structure, interpretedas a supernova remnant (see Figures 9.8a and 9.8b) [282]. It surrounds Sgr A* inprojection, but its center is o�set by about 50′′ (2 pc). The non-thermal radio emissioncoming from Sgr A East shell is mostly due to synchrotron radiation from relativisticelectrons interacting with a strong magnetic �eld (2-4 mG). Radio observations havealso showed that Sgr A East appears to be interacting with the +50 km s1 molecularcloud M-0.02-0.07. The X-ray emitting region observed by Chandra and XMM-Newtonis concentrated within the central ≈2 pc of the larger radio shell. The combinationof the radio and X-ray morphologies classi�es Sgr A East as a new metal-rich �mixedmorphology� (MM) SNR. The size of the Sgr A East radio shell is the smallest ofthe known MM SNRs, which strongly suggests that the ejecta have expanded intoa very dense interstellar medium of about 103 cm−3, which is about a thousandtimes denser than the average interstellar medium density. The very high chemicalabundance of heavy elements, overabundant by roughly a factor of 4 with respect tosolar abundances, support the hypothesis that Sgr A East is a supernova remnant(SNR), perhaps produced by the type II supernova explosion of a massive star with amain-sequence mass of 13�20 M�.Sgr A west regionThe region of Sgr A West corresponds to the inner two parsecs of the Galaxy. Sgr AWest is identi�ed as a spiral-shaped di�use HII nebula which appears on the westernside of the Sgr A complex. It has a complex shape, appearing in projection as athree-armed spiral of gas in the 6 cm radio wave band (Figure 9.8b). Sgr A West iscomposed of several dust and highly ionized gas clouds, which orbit and fall onto SgrA*. The radial velocity structure varies regularly between -100 and +100 km s−1 inthe south-north direction. The velocity within the inner 10′′ where there is a hole inthe distribution of ionized gas, known as the mini-cavity, becomes increasingly morenegative down to ≈ -350 km s−1 toward Sgr A*. Surrounding Sgr A West there is amassive, clumpy torus of cooler molecular gas, the Circumnuclear Disk (CND) with amass > 104 M�. Figure 9.8c shows the radio continuum image of ionized gas (Sgr A
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9. The Galactic Center inner 500 pc

(a) Sgr A East image inradio 20 cm (b) Sgr A East image inX-ray with radio contours (c) Sgr A West image inradio 1.2 cmFigure 9.8: (a) VLA radio continuum image at λ =20 cm of the Galactic center showingthe shell-like structure of nonthermal Sgr A East (light blue and green) and the spiral-shaped structure of thermal Sgr A West (red) at radio 6 cm (b) Smoothed X-ray imageby Chandra (1.5 - 7.0 keV) with 20 cm radio contours obtained with VLA. (c) A radiocontinuum image of Sgr A West at λ =1.2 cm with its three-arm appearance, shown inblue, superimposed on the distribution of HCN emission, displayed in red. The HCNemission traces the ionized gas distributed in the molecular mini-cavity. (source [282])West) at λ=1.2cm with its three-arm appearance, shown in blue, superimposed on thedistribution of HCN emission, which traces the molecular clouds [282].The pulsar wind nebula G359.95-0.04Chandra observations of the Galactic Center region revealed the existence of a pulsarwind nebula (PWNG359.95-0.04) located at 8.7′′ (0.32 pc) from Sgr A* [274]. Figure 9.9shows the 3.6 cm radio continuum observations superposed by the X-ray intensity con-tours obtained by Chandra in the energy band of 1 to 9 keV. The non-thermal X-rayemission has a particular comet-like shape, with a hypothetical pulsar on its head and acometary tail. The tail extends back to a region centered at the massive stellar complexIRS 13 and surrounded by an enhanced di�use X-ray emission, which may representan associated supernova remnant. G359.95-0.04 has a hard and apparently nonthermalpower-law energy spectrum that steepens with increasing distance from the putativepulsar. Also it has a high X-ray �ux in contrast to little emission in both radio andinfrared. These distinct spectral and spatial X-ray characteristics are similar to thosebelonging the rare class of ram-pressure con�ned pulsar wind nebulae. Interestingly, the
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9.1 Morphology and main components of the Galactic Center region

Figure 9.9: The immediate vicinity of Sgr A* in radio superposed by X-ray contours(north is up and east is to the left in galactic coordinates). The radio image is taken atthe 3.6 cm energy band with the VLA. Chandra X-ray contours show a clear comet-likeshape feature associated to the pulsar G359.95-0.04. Sgr A* is marked and it is located at8′′.7 (0.32 pc) south-east of the pulsar. From [274].presence of a young energetic pulsar, only 8.7′′ from Sgr A* , can also explain the veryhigh energy γ-ray radiation observed from the GC by H.E.S.S. [e.g. 285, 286]. Indeedinverse Compton scattering (ICS) of leptons, which are accelerated by the pulsar wind,on the dense radiation �elds in the Galactic Center may e�ciently produce photons atTeV energies.Sgr A* supermassive black-holeSince the discovery of the radio source Sgr A*, many observations at di�erent wave-lengths have been carried out. The position of Sgr A* was measured very precisely
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9. The Galactic Center inner 500 pcby the VLT using a thirteen years dataset of stars in its vicinity [287]. In equatorialcoordinates is
α(2000) = 17h45m40.0383s ± 0.0007s (9.1)
δ(2000) = −29◦00′28.069′′ ± 0.014′′ , (9.2)where the errors account for both statistical and systematic uncertainties on themeasurements. Also, radio observations with the Very Long Baseline Array (VLBA)showed that the proper motions of Sgr A*, with respect to two extragalactic radiosources over a period of eight years, are consistent with that expected from the orbitof the Sun around the Galactic center [288]. Altogether these results con�rm thatSgr A* is located in the dynamical center of the Galaxy. Constraints to the blackhole mass were obtained by the study of the stars dynamics in their orbit around thedynamical center. Ghez et al. (2005) [108] have analysed the trajectories of 17 starsduring 10 years of infra-red observations with the Keck telescope. Figure 9.10a showsthe reconstructed orbit of 7 stars which were found to have non-rectilinear trajectoriesin the center of mass frame. The two stars passing the closest to the center of massare S2, which has a pericenter of 120 AU 1, and S0-16, which has a pericenter of45 AU. The orbit gravitational center of both the stars corresponds to the Sgr A*position with an uncertainty of 1.3 milliarcseconds. The results allowed the conclusionthat a mass of (3.7±0.2)× 106 M� is con�ned within a radius of 45 AU, what infact can be only ful�lled by the presence of a SMBH [288] accounting for about 10%of this mass. Figure 9.10b shows the enclosed mass pro�le as function of the dis-tance to Sgr A*, taking into account the central mass and the central stars cluster mass.The spectrum of Sgr A*, measured from radio to the infrared domain helpedto establish the understanding of its quiescent non-thermal low energy radiation assynchrotron emission from relativistic electrons [289, 290]. Additionally, the overall�ux level of near-infrared emission from Sgr A* was monitored by VLT [291], whichmeasured the �aring activity of Sgr A* in the infrared domain, later con�rmed byKeck [292]. The spectrum of �aring emission can again be explained by synchrotronemission from a population of electrons, accelerated to relativistic energies or, as an1AU ≡ astronomic units = 4.8×10−6 pc
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9.1 Morphology and main components of the Galactic Center region

