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F Í S I C A

De onde vem essa misteriosa  
radiação ultraenergética?
O filósofo jesuíta e cientista Pierre Teilhard de Chardin (1881-1955) descreveu,  
certa vez, o itinerário das ciências naturais como “o desenvolvimento de olhos cada vez  
mais perfeitos em um mundo onde existe sempre algo a mais para se ver”. 
De fato, em seu trabalho cotidiano, o cientista tem a impressão de estar sempre diante  
de um horizonte inesgotável e experimenta que suas descobertas prestam-se não tanto à conclusão  
de um caminho, mas a abrir novas vias pelas quais se aprofundar em investigações futuras.
Tais palavras serviriam para descrever as motivações de um novo projeto científico – do qual o Brasil  
faz parte – que pretende entrar em funcionamento em poucos anos, formado por uma gigantesca  
rede de telescópios espalhados por dois sítios complementares, nos hemisférios Sul e Norte.  
Objetivo desses novos ‘olhos’: encontrar no céu fontes de raios gama, a radiação mais energética  
do universo. E, se possível, fazer descobertas inesperadas.

Ulisses Barres de Almeida
Centro Brasileiro de Pesquisas Físicas (RJ) e Consórcio CTA

>>>

G. PEREZ/IAC (SMM)

RAIOS GAMA    CÓSMICOS

Concepção artística 
da rede de 

telescópios do CTA

S empre que o homem elevou seu olhar para os céus 
com a ajuda de instrumentos de observação novos ou 
mais potentes, uma nova realidade – não totalmente 
previsível a partir daquilo que já se conhecia – foi re-

velada. O século passado, com os grandes saltos tecnológicos  
que o caracterizaram, assistiu a uma sucessão particularmente 
intensa de novas técnicas que foram adicionando-se umas às 
outras, ampliando e alterando, de maneira singular na história, 
a concepção que o ser humano tem do cosmo.

Se o céu observado a olho nu é dominado por aquilo que os 
antigos chamaram “estrelas fixas” e identificaram com o imu-
tável e o eterno, o decorrer das descobertas do século passado 
pouco a pouco nos levou a entender o céu como palco de uma 
dinâmica natural muito mais dramática até do que a terrestre. 

Em particular, com a observação do céu nas chama das altas 
energias (raios X e raios gama), o cosmo se mostrou dominado 
por processos violentos e extremos, cujos atores são explosões 
estelares, buracos negros ou coli sões de plasma (‘nuvem’ quen-
tíssima de núcleos atômicos e elétrons). 



The zoo of active 
galaxies

Source statistics at VHE

according to www.tevcat.uchicago.edu

When the jet is directed close to the line of sight (“aligned” jet), two AGN subclasses are distinguished from
observations :
– BL Lac objects correspond to the aligned jets of low-luminosity Fanaroff-Riley 1 (FR1) 4 radio galaxies (but

this classification could miss the type of BL Lac objects that arises from the beamed radiation overwhelming
the lines and disk radiation).

– Flat Spectrum Radio Quasars (FSRQ, with a radio spectral index α ∼ 0 at a few GHz) correspond to the
aligned jets of higher luminosity Fanaroff-Riley 2 (FR2) radio galaxies.

As illustrated in Fig. 2, BL Lac objects occur in AGN with no significant accretion disk, broad lines, or dusty
torus [6]. In low-luminosity AGN, advective effects in accretion likely play an important role in accounting for the
relationship between escaping photon power and accretion power.

Narrow-line and broad-line radio galaxies likewise depend on the direction of the observer’s line of sight with
respect to the angle of the disk-jet system, and would more likely be associated with FR2 radio galaxies. Blazars
are those sources for which we happen to viewing at an angle θ ! 1/Γ, that is, within the Doppler beaming cone
of the relativistically outflowing plasma moving with bulk Lorentz factor Γ. The powerful FSRQs also have strong
broad optical lines, indicating the presence of accretion-disk radiation and dense broad-line region material. The
low-luminosity counterparts of the radio-loud AGN are the BL Lac objects and their misaligned counterparts, the
FR1 radio galaxies. Since blazars are relativistically beamed and aligned objects, their misaligned counterparts
should be more numerous, but the interpretation of the measured source counts of the two classes must take into
account beaming corrections.

1.2. History of active galactic research at gamma-ray energies

The growth and development of space-based γ-ray astronomy (see [7] in the first volume of this review) owes
much to the pioneering missions OSO-3 (1967-1968), SAS-2 (1972-1973) and COS-B (1975-1982) [8], but the γ-ray
astronomy of active galactic nuclei (AGN) cannot be said to have begun until the launch of the Compton Gamma
Ray Observatory (CGRO) in 1991. Prior to the EGRET (Energetic Gamma ray Experiment Telescope) on CGRO
[9], five γ-ray emitting AGN were known, but what a mixed bag! As reviewed by Bassani and Dean [10], these
included the Seyfert galaxies NGC 4151 and MCG 6-11-11, the radio galaxy Centaurus A, the “peculiar galaxy”
NGC 1275, and the quasar 3C 273. Only 3C 273 was detected at " 35 MeV energies—by COS-B—whereas the
others had emission extending only to a few hundred keV.

