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Research on ultra-high-energy cosmic rays and on TeV γ-rays investigates the most energetic phenomena in the Universe. Connections between these two fields are not only given by the common indirect detection methods, but also by the possibility of common astrophysical sources. Among the J'aimerais remercier d'abord très chaleureusement mes collègues les plus proches du LUTH -Catherine Boisson, Hélène Sol, Didier Pelat, Christophe Sauty -pour leur soutien quotidien depuis le début.

Mon travail pour le Master serait sans doute plus dur et moins agréable sans l'aide de Jacqueline

very few objects proposed as sites for the acceleration of ultra-high-energy cosmic rays, Active Galactic Nuclei (AGNs) are still prime candidates. They also represent the almost exclusive class of extragalactic sources detected at the highest observable photon energies with ground-based Cherenkov telescopes.

The present document proposes an overview of a few selected observations of AGNs of the blazar class seen in TeV γ-rays with the H.E.S.S. experiment, together with interpretations of their multi-waveband emission based on different radiative transfer models. A special emphasis is put on so-called hadronic models, which try to provide a direct link between the observed electromagnetic emission and a possible accompanying flux of highly energetic cosmic rays and neutrinos.

The future of very-high-energy astronomy will be determined by the first open observatory in this domain, the Cherenkov Telescope Array. The ongoing preparation of this project is described, with a focus on the simulations of air showers and telescopes, necessary to determine its performance, and on the science case for AGNs.

To Selma

Whoever ceases to be a student has never been a student.

(George Iles)

Chapter 1

Introduction

This document provides a short summary of my research work on the physics of ultrahigh-energy cosmic rays 1 (UHECRs) and a more detailed discussion of my research on the very-high-energy 2 (VHE) γ-ray emission from blazars. While both topics belong to the relatively young interdisciplinary field of astroparticle physics, this work is marked by a transition from a field of research close to particle physics to a field that is now being fully integrated into astrophysics. Both are connected not only by the indirect detection methods employed, making use of the physics of electromagnetic cascades in the atmosphere, but also by the possibility -not yet confirmed -of common astrophysical sources. On a more personal level, the work described here shows a transition from a mainly experimentally based research to a more theoretical or phenomenological approach.

After three years of studying physics at the Universität Würzburg in Germany, I first came into contact with astroparticle physics during a year of studies abroad in 1999 at Rutgers University, in New Jersey (USA), which was finally prolonged into a PhD thesis. The topic of my thesis was the measurement of the spectrum of UHECRs with the newer one of the two air fluorescence telescopes of the High-Resolution Fly's Eye experiment (HiRes). An essential part of this work was the precise description of the instrumental response of this telescope to simulated air showers. My studies have contributed to a first measurement of a flux suppression in the UHECR spectrum at an energy consistent with the expected "GZK-cutoff" at around 6 × 10 19 eV. During my 1 cosmic rays with energies above about 10 16 eV 2 energies above a few 10 GeV 1. INTRODUCTION thesis, I have also contributed to a measurement, at the Stanford Linear Accelerator (SLAC), of the fluorescence yield of energetic electrons in air, a key parameter for measurements with air fluorescence detectors like HiRes.

Returning to Europe in 2005, I was then working for two years on the analysis of data from the Pierre Auger Observatory and on comparisons between real and simulated data, as a postdoc at the LPNHE laboratory in Paris. I have contributed to the determination of the resolution of air shower parameters and was involved in the measurement of the UHECR composition, mostly using "hybrid" events, for which data are available from both air fluorescence telescopes and surface detectors.

In 2007, I joined the LUTH laboratory at the Observatoire de Paris with a position as a Maître de Conférences. I have since then been working in the field of VHE γ-ray astronomy.

The main objective of my present research is to arrive at a better understanding of the physics of Active Galactic Nuclei (AGNs), especially the small fraction of these sources that are detected in VHE γ-rays and thus are certain to harbour populations of highly relativistic particles, and to evaluate potential links between these sources and the still unknown origin of UHECRs. My studies are following roughly three main directions:

1) The detection of AGNs in VHE γ-rays with the Cherenkov telescopes of the H.E.S.S. experiment and the interpretation of their multi-wavelength emission.

As a member of the H.E.S.S. Consortium, I have contributed to the development of simulations of air showers and of the response of the telescopes (together with Clementina Medina who worked as a postdoc at the LUTH at the time) and I was involved in the reduction and analysis (spectral and temporal) of H.E.S.S. data for several blazars.

The application of different synchrotron self-Compton (SSC) scenarios to the spectral energy distributions (SEDs) of the two blazars PKS 2155-304 and PKS 0447-439, for example, have permitted to constrain the physical characteristics of their high-energy emission regions. I have also carried out several observational shifts in Namibia and contributed to the definition of the observation programme and to internal reviews of several publications by the H.E.S.S. Consortium.

2) The development of new emission models for radio-loud AGNs, with a particular interest for hadronic models.

In the latter, the high-energy part of the SED is assumed to be due to interactions of relativistic hadrons (usually protons) with photons and magnetic fields inside the source, in addition to relativistic electrons responsible for the emission at lower energies.

Hadronic models represent thus an alternative to the purely leptonic models, which have become more or less a standard to describe the emission from blazars. They are especially interesting in view of the direct link they provide to the emission of (ultra) high-energy hadrons and neutrinos. The development of a "lepto-hadronic" code, allowing for the first time a full treatment of leptonic and hadronic scenarios within a single coherent framework, was part of Matteo Cerruti's PhD work, which I co-directed. This code has since been used to explain the multi-wavelength (MWL) emission for a class of "extreme" blazars with particularly hard high-energy spectra.

We are currently exploring the "lepto-hadronic" parameter space for a more numerous class of γ-loud blazars and are also investigating the accompanying emission in the form of cosmic rays and neutrinos.

3) The preparation of the next generation VHE observatory, the Cherenkov Telescope Array.

My activities as a member of the consortium of the Cherenkov Telescope Array (CTA) were in the beginning centred on the simulation of air showers (together with Clementina Medina) and then on the simulation of the optical system of the small-size GCT telescope (together with Cameron Rulten during his postdoc at the LUTH). I have also been, from the beginning, involved in the definition of the scientific objectives of CTA concerning the physics of AGNs. This work included for example predictions of the number of radio-loud AGNs from different classes that would be detectable with CTA.

It has culminated in the description of the observational programme to be carried out by the collaboration in the form of Key Science Projects. I have been coordinating the efforts around the AGN Key Science Project as one of the conveners of the extragalactic working group for CTA.

Following this quick introduction, the second chapter of the present document is dedicated to a short review of my personal experience on different projects in the above mentioned fields, including HiRes, Auger and H.E.S.S.

INTRODUCTION

The following three chapters (Chap. 3,4,5) attempt to provide a scientific review of the research I have carried out so far in VHE γ-ray astronomy. This part of the document is to a large extent not an original text, but rather a "reader's digest" of already existing material; it contains excerpts from several articles I have written myself or to which I have made a contribution. The source of the material and my implication is stated in the beginning of each (sub-)section.

Chapter three provides an overview of the current state of research on AGNs with ground-based Cherenkov telescopes, while the future prospective in this field, linked to the CTA project, is discussed in Chapter four. Chapter five is dedicated to our current understanding of the origin of the high-energy blazar emission, which is based on simplified models of the radiative transfer inside those sources.

In the remaining two chapters (Chap. 6,7), I am attempting an outlook on the future applications and evolution of the lepto-hadronic model and on my personal research projects.

Chapter 2

Of air showers and deserts

This Chapter is meant to give a short overview of my past research activities in chronological order, seen from a personal perspective.

Searching for cosmic rays at Dugway Proving Ground

My first encounter with astroparticle physics took place in 1999 at Rutgers University in New Jersey, US. I initially went to Rutgers for a year of Master's studies thanks to an exchange programme with the Universität of Würzburg, where I had carried out my undergraduate studies. Prof. Gordon Thomson introduced me to the field of UHECR physics. Himself a particle physicist, with experience on kaon decay experiments at Fermilab among other things, he had recently joined the HiRes experiment1 , which was aiming to measure the spectrum, composition and arrival directions of the most energetic particles ever detected.

The HiRes collaboration set out to explore the high-energy end of the observable cosmic-ray spectrum and to solve the puzzle of detections of so-called "super-GZK" events, reported by the ground-array experiments SUGAR (Anchordoqui & Goldberg, 2004), Haverah Park (Ave et al., 2003), Yakutsk [START_REF] Glushkov | International Cosmic Ray Conference[END_REF] and especially the Akeno Air Shower Array (AGASA). The latter, a 100 km 2 array of scintillation detectors located in the Japanese Alps, which sampled the particle distribution of air showers, had reported a continuation of the cosmic-ray spectrum with no sign of any spectral change at energies above 10 20 eV (Takeda et al., 2003). This surprising
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result was in clear violation of the expected flux suppression due to the interaction of cosmic-ray protons with the cosmic-microwave-background (CMB) photons that should have led to photo-pion production and to a reduction of the initial cosmic-ray energies (the so-called GZK effect, named after its discoverers Greisen, Zatsepin and Kuzmin).

The GZK effect necessarily leads to a flux suppression above about 6×10 19 eV for protons travelling farther than about 50 Mpc, i.e. coming from sources outside of the local supercluster. If the cosmic rays at the highest energies were heavy nuclei rather than protons, photo-spallation would lead to a flux suppression at similar energies, although with a slightly different spectral shape. In the absence of nearby sources that could account for acceleration to such elevated energies, many exotic scenarios, including topological defects, "z-bursts" and cosmic strings, where invoked to explain these unexpected detections. The flux of cosmic-ray particles decays following approximately the third power in energy, which means that at energies above about 10 15 eV balloon-or space-borne detectors can no longer provide the effective area necessary for direct detection. Indirect 2.1 Searching for cosmic rays at Dugway Proving Ground detectors on the ground measure the cascades of secondary charged particles that are triggered when a primary cosmic ray with sufficiently high energy interacts with the atoms in the Earth's atmosphere (so-called "air showers"). Hadronic interactions and electromagnetic cascades lead to a multitude of particles -mostly electrons, positrons, γ-rays and muons --which can be detected either on the ground, with arrays of scintillators or water Cherenkov detectors, or through their excitation of nitrogen molecules in the atmosphere, visible as weak ultra-violet "fluorescence" light. The latter can be detected with telescope units consisting usually of a single mirror with a very large field of view and a camera equipped with photo-multiplier tubes to allow a rapid response below the micro-second. The combination of several such units allows to search a large portion of the night-sky for the isotropic fluorescence light from air showers.

The predecessor of HiRes, the Fly's Eye experiment, was the first experiment that used the "air fluorescence" technique to detect UHECRs. It had detected a "super-GZK" event with a record energy of 3×10 20 eV, but did not provide the necessary effective area to measure the spectrum at the highest energies (Bird et al., 1995). HiRes (see Fig. 2.1) was the first stereoscopic air fluorescence facility and provided improved resolution and sensitivity compared to the Fly's Eye.

Both ground arrays and air fluorescence telescopes rely on detailed Monte Carlo simulations of the air shower development in the atmosphere and of the detector response for the correct reconstruction of the direction, energy and eventually the composition of the primary cosmic-ray particle. While ground arrays rely heavily on simulations for the energy reconstruction of the air shower, of which only its lateral particle distribution is known, fluorescence telescopes have an effective area that depends on the energy of the air shower and that needs to be modelled carefully. Thus my first implication in HiRes was the development of a library of simulated air showers, using the existing Monte Carlo programs CORSIKA (Heck et al., 1998) and AIRES (Sciutto, 1999), and the simulation of the effective area of the HiRes-II detector. This telescope was equipped with an FADC based data acquisition system and the correct estimation of its response to the air showers from the library required a detailed simulation of the detector electronics and the night-sky background.

After my one-year stay, I decided to continue my research with Gordon Thomson's group and to write my PhD thesis on this subject, which I completed in 2004, two years before the end of the HiRes experiment. Based on an existing code that I developed
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further and into which I integrated the shower library, fake data were simulated and compared in detail to the detected real events to guarantee the correct description of the detector and the air shower development (Zech & HIRES collaboration, 2001;Zech & HIRES Collaboration, 2003). The simulation chain was then used to calculate the effective area of the detector, needed to convert the measured event distribution into the cosmic-ray flux arriving at the detector. This work, together with the event reconstruction also carried out by our group at Rutgers University, resulted in the measurement of the UHECR spectrum with the HiRes-II detector (Abbasi et al., 2004;Zech & High Resolution Fly's Eye Collaboration, 2004). The combined measurements of the two HiRes detectors finally led to the detection of a flux suppression in the UHECR spectrum (see Fig. 2.2), which was interpreted as the GZK effect (Abbasi et al., 2008). I also carried out a detailed study of different sources of systematic effects on the determination of the effective area, including the assumed cosmic-ray composition and the air shower generator (High Resolution Fly's Eye Collaboration et al., 2007). The UHECR spectrum measured in monocular mode with the two HiRes detectors, compared to the AGASA measurement. Taken from Abbasi et al. (2008).

During my PhD at Rutgers University, I went to take shifts on the site of the 2.1 Searching for cosmic rays at Dugway Proving Ground experiment on many occasions. HiRes, like its predecessor, was located in the desert of Utah, about a two hours drive from Salt Lake City, inside the military base "Dugway Proving Ground", a site used by the US army for weapons testing, which had the advantage of providing all the necessary infrastructure for the project. In the wake of the events of September 11th, 2001, access to the base was unfortunately denied to all non-US citizens. Most of the operations of the HiRes detectors could be carried out with remote systems by that time. Apart from the operation of the detectors, I was also involved in the calibration of the photo-multiplier tubes at the University of Utah. The electrons in the beam had an energy of 28.5 GeV and probed for the first time the yield in the multi-GeV range. Assuming that the fluorescence yield is proportional to the energy deposited by the electrons travelling through air, the result is in good agreement with previous measurements at lower energies (cf. Fig. 2.3). Subsequent experiments helped to improve significantly the systematic uncertainties related to the fluorescence yield.

Searching for cosmic rays in the Pampa Amarilla

The presence or absence of the GZK flux suppression was only one of several open issues in UHECR physics. The ultimate question about the nature, the sources and the acceleration mechanisms of these particles led to studies not only of the cosmic-ray spectrum, but also of the distribution of arrival directions and of the composition of the UHECR flux. The Pierre Auger Observatory1 was built with a roughly 10 times higher effective area than previous UHECR detectors to provide access to the highest energies of the UHECR spectrum and study the energy range around the GZK flux suppression.

When I had finished my thesis on the HiRes project, I joined the Auger group at the LPNHE (CNRS, Université Paris 6 & 7) for a two-year postdoctoral position, from 2005 to 2007, on a European "Marie-Curie" fellowship. The Southern site of the Pierre Auger Observatory was at that time still under construction in Argentina, in the Pampa Amarilla (province of Mendoza), but first scientific data began to become available.

"Auger South" was completed in 2008. A planned Northern array in Colorado has not been funded, but the successor of HiRes, the Telescope Array2 (TA), a hybrid air fluorescence and scintillator array in Utah, is operating in the Northern Hemisphere.

Apart from its increased effective area, the main interest of Auger is the combination of the two detection techniques that were seen in the past to provide incompatible results, i.e. the combination of a large ground array of water Cherenkov tanks (see 2.2 Searching for cosmic rays in the Pampa Amarilla Fig. 2.4) with four fluorescence telescopes. Air showers detected with both components at a time, so-called hybrid events, allow the comparison of the shower reconstruction based on the the two different methods. I was using a sample of "golden hybrid events", i.e. air showers with sufficient information from both ground detectors and fluorescence telescopes to be reconstructible independently with either technique, to evaluate the resolution in the shower geometry and energy of the fluorescence and surface detector reconstructions (Zech, 2005a,b, (internal notes)).

I have also studied correlations between indicators of the cosmic-ray composition from the two different techniques (Zech, 2007, (internal note)). Both rely on the fact that air showers induced by heavy nuclei develop higher up in the atmosphere than the ones triggered by protonic cosmic rays. With the air fluorescence telescopes, one can directly access the longitudinal profile of the air shower as it develops in the atmosphere and "light" air showers can be statistically distinguished from "heavy" air showers through the atmospheric depth where the shower maximum is reached. For ground detectors, this effect leads to a difference in the rise-time of the recorded FADC pulses and in the reconstructed curvature of the front of the air shower as it touches the ground. Both methods have been used by the Auger Collaboration to measure the composition of the UHECR flux (e.g. Boncioli, 2014).

My work for the Pierre Auger collaboration included as well shifts on the site in Argentina. While the water Cherenkov detectors (see Fig. 2.4) are acquiring data continuously, day and night, the four fluorescence telescope stations observe only during clear, moonless nights and need to be operated remotely by shift personnel from the nearby operations room in Malargüe.

The measurement of the UHECR spectrum with Auger has confirmed the existence of a flux suppression at the highest energies (Abraham et al., 2008), but its determination of a heavy or mixed cosmic-ray composition at the highest measurable energies introduced a new contradiction with previous results from HiRes, which favoured an almost pure proton composition at the highest energies, also confirmed by more recent data from TA (Abbasi et al., 2015b). A joint working group between the two experiments has found in a preliminary study that the difference between the Auger and TA/HiRes results might not be statistically significant, due to the small number of events at energies above 10 19 eV (Abbasi et al., 2015a). The actual behaviour of the UHECR composition has important implications for the interpretation of the UHECR arrival directions and for the study of acceleration mechanisms (and thus the potential sources). In the case of a protonic composition, features in the UHECR spectrum are interpreted with electron-positron pair production (causing the "ankle" at about 10 18.5 eV) and with the GZK effect (causing the flux suppression at about 10 19.8 eV). This points to distant sources (beyond the "GZK horizon"), in which protons can be accelerated to at least 10 20 eV, and to a chance of correlating the most energetic events with known source types. Some evidence for such a correlation, suggesting a possible connection with AGNs, was seen with the Pierre Auger Observatory (Pierre Auger Collaboration et al., 2007), but the strength of this signal has since been declining with increased statistics. In the meantime, a 2.3 Searching for γ-rays in the Khomas Highland large "hotspot" with a significance of 5.1 standard deviations has been detected in the northern sky above 5.7 × 10 19 eV with TA (Abbasi et al., 2014) and is now under investigation.
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If the composition of the most energetic cosmic rays is mixed or heavy, the "ankle" feature needs a different explanation, probably indicating the transition between Galactic and extra-galactic cosmic-ray spectra, and the flux suppression at the end of the spectrum would no longer be a clean "GZK" signature (see e.g. Kampert, 2014). In this case, the constraints on the conditions of the acceleration regions of UHECRs, in terms of magnetic field strength and extension, would be less stringent due to the smaller gyroradius of heavy nuclei as compared to protons, but the prospects for "UHECR astronomy" would be very reduced due to the much larger deflections of charged nuclei in intergalactic and Galactic magnetic fields. An answer to this question might have to wait for the much larger effective area of the JEM-EUSO experiment.

A unique signature of hadronic emission from an astrophysical source would be provided by the capture of neutrinos from that source. The discovery of several tens of astrophysical high-energy neutrinos, likely of extragalactic origin, in the ICECUBE data is a very exciting step into this direction (Aartsen et al., 2014). A first promising hint of a correlation of one such neutrino with a blazar flare has already been found (Kadler et al., 2016).

While waiting for more neutrino statistics to increase the significance of potential correlations with sources, the best chance of finding signatures for UHECR emission from AGNs or the few other astrophysical sources admitted by the Hillas criterion (notably GRBs) might come from indirect signatures in γ-ray spectra of extragalactic sources, as will be discussed in Chapter 6.

Searching for γ-rays in the Khomas Highland

The indication of a correlation between the distribution of AGNs and the arrival directions of the most energetic UHECRs detected with Auger, although not confirmed with more recent data, raised the interest in AGNs as potential sources of UHECRs.

Several scenarios have since been proposed to explain the possibility of acceleration to ultra-high energies in AGNs, with several focusing on the most nearby radio-galaxy, Centaurus A (e.g. Reynoso et al., 2011Reynoso et al., , 2010;;Rieger & Aharonian, 2009;Sahu et al., 2. OF AIR SHOWERS AND DESERTS 2012). This potential link between UHECRs and AGNs has first awoken my curiosity in the physics of these highly energetic extragalactic sources.

I joined the high-energy "PHE -phénomènes à hautes énergies" group at the LUTH, and the H.E.S.S. IACTs capture images of air showers triggered by cosmic rays or γ-rays in the Earth's atmosphere, but different from air fluorescence telescopes, they collect the strongly anisotropic Cherenkov light that is emitted mainly along the direction in which the shower is moving, making them sensitive to γ-ray induced showers in the VHE band.

Cosmic rays at comparable energies constitute a very dominant background, which needs to be rejected with increasingly sophisticated pattern recognition algorithms.

The reconstruction of the air shower permits to determine the γ-ray source on the sky and its energy spectrum. The angular resolution is limited by a point spread function My current research work within the H.E.S.S. collaboration concerns the analysis of VHE data, together with a full multi-wavelength picture whenever possible, from AGNs and their interpretation with emission models that simulate the radiative transfer in the emitting region. Some details of the analysis of two blazars, PKS 2155-304 and PKS 0447-439, will be given in Chapter 3, while a description of the source modelling is reserved to Chapter 5.

Searching for γ-rays in the Khomas Highland

The detection of γ-rays from certain AGNs, mostly blazars and a few radio galaxies (Centaurus A among them), is direct proof for particle acceleration up to highly relativistic energies in these sources. The questions that remain concern the exact location of the emission region inside the source, the acceleration mechanism and the nature of the accelerated (and radiating) particles. Very rapid variability, detected down to the scale of a few minutes as in the case of the blazar PKS 2155-304 (Aharonian et al., 2007), and correlations between flares in the radio and high energy bands, as seen e.g. in multi-wavelength campaigns of the radio-galaxy M87 (Acciari et al., 2009), put strong constraints on the size of the emission regions, which are thought to be close to the central engine in most scenarios.

The comparison of emission models, describing in detail the radiative processes assumed to be at play inside the source, with data of the SED, ideally covering the whole wavelength range from radio to VHE γ-rays, provide insights into the physical processes underlying the detected radiation. For most blazars detected in the VHE range, the simple one-zone SSC scenario, based on emission from a population of relativistic electrons and positrons in a dense magnetised region of the jet, in certain cases with the addition of external photon fields, provides a good description of the high-energy emission (from X-rays to the VHE range). More complex approaches are required in the case of a few blazars with very hard spectra in the TeV range, as well as for radio galaxies.