(a) Stellar orbits around Sgr A* (b) Mass distribution in the Galac-tic Center as function of the radiuscentered in Sgr A*Figure 9.10: (a) Astrometric positions and orbital �ts for the seven stars that showsigni�cant deviation from linear motion. The proper-motion measurements were obtainedbetween 1995 and 2003 at the Keck telescopes, have uncertainties that are comparableto or smaller than the size of the points, and are plotted in the reference frame in whichthe central dark mass is at rest. Image from Ref. [108] (b) Mass distribution in the GC,assuming an 8 kpc distance [110]. The �lled circles at the shortest projected distancesdenote the masses derived from the orbits of S2, S12, and S14. At larger distances themass measurements depend on the central stellar cluster modelling (triangles, rectangleand open circles). The solid curve shows the overall best-�t model to all data. It is thesum of a (2.87 ± 0.15) × 106 M� point mass and a stellar cluster of central density 3.6
× 106 M� pc−3, core radius 0.34 pc, and power-law index α =1.8. The long-dash�short-dashed curve shows the same stellar cluster separately, but for an in�nitely small core. Thedashed curve shows the sum of the visible cluster and a hypothetical very compact darkcluster formed by neutron stars and black holes. This last scenario was excluded by Ghezet al. [108]alternative explanation, by expansion of hot plasma, occurring like in extragalacticradio jets [264].Sgr A* was also detected in X-Rays [272], however its luminosity, L = 2×1033 ergs−1 in the 2-10 keV band, is very low compared to other galactic nuclei [293]. Thisfact is explained by a now widely accepted theory of Radiative Ine�cient AccretionFlow, which explains that the ine�ciency of the accretion activity of Sgr A*, suggestedby the level of X-ray emission, is due to convection e�ects, leading to out�ow or
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9. The Galactic Center inner 500 pc

Figure 9.11: A composite spectral energy distribution of the Galactic Center source. Thedata and references are given in Ref. [297]. The measured spectrum during the �are statesin X-rays and infrared are also plotted. The HESS J1745-290 spectral points are shown by�lled triangles.winds of accreting material [264]. The observational results for X-rays and for otherwavelengths must be taken into account by models that describe possible mechanismsfor particle acceleration in the vicinity of the SMBH. At the same time, the lowluminosity of Sgr A* from IR to optical, which accounts to 10−8 Ledd, with Leddbeing the Eddington luminosity1, makes the vicinity of the SMBH transparent to
γ-rays otherwise shielded by pair-production of very high-energy γ-rays with ambientradiation [294]. Furthermore, X-ray satellites detected bright �ares from Sgr A* andalso took part in multiwavelength campaigns monitoring its �aring activity [295, 296].Like already discussed above, synchrotron emission from relativistic electrons close tothe SMBH is one way to explain the observed spectra. But expanding hot plasmacan also account for at least some of the �are emission [264]. The broadband spectralenergy distribution (SED) in the direction of Sgr A* is presented in Figure 9.11. Themeasured spectrum during the �are states in X-rays and infrared are also plotted.1The Eddington luminosity denotes the level of electromagnetic radiation of an object, for whichthe gravitational and radiative pressures cancel against each other.
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9.2 Gamma-ray emissions from the Galactic Center region9.2 Gamma-ray emissions from the Galactic Center regionThe γ-ray emission from the Galactic Center was �rst detected by the EGRET satellitein the energy band 100 MeV to 10 GeV (3EG J1746-2852). In the case of observationswith Imaging Atmospheric Cherenkov telescopes (IACTs), and detection of very highenergy (VHE, E & 100 GeV) gamma rays was reported by the CANGAROO [298],VERITAS [299], H.E.S.S. [285] and MAGIC[286] from the direction of the GalacticCenter (GC). The nature of this VHE source is still unknown. The Fermi-LAT satellitehas detected a source at the Galactic Center in the energy range between 20 MeV tomore than 300 GeV [300], however due to the strong γ-ray di�use background in thisenergy range no conclusion was taken about associations of the Fermi-LAT source withother γ-ray sources. The H.E.S.S. observations of the GC region led to the detection ofa point-like source of VHE gamma-rays at the gravitational center of the Galaxy (HESSJ1745-290), compatible with the positions of the SMBH Sgr A*, the supernova remnant(SNR) Sgr A East, and the plerion G359.95-0.04. A larger exposure of the region in2004 revealed a second point-like source: the supernova remnant G0.9+0.1 [265]. Thesubtraction of these two sources revealed a ridge of di�use emission extending along theGalactic plane for roughly 2◦ (Fig. 9.12), which was found to be correlated spatially tothe GMCs. Among all the IACTs, H.E.S.S. is the most sensitive instrument to mapthe Galactic plane, thanks to its location in the southern hemisphere, its wide �eld ofview (5◦ × 5◦) and the excellent hardware performances (see chapter 3). The H.E.S.S.experiment has been taking observations of the Galactic Center region for the pasteight years, and with the data collected it provide the most detailed γ-ray picture ofthe GC region to date. In this paragraph the H.E.S.S. results on the GC are summarized.9.2.1 HESS J1745-290: counterparts and spectrumIn December 2004, H.E.S.S. reported the detection of VHE gamma rays from thecenter of our Galaxy, at the time based on data obtained with the �rst two H.E.S.S.telescopes during 16h of observations in 2003. Within the - at the time unprecedented- precision of 30� in RA and Dec, the location of the source HESS J1745-290 wasconsistent with the Galactic gravitational center, and the spectrum of gamma rayswas consistent with a power law up to 10 TeV. Towards identifying the origin of the
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9. The Galactic Center inner 500 pcgamma rays, a multi-year e�ort was invested aimed at improving the pointing positionof the H.E.S.S. telescopes. After a careful investigation of the pointing systematics ofthe H.E.S.S. telescopes, the systematic error on the centroid position was reduced from30� to 6� per axis, with a comparable statistical error - by far the best source locationachieved in gamma rays so far [59]. The thus determined source position is within8�±9�stat±9�sys from Sgr A*, well consistent with the location of the black hole andthe pulsar wind nebula (PWL) G359.95-0.04 but it is inconsistent with the regions ofintense radio emission from Sgr A East. It excludes Sgr A East remnant as the maincounterpart of the VHE emission at the level of 7σ, if the assumed position of the VHEemission in Sgr A East is taken as the radio observations maximum, and at the level of5σ if the assumed position is the best-�t centroid position of the radio emission fromSgr A East (Fig. 9.13, left) [see 59, for more details].Using 93h of data on the central source accumulated in the years 2004, 2005 and2006, the energy spectrum of the gamma rays was measured with high precision,revealing an energy break or cuto� in the spectrum around 15 TeV (Fig. 9.13, right).No signs of variability has been found [297]. Di�erent mechanisms have been suggestedto explain the broadband spectrum of the GC. Firstly, the stochastic acceleration ofelectrons interacting with the turbulent magnetic �eld in the vicinity of Sgr A*, asdiscussed by [301], has been advocated to explain the millimeter and sub-millimeteremission. This model would also reproduce the IR and X-ray �aring. In addition,it assumes that charged particles are accreted onto the black hole, and predicts theescape of protons from the accretion disk and their acceleration [301]. These protonsproduce π0 mesons by inelastic collisions with the interstellar medium in the centralstar cluster of the Galaxy. The cut-o� energy found in the gamma-ray spectrumcould re�ect a cut-o� Ecut,p in the primary proton spectrum. In that case, one wouldexpect a cut-o� in the gamma-ray spectral shape at Ecut ' Ecut,p/30. The measuredvalue of ∼15 TeV would correspond in this scenario to a cut-o� energy in the primaryproton spectrum between 100-400 TeV depending on the strength of the exponentialcut-o�. Energy-dependent di�usion models of protons to the outside of the central fewparsecs of the Milky Way [294] are alternative plausible mechanisms to explain theTeV emission observed with the H.E.S.S. instrument. They would lead to a spectralbreak as in the measured spectrum due to competition between injection and escape of
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9.2 Gamma-ray emissions from the Galactic Center region

Figure 9.12: VHE gamma-ray images of the GC region. Top: gamma-ray count map,bottom: the same map after subtraction of the two dominant point sources, showingan extended band of gamma-ray emission. White contour lines indicate the density ofmolecular gas, traced by its CS emission. The position and size of the composite SNRG0.9+0.1 is shown with a yellow circle. The position of Sgr A* is marked with a blackstar. Figure extracted from [189].
protons outside the vicinity of the GC.

199

9/figures/viana_fig1.eps


9. The Galactic Center inner 500 pc

Figure 9.13: Left: 90 cm VLA radio �ux density map of the innermost 20 pc of theGC, showing emission from the supernova remnant Sgr A East. The crossing lines showthe position of the Galactic Center Sgr A*. The 68% CL error contour for the positionof the gamma ray source HESS J1745-290 is given by the small white circle. The whitestars marked A and B denote the position of the radio maximum and the centroid of aradio emission from Sgr A East, respectively. Figure extracted from [59]. Right: Energyspectrum of gamma rays from HESS J1745-290 as determined from the data sets obtainedin the years 2004, 2005 and 2006. The shaded band shows the best �t to data for a powerlaw with an exponential cuto�. Figure extracted from [297].9.2.2 The di�use emission from the Galactic Center RidgeIn order to search for much fainter emission, an analysis of the GC region wasmade [189] subtracting the best �t model for point-like emission at the position ofHESS J1745-290 and the SNR G0.9+0.1. Two signi�cant features are apparent aftersubtraction: extended emission spatially coincident with the unidenti�ed EGRETsource 3EGJ1744-3011 and emission extending along the Galactic plane for roughly 2◦.The latter emission is not only clearly extended in longitude l, but also signi�cantlyextended in latitude b with a characteristic root mean square (rms) width of 0.2◦, ascan be seen in Fig. 9.12. The reconstructed gamma-ray spectrum for the region -0.8◦
< l < 0.8◦, |b| < 0.3◦ (with point-source emission subtracted) is well described by apower law with photon index Γ = 2.29 ±�0.07stat ± 0.20sys (Fig. 9.14).Given the plausible assumption that the gamma-ray emission takes place near thecenter of the Galaxy, at a distance of about 8.5 kpc, the observed rms extension in
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9.2 Gamma-ray emissions from the Galactic Center regionlatitude of 0.2◦ corresponds to a scale of ≈ 30 pc. This extension value is similar tothat of the interstellar material in giant molecular clouds in this region, as traced bytheir CS emission [281]. At least for |l| < 1., a close match between the distributionof the VHE gamma-ray emission and the density of dense interstellar gas is found [see189, for more details]. The close correlation between gamma-ray emission and availabletarget material in the central 200 pc of our galaxy is a strong indication for an origin ofthis emission in the interactions of CRs. The hardness of the gamma-ray spectrum andthe tight correlation of the intensity distribution with the molecular gas indicates apion-decay process, so that the cosmic rays giving rise to the gamma-rays are likely tobe protons and nuclei rather than electrons. Indeed, it was shown in [302] that electronsaccelerated in a distribution of point sources, such as pulsar wind nebulae dispersedalong the Galactic plane, do not produce a TeV emission pro�le consistent with theHESS map. Since in the case of a power-law energy distribution the spectral index ofthe gamma-rays closely traces the spectral index of the CRs themselves, the measuredgamma-ray spectrum implies a CR spectrum near the GC with a spectral index close to2.3, signi�cantly harder than in the solar neighborhood1. Given the probable proximityand young age of particle accelerators, propagation e�ects are likely to be less pro-nounced than in the Galaxy as a whole, providing a natural explanation for the harderspectrum which is closer to the intrinsic CR-source spectra. In addition, the key exper-imental facts of a harder than expected spectrum, and a higher than expected TeV �ux,imply that there is an additional young component to the GC cosmic-ray populationabove the CR 'sea' which �lls the Galaxy. This is the �rst time that such direct ev-idence for recently accelerated (hadronic) CRs in any part of our galaxy has been found.The observation of a de�cit in VHE emission at l = 1.3◦ relative to the availabletarget material (see Fig. 9.12, bottom) suggests that CRs, which were recently accel-erated in a source or sources in the GC region, have not yet di�used out beyond |l| =1◦. Therefore the central CRs accelerators would only been active in the GC for thepast 10.000 years. The fact that the di�use emission exhibits a photon index whichis the same - within errors - as that of HESS J1745-290 suggests that the underlyingastrophysical emitter of HESS J1745-290 could be the source in question. Within the 1'error box of HESS J1745-290 are two compelling candidates for such a CR accelerator.1The measured CR spectrum in the solar neighborhood has an index of 2.75.
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9. The Galactic Center inner 500 pc