Modelling the spectral distribution can provide constraints on the energy distribution of the underlying particles and thus on the acceleration mechanism inside the source, even though the current standard emission models generally lack a thorough description of the acceleration process itself and rather adopt an ad hoc parameterisation of the energy distribution. There is also, in general, no adequate description of the jet environment in which the dense source region is supposed to be located.

To describe MWL spectral distributions from blazars, leptonic emission models are often preferred to hadronic models, simply because the latter come with a much larger set of free parameters, and current data are in general not sufficiently detailed to constrain them. The strongest constraints come from the detection of flares over a range of wavelengths. A physical argument in favour of leptonic emission models is the detection of rapid variability at the highest energies, which is difficult to explain with a hadron population, given the longer acceleration and cooling time scales compared to the lighter leptons. This does not rule out that relativistic hadrons could account at least for a part of the detected γ-ray emission.
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With future data of improved photon statistics, signatures for relativistic hadrons might be detectable in the VHE γ-ray spectra of certain AGNs and might provide for UHECRs the same indirect access to their sources as the detection of γ-rays from molecular clouds and supernova remnants is providing for galactic cosmic rays.

Chapter 3

AGN physics at very high energies with H.E.S.S.

An overview of extragalactic TeV emitters

This section contains small excerpts from Zech & H.E.S.S. consortium ( 2009), which I wrote.

With the exception of two starburst galaxies, NGC 253 and M 82, and a few sources in the Large Magellanic Cloud (LMC) (Abramowski et al., 2015), at present all the extragalactic sources detected in the VHE regime with ground based Cherenkov telescope arrays, such as H.E.S.S., MAGIC and VERITAS, are AGNs. Observations of galaxy clusters (e.g. Aharonian et al., 2009e) and GRBs (e.g. Aharonian et al., 2009b) Blazars are in general highly variable sources, on time scales ranging from years to a few minutes, with highly polarised emission.

To a first approximation, the apparent difference between blazars and radio galaxies can be explained with the AGN unification schema invoking a single object seen under different viewing angles (cf. Fig. 3.1). This simple picture becomes more complicated, however, when one considers the different emission characteristics between various blazar types and radio-galaxy classes. Within the blazar "family", FSRQs are more luminous than BL Lacs and are characterised by strong emission lines in the optical and ultraviolet. These can be explained

An overview of extragalactic TeV emitters

by photons from the strong accretion disk that are reprocessed in the "broad line region" (BLR) of circum-nuclear gas clouds. In BL Lacs, these lines are very weak or absent, due to a supposedly weaker accretion disk and thus much less significant photon fields. The general SED of the blazar broad-band emission exhibits two large bumps:

the first one, which is found at X-ray/UV energies in "high-frequency-peaked" BL Lacs (HBLs) and at optical energies in "low-frequency-peaked" BL Lacs (LBLs) and FSRQs, is usually ascribed to synchrotron emission from a relativistic population of electrons.

The second bump, at GeV/TeV energies in HBLs and usually at hard X-rays in LBLs and FSRQs, is interpreted as inverse Compton emission from electrons up-scattering synchrotron or external photons in the standard leptonic models. (For an example of a typical SED of an HBL, the reader might refer to Fig. & Giommi (1995a,b), based on the ratio between the radio flux at 5 GHz and the Xray flux at 1 keV. Today, these categories, to which "intermediate-frequency peaked" BL Lacs (IBL) were added, are often defined using the position of the synchrotron peak (e.g. Ackermann et al., 2011).

As can be seen from the sky map shown in and Ap Librae, have also been detected. These are very interesting objects and first attempts at their interpretation seem to require additional photon fields, which could make them the "missing link" between the FSRQ and BL Lac populations. In a slightly different scenario, a recent model for Ap Librae, invoking significant contributions to the SED from both a compact source inside the jet and the jet itself, has been proposed

3.1 An overview of extragalactic TeV emitters by Hervet et al. (2015).

While the VHE emission from blazars is in general relatively well described with inverse Compton emission from relativistic electrons within the jet, amplified by relativistic beaming, the emission from nearby radio-galaxies detected at VHE is more difficult to account for. These sources, thought to be the parent population of the BL Lacs, are often described as "misaligned blazars", where a large viewing angle between jet and observer is held responsible for the less beamed and thus weaker emission (e.g. Aharonian et al., 2009a).

The redshift distribution of the VHE AGNs, included in Fig. 3.2, shows a striking difference between the bulk of HBLs, centred around a redshift of z≈0.1 and the few FSRQs that occupy the highest redshifts in this distribution, up to z=0.94 for PKS 1441+25. This reflects the intrinsic difference between the BL Lac and FSRQ populations that is also seen with the Fermi-LAT (e.g. Ackermann et al., 2011). The To determine the intrinsic spectral shape of the observed AGNs, the energy-and redshift-dependent absorption on the EBL has to be taken into account with the help of estimates of the EBL density from galaxy counts and models of galaxy evolution. The

TeV data from blazars, on the other hand, have become increasingly important in constraining those models, based on minimal assumptions of the emission and acceleration processes inside the sources (for a recent review see Biteau & Williams, 2015).

After correction for the EBL, the intrinsic VHE spectra of the observed AGNs yield information on the acceleration process of the underlying distribution of highly rela- The bright blazer Mkn 421, for example, showed an exponential cutoff at about 3 TeV during a high state Aharonian et al. (2005b). The spectral shape of this source was seen to change with the varying flux between different nights, being consistent with a hardening of the spectrum with increasing flux, which could arise from the injection of highly energetic particles into the emission region. In general, spectral variability during flaring episodes can be directly related to the dynamics of particle injection or acceleration, and cooling processes, and is thus an important diagnostic tool. The observed variability time scale during flares or high states also yields valuable constraints on the size of the emission region, due to causality arguments.

In the following section, I will discuss a few aspects of the observations of two BL While the data set from H.E.S.S. and Chandra for the flare on July 30 provides a unique opportunity for the interpretation with emission models, the multi-wavelength data taken over the whole observational period, 9 nights starting after the first flare, are important for a more complete view. When examining the evolution of the X-ray and VHE fluxes (Fig. When evaluating the correlation between RXTE and H.E.S.S. over the whole campaign (using a 10 to 90 minute binning, see Fig. 3.4), a correlation coefficient1 of 0.75 was found, corresponding to a chance probability of less than 0.001%. The comparison of H.E.S.S. and XRT data yields a correlation coefficient of 0.72 with a chance probability of less than 0.03%. When ignoring all data points from the night of the second flare, the remaining data still yield correlation coefficients of 0.61 (RXTE) and 0.54 (XRT) with chance probabilities of less than 0.5% and less than 5%, respectively. -53000). The points represent averages over simultaneous time intervals of usually 10 minutes. The two lines in each panel show power law fits to subsets of the data: the dashed lines include all "high flux" data, while the fits marked with solid lines include all "high flux" data except for the data from the night of the second flare (MJD 53946). From H.E.S.S. Collaboration et al. (2012).

Power law fits indicate that the observed correlation between VHE and X-ray fluxes varies over the period of the MWL campaign. At high flux levels, the VHE flux varies as a high power of the X-ray flux variation. The correlation becomes less steep with decreasing flux and there is no clear correlation for the nights with the lowest flux levels. This indicates a different behaviour of the emission depending on the flux level.

It is also coherent with a recent joint H.E.S.S./Fermi/RXTE/ATOM campaign in 2008 (Aharonian et al., 2009d), where the source was found in a relatively low state and no correlation between the X-ray and VHE band was detected. A correlation between the X-ray and VHE fluxes is naturally accounted for in the SSC framework and has been detected for example during high-flux states of Mkn 421 (B lażejowski et al., 2005;[START_REF] Fossati | [END_REF]Krawczynski et al., 2001;Tanihata et al., 2004) and Mkn 501 (Albert et al., 2007;Catanese et al., 1997;Djannati-Atai et al., 1999;Pian et al., 1998). An extension to more than one emission zone has been proposed to account for the observed steep correlation between the X-ray and VHE γ-ray flux during the second flare (Aharonian et al., 2009c). An application of a multi-zone SSC model to the second flare will be demonstrated in Chapter 5.

Such a scenario could be applicable more generally to explain the changing behaviour of the source between high-and low-flux states. The synchrotron emission would be generally dominated by a not very dense emission region that does not contribute significantly to the SSC component. An additional emission region with a denser and more energetic electron population would dominate the VHE emission while contributing little to the X-ray emission. This second zone would account for the steep correlation and spectral hardening during high states and flares. In a low state of the source, the small contribution from the second zone to the X-ray emission might become undetectable against the dominant emission from the first zone. This would naturally explain the uncorrelated behaviour or less steep correlations at lower flux states and the emergence of correlations during higher flux states. (Acciari et al., 2009). In both cases, a rapid variation at the highest energies occurred during or shortly before an increase in the radio flux over several months. From the available data it seems that the radio flux from PKS 2155-304 was at a relatively high, but stable level when the VHE flares occurred, and started to increase about one month afterwards. Part of the radio and optical emission could come from the same lepton population that causes the VHE γ-ray and X-ray flares.

The high-energy emission region, e.g. a rapidly moving plasma blob inside the jet, could be initially opaque to radio waves due to synchrotron self-absorption, as has been observed in Mkn 421 (Charlot et al., 2006). The expansion of the blob while it is travelling down the jet permits the emission of radio waves with a certain delay. The longer cooling times at lower energies lead to a longer time scale for radio and optical A general difficulty in the study of BL Lac objects is the fact that their redshifts are often unknown or not well determined, since spectral features from the host galaxy become undetectable due to the dominance of the non-thermal emission from the jet.

Therefore, about 50% of the BL Lac objects detected with Fermi-LAT (Ackermann et al., 2011) have an unknown redshift, and this is also the case for the bright HBL PKS 0447-439, which was detected as a TeV source with H.E.S.S. in 2009, following predictions based on the LAT spectrum.

A first evaluation of the redshift of this source at z= 0.107 (Craig & Fruscione, 1997) was based on a mis-identification with a Seyfert 1 galaxy1 . Subsequent observations with the CTIO 4m telescope led to an estimation of z=0.205 (Perlman et al., 1998).

However, this claim was based only on a very weak spectral feature that the authors identified as the Ca II line in an otherwise featureless spectrum. It was not confirmed by a more recent analysis by Landt & Bignall (2008) that yielded only a lower limit of z>0.176, based on the photometric method described by Piranomonte et al. (2007),
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applied to a featureless spectrum from observations with the CTIO and NTT telescopes.

A more recent analysis of observations of the source, which were carried out with the CTIO and NTT in 2007, put a very high lower limit of z ≥ 1.246 on its redshift (Landt, 2012). This result was based on weak absorption lines interpreted as the Mg II λ2800

doublet. Such a high redshift is very difficult to reconcile with the detection of γ-rays from the source with energies of several TeV, given the absorption by the EBL. A more likely explanation is that the feature in the optical spectra corresponds to atmospheric absorption. The most recent data (Pita et al., 2014), taken with the X-Shooter telescope (ESO/VLT), do not confirm the high redshift value suggested by Landt ( 2012), but show instead a featureless spectrum apart from atmospheric absorption lines, at wavelengths that coincide exactly with the putative Mg II doublet. This has also been confirmed subsequently by observations with the Clay Magellan II telescope (Fumagalli et al., 2012).

The combined Fermi-LAT and H.E.S.S. data set can be used to derive an upper limit on the redshift of this source. In a preliminary study (see Fig. 3.6), the LAT spectrum was extrapolated, absorbed with a given EBL model (Franceschini et al., 2008) for different redshifts and compared to the observed H.E.S.S. spectrum. The upper limit corresponded to the redshift where the extrapolated LAT spectrum was no longer compatible with the H.E.S.S. spectrum.

No assumptions are made on the source emission characteristics, other than excluding spectral upturns beyond the Fermi-LAT energy band, which are not expected in general and would be theoretically difficult to account for. One case of a spectral upturn at high energies might have been seen during a flare of Mkn 501 (Neronov et al., 2012). Lefa et al. (2011) interpret this hypothetical feature as resulting from the combination of several emission regions in a leptonic scenario with Maxwell-like particle distributions. The observational evidence, however, is weak. For PKS 0447-439, there is no indication of an upturn in the Fermi-LAT data and the data were not taken during a flare. Spectral upturns might also occur in a scenario where the γ-ray flux in the Fermi-LAT band suffers from internal absorption in the source, e.g. on emission from the BLR (Poutanen & Stern, 2010;Senturk et al., 2011) or from the accretion disk or torus (e.g. Donea & Protheroe, 2003), and recovers in the VHE band (see also Zacharopoulou et al., 2011). However, the absence of line features in the optical spectra from BL Lac objects in general suggests that emission from the BLR is negligible in these sources. In the case of PKS 0447-439, the available optical spectra do not show any significant features. The γ-ray data from this source are best described by power laws, with no indication for absorption on internal photon fields. In a more rigorous treatment, the Fermi-LAT power-law spectrum, based on data taken over the same time period as the H.E.S.S. data and with no indication of variability, is extrapolated to the highest energies to serve as an upper limit on the intrinsic flux from the source in the VHE band. Following the method proposed by Georganopoulos et al. (2010), the ratio between the VHE flux and the extrapolated Fermi-LAT flux provides an upper limit on the optical depth, as a function of energy, due to EBL attenuation. A comparison of this upper limit with the predictions of a given EBL model as a function of redshift can be translated into an upper limit on the redshift of the source. This method has been used to constrain the density of the EBL with data from Fermi-LAT and MAGIC from the FSRQ 4C 21.35 (Aleksić et al., 2011). A similar approach was applied to Fermi-LAT and VHE data from the BL Lac object PG 1553+113 to derive an upper limit on its unknown redshift (Abdo et al., 2010b).
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Intrinsic softening of the spectrum beyond the Fermi-LAT band, which might well occur due to physical processes in the source, would only lead to a lower value for the inferred redshift and would thus not be in contradiction with the derived upper limit. A problem in the interpretation of the upper limit would only arise in nonstandard emission scenarios, in which absorption on the EBL is partially avoided. This is the case for scenarios (e.g. Aharonian et al., 2013Aharonian et al., , 2002;;[START_REF] Essey | [END_REF]Murase et al., 2012;Taylor et al., 2011), where the observed γ-rays are interpreted as secondary photons produced outside of the source in interactions of primary photons or protons with the cosmological microwave background and the EBL. Another possibility is given by scenarios involving exotic particles or interactions, such as photon-axion oscillations (de Angelis et al., 2011).

Modifying Equation 3.1 from Aleksić et al. (2011) to include a correction term for the systematic error on the H.E.S.S. flux, the upper limit on the optical depth τ max is given by et al. (2008), which generally provides a good description of the observed VHE spectra.

τ max (E) = ln F int (E) (1 -α) • (F obs (E) -1.64 • ∆F obs (E)) . ( 3 
Applying an estimation of the lower limit of the EBL level, as provided by the "low" model by Gilmore et al. (2009) and by the model by Kneiske & Dole (2010), a more conservative upper limit of z<0.59 and z<0.58 is derived, respectively. In the extragalactic sky, the prospect of a first VHE detection of GRBs is getting within our reach and would be an important result also in view of the future observational programme of CTA. VHE γ-rays from GRBs with energies of a few 10 GeV have already been detected with Fermi-LAT in a few cases (Ackermann et al., 2013); the main challenge lies in the very rapid reaction and slewing time necessary to follow-up closely on GRB alerts. An automated system connected to the GCN network is already in place on the H.E.S.S. site and includes now the "CT5" telescope.

First

Finally, H.E.S.S.-II improves our access to non-HBL AGNs and to higher redshifts.

Since absorption on the EBL increases with the energy of the γ-rays, the EBL "horizon" CTA is designed to bring about a similar leap forward for VHE astrophysics as has been witnessed in high energy astrophysics thanks to the Fermi space telescope, when compared to its antecedent, the EGRET telescope on the Compton Gamma-Ray Observatory. The sensitivity of CTA will provide a gain by a factor of up to 10 compared to currently operating arrays, allowing the detection of point sources close to the milli-Crab1 level for 50 hr of observation time at energies of a few TeV. This will be achieved with the use of a much larger number of telescopes (several tens) than for current arrays, distributed over a large surface on the ground (of the order of 4 km 2 ) thus increasing the effective area of the array.

Energy coverage will also be extended, connecting to the Fermi-LAT range at the low end (about 20 GeV) while providing good coverage up to ∼300 TeV, thus opening a new window on the highest energies. This wide energy coverage will be possible for an acceptable cost due to the combination of differently sized telescopes. A few large size telescopes (LSTs) with a diameter of 24 m, situated in the centre of the array, will be able to collect a sufficient number of Cherenkov photons even from γ-rays at only a few 10 GeV, while a large number of small size telescopes (SSTs) with a diameter of 4 m, spread out over larger distances, will provide sufficient effective area to collect bright but rare air showers, corresponding to γ-rays at the highest energies. Intermediate energies will be covered by medium size telescopes (MSTs) with a diameter of 12 m, comparable to the H.E.S.S.-I telescopes.

Since VHE γ-rays are detected indirectly, the multiplicity of telescopes that detect a single air shower plays an important role in the quality of its reconstruction. An angular resolution down to the arcminute will be achieved for bright events with energies of typically a few tens of TeV. A good astrometry, foreseen to be 7 arcseconds, is essential to avoid source confusion, especially among Galactic sources, and to identify 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS the emission region in extended sources. Energy resolution will be at the 10% level to allow better resolution of spectral features than with the current instruments.

The optical systems of the MST and LST telescopes follows the proven "Davies-Cotton" and parabolic designs, used by all of the currently operating arrays, but an alternative design in the form of secondary "Schwarzschild-Couder" (SC) optics will be used for at least a large fraction of the SSTs and for an additional component of telescopes with a 9 m diameter primary mirror under study by the US groups. A first prototype for an SC SST, the "SST-GATE" telescope, has been built at the Paris Observatory, as will be discussed in more detail in Section 4.3.

The definition of the specifications of the different telescope types and of the array layouts is based on massive simulations of γ-ray and cosmic-ray induced air showers and of the response of different configurations of simulated telescope arrays, carried out on the EGEE/EGI computing grid and in computing centres at different institutes.

These simulations are vital to arrive at realistic estimates of the performance of CTA and to optimise its design with respect to the science requirements for a fixed cost. The following section describes some aspects of these simulations.

Monte Carlo studies for CTA

This section contains excerpts from Bernlöhr et al. (2013), for which I wrote Section 2, with a lot of help from Clementina Medina (see also Actis et al., 2011).

The first step in the generation of fake VHE γ-ray events or background (cosmicray) events for CTA is the simulation of the extended air shower, i.e. the cascade of secondary particles developing in the atmosphere. Several codes exist for the detailed, three-dimensional Monte Carlo (MC) simulation of air showers for different primary particles. A MC simulation of the shower development, rather than an analytical solution of the cascade equations, is necessary to correctly account for statistical fluctuations between showers. The main challenge of these simulations lies in the correct treatment of hadronic interactions, which play a central role in the development of air showers triggered by cosmic rays. Phenomenological models are used to extrapolate cross-sections beyond the energy regime and the scattering angles accessible to accelerator experiments.

Monte Carlo studies for CTA

The air shower generator CORSIKA (Heck et al., 1998) has been chosen as a standard tool for CTA simulations. This publicly available, open-source code is used by all the current IACT arrays and is also employed in the wider astroparticle physics community (e.g. Auger, TA, IceCube, Antares,...). While electromagnetic interactions in CORSIKA are treated by an adapted version of the EGS4 code (R. et al., 1985), a choice is given between several hadronic interaction models. Within CORSIKA, the "IACT/ATMOS" package facilitates the simulation of the Cherenkov light flux for a chosen configuration of telescope positions and dish sizes. The flux of Cherenkov photons from a simulated air shower is collected for each pre-defined telescope position and dish size and serves as input for further processing with a telescope simulation package.

The Cherenkov light production from γ-ray events simulated with CORSIKA has been cross-checked against another air shower generator (KASKADE-C++) currently in use within the H.E.S.S. collaboration. This code had been developed by the ARTHE-MIS, CAT and H.E.S.S. collaborations, based on the original KASCADE code (Kertzman & Sembroski, 1994). The Cherenkov light profile generated by the two air shower codes was found to agree within ∼5 %.

The simulation of the cosmic-ray background is subject to our still limited knowledge of hadronic interaction processes at very high energies. Detailed comparisons of the different interaction models available in CORSIKA can be found in Heck et al. (1998) and an evaluation of the systematic uncertainties is given by Parsons et al. (2011). The impact on the Cherenkov light profile has been studied for some of the most commonly used interaction models for low and high proton energies. As shown in Fig. 4.2, there are no significant differences between the low energy (<80 GeV) models FLUKA (Fassò et al., 2003) and UrQMD (Bleicher et al., 1999). The known discrepancy between the high-energy models QGSJet-01 (Kalmykov et al., 1997), QGSJet-II (Ostapchenko, 2006) and SIBYLL 2.1 [START_REF] Engel | International Cosmic Ray Conference[END_REF], which apply different extrapolations of parameters for proton-nuclei interactions to high energies, leads only to a small uncertainty of about 5% in the Cherenkov light profile at 1 TeV. It should be noted that these differences are clearly much more important in the simulations of UHECR-induced showers at many orders of magnitude higher energies.

Following this verification, the interaction models UrQMD and QGSJet-II had been chosen for the massive background simulations for CTA. The forthcoming results from the Large Hadron Collider experiments (e.g. d 'Enterria et al., 2011) to reduce systematic uncertainties of the hadronic interaction models in the near future.

It should be noted however that this is only a small effect compared to the uncertainties in the current measurements of the absolute cosmic-ray flux. The next step after the simulation of γ-ray and cosmic-ray induced air showers is the generation of the detector response, including the optical ray-tracing of the photons from mirror to photomultiplier tubes in the camera, the trigger system, electronics and digitisation of the signals. Noise from the night-sky background and electronic noise need to be added to the signal as well. The telescope simulation package sim telarray (Bernlöhr, 2008), based on software developed for the HEGRA telescopes and now in use by the H.E.S.S. collaboration, is employed for the massive simulations for CTA. In general, sim telarray requires only a small fraction of the CPU time needed for shower simulations. Once an air shower has been simulated with CORSIKA and processed through sim telarray, only the final output, in a format currently based on the H.E.S.S. raw data format, is written to disk.