Figure 9.14: γ-ray �ux per unit solid angle in the GC region (data points), in com-parison with the expected �ux assuming a cosmic-ray spectrum as measured in the solarneighbourhood (shaded band). The strongest emission away from the bright central sourceHESS J1745-290 occurs close to the Sagittarius B complex of giant molecular clouds. Theenergy spectrum of this region is shown using open circles. The 2006 spectrum of thecentral source HESS J1745-290 is shown for comparison (using an integration radius of0.14◦). Figure extracted from [189].The �rst is the SNR Sgr A East with its estimated age around 10 kyr. The second isthe SMBH Sgr A* which may have been more active in the past [294].
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10. Analysis of the VHE di�use emission in the Galactic Center regionIn this chapter the new analysis of the Galactic Center region with the H.E.S.S. arrayis described. First, in Section 10.1, the analysis of H.E.S.S. data is presented, fromwhich an energy spectral reconstruction of the HESS J1745-290 source is performed.In Section 10.2 the energy spectrum of the di�use emission around the central VHEsource is calculated. The contribution of the di�use emission signal as foreground forthe central source is determined based on a di�use model. A spectral subtraction ofthe di�use component under the HESS J1745-290 signal is performed, which allows torecover the intrinsic spectrum of the central source. Finally, in Section 10.3, a study onthe spectral morphology of the Galactic Center region in VHE γ-rays is presented.10.1 Update on the Galactic Center observations10.1.1 Data selectionSince the last published results on the Galactic Center using data accumulated in theyears 2004, 2005 and 2006 [297], more observations have been done every year. Aselection of all the runs with dedicated observation of the central source or observationsof sources with angular distances inferior to 2.5◦ of Sgr A* nominal position was done forthe present work. These selected runs comprise observations performed between 2003and 2011. In order to improve the statistics and constrain the shape of the high energypart of the spectrum (Eγ ≥ 10TeV) observation at high zenith angles (40◦ ≤ θz ≤ 70◦)were performed in 2005 and 2006, and following the discovery of an exponential energycut-o� in the HESS J1745-290 spectrum around 15 TeV dedicated observations at high
θz were also taken in 2011. Indeed showers energetic enough to trigger the telescopes athigh θz are more likely to have been initiated by very-high energy γ-rays. The dedicatedobservations of the Galactic Center were performed in wobble mode, i.e. with the targettypically o�set by 0.7◦ to 1.1◦ from the direction of Sgr A*. The data sets used forthe analysis include only the observation runs that meet the standard quality controlcriteria described in chapter 3. The total data set amounts to 198 hrs of live time afterthe quality selection. This is the largest exposure ever taken on any source at VHE γ-rays observations. Table 10.1 summarizes the H.E.S.S. observation campaigns towardsthe Galactic Center over the years.
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10.1 Update on the Galactic Center observationsYear θz Tobs Excess Signi�cance[◦ ] [h] γ-events σ2004 21.8 48.5 2270 56.62005 28.8 69.2 1522 43.32006 18.7 29.3 725.2 30.42007 11.2 11.5 245.2 17.72008 15.3 13.4 408 22.72009 17.8 6.0 180.5 18.32010 10.8 11.6 301 21.02011 33.6 10.1 196 15.4Total 22.5 198.0 6468.1 95.0Table 10.1: Details on the H.E.S.S. observation campaigns towards the Galactic Centerover the years. θz indicates the mean zenith angle of observation, and Tobs the observationlive time. The excess in calculated in a circular region of 0.1◦ around the position of SgrA*. The signi�cance is calculated after Eq. 3.9.10.1.2 HESS J1745-290 data analysis and spectrumThe full data is analyzed using the model analysis described in the chapter 3 (Model++)applying the standard cuts for the events selection. The cosmic-ray background wasdetermined by the ring-background technique (see Section 3.2 for more details),calculating the background for each position in the �eld-of-view using the backgroundrate contained in a ring around the target. Exclusion regions for the backgrounddetermination were de�ned excluding the whole di�use emission region for backgroundevents selection. These exclusion regions are shown in Figure 10.1a where the excessmap of the GC region centered on the position of Sgr A* is presented.Three sources are clearly seen: the HESS J1745-290, the supernova remnantG0.9+0.1 and the HESS J1745-303. The data analysis in a circular region withan opening angle of 0.1◦ around Sgr A* shows an excess of 6468 γ events with asigni�cance of 95.0σ. The γ events distribution as function of the square of the angulardistance θ is presented in Figure 10.1b. An excess outside the central source region,
θ2 ≥ 0.01◦, is clearly seen and it is related to the di�use emission on the galactic plane.The contamination of the di�use component under the central source is estimated in
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10. Analysis of the VHE di�use emission in the Galactic Center regionSect. 10.2.
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(b) Angular distribution of γ-raysFigure 10.1: (a) γ-ray excess map in galactic coordinates. The positions of the sourcesHESS J1745-290, G0.9+0.1 and HESS J1745-303 are indicated. (b) Angular distributionof γ-rays plotted as function of θ2 where θ is the angle between the γ-ray direction and SgrA*. γ-ray candidates (full circles) and residual hadronic background (crosses) are plotted.The dotted line indicates the ON region, from where the signal is extracted.
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10.1 Update on the Galactic Center observationsApplying the forward-folding likelihood method described in Section 3.2 the energyspectrum of HESS J1745-290 is obtained for the full dataset of 2004 to 2011. Twospectral shapes are used in the �tting procedure a power-law,
dN

dE
= Φ0 ×

(
E

Enorm

)Γ

, (10.1)and a power-law with exponential cut-o�,
dN

dE
= Φ0 ×

(
E

Enorm

)Γ

× e
E
Ec , (10.2)where Φ0 is the �ux normalisation in TeV−1 m−2 s−1, Enorm is the energy normalisationat 1 TeV, Γ the spectral index and Ec the exponential cut-o� energy.The energy spectrum �ttings are presented in Fig. 10.2. It clearly deviates from apure power-law spectrum shape. The spectrum is well described by a power-law withexponential cut-o�, con�rming the tendency found in the published paper [297]. Thepower-law spectrum index is found to be:

Γ = 2.22 ± 0.04stat ± 0.10syst , (10.3)with an exponential cut-o� at
Ec = 6.35± 1.10stat ± 1.00syst TeV , (10.4)and an integrated �ux above 1 TeV of

Φ(≥ 1TeV) = (1.52 ± 0.08stat ± 0.28syst)10
−8 m−2s−1 . (10.5)The systematic errors, 5 % for the spectral index, 17 % for the cut-o� energy and 15 %for the integrated �ux, are estimated in Ref. [48] (see also chapter 3). The values of Γand Φ(≥ 1TeV) found with the full dataset are in good agreement with the published2006 spectrum. The value of Ec has a smaller value than the published one, which wasmeasured at 15.7± 6.0 TeV, but it is still compatible at a 2σ deviation. To investigatethe evolution of the spectral parameters with time, the same spectral analysis wasperformed using datasets from 2004-2008, 2004-2009 and 2004-2010. Table 10.2presents the spectral parameters of power-law with exponential energy cut-o� for all
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10. Analysis of the VHE di�use emission in the Galactic Center regionthe di�erent datasets. It is clear that the rise in the number of detected γ-rays dueto the additional 100 hours of observations since 2006, especially at very high en-ergy, allows a more precise measurement of the spectrum shape at the TeV energy range.DataSet Index Γ Ec Φ(≥ 1TeV)[TeV] [cm−2 s−1]2004-2008 2.13 ± 0.04 11.8 ± 3.21 (1.69 ± 0.05)×10−122004-2009 2.23 ± 0.04 8.1 ± 1.5 (1.59 ± 0.07)×10−122004-2010 2.21 ± 0.04 7.2 ± 1.3 (1.57 ± 0.07)×10−122004-2011 2.22 ± 0.04 6.3 ± 1.1 (1.52 ± 0.08)×10−12Table 10.2: Values of the spectral parameters of the HESS J1745-290 energy spectrumwith di�erent datasets. The spectrum is �tted with a power-law with index Γ and anexponential energy cut-o� at the energy Ec.
10.2 Subtraction of the di�use emission spectral contami-nation from the HESS J1745-290 spectrumAlthough the main contribution to the HESS J1745-303 spectrum must come from one(or two) astrophysical emitter, de�nitely a part of the γ-rays detected under the centralsource comes from the di�use emission. In Figure 10.1b the di�use emission is clearlyseen at θ ≥ 0.1◦. The theta-squared distribution can be �tted under the assumptionof central point-like source plus a linear component to account for the di�use emission.Figure 10.3 shows the result of the �tting procedure. Extending the linear part under thecentral source gives a �rst and rough estimation of the di�use emission contamination,which by this procedure is found to be about 9 %. However a proper estimation ofthe di�use emission under the central source can be done by modeling this emission ascoming from the interaction of hadronic cosmic-rays accelerated at the center, whichthen di�use to the ambient space. Details of this modeling are given in Section 10.2.2(where a di�erent percentage of contamination is found).
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10.2 Subtraction of the di�use spectral contamination
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10. Analysis of the VHE di�use emission in the Galactic Center region
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10.2 Subtraction of the di�use spectral contamination
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Γ = 2.53 ± 0.04stat ± 0.10syst , (10.6)and an integrated �ux above 1 TeV of
Φ(≥ 1TeV) = (1.67 ± 0.08stat ± 0.25syst)10