Monte Carlo studies for CTA

The simulation chain for CTA is directly based on programmes that are already in use within the H.E.S.S. and MAGIC collaborations and that have been thoroughly tested against real data. Comparisons of MC events against H.E.S.S. data, verifying for example the distribution of photons in starlight images, the PSF for different angular distances to the optical axis, or the telescope and system trigger rate, have been extensively studied (e.g. Bernlöhr, 2008). 
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One of the standard Hillas-type analysis chains was applied to the real and fake data. 
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The SST component of CTA will extend the energy reach beyond the limits of current IACT arrays to explore the high energy end of Galactic and extragalactic source spectra and to probe the limits of particle acceleration in TeV emitters. To achieve this objective, a sufficiently large number of SSTs (a few tens) are needed to cover a large surface area. The cost for a single telescope thus needs to be reduced as much as is feasible. A small effective mirror area of at least 5 m 2 is considered sufficient for the SSTs, given the bright signal from air showers in the targeted energy range (from ∼1 TeV to ∼300 TeV). On the other hand, since showers occur less frequently with increasing energies, the viewing angle of the telescopes needs to be large, on the order of 10 • , to allow the imaging of showers that are far away from each single telescope, and thus imaged under larger field angles. This will permit the installation of a spread-out SST array with a large inter-telescope spacing (up to ∼300 m).

Three different designs are currently being considered by the CTA consortium: one using single-mirror Davies-Cotton (D-C) optics with a Geiger-mode avalanche photodiode (GAPD) based camera (Moderski et al., 2013), similar to the FACT telescope (Anderhub et al., 2013), and two others, the ASTRI (Pareschi et al., 2013) and SST-GATE projects, based on Schwarzschild-Couder (SC) optics (Vassiliev et al., 2007).

The latter is an aplanatic, anastigmatic design developed by André Couder1 in the 1920s as a variation of Schwarzschild's optical systems. In the SC telescope, the focal plane is located in-between two aspherical mirrors, close to the secondary mirror (cf. Fig. 4.6). The plate-scale is much smaller than for the D-C design, permitting the use of a small, light-weight camera, while still providing a wide Field of View (FoV). This technique achieves the required performance, with reduced costs for the camera and telescope structure. The challenge lies in the fact that such a telescope had never been built before and that practical solutions for the non-spherical mirrors needed to be tested.

SST-GATE represents a light-weight, cost-efficient SC telescope that will be easy to install and maintain on the CTA site. Table 4.1 lists some of the main characteristics of the design.

The structure of SST-GATE is made up of several subsystems. The alt-azimuthal Subsystem (AAS), made of steel, consists of a tower with a fork mount, and the azimuth and elevation drives, based on electric torque motors. The Mast and Truss Structure, made of steel truss tubes in a Serrurier configuration, connects the AAS to the secondary mirror (M2) and to the camera, while the primary mirror (M1) is supported by a dedicated dish linked directly to the AAS. This decoupling of the dish of M1 from the remaining optical structure decreases deformations of the M1 dish during operation and improves the off-axis performance of the telescope. The structure is balanced with an adaptable counterweight. The complete structure weighs only about 8 tons, which is a strong advantage of the design, since it reduces the requirements on the foundation and eases the transport and assembly of its parts.

The mirror surfaces are described by 16th order polynomials to minimise the extension of the PSF over the whole field of view. Obscuration by M2 leads to a reduction of the effective mirror surface of M1 by 25% for on-axis light rays. The centre of the primary mirror surface, which is obscured for all field angles, has a hole of 65 cm radius, allowing the integration of a laser for alignment purposes.

The M1 is made of six equally sized aluminium segments that are aligned with the help of three actuators per segment. The smaller M2 is a monolithic mirror made of aluminium and is equally attached to the dish structure with three actuators. Both mirrors can thus be moved along the optical axis within the range of the actuators to permit an adjustment of the focal plane onto the detector plane. The required reflectivity and mirror micro-roughness is achieved by polishing and coating processes.

The curved focal plane will be equipped with a specially designed camera comprising GAPDs or multi-anode photomultipliers that is being developed by CTA groups from the UK, USA and Japan, known as the CHEC project (Daniel et al., 2013). The SST-GATE structure plus camera is now referred to as "GCT" (GATE-CHEC Telescope or Gamma Cherenkov Telescope). The pixel size of CHEC is 6×6 mm 2 and the total camera surface has a diameter of 36 cm. For good resolution, the image of a point source should be contained within a single pixel, corresponding to an angle of 0.15 • , out to the edge of the field of view. The camera is supported by three arms connected to a triangular support behind M2, thus guaranteeing a high precision in the distance between camera and M2, which is critical for the image quality (the tolerance for a displacement between M2 and the camera being of the order of 1 mm). The camera can be dismounted by unlocking the upper arm and rotating it downwards to a height of about 1 m above ground or completely onto the ground with the help of a simple pulley system. This provides great ease of access for maintenance operations and for the exchange of cameras.

The optical performance of the SST-GATE telescope -its expected throughput and PSF -has been simulated with different software packages to translate the scientific requirements on the image quality into tolerances on the telescope structure and mirrors.

The shape and size of the PSF, defined here by the 80% containment radius on the focal plane for the photon flux from a point source (θ 80 ), has been simulated with ZE-4.3 SST-GATE: a prototype telescope for CTA MAX, with the sim telarray Monte Carlo programme (Bernlöhr, 2008) used within the CTA consortium, and with the ROOT-based ROBAST ray-tracing software (Okumura et al., 2016;Rulten et al., 2016).

As an example, θ 80 is shown in Another important characteristic of the optical system of the SST-GATE telescope is its collection area as a function of the field angle. This is shown in The SST-GATE prototype was inaugurated in Meudon on december 1st 2015 (cf.

Fig. 4.10). In the week before, the telescope was equipped with the CHEC-M camera, a design of the CHEC camera that is using multi-anode photomultipliers. In the weeks preceding the inauguration, first tests were made with the GCT, which culminated in a very first exposure on the night sky in Meudon. In spite of the poor atmospheric and weather conditions (cloudy sky), in spite of moon light (in addition to the light from Paris) and in spite of the fact that only two out of the six M1 mirror petals were installed (for lack of funding) the very first images were taken of events that were identified as cosmic-ray air showers with energies in the PeV range (cf. Fig. 4.11).

These were the first air-shower images ever recorded with a Schwarzschild-Couder type telescope (as well as the first air showers detected in Meudon to my knowledge). Good energy coverage at these extreme energies will permit, for the first time, to study 4.4 Prospects for AGN science with CTA the turnover in these spectra and provide crucial information on the underlying particle distribution and the conditions inside the sources. The SSTs will also play a crucial rule in searches for PeVatrons and help us identify the sources of the Galactic cosmic-ray flux.

Currently the integration of SSTs is only foreseen at the CTA site in the Southern Hemisphere. However, the addition of SSTs to the Northern Hemisphere site may also be very useful, since some of the brightest blazars seen in the Northern Sky, notably

Mkn 421 and Mkn 501, have hard spectra that extend at least to between 10 and 20 TeV. et al., 2011, 2014).

Further insights into these questions require: the study of emission mechanisms and of the underlying particle population with leptonic and hadronic models ( as will be discussed in more detail in Chapter 5 ); the study of source energetics, e.g. comparisons of the estimated jet power against the accretion rate; population studies of VHE blazer classes. Even though CTA will never arrive at source statistics comparable to those of Fermi-LAT, VHE data from a sufficiently large sample of blazars of different classes will provide important complementary information:

• Its much higher sensitivity allows CTA to probe variability at much smaller time scales than Fermi, thus putting strong constraints on the size1 and location of the emission region in AGNs and delivering highly resolved short-term light curves of flares that can be correlated to other energy bands to distinguish different emission components. The study of variability is also very important to understand injection, acceleration and cooling processes inside the emission region.

• Its higher energy reach and spectral resolution allows CTA to resolve the high energy end of blazar spectra, where important information on particle acceleration and cooling processes might be hidden in the form of spectral breaks or cut-offs.

While the majority of FSRQ spectra will probably not be easily detectable with CTA, LBLs/IBLs will be important targets and might provide the link between FSRQs and BL Lacs.

• As mentioned above, we have only very little information on the class of UHBLs from Fermi. Their interpretation with common SSC models proves difficult and closer studies of those sources will maybe provide new surprising insights.

• Only VHE γ-rays can probe external photon fields inside the sources, if they are hidden below the non-thermal emission, through photon-photon absorption.
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Having access to these photon fields could yield an estimate of the luminosity of the accretion disk. First hints of absorption features in VHE spectra have been seen (e.g. Senturk et al., 2013) and await a confirmation with high-quality spectra.

To advance our understanding of blazar physics, an observational programme with CTA should provide high-quality spectra for different blazar types and access a range of redshifts, so that spectral features caused by EBL absorption may be correctly characterised. The coverage of a larger redshift range than what is accessible with the current IACTs might also provide some first hints of the evolution of VHE blazars.

The compilation of a catalogue of high resolution spectra, all taken under the same predefined conditions, of a reference sample of blazars would be an important legacy for the scientific community.

The detection of currently four radio galaxies in the VHE band raises the question of a possible distinction of extended emission from these sources with CTA. Given the typical angular resolution of IACT arrays, this will be a major challenge for even the most nearby sources, Centaurus A (at 3-5 Mpc) and M87 (at about 16 Mpc). Extended emission might in principle be seen from the kpc jets or from the large (∼100 kpc to Mpc scale) radio lobes of these objects and could teach us about their formation and energetics.

Extended emission from the lobes of Centaurus A has been discovered with the Fermi-LAT (Su et al., 2010) and seems to be dominated by the Inverse Compton emission from electrons in the lobes upscattering photons from the CMB and the EBL (Yang et al., 2012). A simple extrapolation to the VHE band of the spectrum measured from the lobes does not predict a detectable signal for CTA. Somewhat more promising might be the emission from the extended jet. A simulation of the VHE emission from this jet [START_REF] Hardcastle | [END_REF] leaves the possibility of detecting extended emission beyond 1 arcminute away from the central core with CTA. It should however be emphasised that an angular resolution of this order will only be reached for events with sufficiently high telescope multiplicities, i.e. for γ-rays of sufficiently high energies.

Resolving the kpc jet of M 87, with an extension of roughly 30 arcseconds, is out of reach for CTA. But even if the jet will not be resolved, good astrometric precision 4.4 Prospects for AGN science with CTA might allow the detection of an offset between the peak of the VHE emission and the nominal source position of the radio core. In the case of M 87 for example, the currently projected uncertainty in the absolute pointing might be sufficient to distinguish emission from the central core or from the "knot A" radio structure in the jet. A detection of emission from the radio lobes of M 87 with CTA might be possible, if one assumes that 50% of the total flux of the source is distributed over the lobes (Sol et al., 2013).

Being able to pinpoint the VHE emission region, even for only one or two radio galaxies, would present a milestone for AGN physics at the highest energies, thus deep observations of a few such sources should be included in the CTA core programme.

The angular resolution and astrometry of CTA are of real concern here. Coordinated multi-wavelength campaigns, including VLBI instruments, are a complementary approach that has been very successful in past observations of M 87 (Acciari et al., 2009) in distinguishing different scenarios of VHE emission regions through the observations of correlated flares between the VHE, X-ray and radio bands.

Certain other classes of AGNs, not yet known to emit at TeV energies, might as well be detected with CTA. A prime candidate are Narrow Line Seyfert 1 galaxies (NLSy1s), about 7% of which are thought to be radio-loud. Detection of several NLSy1s with Fermi-LAT (Abdo et al., 2009), including in flaring state [START_REF] Foschini | proc. of the 3rd Fermi symposium[END_REF], promise good prospects for a detection with CTA. These objects differ from other VHE AGNs by the supposedly low masses of their central black holes and very high accretion rates. They thus offer information from a previously uncharted region in parameter space, which could be of special interest for our understanding of the role that accretion plays in the disputed "blazar sequence" (for a critical discussion of the latter see e.g. Meyer et al. (2012)). The Seyfert 2 galaxy NGC 1068 has also been suggested as a potential VHE emitter (Lenain et al., 2010), based on the detection of high energy emission with Fermi-LAT in the direction of the source. If this emission can really be ascribed to an outflow connected to the active nucleus, as suggested by the authors, rather than to starburst activity in the composite galaxy, this would present a first candidate of a radio-quiet AGN for VHE detection. Such a discovery would be of great importance for the unification models of radio-loud and radio-quiet AGNs.

Other radio-quiet sources, such as low-luminosity AGNs, which will be surveyed as a "by-product" of CTA observations of galaxy clusters, or the black hole in the centre of 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS our Galaxy, might also provide surprises.

The improved capabilities of CTA for the observation of VHE emission from AGNs will not only increase our knowledge of the sources themselves, but will also help us probe the diffuse foreground fields, namely the EBL and the IGMF. Such studies are sometimes (a bit ambitiously) referred to as γ-ray cosmology. Constraints on the EBL level can be derived in different ways from VHE data from AGNs (for a recent review, see e.g. Mazin et al., 2013). Observations of the hard-spectrum blazars H 2356-309, 1ES 1101-232, 1ES 0229+200 and 1ES 0347-121 with H.E.S.S. and of the distant FSRQ 3C 279 with MAGIC, for example, provide an upper limit on the absorption by pair production on the EBL, under the assumption that the intrinsic photon index of the source in the VHE range is not harder than 1.5. The observed (i.e. absorbed) spectra are compared to the hardest acceptable intrinsic spectra under this assumption and an upper limit on the optical depth for pair production on the EBL is deduced, which is very close to the lower limit derived from direct measurements 4.4 Prospects for AGN science with CTA of the integrated light of resolved galaxies. The present upper limits are very close to the lower limit derived from the emission from resolved galaxies ("galaxy counts").

With the advent of Fermi, another method of constraining the EBL has become possible, which makes use of the combination of the high energy and VHE spectra of a source in a similar way as the method we used to derive an upper redshift limit on the source PKS 0447-309 (cf. 3.2.2). In the high-energy range, i.e. below a few 10 GeV, absorption by the EBL can generally be neglected. The Fermi-LAT data thus present the intrinsic spectrum of the source, which can be extrapolated and compared to the absorbed VHE spectrum (e.g. Orr et al. (2011)). For standard emission scenarios (and a good knowledge of the redshift of the source !), an upper limit on the optical depth of the EBL can be derived based only on the assumption that no upturn occurs in the intrinsic spectrum in the VHE range, as discussed before.

Given the extension to lower energies, the spectra that will be detected with CTA, with better photon statistics and a higher energy resolution than for current IACTs, can be searched directly for energy-dependent imprints of the EBL absorption (e.g. Orr et al. at a few TeV should lead to a detectable "echo" at a few 10 GeV. For stronger magnetic fields, the same process can lead to diffuse emission that would appear as an extended halo around the source and could be detected in the VHE range. Depending on the redshift of the source and the strength of the IGMF, this diffuse halo can extend to several degrees (Sol et al., 2013). The large field of view of CTA will make it an ideal instrument to search for such a signal. Its detection would have profound implications for our understanding of the magnetic fields in galaxies and of the early evolution of the universe.

AGN observations with CTA will also provide rich data sets for studies of funda- and would thus make the EBL appear more transparent and lead to a larger redshift reach for CTA observations than expected from current EBL models.

Towards an observation programme for AGNs

To be able to address the different fundamental science cases related to the physics of AGNs and their use as beacons to probe the EBL and IGMF, the observation programme currently proposed for the AGN KSP consists of several distinct parts, which will be described in some more detail in the following paragraphs. The general idea of the AGN KSP in terms of major science objectives and observation programmes is sketched in Fig. 4.13. A combination of data from the three parts of the observation programme (long-term monitoring of selected sources, the AGN flare programme, and the measurement of high-quality spectra from selected sources) is needed to tackle the three main science objectives. given for BL Lacs and FSRQs in the 2FGL were extrapolated and absorbed on the EBL, using the model by Franceschini et al. (2008). In addition, an artificial spectral break was introduced at 100 GeV only for the hardest sources with a photon index Γ ≤2. The significance of the signal that would be observed with CTA for a given observation time was then evaluated using the simulated effective area, energy-and angular resolution, and background rate for different preliminary array configurations.

A detection was assumed for an excess significance of the signal over noise ratio of 5σ (standard deviations), with at least 7 excess events and a signal exceeding 3% of the background. Following this study, about 70 (170) sources would be detectable with a maximum of 5 hr (50 hr) of observation time per source, which translates into total observation times of less than 2 months (∼3 years), if one assumed a total of 1500 hr 
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The purpose of the AGN KSP is not to cover as many sources as possible, but to allow the CTA consortium to tackle a few major science questions and to assure the generation of legacy data sets for use by the astrophysics and astroparticle community.

The observation programme regroups the three following parts:

High-quality spectra programme

This programme includes two distinct groups of targets: The resulting spectra were then compared against the CTA performance curves for a typical southern and northern candidate site.

We selected 40 targets among those sources with an expected significance above 5σ in 20 hr of observations in the energy region where EBL absorption is significant, i.e.

at energies where the optical depth is larger than 1. To sample both the intrinsic and absorbed parts of the spectrum, we additionally required at least 5 spectral points with at least 2 points in the absorbed (τ >1) regime and at least one point with τ >2, and a significance of 20σ above 60 GeV, for most targets (10 σ for a few sources with relatively low fluxes). For very hard sources, we introduced a spectral break at 500 GeV.

The distribution of expected integral fluxes from this source selection is shown in About ten sources have been selected in each of the two intervals of ∆z=0.1 from z=0 to z=0.2; these are particularly constraining for far-infrared measurements of the EBL and a determination of the Hubble constant (Biteau & Williams, 2015;Dominguez & Prada, 2013). Ideally, at least five sources would then be needed in intervals of ∆z=0.2 from z=0.2 to z=1.0 for a precision measurement of the EBL and its evolution, and a study of the evolution of blazars with redshift. Care was taken to include sources of different γ-ray loud AGN classes (HBLs, IBLs/LBLs, FSRQs, radio galaxies), wherever available. For the IGMF study, we will select a subset of sources for which the spectral region where EBL absorption is significant (τ > 1) is located at TeV energies, to ensure that the bulk of the reprocessed emission is detectable with CTA.

Several hard-spectrum, high-redshift sources in this selection have been identified

to be particularly well suited for ALP searches. We also foresee deep observations of at least two hard-spectrum sources from the above selection for the study of LIV effects in the interactions between γ-rays and diffuse extragalactic background radiation, and for the search for UHECR-induced cascade features (see discussion in Chapter 6). For the former, observations could concentrate on the SST component of CTA. A source of z<=0.15 with an intrinsic spectral cut-off above 10 TeV would be required to obtain limits of above 10 11 GeV on a quadratic term. For the latter, full coverage (with the complete array) of a spectrum extending beyond a few TeV would be needed. 1b) Deep exposures of two radio-galaxies.

The two most nearby radio galaxies, both known TeV emitters, are proposed for deep observations to extract high-quality spectra and to search for extended emission:

-In order to probe extended emission from Centaurus A ("Cen A"), either from its radio lobes or its kpc jet, a deep scan of this radio galaxy is foreseen. Three deep exposures with the southern CTA array will be necessary to completely cover the central part, including the kpc jet, and the southern extended radio lobe, with sufficient overlap between the fields of view and allowing for a significant exposure to the field away from the lobe for background subtraction. The three fields of view will be centred on the central core and on the lateral edges of the southern radio lobe.

Data will be taken in "wobble" mode, where the telescopes are pointed at small offsets from the targeted position, usually 0.5 to 1.5 deg, in alternating directions to facilitate background subtraction (cf. Fig. 4.17 for a schematic view of the pointings).

The exposure of the core region will provide a high-quality spectrum of the emission
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from the central source and help us to distinguish between different proposed interpretations of the mismatch currently seen between the Fermi-LAT and H.E.S.S. spectra (Abdo et al., 2010a). If this first exposure shows an indication for a signal from the lobes, two dedicated exposures of the southern lobe will be carried out. We choose the southern lobe since it is seen to be brighter than the northern one in other wavelengths.

An observing time of 50 hr will be needed for each of the three exposures, resulting in a total of 150 hr of observing time with the southern array. In the case of discovery of extended emission from the Southern lobe, this observational programme should be extended to both radio lobes, either in the form of an updated KSP or in the form of a guest-observer proposal, which would profit from the technical expertise that we will have acquired, especially concerning estimates of systematics.

-Given its smaller extension in the sky, M 87 can be covered with a single deep observation. A total observing time of 100 hr is foreseen for the full northern array.

This observation will produce a high-quality spectrum and might lead to the detection of extended emission from the radio lobes (Sol et al., 2013). In addition, a possible extension of the hard power-law of M 87 to a few 10 TeV, would allow a very good probe of the EBL in the regime of a few 10 µm. It should be noted that M 87 is also a prime target for monitoring, due to its high variability.

The "high-quality spectra" programme will provide a comprehensive legacy data set of AGN spectra, obtained under uniform conditions, which will be used for AGN classification and evolution studies. The high-precision spectra will further allow a precise measurement of the EBL, put strong constraints on the IGMF, and will be used for studies of emission scenarios for VHE blazars. Furthermore, the spectra will allow searches for UHECR signatures, and LIV effects.

Long-term monitoring programme

In the long-term monitoring programme, which will provide long-term VHE light curves, we want to cover all known types of VHE AGNs (UHBLs, HBLs, IBLs, LBLs, FSRQs, radio galaxies). To arrive at a representative sample, we want to observe two to three sources per class. A list of 15 such targets, including some of the most prominent TeV sources, is given in Table 4.2. Each target should be observed on average ∼30 min once a week during its period of detectability with the full array (possibly less for the bright UHBLs and HBLs, and more for soft-spectrum sources). This would result in <12 hr per year per target, leading to >7σ detections of all sources in their quiescent state, sufficient for spectrum measurements. For the brighter sources, spectra can be extracted on a weekly or monthly basis. The regular observations will permit to track the flux variability of all sources in the form of long-term light curves. If a source is found in flaring state, more intensive coverage can be triggered as part of the "AGN flare programme" (see below).

The list of targets will be reviewed after 5 years and reduced to the ten most interesting objects (in terms of variability patterns) for further monitoring over at least 10 years, and ideally over the full CTA lifetime. Figure 4.18 shows an illustration of the expected light curve for a bright blazar.

The programme will provide a legacy data set of long-term light curves and time resolved spectra, for use in studies involving AGN variability on medium and long time scales, addressing quiescent states, duty cycles and spectral variability. There is also a discovery potential for (quasi-)periodic oscillations, which seems to be present in the sources OJ 287 and PG 1553+113 for example, as well as the possibility to search for signatures of LIV effects in the light curves.

AGN flare programme

Given the central importance of variable phenomena for VHE research with CTA, an extended programme needs to be set up to target AGN flares. The expected number of external alerts, based on our experience from current experiments (with e.g. Fermi-LAT
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or SWIFT), would be roughly 25 per year, about half of which will be followed up with a full CTA array. This would lead to ∼10-15 external flare alerts to be followed up per year. Future "transient factories" as well as ground-based VHE detectors might increase this rate slightly. One should note that ground-based VHE detection will provide rapid alerts only for very bright hard-spectrum sources. The alerts from optical and radio transient factories will be more numerous, but as the time scales of the flares especially in the radio band are very different from the VHE flares, only few of these alerts will be followed with the full CTA arrays.

Thus, although they are very important, it is not sufficient to rely on external alerts from MWL facilities, since different variability behaviour is seen even when comparing VHE data from current IACTs to HE data from Fermi-LAT. We thus plan to carry out "snapshots", i.e. very short exposures of a large list of targets, using CTA subarrays, to self-trigger full-array observations in case of flares. This method is already being used successfully by current IACT arrays.

The selection of potential targets for "snapshots" should be large, given the limited rate of detectable flares. An example of sources that should be included are:

• FSRQs and soft-spectrum BL Lac type objects (LBLs, IBLs). A selection can be based on Fermi-LAT average spectra, by computing the "flux enhancement" needed to reach 30% of the Crab flux in the CTA energy range. When the enhancement factor is within the typical variation for such sources (factor 10 to 40), the source is selected.

• A selection of ∼20 known VHE γ-ray emitting HBLs/UHBLs, giving preference to bright sources with well established redshifts.

• All radio galaxies detected with Fermi-LAT (currently 8 sources).

• NLSy1s detected with Fermi-LAT (5 sources with high significance so far).

The above selection of ∼80 AGNs will be followed with CTA subarrays with a sensitivity of ∼20% of the Crab flux.

-Soft-spectrum sources (FSRQs, NLSy1s, LBLs, certain IBLs, certain radio galaxies) will be observed with the LSTs. -Hard-spectrum sources (HBLs, UHBLs, certain IBLs, certain radio-galaxies)

will be observed preferably with subarrays of MSTs (or SSTs in the case of very bright, very hard sources). Subarrays of four MSTs are estimated to provide a sensitivity of 20% of the Crab flux in roughly 3 min. If CTA is divided into ten such subarrays (in total, 4 for the northern plus 6 for the southern array 1 ), only ∼10 min would be needed to cover 20 sources.

To estimate the overall rate of triggers from snapshots, we assume the flaring probability for the brightest events to be ∼1%, based on past observations. If we monitor ∼20 sources twice a week at each site, this corresponds to roughly 7 sources observed each night per site and to less than one hour per night per site (∼4.5 hr per week). For any night, the probability to catch a flare would be about 6.5%, leading to about 20 flares per year per site triggered with snapshots.

This programme will permit an effective sampling of the high states of AGN and will provide high-statistics, high-temporal resolution spectra for studies of short-term variability. Thanks to the snapshots, CTA will be able to provide for the first time VHE flare alerts to the astrophysics community. The flare data that will be collected are needed for the measurements of the EBL and IGMF at redshifts >∼0.5, where a sufficient number of steady TeV emitters is not accessible. There is also a large discovery potential for the first detection of TeV emission from NLSy1s and other AGN classes. In addition, AGN flares are prime targets for searches for LIV and ALPs.

The AGN KSP, together with the other KSPs, has been approved in principle by the Scientific and Technical Advisory Committee in 2015. The CTA consortium is currently working on the implementation of the proposed observation programmes (i.e.

detailing procedures for different observation modes, source scheduling for the "early science phase" and the phase of full operations, etc....).

1 Given the currently simulated configurations, one of the northern subarrays would contain only 3

MSTs and would be pointed to the brightest targets.

Chapter 5

Interpreting blazar emission

To arrive at a physical interpretation of the multi-wavelength emission from blazars, models of radiative transfer are compared to the measured SEDs, possibly constrained with additional information on the emission region, e.g. the scale of the system as given by the gravitational radius of the SMBH or limits from variability time scales.

Such emission models come in different flavours: while leptonic models are based solely on populations of relativistic electrons or electron-positron pairs, hadronic models admit an additional population of relativistic protons, which contributes to the radiative emission.

SSC models

This section contains excerpts from Zech & H.E.S.S. consortium (2009).

One-zone SSC models provide a simple interpretation for the emission processes in HBLs with a minimum number of free parameters. The double-bump structure that is characteristic of the SED observed from HBLs is explained by a population of relativistic electrons in an emission zone with a tangled magnetic field inside the jet.

Synchrotron emission is responsible for the peak in the UV to X-ray range, while a part of the radiation is up-scattered by the same electrons and provides the second peak at GeV to TeV energies. These scenarios are rather successful in reproducing the observed SEDs from HBLs. The constraints they put on the parameters of the emission
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region, magnetic field and electron population provide a valuable characterization of the emission process.

As an example, SSC models based on Katarzyński et al. (2001) . Typical values of the model parameters that were found for these sources range from 0.04 G to 0.6 G for the magnetic field, 3×10 15 to 3×10 16 cm for the size of the emission region, 18 to 25 for the Doppler factor and 3×10 2 to 3×10 4 cm -3 for the normalization of the electron spectrum at a Lorentz factor γ = 1, but these values do not represent unique solutions, since the models are degenerate.

The simple one-zone SSC approach, which predicts in general a correlation between the VHE γ-ray and X-ray fluxes, has been challenged by several observations that seem to require more than one emission zone to account for the VHE and X-ray spectra.

A strong increase was for example seen in the X-ray flux from PKS 2005-489 between The difference between n 1 and n 2 is larger than what would be expected for a pure synchrotron cooling break in the electron spectrum; the latter does not yield a satisfactory representation of the data. The broken power law here is a simple parameterisation of the electron spectrum, which may be interpreted as a sum of several effects that are not explicitly modelled, e.g. synchrotron and IC cooling, adiabatic expansion, energy-dependent acceleration and escape times, inhomogeneous particle distribution, etc.

Given the absence of direct correlations between the high-energy (VHE and X-ray) and low-energy (optical and radio) bands in the data (see Section 3.2.1), the radio component and the main part of the optical emission is ascribed to a different origin than the high-energy bumps. It can be modelled as the emission of the extended jet (see Aharonian et al., 2005a), with an additional contamination by the host galaxy.

A relatively low electron density and magnetic field in the extended jet results in a synchrotron emission peak from the radio to the UV range that is accompanied only by a negligible SSC component at X-ray energies. For the extended jet emission shown in Fig. 5.1, a jet opening angle and angle to the line of sight of 2 degrees have been assumed.

The other main parameters, such as the radius r jet , length l jet , the initial magnetic field B jet and electron distribution, are listed in Table 5.1. A more detailed description of 5.1 SSC models plasma blob

δ b 25 B [G] 0.25 r b [cm] 3.2 × 10 15 K 1 [cm -3 ] 6.0 × 10 3 n 1 1.8 n 2 5.0 γ min 1.0 γ br 6.0 × 10 4 γ max 9.0 × 10 5 N tot ∼ K 1 r b 3 3.21 × 10 49 extended jet δ jet 2.0 B jet [G] 0.06 r jet [cm] 3.0 × 10 16 l jet [pc] 55 K jet [cm -3 ] 400 n jet 1.7 γ max
2.0 × 10 5 all the parameters in this inhomogeneous jet model can be found in Katarzyński et al. (2001).

The contribution of the host galaxy, as shown in Fig. 5.1, has been deduced from the magnitudes given in Kotilainen et al. (1998), assuming a low redshift solar metallicity elliptical galaxy of age equal to 13 Gyrs (R-H=2.4), corresponding to a mass of 5×10 11 solar masses (Fioc & Rocca-Volmerange, 1997). The galaxy is clearly not contributing much in the optical, even at a state of low activity.

One can find good solutions for all the remaining nights (MJD 53947 to 53950)

after Flare 2, with the same bulk Doppler factor and magnetic field and a similar electron distribution, while only changing the radius of the blob (by less than ≈ 40%), the normalization of the electron spectrum (by up to a factor of 2.4) and n 2 (change
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in index of up to 0.2). The indicator of the total electron number N tot can be kept constant during these adjustments.

It should be stressed that the solutions found here are not unique, due to the insufficient information from the MWL observations. Recent data from the Fermi 

Consortium.

Even though the redshift of the blazar PKS 0447-439 is unknown, one may assume a standard one-zone SSC emission scenario and study the variation of the model parameters for different redshift values within the derived lower and upper limits. This way, one can investigate two issues: the physical parameters characterizing the emission region and the maximum allowable redshift of the source that can be accommodated under the assumption of the SSC scenario. Within this framework, a more stringent upper redshift limit can then be derived for the source.

A constraint on the SSC parameters can be found with the usual light travel time arguments, which imply an upper limit on the ratio of the size of the emission region (blob) R and its relativistic bulk Doppler factor δ from the observed variability time scale ∆t obs : R δ -1 < c 1 + z ∆t obs .

(5.1)

The flux variability time scale in the X-ray data of about one day for this source constrains this ratio to Rδ -1 ≤ 2.2×10 15 cm for the lower redshift limit of z=0.176 and

SSC models

to Rδ -1 ≤ 1.6×10 15 cm for the upper limit of z=0.59, derived in Section 3.2.2. These values are not unusual for BL Lac objects.

The synchrotron and SSC peaks were not directly detected, but the peak frequencies can be constrained from the available data. The high flux level and hard spectrum in the optical and UV band, compared to the relatively low flux in the X-ray band, exclude a synchrotron peak position that is too far above the UV data and imply a peak frequency between 10 15 and 10 16 Hz in the observer's frame.

In the Thomson limit, the Lorentz factor at the break in the electron spectrum (γ br ) is defined by the ratio of the observed synchrotron and SSC peak frequencies, ν s and ν c , respectively (Tavecchio et al., 1998):

γ br = 3ν c 4ν s 1/2 . (5.2)
This implies a value of γ br between 10 4 and 10 5 , when assuming an SSC peak position between 10 24 and 10 26 Hz.

A minimum Doppler factor is given by the opacity condition, due to photon-photon absorption inside the emitting region, according to Tavecchio et al. (1998) and Dondi & Ghisellini (1995):

δ > σ T 5hc 2 d 2 L (1 + z) 2β F (ν 0 ) ∆t obs 1/(4+2β)
.

(5.3)

Here d L is the luminosity distance of the source, F(ν 0 ) the flux at the frequency of the target photons, β the spectral index of the target photons and σ T the Thomson crosssection. For the minimum redshift of z=0.176, this leads to a minimum Doppler factor of δ 14. Assuming a redshift of z=0.3, shown in the following to be still acceptable for a one-zone SSC description, this value would increase to δ 18.

In the first two scenarios to be investigated, the redshift is fixed at the lower limit of z=0.176 and at z=0.20, respectively. Good representations of the SED can be found for the parameters listed in Table 5.2 (first two columns); the modelled SED corresponding to z=0.20 (black solid line) is shown in Fig. 5.2 for absorption on the EBL with the model by Franceschini et al. (2008) and with the model by Kneiske & Dole (2010), which corresponds to a lower limit on the estimated EBL density. Emission at the lowest frequencies in the radio band is ascribed to the extended radio lobes and is not modelled here. To arrive at these solutions, a low magnetic field of B=0.02 G and relatively high bulk Doppler factors of δ=35 and δ=37.5 are assumed. The low magnetic field is necessary to account for the low synchrotron peak frequency. Increasing B, while keeping all other parameters fixed, shifts the synchrotron peak to higher frequencies and prevents a good representation of the X-ray slope. This can be compensated by lowering the Doppler factor accordingly, but then the overall flux level in the model decreases. To boost the flux level, the electron density K has to be increased, leading to a dominance of the SSC peak that cannot be compensated with an increase of the radius of the emission region, due to the constraint from Equation 5.1. Satisfactory solutions with lower Doppler factors can be found down to δ ∼30. For smaller δ, it becomes increasingly difficult to reproduce the similar flux level in the synchrotron and SSC bumps, while staying in agreement with the other constraints from the data.
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B [G] 0.02 R [cm] 6.5 × 10 16 K [cm -3 ] 445 n 1 2.0 n 2 3.7 γ min 400 γ br 2.5 × 10 4 γ max 9.0 × 10 5 u e [erg cm -3 ] 1.6 × 10 -3 u B [erg cm -3 ] 2.3 × 10 -5
As is often seen in SSC scenarios for BL Lac objects, the energy density in electrons and positrons and the magnetic energy density are clearly out of equipartition, with

u e /u B ≈ 70.
The minimum Lorentz factor of the electron distribution γ min has to be of the order of a few 100 due to the upper flux limit that is provided by the radio data, although it
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has to be pointed out that these data are not simultaneous. The break energy of the electron distribution depends on the synchrotron and SSC peak frequencies as discussed

above.

An interpretation of the SED has also been attempted for higher redshifts, up to z=0.4 (cf. Table 5.2 and Fig. In conclusion, good solutions at low redshifts require a low magnetic field and large size of the emission region, close to the upper limit from variability constraints. It can be seen that with a one-zone, homogeneous SSC model a satisfactory description of the SED from the optical to the VHE range does not seem feasible for redshifts above about 0.4.

A systematic search of the SSC parameter space

This section is based on Cerruti et al. (2013), principally the work of Matteo Cerruti, to which I contributed.

The interpretation of stationary SEDs, even with the simple one-zone SSC model, is degenerate since the number of free parameters is not sufficiently constrained by the observed data points. The general method is to pick a solution with a "fit by eye" for parameter values that are acceptable given assumptions on the source energetics, acceleration mechanisms, and equipartition requirements, as well as observational constraints from variability. This method does not provide a view of the ensemble of the possible solutions and does not convey a sense of the uncertainties in the chosen parameters.

SSC models

In Cerruti et al. (2013) an algorithm has been proposed to explore the entire pa- Once the observables can be expressed as functions of the SSC parameters, the system can be solved numerically for any given set of observables to yield the corresponding SSC parameters. To take into account the uncertainties in the observables, one steps through several values for each observable within the interval given by its error bars. This yields a set of possible solutions. In this step, additional constraints are also added from observed variability time scales and from physically motivated limits on parameters like the Doppler factor.

Finally, SEDs can be simulated for the set of solutions and compared to the SED given by the data to derive a χ 2 and a 1σ limit for the contour plot in parameter space.

An application of this method to the SED from the high-frequency peaked blazar 1RXS J101015.9-311909 can be seen in Fig. 5.3 and Fig. 5.4. (Further applications, especially to recent VERITAS sources, can be found in other publications by the main author M. Cerruti (Aliu et al., 2014;Archambault et al., 2015) ).

It is important to underline that the range of solutions found with this new numerical approach is much narrower than the one obtained with the analytical approach based on Tavecchio et al. (1998), showing that the information coming from the GeV-TeV detection permits to better constrain the model. For HBLs with GeV and TeV data, it is possible to explore the parameter space more systematically, than what is usually being done, and to significantly improve the constraints on the parameters of the model. The algorithm can be applied to the continuously increasing sample of HBLs detected in γ-rays, and will help to improve our comprehension of this class of blazars. The model does account for the light crossing time effect between the cells and a comoving observer, which becomes significant in the case of rapid variability time scales. The comoving (!) observer is assumed to view the jet under an angle of 90 • , corresponding to a maximum delay of the light travel time for cells at different locations in the jet. The observed synchrotron spectrum is a superposition of spectra from different parts of the emission region and thus from electron distributions that have had more or less time to cool. This superposition leads to a break in the observed spectrum in a natural way, contrary to the stationary model discussed in the previous sections, where a break is introduced a priori in the electron energy distribution. A more detailed description of the model is given by Chiaberge & Ghisellini (1999) and Katarzyński et al. (2008).

Time-dependent SSC modelling of flares

This model had already been successfully applied to Flare 1 (on MJD 53944) (Katarzyński et al., 2008), but the X-ray light curve measured with the Chandra telescope during Flare 2 (on MJD 53946) adds constraints which were not available for the analysis of Flare 1. The realisation that is in best agreement with the data of Flare 2 is shown in Figure 5.5.

Two independent sources were necessary to explain the activity at high energies observed during that night. The first source has an extension of 4 × 10 16 cm and an electron density of 1.6×10 4 cm -3 and leads to a long-term component with a time scale below two days that is visible in the X-ray flux and is consistent with the observations by RXTE and SWIFT XRT on the previous and following nights. This source dominates the synchrotron emission due to its large size, but does not contribute significantly to the SSC emission due to its relatively low electron density. The second source is much smaller (2.35 × 10 15 cm) and denser by a factor of 100, with a larger δ b than for the 
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In this model, the adjustment of few main parameters -namely the extension of the emission region, magnetic field and density of the injected electrons and the bulk Doppler factor of each source -provides a satisfactory description of the main components of the observed high-energy data during the two VHE flares. The parameters found for Flare 2 are comparable to those for Flare 1, with identical δ b . Additional small and dense sources can be added to account for the structure visible on smaller time scales, as has been shown for Flare 1 by Katarzyński et al. (2008). The long-term component found in the model does not extend over the whole duration of the MWL campaign; it is constrained by X-ray data from the night before and after the night of Flare 2. Additional large emission zones would need to be added to reproduce the behaviour of the X-ray flux detected by RXTE and SWIFT over several nights. The optical and radio emission is ascribed to an additional component, e.g. the extended jet, which is not included in this model.

A multi-zone scenario, similar to the ones described here, but on a longer time scale, might also account for the different characteristics observed during high and low states of the source as was discussed in Section 3.2.1. Different emission regions, of different particle densities and extensions, would be responsible for high-flux states and for a persistent low-state emission.

The model presented here accounts for a large Compton dominance in the emission, yielding a VHE flux variation in Flare 2 that by far supersedes the observed variation in the correlated X-ray flare. Clearly, an extreme situation could arise where the Xray flux variation becomes too small to be detected against the emission from the larger zone and the VHE flare seems to be without any X-ray counterpart. Timedependent multi-zone SSC scenarios can thus account for the "orphan flares" detected in 1ES1959+650 (Krawczynski et al., 2004) and Mkn 421 (B lażejowski et al., 2005), as previously suggested by Krawczynski et al. (e.g. 2004).

A description of the fastest observed variability during Flares 1 and 2 has not been attempted here. Variability of a few minutes puts strong constraints on the size of the emission region and requires a very large bulk Lorentz factor of the emitting electrons, which is also needed to allow the escape of VHE photons from the emission region (Aharonian et al., 2007;Begelman et al., 2008). Ascribing some of the VHE emission to external inverse Compton processes might help to loosen some of these constraints (Begelman et al., 2008). Following the "needle-in-jet" scenario (Ghisellini & Tavecchio,
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2008) or the "minijet" scenarios (Giannios et al., 2009;Nalewajko et al., 2011), very small emission regions inside the jet, much smaller than the plasma blobs discussed in this work, could be responsible for very rapid variability. Such emission zones might be caused by magneto-centrifugal acceleration of electron beams or magnetic reconnection in a Poynting flux dominated jet and would be moving rapidly towards the observer.

An alternative explanation is given by Neronov et al. (2008), who assume a radiatively inefficient accretion flow and a relatively small mass of the central black hole to account for rapid variability.

External Inverse Compton models and equipartition

This section contains excerpts from Dermer et al. (2014), to which I contributed on the sidelines. (See also Cerruti et al. (2013).)

In sources with sufficiently luminous photon fields, other than the synchrotron emission from the γ-ray emitting electrons themselves, an External Inverse Compton (EIC) component may arise in the VHE band from the upscattering of photons from such "external" fields by the relativistic electrons. This scenario is usually considered when trying to model the broad-band SEDs from FSRQs, where emission from the accretion disk can often be directly observed. Reprocessed emission from the BLR or the dust torus, and the stellar content of the host galaxy provide further target photon fields. A satisfactory interpretation of such sources in the leptonic framework requires generally a strong EIC component that dominates the emission at the highest energies and leads to a Compton dominated SED. LBLs and IBLs also seem to require an additional EIC component, while in HBLs, where external photon fields are not observed, the SSC emission is dominating completely the (very)-high-energy spectrum.

The external photon fields in leptonic models of FSRQs lead to several new, poorly constrained parameters in an already degenerate model. To reduce the number of free parameters, Dermer et al. (2014) describe the primary electron spectrum with a simple logparabolic function, and the magnetic field strength and electron energies are related by an equipartition requirement. The latter also has the advantage that it guarantees a solution close to the minimum jet power. Given our still limited knowledge about the exact processes at play in jet-formation, particle acceleration and emission
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mechanisms, assuming equipartition between the magnetic field and relativistic electron energy densities helps to simplify the description of the system. In this model, the energy and luminosity of the synchrotron peak are used as input, while the variability time scale is set to 10 4 seconds, corresponding roughly to the light-crossing time of the Schwarzschild radius of the SMBH for a typical FSRQ. The densities of the photon fields given by the synchrotron radiation in the source, the emission from the accretion disk, BLR and dust torus are then adjusted to provide a good agreement with the SED. The remaining parameters of the model, i.e. the Doppler factor, magnetic field strength and extension of the source, modelled as a spherical blob, result from the imposed equipartition relation.

An application of the model to an SED of the well-studied FSRQ 3C 279 is shown in Fig. 5.6 for two different assumptions of the temperature of the infrared emission from the dust torus (440 K and 1200 K). In this interpretation, electron synchrotron emission is responsible for the spectral bump in the optical, while synchrotron-self absorption cuts off the spectrum above the radio band. The radio emission would thus need to be ascribed to a different, less dense emission region. While the direct emission from dust torus and accretion disk is not or barely visible in this SED, the corresponding EIC components dominate the high-energy spectrum, including the Fermi-LAT band. The parameters of the two model fits are given in Table 5.3, where Γ is the bulk Lorentz factor, assumed to be equal to the bulk Doppler factor δ (for a viewing angle θ = 1/Γ);

B and γ pk are the comoving magnetic field strength and Lorentz factor at the peak of the electron distribution; u IR and u Lyα are the energy densities of the infrared field from the dust torus and the Lyman-α line from the BLR. The values derived for the external photon fields prefer a location for the γ-ray emission at the outer edge of the BLR, ≥ 0.1 pc from the SMBH.