−8 m−2s−1 , (10.7)as it can be seen in Figure 10.5.
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10. Analysis of the VHE di�use emission in the Galactic Center region10.2.2 A Di�use modelThe basic concept of di�usion of CRs is understood as a result of interactions betweenthe CR particles and the magnetic �eld in the Galaxy. After leaving the accelerationregion, CRs perform a di�usive �random walk� in the galaxy due to irregularities inthe galactic magnetic �eld structure. During its di�usion the interaction between theCRs and the interstellar material in giant molecular clouds (GMCs) would give rise toa γ-ray emission. This model was �rst proposed by Aharonian et al. (2006) [189] anda more elaborate model based on the �rst was developed in Ref. [303] and it is used here.The starting point for the di�usion model comes from the di�usion equation, whichconnects the net �ow of particles −→J (−→r ,E, t) with spatial gradient of particles density
−→∇n(−→r ,E, t) by

−→
J (−→r ,E, t) = −D(−→r ,E, t)−→∇n(−→r ,E, t) , (10.8)where D(−→r ,E, t) is called the di�usion coe�cient. Since −→∇−→

J (−→r ,E, t) = ∂n(−→r ,E,t)
∂t oneobtains following di�erential equation:

∂n(−→r ,E, t)
∂t

= −−→∇D(−→r ,E, t)−→∇n(−→r ,E, t) . (10.9)For scalar, constant di�usion D(−→r ,E, t) = D(E), and assuming spherical symmetry
n(−→r ,E, t) = n(r,E, t) the solution is

n(r,E, t) =
n(0, E, t)

[4πD(E)t]1/2
exp

[ −r2
4D(E)t

]
. (10.10)The relation n(t)/n(0) simply gives the probability of �nding a particle at a distance rfor a given time t. It is evidently a Gaussian function with a width of σ =

√
2Dt2. Fromthis relation is follows that the mean distance a particle travels away from its source isproportional to the square-root of time: < r(t) >= σ ∝

√
Dt. The di�usion coe�cientcontains the magnetic �eld structure dependence, as it is assumed that particles arescattered by perturbations in a magnetohydrodynamic �uid, consisting of the magnetic�eld, ions and electrons. Here, both small and large-scale characteristics of the magnetic�eld play an important role. But until now, the knowledge about its con�gurationon various scales is still insu�cient, specially in the galactic center region. Neverthe-less, it is still possible to search for an optimal value for the di�usion coe�cient of
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10.2 Subtraction of the di�use spectral contamination

Figure 10.6: A map of molecular clouds in the galactic center region obtained by NROtelescope imaging the CS line (units are arbitrary).protons in the GC region from the observed morphology of di�use emission by H.E.S.S..In Aharonian et al. (2006)[189] and Nekrassov (2010) [303], this was done using asimple model, where the di�usion coe�cient and the di�usion time were assumed asconstants. Because of the close correlation between the γ-ray emission and the densityof interstellar material in GMCs, the γ-ray �ux is assumed to be proportional to thematter density. The di�usion emission is then estimated by folding the two-dimensionalmap of molecular material, obtained by means of CS observations [281] (Fig. 10.6),with the solution of the di�usion equation (Eq. 10.10), assuming a burst-like injectionof the primary hadrons. For each bin of this map, the hadron density n(r) is obtainedby calculating the distance r between the bin center and the center of the map, whileassuming a certain di�usion coe�cient D and di�usion time t. The normalisation isarbitrary and is later matched to the data. If, for example, Sgr A East is taken as thesource of protons, assuming that the progenitor star exploded 104 years ago, the di�usecoe�cient can be completely determined. In Aharonian et al. (2006) [189] an upperlimit on the di�usion coe�cient was estimated at D ≤ 3.5 kpc2 Myr−1 (1030 cm2/s).The resulting di�usion emission model map assuming a di�usion coe�cient of D = 3.0
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10. Analysis of the VHE di�use emission in the Galactic Center region
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Figure 10.7: The resulting γ-ray count map for the di�usion model from [189]. Theunderlying CS-map was folded with a Gaussian, of which the width σ corresponds tothe di�usion coe�cient of 3 kpc2 Myr−1 (see Eq. 10.10), smoothed to match the angularresolution of H.E.S.S..kpc2 Myr−1 and an arbitrary di�usion time can be seen in Fig. 10.7.The estimation of the di�use emission contamination under the central source cannow be performed based on this di�usion model. Figure 10.8 shows the events distri-bution in the di�use model as function of θ2. A linear regression between the modeland the observed events for θ2 ≥ 0.05◦ was performed in order to normalize the di�usemodel. In this case the contamination is estimated at 27 % of the events in the centralsource (θ ≤ 0.1◦) as coming from the di�use component. The linear regression error at1σ, gives an uncertainty of ±5 % on the contamination estimate.10.2.3 Final spectrumThe intrinsic spectrum of the central source can be recovered by subtracting the di�usespectral contamination. The di�use emission spectrum has to be renormalised so thatthe expected number of γ-rays due to the di�use component match the 27 % of theexpected number of γ-rays due to the central GC emission. The expected number of γ-rays per unit of time coming from a given source is found by folding the source spectrumwith the detector acceptance, obtained from the observational dataset, and integratingfor all energies. The renomalisation factor α of the di�use spectrum can then be foundby the following relation:
α

∫
dNdiff

dE
Aeff(E)dE = 0.25

∫
dNGC

dE
Aeff(E)dE , (10.11)
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10.2 Subtraction of the di�use spectral contamination

Figure 10.8: Angular distribution of γ-rays plotted as function of θ2. The green histogramcorrespond to the actual observed γ-rays distribution. The blue region correspond tothe γ-ray angular distribution of the di�use model showed in Fig. 10.7. The model wasrenormalised in order to match the observed number of γ-rays for θ2 ≥ 0.05◦.where dNdiff/dE and dNdiff/dE are the di�use and central GC source spectra,respectively, and Aeff is the e�ective area of the detector.After renormalisation, the expected di�use emission spectrum under the centralsource is recovered. In Figure 10.9 the di�use emission is �nally subtracted from thecentral source spectrum. The central source intrinsic spectrum reveals a stronger energycut-o� at energies around 10 TeV. Plus γ-rays from the di�use emission are predicted todominate the full spectrum at energies E & 20TeV. With more statistics, the detected�ux should go as a power-law at this energy range.10.2.4 A closer look on the highest energy eventsThe prediction of a dominance of the di�use emission at energies above 20 TeV canalready be tested. From the residuals in Fig.10.2 it is possible to identify the presenceof some γ-ray events with energy superior to 20 TeV. In Fig. 10.10 the energy of each
γ-ray event in the signal (ON) region with E ≥ 20 TeV is plotted as function of the
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Figure 10.9: Final spectrum of the central VHE γ-ray source after the subtraction ofthe di�use foreground component. The HESS J1745-290 spectrum (black line) is the sumof the di�use spectrum (blue line) and the a central γ-ray source (red line). The coloredbands give the statistical uncertainties on the reconstructed spectra.
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Figure 10.10: γ-ray events from the Galactic Center central source with E ≥ 20 TeV.The energy of each single event is plotted as function of its Mean Scaled Shower Goodness(MSSG) variable.
γ-ray discriminating variable Mean Scaled Shower Goodness(MSSG).
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10.3 Spectral morphology of the di�use regionThere are 23 γ-like events passing the γ-ray selection cuts. The background levelabove 20 TeV is estimated at 18 γ-like events in the signal region, which gives an excessof 5 events. This excess is compatible with a background �uctuation at about 1.2σ. Thesame procedure was applied using di�erent cuts on energy, as presented in Table 10.3for 20, 25 and 30 TeV. It is interest to notice that while all these excesses are compatiblewith a background �uctuation up to 2σ, they cannot be explained as coming from theGC HESS J1745-290 source. On the other hand, the di�use emission predicts a numberof events in the same order of magnitude as the observed excesses.
E ≥ 20 TeV E ≥ 25 TeV E ≥ 30 TeV