The last column shows the luminosity in the magnetic field and particles, as well as the luminosity in the radiation field from the source. It can be seen that the total power required for these scenarios is below ≈ 2 × 10 46 erg s -1 , a few times larger than the luminosity of the accretion disk, but well below the estimated Eddington luminosity of the source.

While in this model the BLR emission is simulated in a simplified way as monochromatic photon source, in Cerruti et al. (2013) this approach is refined to include more realistic continuous and line spectra. With this improved model, the spectral cutoffs poses a serious problem to this model, as well as to leptonic models in general. Including VHE data in the fit requires particle distributions well out of equipartition and does not represent well the X-ray data (Böttcher, 2008). An alternative, which deserves further exploration, might be given by hadronic scenarios.

The simple fact that VHE emission has been detected from this source implies a γ-ray production site far outside the BLR, otherwise the source would be opaque at these energies due to γγ-absorption. Future observations with CTA will greatly help to better understand these soft-spectrum blazars, since it will have the sensitivity and energy reach necessary to detect emission from a few FSRQs outside of flaring states.

A new lepto-hadronic model

This section contains excerpts from Cerruti et al. (2015), which was co-written by me.

The development of the LEHA code is principally the work of Matteo Cerruti.

While leptonic models interpret the high-energy bump of the blazar SEDs as SSC or EIC emission, in hadronic models it is assumed to originate from protons accelerated to ultra-high energies in the jet, via either the synchrotron photons radiated by the protons, or emission from secondary particles such as electron-positron pairs or muons generated in p-γ interactions of the protons with low-energy internal and/or external photon fields (Dermer & Atoyan, 2001;Mannheim, 1993;Mücke & Protheroe, 2001, e.g.). For a recent modelling attempt of Fermi-LAT blazars in both leptonic and hadronic scenarios, see Böttcher et al. (2013).

In an alternative scenario, protons or neutrons escaping from the emitting region trigger intergalactic cascades with the EBL or CMB (e.g. [START_REF] Dermer | [END_REF]Essey & Kusenko, 2010;Kotera et al., 2011;Murase et al., 2012) Proton-proton interactions, important in denser environments such as supernovae remnants (e.g. Ackermann et al., 2013) or micro-quasars (e.g. Romero et al., 2003), are commonly neglected in hadronic blazar models, because the particle density in the emitting region is considered too low for them to be important (see however Reynoso et al., 2011, 2010). An exception to this are models based on the interaction of relativistic protons inside the jet with stellar envelopes or gas clouds traversing the jet (e.g. Barkov et al., 2012).

Hadronic scenarios have the added benefit of providing a potential link to the outstanding question of the sources of UHECRs (for a recent review, see Kotera & Olinto, 2011), as well as possibly the sources of recently discovered PeV neutrinos (Aartsen et al., 2013). They come however with a larger number of free parameters than leptonic models, which need to be constrained by additional assumptions on the physical conditions in the emission region.

A short description of the LEHA code

The leptonic part of the code "LEHA" we present in Cerruti et al. (2015) is a direct evolution of the SSC code developed by Katarzyński et al. (2001). The synchrotron emission is evaluated using the standard relativistic formulae for the emissivity and selfabsorption (see for example [START_REF] Rybicki | Radiative processes in astrophysics 91[END_REF]; the inverse Compton emission is evaluated using the Compton kernel given by Jones (1968), which correctly describes the Comptonised spectrum in both the Thomson and the Klein-Nishina regimes. Highenergy photons are absorbed by the pair-production process (γ +γ → e + +e -) through interaction with the low-energy synchrotron photons inside the emitting region, which can modify the observed γ-ray spectrum (see e.g. Aharonian et al., 2008). In general, a more significant effect is γ-γ pair production with the infrared photons of the EBL experienced by the high-energy photons travelling from the source towards the Earth.

Several recent EBL models are included in the code for systematic comparisons.

To arrive at a lepto-hadronic code, the emitting region is assumed to be filled with a stationary population of relativistic protons, in addition to the electrons, described by a broken power law function with spectral indices α p;1 before and α p;2 after the break energy given by the Lorentz factor γ p;break .

The proton-synchrotron emission is evaluated in the same way as for the electrons, by replacing the electron mass with the proton mass. When proton-synchrotron photons are assumed to be responsible for the high-energy bump, they are subject to γ -γ absorption from both internal photons and the EBL.
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In addition to synchrotron emission, the proton population in the emitting region interacts also with the low energy photons through photo-meson processes 5.4) and through electron-positron pair production (Bethe-Heitler process)

p + γ → p + n 0 π 0 + n + π + + n -π -+ . . . or p + γ → n + n 0 π 0 + n + π + + n -π -+ . . . ( 
p + γ → p + e + + e - (5.5) 
Photo-meson production has been evaluated using the publicly available Monte-Carlo code SOPHIA (Mücke et al., 2000). The only photon target field we consider is given by the synchrotron emission from the primary electron population in the jet, which represents by far the dominant component at low energies in HBLs. We modify the energy of the proton before interaction to account for the synchrotron losses that can occur before the proton-photon collision. We also modify the spectra of kaons, pions and muons before decay, taking into account their synchrotron losses. Synchrotron emission from muons can significantly contribute to the overall SED for magnetic fields of the order of tens of Gauss. We thus extract the muon (µ ± ) spectra from SOPHIA before their decay into electrons and positrons, and calculate its synchrotron emission.

Photons from the π 0 decay and the synchrotron emission from e ± coming from the π ± channel can reach energies of up to m p c 2 γ p;max . Interacting with the low-energy photon field, they trigger electro-magnetic cascades, mediated by synchrotron emission and e ± pair production. The stationary state of the cascade emission is evaluated assuming that the low-energy photon field is given only by the synchrotron emission from primary electrons, neglecting the emission from the cascade itself (i.e. we make the assumption that the cascade is not self-sustained, and we verify a posteriori that this condition is respected).

A process that competes with the photo-meson channel, but is dominant at lower energies, is Bethe-Heitler pair production (which is not included in the SOPHIA package).

The pairs injected into the emitting region through this process have been computed using the analytical formulae by Kelner & Aharonian (2008) (in which the Bethe-Heitler cross-section is expressed following the work by Blumenthal, 1970). For typical "hadronic" parameters of the emission region, the pairs are energetic enough to trigger 

Physical constraints on our model

In hadronic scenarios, the fact of considering an additional proton population in the emitting region leads to six more free parameters with respect to the simple SSC scenario: the three Lorentz factors γ p;min , γ p;break , and γ p;max , the indices of the proton power-law distribution α p;1,2 , and the normalization factor η. We have imposed additional constraints, based on plausible physical assumptions, to reduce the number of
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free parameters in our model.

The value of α p;1 can be constrained assuming that electrons and protons share the same acceleration mechanism in magnetic fields whose spectrum of turbulence is characterized by a single power-law at all scales, and thus have injection functions with the same index. It is fixed to α e;1 , the index of the electron distribution before the break. This assumes that the break in the electron distribution is induced by radiative cooling and that the distribution before the break is representative of the injection spectrum. We consider that the particle populations are cooled mainly by synchrotron emission, and thus characterized by a spectral break of 1. The data in the optical and X-ray bands are used to constrain the index of the electron population α e;2 , which is then used to derive α e;1 and α p;1,2 .

The value of γ p;min does not affect the modelling as long as it is low enough; we fix it at γ p;min = 1. The value of γ p;max is constrained by physical considerations on acceleration and cooling time-scales. In particular, assuming that the acceleration takes place at diffusive shocks, the expression of the acceleration time-scale (see e.g. Drury, 1983;Rieger et al., 2007) can be expressed as 5.6) where ψ is an efficiency factor characterizing the acceleration rate, and has been fixed at a physically plausible value of 1/10 (see (alias?)). The cooling terms are represented by the adiabatic losses (τ ad = 2 R/c), and the synchrotron and photomeson losses (e.g. Sikora et al., 2009). The maximum proton energy depends on the most rapid cooling mechanism. It is determined from the equality τ acc (γ p;max ) = min[τ ad ; τ syn (γ p;max ); τ pm (γ p;max )] with τ syn and τ pm the characteristic time-scales for synchrotron and photo-meson losses, respectively. An additional constraint comes from the observed variability time-scale τ var and the usual causality argument given by Equation 5.1

τ acc = 1 ψ m p c e B γ p ( 
We can thus systematically study the parameter space for a given value of δ by iterating over R, starting from the maximum allowed value, (Equation 5.1), and over B, which is constrained by the frequency of the proton-synchrotron peak that needs (5.7) For hadronic solutions with magnetic field strengths of a few 10 G, the electron population is completely cooled and γ e;break occurs below or very close to γ e;min .

The remaining free parameters are the normalization of the electron distribution, which is constrained by the luminosity of the low-energy component of the SED, and the maximum energy of the electrons γ e;max . In our model, the latter is constrained by the observed peak of the low-energy bump in the SED.

A first application to extreme blazars

For a given Doppler factor δ, we determine the complete set of solutions for a hadronic scenario by systematically scanning different values of the magnetic field B and the size of the emission region R. In this scenario, the high-energy bump is described by protonsynchrotron emission and possibly muon-synchrotron emission. This scenario provides a satisfactory description of the blazar SED only for values of the proton-synchrotron peak frequency ν peak,p close to the observed peak frequency of the high-energy bump
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in the SED. Removing this constraint on ν peak,p , and studying the parameter space for all other values of R and B, we discovered an interesting part of the parameter space, in which B is too low for a dominant proton-synchrotron component and the denser emission region leads to a significant contribution from secondary pairs from p-γ interactions. This set of secondary solutions exists only in the regime where τ ad ≤ τ syn (for protons).

The resulting mixed lepto-hadronic scenario is very distinct from the proton-synchrotron scenario and resembles more the "proton-induced cascade" model by Mannheim (1993).

In this mixed scenario, the primary leptonic population is not completely cooled by synchrotron emission, and a cooling break should be present in their stationary distribution. In this case, the electron particle population is thus defined by a broken power-law with a change in the spectral index of 1.

The mixed solutions occupy a region in the parameter space with low B (∼0.1 to a few G) and higher particle densities than in the hadronic solutions. In this scenario, proton-synchrotron radiation can lead to a small spectral bump at intermediate energies between the X-ray and Fermi-LAT bands and the primary proton spectrum is not significantly cooled. Both SSC emission and photons from proton-induced cascades contribute to the high-energy bump.

A first application of this model was the interpretation of SEDs from extreme blazars, also called "ultra-high frequency peaked BL Lac objects" (UHBLs) or "extremely high frequency peaked BL Lac objects" (EHBLs). The five BL Lac objects 1ES 0229+200, 1ES 0347-121, RGB J0710+591, 1ES 1101-232 and 1ES 1218+304 are characterized by particularly hard spectra with the high-energy peak above ∼1 TeV, which is consistent with their very hard and weak signal in the Fermi-LAT band.

The modelling of these UHBLs with one-zone SSC scenarios, which usually yield good results for HBLs, is proving difficult in most cases. A good representation of the complete SEDs requires either extremely high values of the minimum Lorentz factor of the electron distribution (1ES 1101-232, 1ES 0347-121), or an elevated Doppler factor (1ES 1218+304), or both (1ES 0229+200, RGB J0710+591). Very large Doppler factors imply either a very fast movement of the plasma blob and/or a very small viewing angle with respect to the jet axis and could thus be difficult to reconcile with radio 5.3 A new lepto-hadronic model observations of the movement of knots inside jets (see e.g. Lister et al., 2013) or with the statistics of observed blazars and radio galaxies (Henri & Saugé, 2006).

A very high value of γ min , and thus a very narrow stationary electron energy distribution, requires specific and finely-tuned conditions to occur. It might arise if electrons can somehow be injected into the emission region with a narrow energy distribution, and their subsequent cooling is inefficient, or if the cooling of particles accelerated at a shock is compensated by stochastic turbulent re-acceleration (Asano et al., 2014;Katarzyński et al., 2006;Lefa et al., 2011).

When scanning the parameter space, we compute for each model curve the χ 2 deviation with respect to the observational data. This information is used to determine the solution which provides the best description of the SED, as well as the 1-σ region in the B-R plane.

As an example, in the top panel of Figure 5.9 we show the two families of solutions (hadronic and mixed) for the case of RGB J0710+591, which is the only source for which there is a Fermi-LAT spectrum simultaneous with VHE observations. The location of the two solutions in the parameter space is represented in the bottom panel of Figure 5.9, in which we show the contour-plot in the B-R plane, as well as the ratio between the particle and magnetic energy density versus the total kinetic plus magnetic power of the emitting material. The total power of the emitting region is evaluated as L = πR 2 cΓ 2 bulk (u B + u e + u p ) (5.8) where Γ bulk = δ/2, and u B , u e and u p represent the energy densities of the magnetic field, the electrons, and the protons, respectively. (For the resulting ranges of all the parameter values, the interested reader is referred to Cerruti et al. (2015).

It can be seen from Figure 5.9 that the "proton-synchrotron" solutions consist principally of the electron-synchrotron component at low energies and the protonsynchrotron component at high energies. Only very small contributions from protonsynchrotron induced cascades and from muon-synchrotron emission are visible at low and high energies, respectively.

In the mixed lepto-hadronic solutions, the low-energy bump is still due to electronsynchrotron emission, while the high-energy bump is a combination of SSC and pioninduced cascade emission. The proton-synchrotron component is strongly suppressed and shifted to intermediate energies.
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(Hz) ν et al., 2010). The Eddington luminosity for RGB J0710+591 is denoted with a dotted line in the bottom-right plot of Fig. 5.9. Our solutions are all characterised by log(L) ∈ [45,48]. While the solutions with the highest luminosities (i.e. lowest magnetic field and largest size) may be disfavoured, a significant part of the hadronic or mixed lepto-hadronic solutions for each source do not exceed the Eddington luminosity.
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For luminous blazars, such as FSRQs, energy requirements seem to present a major problem (Zdziarski & Böttcher, 2015), but for HBLs the hadronic approach seems still very feasible.

Concerning variability, hadronic models are often disfavoured when rapid flares are detected, in view of the typically long cooling times expected for the parent protons (see however Barkov et al., 2012). For the proton-synchrotron and the mixed leptohadronic scenarios the associated variability time-scales (at VHE) are respectively the proton synchrotron cooling or the development of synchrotron-pair cascades, which depends on the time-scale of proton-photon interactions. The fastest variability timescale may be achieved for the proton-synchrotron solutions with the highest B value:

in this case we can have variability of the order of hours in the source frame. In general we have however time-scales of the order of days, which cannot account for minute-long flares, as detected by Aharonian et al. (2007) or Arlen et al. (2013). With the exception of 1ES 1218+304, none of the sources under study showed any significant γ-ray flare: they are thus not in conflict with a hadronic origin of the VHE emission. The flare of 1ES 1218+304 was characterized by a time-scale of a day, which is still in agreement with the expected time-scales from hadronic models.

Chapter 6

Future prospects for the lepto-hadronic model

In this chapter, I would first like to present some preliminary results from a new, not yet published, application of the lepto-hadronic code, which offers prospects for studies with CTA. This will be followed by a discussion of (more or less rudimentary !) ideas on how to further develop the lepto-hadronic framework.

6.1 Hadronic spectral signatures for CTA (preliminary)

This section contains material from [START_REF] Zech | [END_REF] and from an article in preparation [START_REF] Zech | [END_REF].

One of the main goals of hadronic modelling of AGNs is to study a potential link between photons and cosmic rays or neutrinos detected on Earth. In particular, the detection in blazar spectra of an emission component associated with energetic protons would provide a strong indication for AGNs to be the sources of extra-galactic cosmic rays or high-energy neutrinos. In the models discussed in Section 5.3, the maximum proton energy is around 10 18-19 eV for the proton-synchrotron scenario, and one order of magnitude lower for the mixed lepto-hadronic scenario. Under the simple hypothesis for the acceleration time-scale considered in this work, γ p;max would thus not be sufficient to explain the most energetic cosmic rays (above 10 20 eV) measured on Earth. Higher energies could be reached when loosening such basic assumptions
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or when adding relativistic nuclei to the model, in agreement with recent results from the Pierre Auger Observatory. On the other hand, the energies reached in the current model suffice to generate neutrinos in the PeV energy range as those recently discovered with the IceCube telescope (Aartsen et al., 2013).

It is thus of fundamental interest not only for our understanding of AGN physics, but also for the search of the very elusive sources of the most energetic cosmic rays and neutrinos, to identify characteristic spectral features of hadronic emission. Given the complex environment of the VHE emission region, it might not be easy to find an unambiguous hadronic signature that cannot be explained by a leptonic model, but as a starting point, it is interesting to search for characteristic features that distinguish our simple hadronic scenario from a basic SSC model. Such a feature is seen in Fig. 5.71 

For certain sets of parameters, the cascade emission triggered by pion decay inside the source leads to a visible hardening in the TeV spectrum. This "cascade bump" occurs above several TeV and, for the models found so far, cannot be distinguished from a simple SSC model with current instruments. The increased sensitivity, energy reach and energy resolution of CTA should make the search for such spectral features feasible, at least for bright nearby sources that do not suffer from significant absorption on the EBL. The detectability of the "cascade bump" with CTA has been demonstrated for an exemplary solution (Zech et al. (2013)). Another example of a simulated CTA spectrum for an SSC and a hadronic scenario is given in Fig. 6.1.

To more systematically explore the conditions for such a "cascade bump" to occur and to be detectable with CTA, we have modelled the SEDs of two HBLs for a wide range of parameters and have then tried to evaluate the detectability of any hadronic spectral features in the VHE spectrum.

Hadronic models for PKS 2155-304 and Mkn 421

We have selected the two prominent TeV emitting HBLs Mkn 421 (in the Northern hemisphere) and PKS 2155-304 (in the Southern hemisphere) as exemplary sources for our study since their broad-band SEDs have been well measured in several multiwavelength campaigns. As we are interested in the persistent emission from these 6.1 Hadronic spectral signatures for CTA (preliminary) When the high-energy bump is interpreted as proton-synchrotron emission, the spectral index n 1 of the proton spectrum is constrained by the Fermi-LAT data to n 1 2.0. This also fixes the spectral index of the electron population following our co-acceleration condition. Given the high magnetic field strengths in this scenario, the entire electron population is cooled by synchrotron losses and has thus a photon index of n 1 + 1. The parameters γ e;min and γ e;max have to be adjusted to obey the constraints from the optical and X-ray emission, which we assume to stem from the same emission region as the high-energy radiation.

The high-energy bump can also be modelled as a combination of a proton-synchrotron peak in the Fermi-LAT band and a muon-synchrotron component that dominates the TeV spectrum. In this case the spectral index of the proton spectrum is smaller, i.e. the spectrum is steeper in the high-energy range, than in the proton-synchrotron dominated scenario.

Good solutions are found for 1.9 n 1 2.1. Models with smaller n 1 are no longer compatible with the optical and X-ray data, while larger values of n 1 provide still acceptable representations of the SED, but lead to very large jet powers, above the Eddington luminosity of the source. The reason is that for a steeper (i.e. softer) proton spectrum, a higher overall proton number density is needed to arrive at the same high-energy emission than for a harder spectrum, with a larger fraction of very energetic protons. These solutions correspond to a restricted range of magnetic field strengths. For B smaller than a few Gauss, the source extension and jet power become very large. On the other hand, B 100 G corresponds to solutions with very small R, close to the Schwarzschild radius of the SMBH.

6.1 Hadronic spectral signatures for CTA (preliminary) For the SED of Mkn 421, the scenario where proton-synchrotron emission dominates the high-energy bump does not provide an acceptable solution, since the spectral index n 1 is constrained by the optical data, preventing solutions with a sufficiently flat shape of the high-energy bump to match the Fermi-LAT data. Good solutions are Figure 6.3: SEDs for Mkn 421 with two hadronic models where muon synchrotron emission dominates the TeV spectrum. These solutions correspond to a spectral index n 1 = 1.7 and 1.9, a magnetic field with log B/G = 1.9 and 1.5, and an emission region of size log R/cm = 1.5 × 10 14 and 5.7 × 10 14 , respectively.
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restricted to values of 1.7 n 1 1.9 and require a significant contribution from muonsynchrotron emission to reproduce the shape of the high-energy bump. Two examples of such solutions are shown in Fig. 6.3.

The hadronic solutions for both sources are located inside the adiabatic-cooling dominated regime close to the dividing line with the synchrotron-cooling dominated regime in log B-log R space (Fig. 6.4). For PKS 2155-304, solutions lie on a diagonal in log R-log B space and can be found over the whole physically acceptable range of source extensions. The contribution from muon synchrotron and cascade emission, completely negligible for magnetic fields of a few Gauss, increases up to the same level as proton-synchrotron emission at the highest allowed magnetic fields (∼100 G).

Solutions for Mkn 421 occupy a more restricted range of magnetic field strengths.

For B smaller than a few 10 G, the muon-synchrotron component is too low compared to the proton-synchrotron component to match the given flux level, while the protonsynchrotron peak has shifted too far to lower energies, leading to a depression in the simulated TeV spectrum.

Large source extensions imply long variability time scales, which might pose a problem for sources like PKS 2155-304 and Mkn 421 that are known for their rapid variability. However, we are focussing on low states of these sources here, and rapid flares likely arise from emission regions separate from those responsible for the persistent component (see the discussion in Section 3.2.1 and 5.1.1 ). During the low states of the two sources considered here, some variability in the VHE flux was found on the time scale of about a day for PKS 2155-304 (Aharonian et al., 2009d) and on a similar scale for Mkn 421 (Aleksić et al., 2015). Variability on such time scales is not in conflict with most of our models, except possibly for the PKS 2155-304 models with the lowest magnetic fields B < 0.5 G.

The energy budget of the solutions for both sources can be dominated by the energy density of the protons or of the magnetic field, as seen in Fig. 6.5. The jet power becomes large for solutions with small magnetic fields, and thus large emission regions.

As discussed above, the value of n 1 has a strong influence on the jet power, as can be seen notably for the models of PKS 2155-304. respectively. Further solutions can be found when modifying δ and compensating with an adjustment of R, B and the normalization of the electron population. Here we are only interested in the SSC model for a comparison with the different hadronic solutions in Section 6.1.1 and will not discuss these models in any detail.
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Mixed lepto-hadronic solutions similar to those found for UHBLs (see Section 5.3),

where both proton-induced cascades and SSC emission make up the high-energy bump in the SED, are not possible for HBLs, when we impose our usual constraints. Radiation from the synchrotron-pair cascades cannot significantly contribute to the TeV spectrum, since it would have its maximum at an energy higher than the observed peak; the observed TeV spectrum is also too soft and the high-energy bump to broad to be accounted for by a combination of SSC and cascade radiation.

Expected "cascade bump" signatures for CTA

The hadronic signatures in the VHE spectrum we are interested in can be seen at some level over the whole range of solutions we have found for the two sources under study.

For these models, we want to test the possibility of detecting the "cascade bump" with CTA and thus to distinguish the hadronic scenarios from a basic one-zone SSC model.

The expected spectra for CTA are simulated using the publicly available instrument response functions 1 for the Southern array in the case of PKS 2155-304 and for the 6.1 Hadronic spectral signatures for CTA (preliminary)

Northern array in the case of Mkn 421. The current layout for the Southern array leads to a roughly two times better differential sensitivity (in terms of energy flux limit) in the range around a few TeV than for the Northern array. This is due to the smaller number of MSTs and the absence of SSTs in the North.

For each modelled spectrum, the flux of expected γ-rays and cosmic-ray background events per energy bin is determined and weighted with the effective area from the performance file. The resulting event rate is then multiplied by the observation time, yielding the total number of detected events per bin. The number of excess events per energy bin and its uncertainty are calculated using the method by Li & Ma (1983) yielding simulated spectrum points. An example for two simulated CTA spectra was shown in Fig. 6.1. For the chosen model, one can clearly see the difference in the shape of the simulated CTA spectra for the SSC and the hadronic scenario.

To take into account statistical fluctuations of the γ-ray rate, background rate, and the effect of a limited energy resolution, several realisations of the simulated spectra are generated. For each hadronic model we simulate 100 spectra and compare them to 100 spectra simulated for the SSC model. To compare the simulated hadronic and SSC spectra, first the simulated SSC spectra are fitted with a simple logparabolic function,

where the lower limit of the fitted energy range is adjusted to optimize the reduced chi square of the fit. The real shape of the overall SSC spectrum bump is generally not well represented by a logparabola, but if the energy range is restricted to energies above about 100 GeV, the logparabolic function provides a satisfactory characterization. The same fit function is then applied to a second SSC model for each source to verify that it does indeed provide a general description of the SSC scenario and not only of a single model. Next all spectra simulated for the SSC and hadronic models are fitted with the same function over the same energy range, and the values of the resulting reduced chi square χ 2 r are recorded. An example for a logparabolic fit to a realisation of a hadronic model and of an SSC model is shown in Fig. 6.7.

The quality of the logparabolic fit is thus used to discriminate between spectra with SSC and with hadronic shapes. The distributions of the χ 2 r are fitted with a Gaussian function to extract an average value χ 2 r and a standard deviation σ. We consider that two models are in principle distinguishable if there is no overlap in their χ 2 r distributions within one standard deviation from the mean values, i.e. if χ 2 r;hadronic -σ hadronic > χ 2 r;SSC +σ SSC . An example for a comparison between an SSC and a hadronic model, in terms of their χ 2 r distributions, is shown in Fig. 6.8.1 The detectability of the "cascade bump" in the different hadronic models for Mkn 421 and PKS 2155-304 is tested for three different observation times with CTA -20 hr, 50 hr and 100 hr. These are typical exposure times used with current IACT arrays on a single source, when considering that the low-state flux can be summed over several observation periods. Both blazars chosen for this study will be observed regularly with CTA, as calibration sources, but also within the AGN Key Science Programme.

The logparabolic function provides a good fit for two independent SSC models for each of the two sources. In the case of PKS 2155-304, we compare an SSC model that includes the optical points against an alternative model that is not constrained by the optical emission, supposed in this case to stem from a different emission region, e.g. an extended jet. The χ 2 r distributions for 100 realisations of each of the two SSC models are in good agreement for 20 hr and 50 hr exposure time and still have a large overlap for 100 hr. The 1-σ envelope of the resulting reduced χ 2 r distributions, for fits above ∼ 400 GeV, is below 1.2 for observations of 20 hr or 50 hr and below 2.1 for observations of 100 hr, where the shapes of the simulated SSC spectra do not always match the logparabolic function very well.

In the case of Mkn 421, we compare two SSC models with Doppler factors of δ = 30 and 50, with logparabolic fits above ∼ 600 GeV. The 1-σ envelope is below 1.3 for 20 hr and 50 hr exposure times and increases to 3.1 for 100 hr. tion of the "cascade bump", since the contribution from cascades and muon-synchrotron are strongly absorbed at the highest energies, leading to very steep and smooth spectra without detectable features. These latter models are also disfavoured on physical grounds, since the radius of the emission region is very close to the Schwarzschild radius of the source.

Pure proton-synchrotron models for Mkn 421 do not exist, as discussed above. Models with very large magnetic fields above 100 G suffer the same problems for detection of the "cascade bump" as in the case of PKS 2155-304. They are again disfavoured due to the smallness of the emission region.

The two sources selected for this case study are particularly bright HBLs, even in their low states. Preliminary studies show that the hadronic spectral features would become very hard to detect for flux levels below a few 10% of those assumed here and for redshifts above about 0.15. This might reduce the number of promising targets to only a handful. It should be stressed however that the detectability of the hadronic 6. FUTURE PROSPECTS FOR THE LEPTO-HADRONIC MODEL signature does not only depend on the flux level and redshift of the source, but also on its intrinsic spectral shape. Actual numbers might vary significantly for other sources.

Especially sources with large high-energy bumps and hard spectra in the TeV range might prove more accessible even at larger redshifts and for lower fluxes.

Another obvious problem is the possible confusion of the expected "cascade bump" signature with spectral features that would arise in more complex leptonic scenarios (or indeed in the form of intergalactic cascades in certain hadronic models, as discussed in the following section). This question will be the subject of further studies.

Towards a "complete" stationary lepto-hadronic blazar model

There are several ways in which the lepto-hadronic model could (and should) be developed further to provide a more complete picture of the hadronic emission scenario, allowing also the confrontation with a richer set of observational data (notably with observations of UHECRs and astrophysical neutrinos). This section proposes a few preliminary ideas on such developments, some of which are already under way, while others will need clearly more thought before their eventual realisation.

A first development that is currently under study is the extraction of neutrino spectra and neutron spectra from the code for a given model. The use of the Monte Carlo package SOPHIA (Mücke et al., 2000) for the simulation of photohadronic interactions within the lepto-hadronic code facilitates this task to a great extent. SOPHIA directly provides the spectral distributions of neutrinos and neutrons resulting from a proton-photon interaction inside the source. These distributions only need to be normalised to the primary proton spectrum to arrive at the spectra generated inside the source.

The sources we are studying are transparent for neutrinos. To derive the neutrino fluxes and spectra arriving on Earth, the spectra inside the source only need to be transformed into the observer's reference frame, taking into account the Doppler factor of the emitting source region and the cosmological redshift of the source, as well as the effect of neutrino oscillations. This will allow us to compare the expected high-energy neutrino flux for a given scenario with upper limits from neutrino telescopes, such as 6.2 Towards a "complete" stationary lepto-hadronic blazar model ICECUBE and ANTARES, or with the expected sensitivities for future facilities such as KM3NeT, ARA, GRAND, etc. ...

A first step will be to evaluate the neutrino fluxes associated with the different models presented in Section 6.1 for the two prominent HBLs. While current studies of the expected neutrino fluxes from AGNs usually suppose a single (often optimistic) emission scenario, this approach would provide a range of physically plausible neutrino fluxes for the different models, with stronger fluxes expected for models with dense emission regions where proton-photon interactions play an important role compared to proton-synchrotron emission. Studies of the expected neutrino fluxes from other sources and source types will then follow.

Photohadronic interactions inside the source will also lead to the generation of neutrons, as products of ∆ + -decay. Contrary to the charged protons, which are trapped by the strong magnetic field -at least following the simple assumptions of our model that at present does not account for proton escape -neutrons might escape from the source. If the source is optically thin to neutron-photon interactions, these neutrons can leave the emission region and decay to protons outside of the source, thus leading to a flux of UHECRs (and an additional neutrino component from neutrondecay). According to Mücke et al. (2003), this should be the case for HBLs, but not for LBLs (neither presumably for FSRQs), which are expected to be optically thick for neutrons. To derive the cosmic-ray flux arriving on Earth from the emitted neutron spectrum would require some further treatment. Other than in the case of neutrinos, (ultra-)high-energy protons will interact with the EBL, CMB and IGMF on their way to Earth. This propagation could be treated with the help of existing codes, such as CRPRopa (Alves Batista et al., 2016).

When considering the propagation of cosmic rays through intergalactic magnetic and photon fields, a study of intergalactic particle cascades would be a logical evolution. In recent years, several authors (e.g. [START_REF] Dermer | [END_REF]Essey & Kusenko, 2010;Murase et al., 2012) have studied the possibility that the blazar γ-ray emission is not produced at the source but rather along the path from the AGN to the observer. Observed γ-rays could be due to the interactions of cosmic-rays with the EBL and the CMB, which would explain the detection of hard and distant blazars with IACTs, as long as the IGMF along the cosmic-ray propagation path is sufficiently to NLSy1s. In the hadronic case, the additional photon fields will function as targets for proton-photon interactions, leading to an increase in pion-production and thus to a stronger cascade and muon-synchrotron component. In hadronic models, external photon fields are frequently regarded as negligible compared to the synchrotron component from primary electrons inside the emission region (e.g Böttcher et al., 2013;Petropoulou & Mastichiadis, 2012), but this assumption depends on the chosen parameters. Considering strong external photon fields might provide a solution to the problem of the very high jet power required for an interpretation of luminous blazars with the usual hadronic proton-synchrotron scenario (Zdziarski & Böttcher, 2015). For now, there does not seem to be a model that can treat in a self-consistent way both the leptonic and hadronic emission components, and permit an evaluation of the full parameter space. The development of such a model will become a necessity as future data from H.E.S.S.-II and CTA will provide stronger observational constraints on the VHE spectrum for such sources.

Thoughts on time-dependent lepto-hadronic modelling

An obvious limitation of the lepto-hadronic code presented in Section 5.3 is its restriction to stationary scenarios. Within the stationary framework, observations of flux variability at different wavelengths can still be used to constrain the size of the emission region and to distinguish correlated from non-correlated components in the SED.

In some cases, different source states can be defined and interpreted with different parameter sets (as was discussed in Section 5.1.1 for the leptonic model), accounting also for spectral variability. However this treatment breaks down for rapidly varying fluxes and flares. A lot of additional information on the relevant time scales of processes inside the emission region is contained in such data sets, making a fully time-dependent treatment highly desirable.

In the lepto-hadronic framework, due to the different acceleration and cooling time scales between protons and leptons, the temporal characteristics of the high-energy blazar emission might very well provide the information needed to distinguish unambiguously between a leptonic and hadronic origin. A significant increase in the quantity and quality of VHE and MWL data on rapid blazar flares is expected from CTA, thanks in part due to the foreseen AGN KSP, and will require dynamic models to fully exploit Chapter 7

(Preliminary) Conclusions

The advent of the first open γ-ray observatory is expected to lead to a full integration of the VHE domain into mainstream astrophysics. At the same time, links to cosmic-ray and especially astro-neutrino physics (not to forget gravitational-wave physics, which was not discussed here !) are expected to be strengthened by the new results that will come with future facilities in these fields (JEM-EUSO, KM3NET, GRAND, eLISA...).

In these exciting times, I will try to conduct my future research close to the interface between high-energy astrophysics and astroparticle physics on the one hand, and the interface between observations and theoretical/phenomenological models on the other.

In the short term, my projects are based on a continuation of my present research:

-During the remaining years of the H.E.S.S. experiment, one of my priorities will be the exploitation of AGN observations with the newly upgraded instruments. The -Concerning my involvement in CTA, the next step after the definition of the AGN Key Science Project is now the preparation of concrete observation procedures and of an actual observation programme. The first observations with partial telescope arrays will be carried out in a few years from now and will allow us, during the "early science" programme, to fine-tune the observation strategy for the observations with the complete arrays.

-I am also planning to stay involved in the GCT project and to follow closely the first installation and operation of these telescopes on the CTA site.

-A more theoretical/phenomenological project is the application of the leptohadronic code on different classes of radio-loud AGNs with predictions for CTA, as was discussed in Section 6.1. The main objective of this work is to search for characteristic features in the high-energy emission that would help us support or refute hadronic scenarios and provide us with new observables to identify the origin of UHECRs and astro-neutrinos.

On a longer time scale, I currently envisage the following projects:

-An active participation in CTA to exploit the data on AGNs, particularly within the AGN Key Science Project, for a study of different classes of γ-loud AGNs, with the final objective of explaining the origin of the high-energy emission and of constructing an emission model to unify those objects. The search for links with astroparticles will certainly be an integral part of any such future studies.

-A stronger focus on the development and extension of the lepto-hadronic code, in collaboration with its author Matteo Cerruti, the team at the LUTH and future PhD students, to be able to apply it to blazars with external photon fields, to treat interactions of hadrons leaving the source with the ELB and CMB, and possibly to include relativistic nuclei. A further, necessary step will be to render this code time-dependent to profit from the additional constraints given by flares. Temporal information, in addition to spectral information, might be the key to breaking the degeneracy between leptonic and hadronic models.

-Future developments of this model considered so far concern only the description, in terms of radiative transfer models, of the VHE emission region. For a fundamental advance in linking the observed emission from radio-loud AGN to the physical characteristics of the sources, a more direct connection is needed with the magnetohydrodynamic models that describe the physics of the jet, where the emission region is most likely situated, and with the simulation of particle acceleration in such environments (using particle-in-cell codes). Currently results on jet physics and particle acceleration help to constrain the input parameters to emission models, but there is no combined model able to treat the environment of the emitting region, acceleration and radiation processes in a coherent way. A first project to pursue would be to couple a radiative emission model with a magneto-hydrodynamic simulation of the jet in which particle acceleration and radiation is supposed to occur. Instead of parametrizing the conditions of the emission region, i.e. its magnetic field strength, density and scale, they could be derived from a physical simulation of the jet.

Apart from these research projects, Matteo Cerruti and I are also foreseeing to provide eventually a public version of the LEHA code to the community. While there exist a few simple SSC codes that are publicly available, none of the hadronic codes have been made

available for public use yet, probably due to their higher complexity. The diffusion of the code, together with the necessary support, will require some investment that still needs to be evaluated more concretely, but such a step might help raise interest in exploring the hadronic alternative to blazar modelling. It might also lead to a stronger connection with the astroparticle physics community.
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 2 Figure 2.1: A pair of mirrors and cameras of the HiRes-I detector. c HiRes Collaboration

  Figure 2.2: The UHECR spectrum measured in monocular mode with the two HiRes detectors, compared to the AGASA measurement. Taken from Abbasi et al. (2008).
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 23 Figure 2.3: Measurement of the air fluorescence yield by the FLASH collaboration ("T-461"), compared to results from other groups. Taken from Flash Collaboration et al. (2006).
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 2 Figure 2.4: A surface detector ("Cherenkov tank") at the Pierre Auger Observatory in Argentina.

(

  PSF) with a width of typically several arcminutes, Given my experience with air shower physics, albeit at higher energies, I have first been involved in systematic studies of the influence of the atmospheric description on the simulated Cherenkov light profiles at TeV energies for H.E.S.S. At the same time, I have helped establish an expertise on the H.E.S.S. data analysis at the LUTH, in close collaboration with colleagues from the APC laboratory. I also had the opportunity to take shifts at the site of the H.E.S.S. experiment, in the Khomas Highland in Namibia.During one such shift, in July 2012, I participated in the first acquisition of data with the newly built "CT5" telescope (seeFig. 2.5), which provides access to sources at energies below 100 GeV and thus an overlap with the energy range currently covered with the LAT instrument of the Fermi satellite.
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 25 Figure 2.5: The CT5 telescope of the H.E.S.S.-II array in Namibia. ( c A. Jahnke, 2012.)

  have so far only yielded upper limits. AGNs account for nearly 40% of all sources detected at VHE, with pulsar wind nebulae and supernova remnants making up most of the remaining fraction (plus a few stellar clusters, molecular clouds, X-ray binaries and a certain fraction of unidentified sources in the Galactic Plane). All of the VHE AGNs are radio-loud and are supposed (and in some cases known) to present jets on pc to kpc or even Mpc scales that are powered by the central engine and are thought responsible for the observed nonthermal emission at high energies. Only four of the VHE AGNs -M 87, Centaurus A, PKS 0625-35 and NGC 1275 -belong to the class of Fanaroff-Riley type 1 (FR-I) radio-3. AGN PHYSICS AT VERY HIGH ENERGIES WITH H.E.S.S. galaxies 1 ; the remaining sources are blazars, i.e. flat-spectrum radio quasars (FSRQs) or BL Lac objects ("BL Lacs"), whose jets are closely aligned to our line of sight, thus presenting a strong amplification of the emitted flux due to relativistic beaming effects.

Figure 3 . 1 :

 31 Figure 3.1: AGN unification schema. Radio-loud and radio-quiet objects are represented in the same figure. To a first approximation, the various AGN classes are differentiated only by the viewing angle and strength (or presence) of the radio jet. Taken from Dutan (2010).

Figure 3 . 2 :

 32 Figure 3.2: Sky map in Galactic Coordinates showing the positions of the 65 AGN and their classes detected in the VHE range so far (status of February 2016). The redshift distribution of the sources is shown in the histogram below.

  photons leads to significant losses of the γ-ray flux at sufficiently high energies and for distant sources. This strongly limits the redshift range of Cherenkov telescopes compared to space-based telescopes, which operate in a lower energy band. Only an extension of ground-based instruments to lower energies, i.e. below the current threshold of roughly 100 GeV, will allow us to probe more distant sources with the superior sensitivity of IACT arrays compared to satellites. A first step in this direction has been made by the MAGIC and H.E.S.S.-II experiments.

  3. AGN PHYSICS AT VERY HIGH ENERGIES WITH H.E.S.S.tivistic particles. Most of the VHE AGN spectra are well described with power laws with photon indices between ∼2 and ∼4.5. More complex shapes are distinguished mostly during flares of bright sources, where photon statistics are sufficiently high.

  Gaidos et al. (1996). However, flux variations at the scale of only a few minutes are rare even for blazars and are very difficult to account for in the current frameworks of emission modelling. The spectrum of the second flare was consistent with an exponential cutoff at ∼1 TeV or with a log-parabolic function and spectral hardening was observed with increasing flux. This exceptional activity triggered Target of Opportunity observations on the source with the X-ray telescopes SWIFT and RXTE, and multi-wavelength monitoring started one day after the first flare had been detected (July 28/29, MJD 53944). Simultaneous data from the CHANDRA telescope were only available for the night of the second flare (July 30). A study of simultaneous observations in the X-ray and VHE bands during the second flare(Aharonian et al., 2009c) found a very steep correlation between the X-ray flux detected with CHANDRA and the VHE γ-ray flux, with the flux in the VHE band decreasing approximately as the third power of the X-ray flux. No indication for a time-lag between those bands was detected.

3. 2 Figure 3 . 4 :

 234 Figure 3.4: Correlation between the integrated VHE flux and the integrated RXTE (left) and SWIFT XRT fluxes (right). The labels indicate the dates of observations (MJD-53000). The points represent averages over simultaneous time intervals of usually 10 minutes. The two lines in each panel show power law fits to subsets of the data: the dashed lines include all "high flux" data, while the fits marked with solid lines include all "high flux" data except for the data from the night of the second flare (MJD 53946). From H.E.S.S.Collaboration et al. (2012).
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 2 Two examples of VHE emitting blazars detected with H.E.S.S.

Figure 3 . 6 :

 36 Figure 3.6: Spectra derived from data from Fermi-LAT (grey bowtie) and H.E.S.S. (blue bowtie). The black lines show an extrapolation of the Fermi-LAT spectrum, absorbed by the EBL assuming z=0.53, in comparison with the measured (uncorrected) H.E.S.S. spectrum (blue bowtie). The Fermi LAT and H.E.S.S. bowties indicate the 2 confidence band, assuming Gaussian errors. From Zech et al. (2011).

  .1) Here F int (E) is the intrinsic flux, assumed to be a simple extrapolation of the flux measured with Fermi-LAT, F obs (E) is the VHE flux measured with H.E.S.S., with a statistical uncertainty of ∆F obs (E), and (1 -α) is the factor accounting for the systematic error on F obs (E). The systematic error is a measure of the uncertainty in the flux and is expressed as a fraction of the measured flux. For the analysis cuts used here and for the measured spectral index, the factor α equals about 0.26, as determined from detailed Monte Carlo simulations of the instrumental performance, corresponding to a ∼ 26% systematic error on the flux averaged between 0.3 TeV and 2 TeV. This is taken into account in a conservative way, in the sense that α is the maximum factor by which the flux could be overestimated.As shown in Fig.3.7, an upper limit of z<0.45 can be put on the redshift of the source at the 95% confidence level (CL), when using the EBL model by Franceschini
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 37 Figure 3.7: Upper limit at 95 % CL on the optical depth as a function of energy (solid line) as derived from Equation 3.1. The optical depth distribution derived with different EBL models at specific redshifts is shown for comparison (dash-dotted line: Kneiske and Dole 2010; dashed line: Gilmore et al. 2009, "low" model; dotted line: Franceschini et al. (2008). Taken from H.E.S.S. Collaboration et al. (2013).
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 338 Figure 3.8: Spectrum of the HBL PKS 2155-304 measured with H.E.S.S.-II, compared to data from H.E.S.S.-I and Fermi-LAT. From Zaborov et al. (2015). It should be noted that the H.E.S.S. and Fermi-LAT data are not simultaneous.
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 3 First AGN observations with H.E.S.S.-II increases considerably with a lower energy threshold and should allow us to detect more blazars at redshifts beyond z∼0.5, thus completing the spectra of these objects seen with Fermi-LAT at the highest energies and putting constraints on the emitting particles and on the EBL. H.E.S.S.-II spectral and flux measurements will also be very useful for FSRQs and LBLs/IBLs detected with Fermi, due to the much better sensitivity of ground based telescopes, which cannot be matched with the long exposure time accumulated with Fermi over the last six years because of the variability of blazar emission. Improvements in the sensitivity and energy range, with new instruments such as H.E.S.S.-II or the next generation observatory CTA, which will be discussed in the next chapter, will lead to important advances in the study of VHE sources, especially of variable emission. They will help us make further progress in what is now often referred to as "time-domain astronomy". No less important is the continued progress of coordinated MWL campaigns, which have proven to be crucial for a complete study of the physical processes in AGNs. Chapter 4 CTA, SST-GATE and the Future of VHE γ-ray Physics 4.1 Introduction to the Cherenkov Telescope Array This section contains excerpts from Zech & CTA Consortium (2012), written by myself.The rapid increase -in quantity and quality -of scientific results from the second generation of IACT arrays, such as H.E.S.S., MAGIC and VERITAS, over the last ten years, has now firmly established the field of VHE astronomy. The low photon flux from astrophysical sources at high energies makes it unfeasible to observe γ-ray emission with space telescopes above a few 100 GeV, due to the limited collection area.Ground-based instruments are used instead, either in the form of air shower detectors such as e.g. HAWC, ARGO-YBJ or the Tibet AS Gamma experiment, with a very large sky coverage, at the cost of energy threshold and sensitivity, or in the form of IACT arrays, with higher sensitivity, but smaller fields of view.The next generation array, CTA 1 (see Fig.4.1), will be the first open observatory in the VHE range. Different from the current IACT arrays, which are all operated and exploited as experiments by dedicated collaborations of researchers, in CTA, open observation time will be guaranteed for the whole scientific community, and a significant part of the observational programme will be compiled based on peer-reviewed proposals, similar to other major astronomical facilities. While the actual observations will be 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS conducted by a dedicated team of operators, data and tools for data reduction will be made available to the observers and the scientific community. Data will be accessible in a format compatible with standards of the Virtual Observatory.