γ-ray events 23 21 13Background events 18 13 10Excess 5 8 3Di�use emission prediction 6.1 4.1 3.0HESS J1745-290 prediction 0.9 0.3 0.1Table 10.3: Estimation on the number of γ-ray events above di�erent energy thresholdscoming from di�erent origins in the Galactic Center. The predictions for di�use emissionis based on its expected spectrum under the central source, from Section 10.2.3. Thepredictions for HESS J1745-290 are based on the measured spectrum from Section 10.1.2.10.3 Spectral morphology of the di�use regionAlthough the di�usion picture seems to be in good agreement with the H.E.S.S.observations, small scale deviations from the predictions of the di�usion models arestill visible. The di�usion models often represent only the space-averaged di�usionprocess, where D = 〈D(E)〉. One consequence of these models is that the γ-rayenergy spectrum in the whole di�use area is predicted to be the same. In realitythe di�usion coe�cient is certainly space-dependent, which would de�nitely induce aspatial change of the measured energy spectra in the region. Besides, it is unclear howdeep CRs of di�erent energies can penetrate dense molecular clouds [304], i.e. if thedi�usion can take place everywhere in the GC region. Alternative scenarios proposethat the observed emission could be due to a population of extended sources havingthe same longitude and latitude distribution as the GMCs. In this section the spectral
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10. Analysis of the VHE di�use emission in the Galactic Center region
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Figure 10.11: Concentric annular regions centered on Sgr A*. Four ring regions arede�ned based on their inner radius rin and out radius rout by [rin,rout] : R1 = [0.1◦, 0.15◦],
R2 = [0.15◦, 0.2◦], R3 = [0.2◦, 0.3◦] and R4 = [0.3◦, 0.4◦].morphology of the di�usion emission is studied. Because of the increase in statisticaldata from the Galactic Center region, local measurements of the γ-ray energy spectrumnow becomes possible.10.3.1 Spectral analysis of annular regions around the Galactic CenterThe ring area used in Sect. 10.2.1 to derive the space-averaged di�usion emission spec-trum is now sliced in four smaller ring regions R1 = [0.1◦, 0.15◦], R2 = [0.15◦, 0.2◦],