Figure 4

 4 Figure 4.1: Artist's view of the Cherenkov Telescope Array. (Credits: NASA/CXC/CfA/R. Kraft et al. (Cen A); ASPERA (CTA) )

  Figure 4.2: Comparison of the simulated Cherenkov light profiles for vertical protoninduced showers generated by CORSIKA with different hadronic interaction models. The profiles of photo-electrons collected by a H.E.S.S. camera for FLUKA and UrQMD at 100GeV are shown in the left panel. In the right panel, the high-energy interaction models QGSJet-01c, SIBYLL, and QGSJet-II are compared for showers induced by 1 TeV protons, all using UrQMD for low-emery interactions. Taken fromBernlöhr et al. (2013).

  Figure 4.3: Comparison of measured (black squares) and simulated (red triangles and blue circles) image parameters for the H.E.S.S. telescopes. The real data are taken from a flare of the blazar PKS 2155-304Aharonian et al. (2007) for which the signal to noise ratio was very high and large γ-ray statistics are available. Taken fromBernlöhr et al. (2013).

Fig. 4

 4 Fig. 4.3 shows the good agreement (typically at the 5% level) between the simulated and detected shape of the shower images, as characterised by their Hillas width and length parameters. These parameters are based essentially on the fit of an ellipse to the shower images on the camera. They correspond to a weighted length and width of the fitted ellipses.
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 44 Figure 4.4: Four examples for potential CTA array configurations simulated during the first Monte Carlo production. Taken from Bernlöhr et al. (2013). (Note that several updates have been made to the planned configurations in the meantime.)
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 45 Figure 4.5: Sensitivity curves for the configuration "I" presented in Fig. 4.4 (solid black line, filled squares) and its components, 3 LSTs (red, open circles), 18 MSTs (green, open squares), 56 7-m SSTs (blue, open triangles). Taken from Bernlöhr et al. (2013).
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 46 Figure 4.6: Computer model (using the CATIA software) of the SST-GATE telescope. The camera is located between the primary and secondary mirror. ( c J.-L. Dournaux, Observatoire de Paris)
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 47 Figure 4.7: Simulated width of the PSF (θ 80 ) as a function of the field angle for a point source at a distance of 10 km. Taken from Rulten et al. (2016).

  Fig. 4.8 for light sources at different distances. Over the whole FoV, the collection area varies by less than 10%. There is non significant difference for light sources at different distances, 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS i.e. this characteristic does not change with the distance of the recorded air shower. It can be seen that shadowing by structural elements of the telescopes, masts and trusses, and by the camera body reduce the collection area by roughly 11%.
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 48 Figure 4.8: Effective collection area as a function of field angle for a single SST-GATE telescope. The effective collection area was calculated for a light source at three different distances: infinity (black line with open cir-cles and maroon line with open squares), 10 km (red line with open upward triangles) and 5 km (yellow line with open diamonds). Shadowing by the secondary mirror is taken into account for all curves. The black curve is not corrected for shadowing by the structural elements (masts and trusses) and camera body. Taken from Rulten et al. (2016).
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 49 Figure 4.9: Preliminary simulations of air-shower images seen at the Meudon site with the SST-GATE prototype using sim telarray. Left: air shower triggered by a proton of 100 TeV ; right: air shower triggered by a γ-ray at 10 TeV.
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 4 Figure 4.10: Inauguration of the GCT prototype on the Meudon site of the Observatoire de Paris, december 1st 2015. ( c J.-M. Martin, Observatoire de Paris)
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 4 Prospects for AGN science with CTAThis section contains excerpts fromSol et al. (2013), which I co-wrote, fromZech & CTA Consortium (2012), written by myself, and from a preliminary version of the "AGN Key Science Project"[START_REF] Zech | [END_REF], which I edited (and most of which I wrote, with inputs from many CTA colleagues).A large fraction of the observation time of the Southern CTA array and probably the majority of the time of the Northern array will be dedicated to AGN observations. The VHE data from AGNs provide access to the shortest variability time scales observed in these sources. They probe the high energy end of the underlying particle distribution and provide insights into a variety of topics related to AGN physics, but also into our understanding of the EBL, IGMF and fundamental physics, such as Lorentz invariance violation (LIV) or axion-like particles (ALPs). An in-depth discussion of the AGN science case for CTA can be found inSol et al. (2013) 1 . Here we want to focus mainly on those aspects of the AGN science case that are considered to be included in the CTA Key Science Projects (KSPs).Nine KSPs have been developed by the CTA consortium: Galactic Plane Survey, Galactic Centre, LMC Survey, Star Forming Systems, Cosmic-Ray PeVatrons, Active Galactic Nuclei, Clusters of Galaxies, Transients, Extragalactic Survey. These projects are complemented by a transverse Dark Matter Programme. The KSPs regroup the science cases that the collaboration wishes to address in a "core programme" using its proprietary observation time. The fraction of proprietary time as well as its annual 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS distribution is under discussion and its final form will present a compromise between the observational programmes that the Consortium deems essential for the legacy of CTA and the requirement of operating as an open observatory. The goal of the KSPs is thus to provide early legacy data sets to the community that cannot easily be acquired through competitive open time applications and to ensure that major scientific questions will be addressed in the first years and in the best possible way. A likely outcome could be that a large fraction of proprietary time will be attributed to the Consortium during the first years of operation, while the fraction of open time will rapidly become dominant during the following years.4.4.1 The AGN science caseOne domain where CTA will have a major impact will be population studies of different AGN classes at the highest energies. As discussed in Chapter 3, the current sample of VHE AGNs is statistically very limited, especially for AGN classes other than HBLs.It is also biased towards strongly beamed, flaring, and nearby sources. The leap in sensitivity and the coverage of both the Northern and Southern Hemispheres provided by CTA will help to significantly increase the number of AGN detections, while its extension to lower energies, where absorption on the EBL becomes negligible, will provide a much better reach in redshift.Concentrating first on blazars, one major science goal of CTA should be to improve our understanding of the nature of high-energy emission from blazars and to get us closer to a unified model of the different blazar classes. The differences in the broadband emission between BL Lacs and FSRQs is today generally ascribed to the presence of stronger photon fields in FSRQs, stemming from a more radiatively efficient accretion process that leads to the visibly stronger emission from the accretion disk that also illuminates the broad line region and dust torus. Inverse Compton upscattering of relativistic electrons and positrons on these "external" (with respect to the synchrotron source) photon fields leads to additional components in the (very) high-energy spectrum of FSRQs. Alternative interpretations, e.g. given by hadronic models, are certainly also possible. At present, it is not clear if external photon fields also play a role in LBLs/IBLs, which are generally much harder to describe with simple SSC models than HBLs. The cause of the supposedly different accretion regimes between the luminous 4.4 Prospects for AGN science with CTA FSRQs and the much dimmer BL Lacs and its link with the jet power is not yet fully understood. Attempts to unify the different blazar classes based on the mass accretion rate and the potential influence of the black hole spin are under way (see e.g. Ghisellini
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 4 Figure 4.12: A simple schema of the interaction of TeV γ-rays with the EBL and IGMF, which can lead to pair echoes or halos.

(

  2011);[START_REF] Raue | [END_REF]). If one can exclude confusion with potential intrinsic signatures, this could be a way of directly measuring the EBL level and spectral shape.The observation of luminous AGNs over a large range of redshifts will be necessary to probe the EBL spectrum from the far-infrared to the optical band and would also allow some input on the evolution of the EBL density.The interaction of VHE γ-rays with photons from the EBL does not only lead to a suppression of the VHE flux, but it can result in detectable signatures at(very) high energies due to Inverse Compton upscattering of photons from the cosmological microwave background by the produced electron-positron pairs. Depending on the strength of the IGMF, this can result in "pair-echoes" or "pair halos" (for a recent review seeInoue et al. (2012) and references therein). The former, expected for weak fields below about 10 -16 G, are a delayed, reprocessed signal; for a very weak field and thus very weak diffusion of the produced pairs, a large fraction of the "pair echo" is expected to arrive from the direction of the source and to contribute to the high energy flux. By comparing Fermi-LAT spectra with spectra from Cherenkov telescopes of bright sources, lower limits can be put on the strength of the IGMF (e.g.Dermer et al., 2011), with fundamental implications for our understanding of the formation of magnetic fields in the early Universe. Continuous data in the GeV and TeV range are 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS needed to arrive at strong constraints. In a few bright sources with hard spectra, flares

  mental physics. The detection of rapid flares from AGNs at TeV energies can be used to probe photon propagation and to set limits on Lorentz invariance violation (LIV), predicted by certain quantum gravity theories (loop quantum gravity, string theories...). A detectable consequence of LIV would be delays in the photon arrival times from distant sources due to the dispersion of light in the vacuum at an energy scale supposed to be close to the Planck scale. Current limits are derived either from observations of GeV γ-rays from GRBs (e.g.Vasileiou et al., 2013) or from TeV γ-rays from AGN flares (e.g. H.E.S.S. Collaboration et al., 2011). The γ-rays from the Crab pulsar have also been used for LIV searches (e.g. Zitzer & for the VERITAS Collaboration, 2013) Current limits from GRB observations with Fermi-LAT, if confirmed, would effectively rule out linear dispersion at a scale below 1.2 times the Planck mass, thus falsifying certain quantum gravity theories. Dispersion terms that are quadratic in the photon energy, included in other theories, are not yet significantly constrained.For those theories, data from AGN flares provide the most stringent constraints, due to the higher energy range compared to Fermi. Its access to blazars at high redshifts and the possibility to monitor sources to detect a maximum number of flares make CTA an ideal instrument to improve limits on LIV.Another subject of fundamental physics research profiting from observations of AGN is the search for axion-like particles (ALPs), hypothetical particles whose existence is postulated to solve the strong CP problem in quantum-chromodynamics. The search for ALPs is complementary to measurements of the EBL: if they exist, photon-axion oscillations would be a possibility for VHE photons to avoid absorption on the EBL 4.4 Prospects for AGN science with CTA

Figure 4 . 13 :

 413 Figure 4.13: The major science objectives and the three parts of the AGN KSP observation programme.

  of observation time available for AGN observations per year. Such estimates account neither for flaring states of sources nor for BL Lac objects with very hard spectra that might have been missed with Fermi-LAT. The large fraction of BL Lac objects with unknown redshifts is not included either.

Figure 4 . 14 :

 414 Figure 4.14: Skymaps and redshift distributions of AGNs from the 2FGL catalogue expected to be detectable with a maximum of 5 hr (a) and 50 hr (b) of observations with CTA per field of view. From Sol et al. (2013).

  1a) Coverage of different VHE AGN classes over a large redshift range.A set of targets has been selected to maximise the population in redshift space with VHE AGNs of different classes. We have extracted spectra of known TeV emitters and promising source candidates from the Fermi 1FHL catalogueAckermann et al. (2013), which, other than the 2FGL, contains only sources detected with Fermi-LAT above 10 GeV, and extrapolated their spectra to the TeV range, while applying a redshiftand energy-dependent absorption on the EBL following the model byFranceschini et al. (2008). For those sources for which no redshift was provided in the catalogue, we have used the lower limits determined byShaw et al. (2013) andPita et al. (2014).

Fig. 4 .

 4 Fig. 4.15 and a few exemplary simulated spectra are shown in Fig. 4.16.
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 415 Figure 4.15: Expected integral fluxes (above 60 GeV), from extrapolations of Fermi-LAT spectra, vs. redshift for the selection of sources for the high-quality spectra. The flux from a source with a Crab-like spectrum, shifted to different redshifts, is shown for comparison.For studies of the EBL, IGMF and blazar evolution, this sample will be completed with observations from the AGN flare programme at high redshifts. From[START_REF] Zech | [END_REF].

4. 4

 4 Figure 4.16: Simulated spectra for four different classes of VHE emitting AGN. Simulations were based on extrapolated Fermi-LAT spectra for PKS 2155-304 ("HBL", 2 hr exposure), VER J0521+211 ("LBL/IBL", 3 hr), 4C +21.35 ("FSRQ", 50 hr), Cen A core ("RG" for radio galaxy, 55 hr). Note that the extrapolation underestimates the actual VHE flux for Cen A.

Figure 4 . 17 :

 417 Figure 4.17: Schema of a possible pointing pattern for a scan of the Cen A central core and southern lobe. The circles correspond to the size of the LST field of view, which is the most constraining (4.5 deg in diameter). Different colours and line styles indicate the three different exposures with pointings in "wobble" mode. From Zech et al. (2016).

Figure 4 . 18 :

 418 Figure 4.18: Illustration of the expected long-term light-curve (γ-ray rate above 200 GeV) for a bright blazar, based on data from a current Cherenkov array.

  Setting the threshold for triggering a flaring alert to 20% of the flux from 3C 279 during its 2006 flare Magic-Collaboration (2008) (corresponding to roughly 20% of the Crab flux), four LSTs will need ∼10 min of 4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICS exposure time plus an overhead (pointing, stopping and starting the observation) of ∼2 min per pointing. Five targets could be covered in one hour, i.e. covering ∼20 targets twice a week would require ∼4 hr per week per site.
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 51 Figure 5.1: SED for a night with relatively low VHE and X-ray flux (MJD 53945) with a stationary SSC model described in the text. Data taken during this night are shown from H.E.S.S. (red squares), RXTE (magenta circles), SWIFT XRT (green triangles), SWIFT UVOT (red triangles) and Bronberg (black circle). The black squares are the average ATCA points from the period of the MWL campaign. The model is presented as a solid line, giving the overall SED, including absorption by the EBL. The dashed line in the VHE range is the de-absorbed spectrum. The H.E.S.S. data points represent the measured (i.e. absorbed) flux. The extended jet emission (dotted line) and host galaxy contribution (brown data points) are also shown at low frequencies. Dash-dotted and dashed lines indicate the synchrotron and SSC contributions from the blob, respectively. From H.E.S.S. Collaboration et al. (2012).

5 .

 5 INTERPRETING BLAZAR EMISSION For the data set of PKS 2155-304 in 2006, the available data on the nights of the MWL campaign do not provide enough constraints on the SEDs to narrow down the parameter space even of such a simple stationary model. Therefore, a set of parameters derived from the 2003 H.E.S.S. campaign (cf. "Model 2" in Aharonian et al. (2005a)) was used as a starting point for the modelling of the 2006 data of the source, in order to compare the results between 2003 and 2006. These parameters have been adapted to the nightly averages of the 2006 campaign by applying only minimal changes to the initial values. A set of parameters that reproduces the average SED of the relatively low state on MJD 53945 is presented in Table 5.1. Even though the VHE γ-ray flux during the whole 2006 observation period is higher, the SED of MJD 53945 (Fig. 5.1) is not very different from the one recorded in 2003. For the same Doppler factor and magnetic field strength, a slight increase of the size and density of the emitting blob and the spectral index n 2 provides a good match of the SED observed during MJD 53945.

  satellite (not available before 2008) have shown the importance of covering the highenergy γ-ray range below VHE energies in this respect. Based on the available data, the SEDs of the non-flaring nights of the MWL campaign in July 2006 are well reproduced by a stationary one-zone SSC model with only relatively small variations of the parameters that describe the 2003 low state. The variations between the model parameters, principally the size of the emission region and electron density, could arise for a shock front passing regions of different size and electron density, or for contraction and expansion of the emitting blob.5.1.2 SSC modelling of PKS 0447-439 and redshift constraints This section contains excerpts from H.E.S.S. Collaboration et al. (2013) and Zech et al. (2011), which I wrote with the help of Bagmeet Behera and input from the H.E.S.S.

  5.2). Only the bulk Doppler factor δ has been increased to compensate for the decreasing flux and spectral shift with higher redshift. With increasing z, absorption on the EBL becomes more severe and the model has a tendency to cut off below the H.E.S.S. spectrum. Trying to correct for this effect with an increasing break energy in the electron spectrum does not improve the result sufficiently and is limited by the position of the synchrotron peak. The model does not provide a satisfactory representation of the H.E.S.S. data for redshifts larger than about 0.35 for the EBL model byFranceschini et al. (2008) and for redshifts larger than about 0.4 for the minimum EBL model byKneiske & Dole (2010), as can be seen from Fig 5.2. In addition, the Doppler factor required to compensate for the effect of increasing redshift, becomes very large for the solutions at high z.

  rameter space to identify all suitable solutions for a given data set. A range of possible values can thus be determined for each SSC parameter. The first step of this algorithm is the simulation of SEDs using a standard SSC model for a large combination of parameters -a six-dimensional grid of parameters in fact. The six parameters in question are the Doppler factor δ, magnetic field B, normalisation of the electron population K, radius of the spherical emission region R, and the first slope and break in the electron spectrum n 1 and γ break . The value of the second slope (after break) is fixed by the best fit to the X-ray data to reduce the number of free parameters. SEDs are simulated for each combination of a range of values for these parameters. The next step is the parameterisation of each of six observables as a function of the six parameters using a fitting procedure. The six observables, extracted from multiwavelength data, are the flux normalisations and spectral slopes in the TeV band and in the Fermi-LAT band (4 observables), as well as the normalisation and frequency of the synchrotron peak. The latter two are not always directly available from the data, but are in general reasonably well constrained.

Figure 5 . 3 :

 53 Figure 5.3: SED of 1RXS J101015.9-311909. The H.E.S.S. spectrum is represented by the green bow-tie and the blue points; the Fermi-LAT spectrum is represented by the orange bow-tie and the red empty circles; SWIFT-XRT data are shown by the pink crosses; SWIFT-UVOT data are shown by the red stars; ATOM data are shown by the blue open boxes; archival data from the NED are shown as grey points. In grey are plotted all the SSC models which describe the SED, as found with our algorithm, while the solid black curve represents the best-fit solution, with χ2 = 1.06. It is characterised by an extreme value of δ=96.83, B=0.015 G, R=1.3 • 10 16 cm, n 1 =2.0, K =8.94 • 10 -8 cm -3 and γ br =5.31 • 10 4 . The three different families of solutions, which can be distinguished in the range between 10 11 and 10 14 Hz, correspond to n 1 =1.6, 1.8 and 2.0. The infrared and visible data can be reproduced by taking into account the host-galaxy contribution. From Cerruti et al. (2013).
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 54 Figure 5.4: Contour plots of the solutions found for 1RXS J101015.9-311909. The contours are expressed in arbitrary units, representing the number of solutions corresponding to a given pair of parameters. White represents zero. Left: contours in the B-δ plane. The shadowed regions represent the exclusion-regions defined following Tavecchio et al. (1998) Right: contours in the R-δ plane. The filled region corresponds to a variability time-scale higher than 24 hours.

  This section contains excerpts from H.E.S.S.Collaboration et al. (2012), which I wrote with the help of C. Boisson and with contributions from K. Katarzynski, H. Sol, J.-P. Lenain, G. Henri and other H.E.S.S. collaborators. The time-dependent model discussed here was developed by K. Katarzynski. (See alsoKatarzyński et al. (2008), to which I contributed.) Even though blazars are highly variable, very bright and rapid flares like the ones detected from PKS 2155-304 in 2006 remain rare. Their observation allows us to get a view of the dynamical processes inside the emitting region. The modelling of flux 5. INTERPRETING BLAZAR EMISSION variations requires time-dependent codes, which are naturally more difficult to develop than stationary codes and are less "standardized". In one of the models discussed in H.E.S.S. Collaboration et al. (2012), a power-law distribution of relativistic electrons with index 2, a natural outcome of first order Fermi acceleration, is injected into the source volume, divided into several homogeneous cubic cells. The time development of these cells is simulated, including electron injection, radiative cooling, synchrotron and SSC emission, as well as absorption of light traversing the cells due to electron-positron pair production. Adiabatic expansion of the emission region is not taken into account.

Figure 5 . 5 :

 55 Figure 5.5: A time dependent SSC model for the night of MJD 53946. The upper panel shows the modelled SED at the maximum flux level and at a low level. Snapshots of the CHANDRA spectrum and the H.E.S.S. spectrum are shown for a high state (red squares) and for a low state (blue squares). The two flux states that were chosen for the modelled SEDs correspond to the red and blue circles in the middle and bottom panel, where the H.E.S.S. and CHANDRA light curves are shown together with the predicted time evolution of the model. The thin line in the middle and bottom panel indicates the long-term component that dominates the X-ray flux. The two spectra from CHANDRA correspond to the beginning and the plateau of the CHANDRA lightcurve, as described by Aharonian et al. (2009c); the H.E.S.S. spectra correspond to the data acquisition periods closest in time to the modelled flux states. From H.E.S.S. Collaboration et al. (2012)
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 56 Figure 5.6: Equipartition blazar model fits to the SEDs of 3C 279(Hayashida et al., 2012) for Epoch "B" (MJD 54789 54809). Two spectral fits corresponding to warm-dust and hot-dust IR radiation fields are considered. Separate components are shown, with the EC-IR and EC-BLR components shown for the warm-dust solution. Insets show details of fits at X-ray energies. Taken fromDermer et al. (2014).

5. 3

 3 A new lepto-hadronic model an electro-magnetic cascade, which is computed in the same way as for the photo-meson induced cascades.

Figure 5 . 7 :

 57 Figure 5.7: A hadronic model of the SED of Mkn 421 (data points taken from Abdo et al., 2011). Data have been corrected for the EBL absorption, which is thus not included in the model. From Cerruti et al. (2015) (for information on the model parameters see there).

Figure 5 .

 5 Figure 5.7 shows an attempt at modelling the SED of the HBL Mkn 421 with a hadronic model. While the low-energy bump is completely described by electron synchrotron radiation, the high-energy bump contains contributions from proton-synchrotron, muon-synchrotron and cascade radiation. The radio data and part of the optical data are ascribed to a more extended emission region.

Figure 5 .

 5 8 shows an example of all the relevant time-scales in the emitting region.

Figure 5 . 8 :

 58 Figure 5.8: Acceleration and cooling time-scales for the different particles in the emitting region for the model shown in Fig. 5.7.

Figure 5 . 9 :

 59 Figure 5.9: Top: modelling of the SED of RGB J0710+591, using data from Acciari et al. (2010). left: hadronic proton-synchrotron scenario for (B[G],R[cm]) = (1, 6.7 × 10 17 ), (21, 8.2 × 10 15 ), (446, 1 × 10 14 ); right: mixed lepto-hadronic scenario for (B[G],R[cm]) = (0.3, 8 × 10 15 ), (0.4, 5 × 10 15 ), (0.6, 3 × 10 15). Colours are used to identify the components corresponding to the same exemplary solutions in the B-R parameter space. In the left plot, from lower to higher energies, the SED components are: electron synchrotron emission (solid lines), synchrotron emission from cascades associated with proton synchrotron emission (dotted lines), proton-synchrotron emission (solid line, high energies) and muon synchrotron emission (dashed lines). In the right plot, the visible components are: electron synchrotron emission (solid line), proton synchrotron emission (solid lines at intermediate energies), SSC emission (dotted lines) and the sum of SSC emission and the synchrotron emission from π 0 -and π ± -induced cascades (dashed lines). Bottom left: representation in the B-R plane of the two distinct regions of solutions. The large shadowed region represents the band of acceptable parameters for the proton-synchrotron scenario. The separate set of solutions in the bottom-left part of the plot represents the mixed lepto-hadronic scenario. The three coloured dots correspond to the solutions shown in the top plots. Bottom right: same as the previous plot, but in the (u p + u e )/u B -L plane. The horizontal dotted line represents the Eddington limit for M • = 10 8.25 M .
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 61 Figure 6.1: An example for testing emission scenarios with CTA: comparison of the expected CTA spectra for two specific emission models for the blazar PKS 2155-304. A hadronic scenario, where (very) high-energy emission is caused by proton-and muonsynchrotron emission and secondary emission from proton-photon interactions, is shown on the left, and a standard leptonic synchrotron self-Compton (SSC) model on the right.The exposure time assumed for the simulations (33 hr) is the same as the live time for the H.E.S.S. observations (black data points above 3×10 25 Hz). Uncertainties in the CTA data points are smaller than the red squares. The models cannot be distinguished based on currently available data, but will be with CTA. Taken from[START_REF] Zech | [END_REF].
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 62 Figure 6.2: SEDs for PKS 2155-304 with two hadronic models where proton synchrotron emission (left figure) or muon synchrotron emission (right figure) dominates the TeV spectrum.These solutions correspond to a spectral index of n 1 = 2.1 and 1.9, a magnetic field with log B/G = 0.3 and 0.7, and an emission region of size log R/cm = 9 × 10 16 and 1.5 × 10 16 , respectively.
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 6465 Figure 6.4: Source extension vs. magnetic field for HBL models. The different symbols correspond to the two different sources and to different spectral indices n 1 . The grey band indicates the range of values suggested for the Schwarzschild radius of the SMBH in PKS 2155-304, while the blue line shows the Schwarzschild radius for Mkn 421. (PRELIMINARY)
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 67 Figure 6.7: An example for a logparabolic fit to simulated spectra (upper panel) for an SSC model (black circles, upper fit parameters) and a hadronic model (red squares, lower fit parameters). The spectra correspond to 50 hr exposure time on the source PKS 2155-304. The lower panel shows the ratio of the simulated fluxes over the fit function.

Figure 6 . 8 :

 68 Figure 6.8: An example for the χ 2 r distributions of logparabolic fits to 100 realisations of an SSC model (grey distribution on the left) and 100 realisations of a hadronic model (red distribution on the right) for Mkn 421. Both distributions are characterized by a simple Gaussian fit.
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 1 Figure 6.10: Same as Fig. 6.9 for Mkn 421. (PRELIMINARY)

Figure 6 . 11 :

 611 Figure 6.11: An example of an expected spectrum from intergalactic cascades. The expected CTA spectrum for the distant blazar KUV0031-1938, based on an extrapolation from current measurements and addition of γ-ray induced cascades (blue curve), is compared to the spectrum from the same source when including UHECR induced cascade emission (red curve). Error bars indicate the statistical uncertainty at 1σ. Simulation by M. Hayashida, K. Murase and H. Takami. Taken from Zech et al. (2016).

  analysis of H.E.S.S. data is currently part of the PhD thesis of Maialen Arrieta, which I am co-directing with Catherine Boisson. With its recent addition of a fifth telescope, H.E.S.S.-II provides access to soft-spectrum blazars (LBLs, FSRQs) that have so far only rarely been detected with ground-based IACT arrays. The interpretation of data from such sources requires an adaptation of existing leptonic models to integrate external photon fields and an external Compton component. In view of CTA, we are currently developing such a model for application to NLSy1s, which have been detected with Fermi-LAT and should present an interesting target for CTA during flaring states. Another logical step would be the development of a time-dependent leptonic 123 7. (PRELIMINARY) CONCLUSIONS model, more flexible than the one described in Section 5.1.4, for applications to VHE flares that are targeted by the H.E.S.S. ToO programme, and will also be one of the targets of the AGN Key Science Project for CTA.

  

  

  1 collaboration, in 2007 as a Maître de Conférences at the Observatoire de Paris. The High Energy Stereoscopic System (H.E.S.S.), is an array of five imaging air Cherenkov telescopes (IACTs) that observes the sky in the VHE range.
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	3. AGN PHYSICS AT VERY HIGH ENERGIES WITH H.E.S.S.
	Figure 3.3: Left panel: spectra obtained with SWIFT XRT and RXTE during nights of
	the 2006 MWL campaign. Only nights where spectra for both instruments could be ex-
	tracted are included. The spectra have been corrected for Galactic absorption. Right panel:
	nightly averaged H.E.S.S. spectra for the same selection of nights. Upper limits at 99%
	confidence level are indicated as arrows. No correction for absorption on the extra-galactic
	background has been applied. The quiescent flux is taken from H.E.S.S. Collaboration
	et al. (2010). The legends in both panels provide the start times of the observations in
	MJD -53000. From H.E.S.S. Collaboration et al. (2012)
	3.3 and 3.4), one can see, also on this time scale of several nights,
	that variations in the VHE flux correlate to variations in the X-ray flux observed with
	RXTE and SWIFT XRT.
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	3.2 Two examples of VHE emitting blazars detected with H.E.S.S. 3. AGN PHYSICS AT VERY HIGH ENERGIES WITH H.E.S.S.
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	Å increase in the flux level about one and a half months after the VHE flares occurred. 0.04 F (7000 0.03 The average flux measured by the NRT during the campaign (0.49±0.04 Jy at 11 cm) is
	0.02 significantly higher than the flux measured during the 2003 campaign (0.30±0.01 Jy at
	0.01 11 cm). The rise in the radio flux in the months around MJD 54000 (September 2006)
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	F [Jy] by roughly 50%, observed with both the NRT and HartRAO telescopes, coincides with
	0.8 a comparable increase in the optical flux during that time period. It can also be seen
	0.6 that both the radio and optical fluxes were at a lower level around MJD 53200 (July
	0.4 2004) and decline again around MJD 54400 (October 2007), even though in this case
	the relative change in the amplitude is not the same. Both bands exhibit a relatively
	53000 0.2 high flux level that increases still during or shortly after the VHE high state. Although 53200 53400 53600 53800 54000 54200 54400 54600	54800
	the optical and radio flux evolution shows some differences, especially around MJD	MJD
	Figure 3.5: Long-term light curves from VHE γ-ray measurements (upper panel: 53300 and MJD 54400, which might indicate a delay between the two bands that is
	H.E.S.S.), optical data (middle panel: ROTSE) and radio data (lower panel: NRT and HartRAO). Please note that the y-axis is truncated for the long-term H.E.S.S. light curve difficult to quantify due to the sparse data coverage, an overall correlation is clearly
	due to the large dynamic range caused by the flares. A zoom on the period covering the present. Over the whole period presented here, a correlation coefficient of 0.29 for 128
	two VHE flares is shown in an inset in the upper panel. From H.E.S.S. Collaboration et al. points is derived, corresponding to a chance probability of 0.1%.
	(2012). The radio data might indicate a similar situation to the one seen in 2008 in the
	It is also instructive to put the 2006 MWL campaign into the context of the long-radio-galaxy M 87
	term behaviour of the source flux. Long-term light curves covering several years are additional data from the Bronberg and Watcher telescopes (not shown here), intra-
	available for this blazar in the optical band, with the ROTSE telescope situated on night variations of ≈0.1 mag can be seen for several nights during the MWL campaign
	the site of the H.E.S.S. experiment in Namibia, and in several radio bands, where data and also during the following months. The amplitude of the observed variability is
	were taken with the South African HartRAO and the French Nançay radio telescope similar to observations during the 2003 low state. The ubiquitous variations in the
	(NRT). As can be seen in the ROTSE long-term light curve (Fig. 3.5, middle panel), optical band lead to random instants of correlations and anti-correlations with the
	the optical flux from the source was at a relatively high level during the 2006 MWL VHE band. When taking into account the overall behaviour of the optical flux for all
	campaign, compared to the low state observed with ROTSE in 2003 (Aharonian et al., the nights where detailed optical light curves were available, there is no compelling
	2005a).	evidence of a direct correlation of the optical band with the VHE band. However, on
	On intra-night time scales, no exceptional variations are observed in the optical a time scale of several weeks, the average optical flux was on the rise when the VHE
	flux during the active VHE state of the source. In the ROTSE data, as well as in flares occurred. The ROTSE data show a fluctuation of ≈1.2 mag between the lowest

  4. CTA, SST-GATE AND THE FUTURE OF VHE γ-RAY PHYSICSTable 4.1: Principal characteristics of the SST-GATE design. The effective collection area is corrected for obscuration by the secondary mirror, camera and masts.

	diameter primary mirror	4 m
	diameter secondary mirror	2 m
	effective collecting area (on-axis)	∼8.2 m 2
	field of view	9 •
	plate-scale	39.6 mm/ •
	total weight	8 t

Table 5 .
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1: Parameters used for stationary SSC modelling of the nightly average spectrum of MJD 53945. A description of the parameters is given in the text. From H.E.S.S.

Collaboration et al. (2012)

.

  The models shown here correspond to a redshift of 0.2 (black solid line; deabsorbed spectrum shown by thin black dashed line), 0.3 (red dashed line; deabsorbed spectrum shown by thin red dashed line) and 0.4 (blue dash-dotted line; deabsorbed spectrum shown by thin blue dashed line). For the graph on the left panel, the EBL model uses the description byFranceschini et al. (2008). On the right panel, only the high-energy part of the SED is shown, with an EBL model following the description byKneiske & Dole (2010), which presents a very low EBL level. The inlays show a zoom on the X-ray range and VHE range of the SED. From H.E.S.S.Collaboration et al. (2013).
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Figure 5.2: Spectral energy distribution of PKS 0447-439 showing archival radio data from NED and SIMBAD/VizieR (black squares), optical and UV data from ATOM (blue filled circles) and Swift UVOT (red filled circles), X-ray data from Swift XRT and RXTE PCA (magenta squares), γ-ray data from Fermi-LAT (black triangles and grey bow-tie) and VHE γ-ray data from H.E.S.S. (blue filled circles and light blue bow-tie).

Table 5

 5 

.2: Parameters used for stationary SSC modelling of the SED of PKS 0447-439 for different assumptions on the redshift of the source. The energy density of the electrons and of the magnetic field are given by u e and u B . A description of the other parameters is given in Section 5.1.1. From H.E.S.S. Collaboration et al. (2013).

Table 5 .

 5 3: Model parameters for 3C 279 for two scenarios for epoch "B". Taken from Dermer et al. (2014).

	scenario	Γ, δ B	γ pk	u IR	u Lyα	log[L B,par
		(G)		(10 -3 erg (10 -3 erg	(L ph )
				cm -3 )/	cm -3 )	(erg s -1 )]
	warm dust 35.0 1.8 28.7	0.19	1.4	46.0(46.1)
	hot dust	36.5 1.7	29	0.49	0.74	46.0(46.1)

  SEDs for PKS2155-304 (left figure) and Mkn 421 (right figure) with an SSC model, where only electron synchrotron emission (peak at low energies) and SSC emission (peak at high energies) are considered. These solutions correspond to a magnetic field with log B/G = -1.4 and -1.1, and an emission region of size log R/cm = 16.8 and 16.0, respectively.
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  6.1 Hadronic spectral signatures for CTA (preliminary)
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http://www.cosmic-ray.org

https://www.auger.org

http://www.telescopearray.org

https://www.mpi-hd.mpg.de/hfm/HESS/HESS.shtml

The VHE emission from the radio galaxy IC 310 is assumed to come from its blazar core.

http://tevcat.uchicago.edu, status of February

δ b = [Γ b (1 -β b cos θ)] -1, where β b is the velocity of the emission region in c units, Γ b the bulk Lorentz factor, and θ the angle between the jet axis and the line of sight.

Correlation coefficients here and in the following sections correspond to the "Pearson r".

private communication with H. Landt and M. Véron-Cetty

AGN PHYSICS AT VERY HIGH ENERGIES WITH H.E.S.S.

http://www.cta-observatory.org

The flux from the Crab nebula ("one Crab"), about

2.26 × 10 -11 cm -2 s -1 when integrated above 1 TeV, is used as a general reference level in VHE astrophysics.

and for an additional US-based telescope type of intermediate size between SST and MST, not discussed here

who happens to be a former director of the Optical Laboratory at the Observatoire de Paris

see also http://cta.obspm.fr/agnworkshop2011

Given the usual light travel time arguments, the measurement of the variability time scale ∆t obs provides a direct constraint on the size of the emission region R for a given Doppler factor δ : R δ -1 < c ∆t obs /(1+z) .

Although the reader should keep in mind that the model here has not been corrected for EBL absorption.

https://portal.cta-observatory.org/Pages/CTA-Performance.aspx

A cross-check of this method with other statistical approaches is currently under way to test its stability.
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A new lepto-hadronic model

Lepto-hadronic modelling can reproduce well the VHE emission of the UHBLs under study, as well as the lower energy SEDs. Compared to standard leptonic models, our solutions have the advantage of avoiding large values of the Doppler factor of the emitting region. The minimum Lorentz factor of the electron population γ e,min is of the order of 10 2-3 or smaller in the proton-synchrotron scenario, in line with the values required in leptonic modelling of common HBLs. For the mixed lepto-hadronic solutions, γ e,min can be as low as 1 (for 1ES 0229+200 and RGB J0710+591), while it is of the order of 10 3-4 for the other sources, due to constraints from the optical data.

On the other hand, the only parameter that takes particularly non-trivial values for all our solutions is the spectral index of the particle population: for all sources, we need very hard injection functions (α p;1 = α e;1 ∈ [1.3 -1.5]). Such hard spectra are at odds with the simplest diffusive shock acceleration models, which predict injection indices close to 2.0 (see e.g. Drury, 1983;Rieger et al., 2007). A particle index of 1.5 is usually considered as the lower limit still in agreement with simple acceleration scenarios (see Aharonian et al., 2006). However, harder values (even lower than 1.5) are still possible in certain acceleration scenarios (see Ellison et al., 1990;Vainio et al., 2003). Secondorder Fermi acceleration may also produce hard (α < 1.5) spectra (see Virtanen & Vainio, 2005). Another mechanism for efficiently accelerating particles is magnetic reconnection; in this case as well it is possible to obtain hard (α 1.5) particle energy distributions (see e.g. Cerutti et al., 2012). It is important to note, however, that the hard injection spectrum does not represent a limitation of the hadronic model itself, but might point instead to the operation of mechanisms for acceleration and/or cooling beyond the simple assumptions that went into our physical constraints (especially the constraint of having α p;1 = α e;1 ).

The two main arguments generally put forward to disfavour hadronic blazar models are the energy budget of the emitting region and the constraints from short variability time-scales.

The total power of the emitting region (Equation 5.8) need not necessarily be limited by the Eddington luminosity of the black hole, as is observed to be the case for some NLSy1 galaxies, and especially GRBs. Nevertheless, for radio-loud AGNs hosted by SMBHs with masses in the range 10 8-9 M , observational estimates of jet powers generally do not show any evidence for highly super-Eddington values (e.g. Cavagnolo

Hadronic spectral signatures for CTA (preliminary)

Models for Mkn 421 are characterized by an energy budget close to equipartition and by a total jet power that is generally lower than for the pure proton synchrotron scenario in the case of PKS 2155-304. For PKS 2155-304, solutions with |u p /u B | > 10 have been excluded to keep only models close to equipartition. When comparing solutions with the same magnetic field strength and the same proton index n 1 = 1.9 for the two sources, the jet power necessary for the PKS 2155-304 model is about a factor of 5 larger than for Mkn 421. To compensate for the difference in redshift between the sources, a larger emission region and a higher particle density are needed for PKS 2155-304, leading to an increased jet power and a higher maximum proton energy. While the high-energy bump for these parameters is dominated by muon-synchrotron emission for Mkn 421, proton-synchrotron radiation dominates in PKS 2155-304.

To search for solutions with "cascade bumps", we consider all the solutions shown in Fig. 6.4 and 6.5, but the most acceptable solutions in terms of jet power and size of the emission region are those with intermediate values of R and B ( and a relatively small n 1 in the case of PKS 2155-304 ).

SSC and mixed lepto-hadronic models

A standard one-zone SSC model cannot account for the observed SEDs if one assumes that the electron input spectrum is a simple power law that is only modified by a synchrotron cooling break. One-zone SSC solutions require the introduction of an ad hoc broken-power-law shape for the electron distribution, in violation of our simplifying assumptions.

When loosening those assumptions, for electron populations following a broken power law, good representations can be found for both SEDs, with the exception of the optical data from the ATOM telescope in the SED of PKS 2155-304, which seem to require either an additional component (H.E.S.S. Collaboration et al., 2012) or a more complicated electron distribution (Aharonian et al., 2009d). When adjusting the model to the X-ray, γ-ray and VHE data, while constraining the shape of the synchrotron bump to roughly account for the optical flux and while keeping a fixed Doppler factor of δ = 30, the remaining parameters of the leptonic SSC model are well constrained.

The resulting solutions can be seen in Fig. 6.6. They correspond to a size of the emission region of ∼ 7 × 10 16 cm and ∼ 10 16 cm, a magnetic field strength of 0.04 G and 0.08 G and a jet power of 8 × 10 43 erg/s and 1 × 10 43 erg/s for PKS 2155-304 and Mkn 421,

FUTURE PROSPECTS FOR THE LEPTO-HADRONIC MODEL

Figure 6.9: Mean values and standard deviation (from Gaussian fits) of the χ 2 r distribution of logparabolic fits to 100 realisations of each hadronic model for the SEDs of PKS 2155-304. The models are characterised by the logarithm of the strength of the magnetic field (on the abscissa) and the n 1 spectral index of the proton spectrum (symbols). The grey band is the union of the 1-σ envelopes of the SSC spectrum fits. The difference between SSC and hadronic models becomes more significant as the exposure time increases (from top to bottom panel: 20 hr, 50 hr, 100 hr). (PRELIMINARY)

When the same logparabolic fits are applied to the hadronic models, in most cases, the χ 2 r of the fit is different from the SSC χ 2 r by more than one standard deviation (cf. Fig. 6.9 and 6.10) for 50 hr of observation time, and in several cases already for 20 hr.

When investing 100 hr of observation time, the large majority of our hadronic models for PKS 2155-304 and for Mkn 421 are clearly distinguishable from the SSC models.

For PKS 2155-304 the model with a spectral index of 2.1 and a very small magnetic field of 1 G (cf. Fig. 6.9) corresponds to a pure proton-synchrotron scenario, where contributions from muon-synchrotron and cascades are very small and do not lead to significant features. This model is also the one with the largest jet power. On the other hand, models with very large magnetic fields 70 G present also a challenge for detec-6.3 Thoughts on time-dependent lepto-hadronic modelling the additional information from the temporal behaviour of flux and spectral shape. A possible direction for a future, quite fundamental, development of the lepto-hadronic code would thus be to render it time-dependent to be able to treat temporal variability.

At present, the development of time-dependent lepto-hadronic codes seems still in its beginnings. Such a code requires the solution of the mutually dependent kinetic equations for all the relevant particle species in the source. One example is given by Dimitrakoudis et al. (2012) and Mastichiadis et al. (2013). Here the authors restrict the parameter space to relatively small magnetic fields B≤ 10 G, where synchrotron emission from pions and muons is expected to be negligible. Even with this simplification, it is still necessary to follow dynamically the populations of five particle species (protons, electrons/positrons, photons, neutrons, neutrinos) and all possible interaction and decay processes. A first time-dependent lepto-hadronic code able to treat the radiation from pions and muons has been proposed only very recently by [START_REF] Diltz | [END_REF], an indication for the newly arising interest in this domain.

Both time-dependent codes mentioned above describe a single (spherical) emission region. When assuming continuous injection, a stationary state can be reached either by introducing a particle escape term (as proposed by Dimitrakoudis et al. (2012)) and/or adiabatic expansion of the emission region (included in addition to particle escape by [START_REF] Diltz | [END_REF]). In our stationary one-zone code, we include an adiabatic term that corresponds to the adiabatic expansion of the emission region, as expected for example for plasma flowing past a localized zone of acceleration, e.g. a standing shock.

A more realistic model would consist of several zones and treat the time-dependent transfer of particles from one zone to the next. Such a model could follow the particle flow from the acceleration region through emission regions with decreasing magnetic fields and adiabatic expansion. The resulting emission from the different zones would provide a more realistic picture of the expected SED (at the expense of increased complexity and longer CPU times of course).

While the development of time-dependent lepto-hadronic models is certainly becoming necessary, there is also still work to be done to arrive at a complete understanding of the simpler stationary model, especially regarding the parameter space of its solutions for various types of AGNs.