R3 = [0.2◦, 0.3◦] and R4 = [0.3◦, 0.4◦] (see Figure 10.11). Independent data analysis isperformed in each of these regions applying the Model++ and Hillas analysis with stan-dard cuts for the events selection. The background is estimated by the ring-backgroundtechnique. The energy spectra is measured assuming two spectral shapes, a power-lawand a power-law with exponential cut-o�. The spectra best �t parameters are summa-rized in Table 10.4 and Table 10.5, for the power-law and power-law with exponentialcut-o� shapes, respectively. There is no evidence of any energy cut-o�, and the spectraare well described by a pure power-law. The central values of the power-law indexes
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10.3 Spectral morphology of the di�use regionmeasured in the rings are softer than the HESS J1745-290 spectral index. However,these values are still compatible within 2σ, if a systematic error of 0.1 is taken intoaccount. Ring rin-rout Γ (Model ++) Γ (Hillas)[deg]R1 0.1◦ − 0.15◦ 2.41 ± 0.04 2.43 ± 0.04R2 0.15◦ − 0.2◦ 2.33 ± 0.05 2.33 ± 0.05R3 0.2◦ − 0.3◦ 2.32 ± 0.08 2.41 ± 0.05R4 0.3◦ − 0.4◦ 2.40 ± 0.08 2.21 ± 0.1Table 10.4: Spectral results from the analyses of the set of annular region de�ned onthe text covering the di�use emission around Sgr A*. The best-�t parameters for power-law of index Γ are presented for both Model++ and Hillas analysis, with their respectivestatistical errors.Ring rin-rout 1/Ecut (Model++) 1/Ecut (Hillas)[deg] [TeV−1] [TeV−1]R1 0.1◦ − 0.15◦ 0.02 ± 0.02 0.04 ± 0.02R2 0.15◦ − 0.2◦ 0.04 ± 0.04 ≤ 0.04R3 0.2◦ − 0.3◦ ≤ 0.04 ≤ 0.04R4 0.3◦ − 0.4◦ ≤ 0.04 ≤ 0.04Table 10.5: Spectral results from the analyses of the set of annular region de�ned on thetext covering the di�use emission around Sgr A*. The best-�t parameters for power-lawof index Γ with an exponential energy cut-o� at Ecut are presented for both Model++ andHillas analysis, with their respective statistical errors.10.3.2 Systematics uncertainties on the energy cut-o� recontructionIn order to check the validity of the spectral reconstruction and in particular theenergy cut-o� Ec estimation, Monte-Carlo simulations of showers generated by γ-rayswith a primary power-law spectra were performed. γ-rays with primary power-lawwith an exponential cut-o� are generated by weighting the high energy events of the�rst spectrum : for each event with energy E, a weight exp(−E/Ec) is calculatedand then compared to a number between 0 and 1 drawn randomly with a uniform
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10. Analysis of the VHE di�use emission in the Galactic Center regionprobability distribution. If the weight is bigger than the drawn number then theevent is kept. All the showers were simulated with south azimuth, a spectral index of2.23 corresponding to the HESS J1745-290 spectrum index, zenith angle of 30◦ andwith a camera o�set of 0.7◦ to account for the wobble mode observations. The energycut-o� in the primary γ-ray spectra is applied at 6 TeV. For each spectrum 200.000showers were simulated. The trigger requirements are set at the normal requirementsfor stereoscopic observations, i.e., if more than 3 pixels within a camera sector receivea signal of more than 4 photo-electrons (p.e.) within a time window of 1.5 ns. Theevents analysis and spectral reconstruction follows the same chain as the GalacticCenter region data analysis. Each primary γ-ray spectrum is reconstructed assumingpower-law with exponential cut-o� shape.Figure 10.12 shows the distribution of the measured 1/Ec for each primary spectrumshape. The 1/Ec of γ-rays with primary spectra of power-law with exponential cut-o� at6 TeV have a gaussian distribution with center at 0.162 (Ec = 6.1 TeV) and σ = 0.044.If the primary spectrum is a pure power-law the reconstructed 1/Ec distribution wasfound to be well described by gaussian distribution centered at 0 and σ = 0.047. Thesedistributions can be used to derive the probability of reconstruction of an energy cut-o� assuming the two primary spectra hypothesis. By applying the Neyman Pearsonhypothesis test it is possible to de�ne a region of the parameter space where a hypothesiscan be rejected or accepted. The hypothesis of a primary spectrum with a pure power-law can be excluded at more than 95% of con�dence level for reconstructed spectrumwith Ec at 1/Ec > 0.09 (Ec < 11 TeV). On the other hand a primary power-lawspectrum with exponential cut-o� at 6 TeV can be excluded at more than 95% ofcon�dence level for any reconstructed spectrum with Ec at 1/Ec < 0.07 (Ec > 14 TeV).The reconstructed energy cut-o�s from the annular regions in Table 10.5 imply that thea pure power-law spectrum is completely consistent with the measured spectra. On theother hand, the existence of an energy cut-o� at 6 TeV is excluded at 95 % of C.L. forall the rings.10.3.3 Sagittarius B, C and D spectraFour regions with high density of molecular gas are distinctly observed in Figure 10.6,and each of them can be related to a Sagittarius (Sgr) complex, the Sgr A (l = 0.0◦),
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10.4 Summary and conclusion
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(b)Figure 10.12: Histograms of the reconstructed energy cut-o�s produced after air-showerssimulations of a source emitting γ-rays with a primary spectrum following: (a) power-lawwith index 2.23; (b) a power-law with spectral index 2.23 and exponential energy cut-o�at 6 TeV.Sgr B (l = 0.4◦), Sgr C (l = −0.6◦) and Sgr D (l = 1.2◦) complexes (see chapter 9for details). The γ-ray emission of the Sgr A complex is completely dominated by thecentral source emission, and the treatment of the foreground from the di�use emissionwas done previously in this chapter. Analysis of the other regions, which are called hereB, C and D for the complex of the same name, are performed in order to extract the γ-rayenergy spectrum. The Model++ analysis with standard cuts for the events selection,and the ring-background technique for background estimation are used. The chosenpositions are detailed in Table 10.6 as well as the γ-ray events excess and signi�cance. Anopening angle of observation is �xed at 0.2◦ in order to increase statistics for the spectralreconstruction. The energy spectra are well described by a power-law distributions.The best-�t spectral parameters are summarized in Table 10.6. The power-law indexesmeasured in these regions are again much softer than the HESS J1745-290 spectral index.For instance, a deviation at more than 3σ, considering statistical and systematic errors,is found between the region C and the HESS J1745-290 measured spectral indexes.10.4 Summary and conclusionThe new analysis of the Galactic Center region, using the whole H.E.S.S. dataset from2004 to 2011, was presented in this chapter. The energy spectrum of the central HESS
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10. Analysis of the VHE di�use emission in the Galactic Center regionRegion l [deg] b [deg] Excess Signi�cance ΓRegion B +0.4 -0.07 2283 23.9 2.54 ± 0.06Region C -0.6 -0.14 1857 20.55 2.66 ± 0.08Region D +1.2 -0.06 1591 17.3 2.54 ± 0.08Table 10.6: Di�use regions observation parameters. The �rst three columns de�nes theregions and the position of their center in galactic coordinates. The signal is integratedinside a radius of 0.2◦ around the center. The fourth and �fth columns give the γ-rayexcess and excess signi�cance. The �nal column presents the best-�t power-law spectralindex in each region, with their respective statistical errors.J1745-290 still shows a clear deviation from pure power-law, with an energy cut-o� at(6.35± 1.10stat ± 1.00syst) TeV. The energy spectrum of the di�use emission around thecentral source was found to follow a power-law distribution with an spectral index of(2.53 ± 0.04stat ± 0.10syst). The foreground contribution of the di�use emission to thecentral source is determined based on a di�use model, which is found to account for 27±5% of the total signal of HESS J1745-290. The intrinsic spectrum of the central sourceis found after a spectral subtraction of the di�use component under the HESS J1745-290 signal, revealing a stronger energy cut-o� at energies around 10 TeV. Additionally
γ-rays from the di�use emission are predicted to dominate the full HESS J1745-290spectrum at energies above ∼20 TeV.The spectral morphology study of the di�use emission showed the evolution of theenergy spectrum with the distance to the central GC source. With the help of MonteCarlo simulations of air showers to test the systematical uncertainties of the spectralreconstruction method, it was possible to con�rm that the energy cut-o� on the spec-trum of the γ-ray emission vanishes when moving away from the central source. Thecut-o� should thus come from an intrinsic acceleration mechanism of the central emit-ter. Moreover speci�c regions in the whole di�use emission region were selected andtheir energy spectrum were calculated.The high correlation between the observed γ-ray di�use emission and dense molec-ular regions leave no question about the role of these molecular clouds as target forenergetic CRs propagating in the GC region. On the other hand the source whichaccelerates these CRs remains unknown. The fact that the power-law index of HESSJ1745-290 is signi�cantly di�erent from the indexes in some of the di�use regions ana-
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10.4 Summary and conclusionlyzed here, in particular the region C where a much softer spectrum is found, suggeststhat maybe di�erent accelerators are generating the observed emission. Additionally,the di�use emission models may not well reproduce the observed emission at Sgr Dregion. However further investigation is still needed in order to treat these regions asindependent sources. A detailed analysis of their spatial morphology as well as newobservations from the upcoming H.E.S.S. 2 array will bring new light upon this matter.
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10. Analysis of the VHE di�use emission in the Galactic Center region
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General conclusionIn this work detailed studies on indirect searches of dark matter through VHE γ-raystowards dwarf galaxies and galaxy clusters, and the analysis of the Galactic Center atVHE γ-rays with the H.E.S.S. telescope were presented.The �rst subject of study of this thesis was the search for signals of DM annihilationsin the H.E.S.S. data, and the estimation of the sensitivity of the future generation ofIACTs to such a signal. Interdependent constraints on several DM properties, such asthe DM particle mass and annihilation cross section were obtained after the H.E.S.S.observations of the Sculptor and Carina dwarf galaxies, and later on the Fornax galaxycluster. Particular consideration was given to possible enhancements of the expected
γ-ray �ux which could be caused by DM halo substructure, the Sommerfeld e�ect oradditional contributions to the DM particles annihilation spectra. The sensitivity ofthe future generation of IACTs, i.e. CTA (Cherenkov Telescope Array), towards thetidal disrupted Sagittarius dwarf galaxy, the Sculptor dwarf galaxy, and the ultra-faintdwarf galaxy Segue 1 were calculated. CTA will improve by a factor of ten the sen-sitivity to a DM annihilation signal in the TeV particle mass range, when comparedto current experiments. For lower DM particle masses, below 100 GeV, the data ofthe currently operating Fermi satellite [40] will improve the existing limits proportion-ally to the squared-root of the observation time. Complementarity between these twoexperiments will be of the utmost importance for the searches of a DM annihilationsignal.A problem which is inherent to indirect DM searches is the systematic uncertaintiescoming from the DM haloes modelling. Throughout this work a particular e�ort wasmade to properly consider a large class of DM haloes which can well describe theDM distribution within galaxies and galaxy cluster. In the case of the Sculptor dwarfgalaxy, di�erent globular clusters populations were used to derive the DM halo pro�les,
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and several di�erent assumptions on the DM halo properties were made, for exampleassuming cored pro�les, or di�erent anisotropy parameters. The tidal streams of theSagittarius dwarf galaxy were used to trace back its evolution history, providing arobust estimation of its DM halo pro�le and content. Finally, multiple populations ofdynamical tracers were used to derive the DM halo pro�le in Fornax galaxy cluster. Allthese di�erent methods allowed to better constraint the uncertainty in the expectedsignal, due to the DM halo modelling in these objects.The second subject of this thesis provided a detailed analysis of the VHE γ-raydata from the Galactic Center region observed by H.E.S.S. This was possible thanks tothe deep exposure of this region, achieved by the H.E.S.S. experiment throughout thelast 8 years. The signal measured by H.E.S.S. in the direction of the Galactic Centerindicates that at least one particle accelerator is present in that region. Although thereexist astrophysical objects which can explain such emission, such as the SMBH Sgr A*or the SNR Sgr A East, the exact underlying astrophysical emitter is still under debate.In order to better understand the astrophysical processes ongoing in the Galactic Centerregion, a detailed analysis of the energy spectral distribution of this region is crucial.The spectrum of the central HESS J1745-290 source follows a power-law distributionwith an exponential energy cut-o� around 6 TeV, and a surrounding di�use emissionis surely contaminating this signal. The di�use emission is assumed to originate frominteractions of highly energetic hadrons, which were accelerated at a central sourceand subsequently di�used to the ambient medium, with the matter bound in localGMCs. The H.E.S.S. observations allow the �rst measurement where the propagationof CRs can be directly observed. The di�use emission energy spectrum close to thecentral source (radial distance . 60 pc) is for the �rst time calculated, and subtractedfrom the HESS J1745-290 energy spectrum. The central source intrinsic spectrum isderived for the �rst time. Finally the spectral morphology analysis of the whole di�useregion suggests that maybe various accelerators are generating the observed emission.A further detailed analysis of their spatial morphology as well as new observation fromthe upcoming H.E.S.S. 2 array are expected to shine new light upon this subject.
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AbstractH.E.S.S. (High Energy Stereoscopic System) is an array of four identical imaging atmosphericCherenkov telescopes, designed to observe very high energy γ-rays (E > 100 GeV). The observa-tion of such γ-rays plays a crucial role in the understanding of extreme non-thermal phenomenain the Universe. These γ-rays can be used for instance to search for annihilations of dark matterparticles in dense environments of the Universe.This thesis presents a series of data analysis and phenomenological studies on two mainsubject of the γ-ray astronomy: the indirect searches of dark matter, and the study of theGalactic Center region. The indirect dark matter searches focus on the study of two classesof targets: dwarf galaxies and galaxy clusters. A detailed study of the H.E.S.S. observationstowards the Sculptor and Carina dwarf galaxies, and towards the Fornax galaxy cluster arepresented. In the absence of a signi�cant signal coming from these object, constraints on theannihilation cross section of dark matter particle candidates are derived. Particular consider-ation is given to di�erent processes from particle physics and astrophysics which might giverise to additional contributions to the signal expected from a dark matter particle annihilation,such as the Sommerfeld e�ect and dark matter halo substructures. The current H.E.S.S. darkmatter constraints towards the Sagittarius are updated in light of recent realistic dark matterhalo models. A prospect on the sensitivity of the future generation of Cherenkov telescopes,i.e. CTA (Cherenkov Telescope Array), for the detection of a dark matter annihilation signaland conventional γ-ray emissions are also given.The second subject of this thesis provides a detailed analysis of the VHE γ-ray data fromthe Galactic Center region observed by H.E.S.S. This was possible thanks to the deep exposureof this region, achieved by the H.E.S.S. experiment throughout the 2004-2011 period. Theanalysis and spectral reconstruction of the central source and the di�use emission around thisregion are presented. A spectral subtraction of the di�use emission contribution to the HESSJ1745-290 spectral is performed and allows to recover the intrinsic central source spectrum.The spectral morphology of the di�use emission region suggests the possibility of variousaccelerators being responsible for the observed emission.Keywords : γ-ray astronomy, imaging atmospheric Cherenkov technique, dark matter,dark matter halo, Sommerfeld e�ect, dwarf galaxies, galaxy clusters, Galactic Center,non-thermal radiation, spectral reconstruction, di�use emission.



RésuméH.E.S.S. (High Energy Stereoscopic System) est un réseau de quatre imageurs Cherenkovatmosphériques, conçu pour détecter des rayons γ de très haute énergie (E > 100 GeV).L'observation de ces rayons γ de très haute énergie joue un rôle essentiel dans la compréhensiondes phénomènes non-thermiques les plus violents à l'÷uvre dans l'Univers. Ils s'avèrent êtredes sondes très utiles pour la recherche de l'annihilation de particules de matière noire ayantlieu dans des environnements denses de l'Univers.Cette thèse présente un ensemble de travaux d'analyse de données et phénoménologiquesrelatifs à deux sujets majeurs de l'astronomie γ: la recherche indirecte de matière noire etl'étude de la région du Centre Galactique. La recherche indirecte de matière noire se concentresur l'étude de deux classes d'objets privilégiées: les galaxies naines, satellites de la Voie Lactée,et les amas de galaxies. Les études détaillées des observations des galaxies naines Sculptor etCarina, et de l'amas de galaxies Fornax par H.E.S.S. sont présentées. En l'absence de détectiondes signaux signi�catifs venant de ces objets, des contraintes sur la section e�cace d'annihilationde particules de matière noire ont été calculées. Des considérations particulières ont été donnéesà des di�érents processus de physique des particules et d'astrophysiques susceptibles d'apporterdes contributions supplémentaires au signal de matière noire attendu, comme par exemple l'e�etSommerfeld et les sous-structures des halos de matière noire. D'autre part, les contraintesH.E.S.S. en direction de la galaxie naine Sagittarius sont mises à jour en lumière des pro�ls dehalos de matière noire les plus réalistes à l'heure actuelle. Le potentiel de la future générationde télescopes Cherenkov au sol, CTA (Cherenkov Telescope Array), à la détection d'un signald'annihilation de matière noire et des signaux astrophysiques standards est aussi dé�ni.Le deuxième thème de cette thèse est consacré à l'étude détaillée de la région du CentreGalactique observée par H.E.S.S., grâce à la profonde exposition en temps sur cette région,obtenue dans la période entre 2004 et 2011. L'analyse et la reconstruction spectrale de lasource centrale et de l'émission di�use dans cette région sont présentées. La soustraction de lacontamination spectrale de l'émission di�use dans le spectre de HESS J1745-290 permet deretrouver le spectre intrinsèque de la source centrale. L'analyse de la morphologie spectralede la région d'émission di�use suggère �nalement que plusieurs accélérateurs peuvent être àl'origine de cette émission.Mots-clés : astronomie γ, technique d'imagerie Cherenkov atmosphérique, matièrenoire, halo de matière noire, e�et Sommerfeld, galaxies naines, amas de galaxies, CentreGalactique, radiation non-thermique, reconstruction spectrale, emission di�use.
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