4 According to the Fanaroff-Riley classification [5], FR1 have radio jets that are brighter in the center, while FR2 object jets are
fainter in the center but feature brighter radio spots towards the end of their jets.

aligned FR1 aligned FR2misaligned

(FSRQ)
Figure 1. Observational classification of active galaxies. AGN are subdivided into classes depending on observational aspects,
such as their radio loudness or the presence of optical lines in their spectra. QSO = quasi-stellar objects; Sy1 and Sy2 = Seyfert 1
and 2; FR1 and FR2 = Fanaroff-Riley 1 and 2.
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The unification scheme 
for radio louds

see Dermer & Giebels 2016

and Urry & Padovani 1995
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu
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contribute significantly to a better understanding of AGN unifi-
cation schemes.

The VHE observations already challenge current theories of
particle acceleration, to explain how particles are accelerated to
>TeV energies in regions relatively small compared to the fidu-
cial scale of the black hole event horizon [1, 3, 7, 8]. Emission
models are poorly constrained, with both leptonic and hadronic
models able to fit most of the available spectral data [9, 10] but
have di�culties to explain fast variability. The energy spectra
of distant AGN raise specific questions. Their observed shape
depend on the intrinsic emitted VHE energy spectra, complex
absorption and/or cascading processes in the AGN host galaxy
and in extragalactic space, and even on cosmological expan-
sion and the star formation history of the universe [11]. Indirect
constraints on the infrared di↵use background radiation and the
stars and galaxies which produce it, can therefore be deduced
from the observed VHE spectra [12, 13, 14]. The observations
taken so far show already that our universe is apparently more
transparent to VHE gamma-rays than previously thought. Dis-
entangling the di↵erent e↵ects definitively requires high quality
spectra with better sensitivity and higher spectral resolution at
energies above TeV energies for large samples of AGN at dif-
ferent redshifts.

CTA will provide a unique opportunity to address such is-
sues. With an order-of-magnitude improved flux sensitivity
compared to existing instruments, it will o↵er a large dynamic
range of more than 104 for studies of bright VHE flaring epochs.
Temporal resolution down to the sub-minute time scales will
become possible, making CTA a perfect tool for gamma-ray
timing analysis and for studying AGN micro-variability. About
four orders in magnitude will be covered in energy, from typi-
cally 20 GeV to beyond 100 TeV, with an energy resolution of
typically 10% to 15%, ideally suited for the search for spectral
features from extragalactic absorption processes. For the better
defined events with multiple triggered Cherenkov telescopes,
one arc-minute angular resolution can be achieved, and astro-
metric positions can be determined with a precision better than
10 arcsec, which will ensure the reliable identification of AGN,
and possibly also the detection of VHE emission from compact
and extended AGN components.

CTA will be operated as an open observatory, o↵ering a
multi-functional tool with several configurations and observa-
tion modes. The flexibility of CTA will be particularly useful
for the study of AGN. The whole array may be used simulta-
neously for deep observation of specific fields and targets, or
some sub-arrays may work independently for monitoring, alert,
or survey purposes, increasing the global capabilities of the in-
frastructure. Two CTA sites are foreseen to allow a survey of
the whole sky, one in the southern hemisphere and one in the
northern one. The latter will largely be devoted to observe AGN
and extragalactic sources [15].

In this paper we examine how CTA will contribute to an-
swer open questions on AGN physics such as the nature of the
black hole magnetosphere, the formation of jets and the accel-
eration of particles, the total energy budget, and the origins of
variability, and how it sheds new light on AGN classification
and unification schemes. After a short presentation of the cur-

rent knowledge on AGN at VHE in section 2, we analyze the
performances of CTA in terms of AGN population studies in
section 3. Section 4 illustrates how the high quality spectra ob-
tained with CTA can test emission and absorption models and
constrain various parameters. The capability of CTA to probe
AGN variability is specifically addressed in section 5. Finally
we exemplify in section 6 that observing AGN with CTA will
provide original clues on intergalactic media and di↵use back-
grounds.

2. Current status of Active Galactic Nuclei at VHE

AGN are currently believed to harbor a central massive black
hole surrounded by an accretion disk of matter spiraling to-
wards the black hole. In about 10% of the cases (50% for the
most energetic sources), energetic particle beams are emitted
along the rotation axis of the black hole, giving rise to the so-
called “radio-loud” AGN with well-collimated radio jets. There
is a large variety of AGN classes, with di↵erent observational
characteristics [16, 17]. Standard AGN unification schemes at-
tempt to classify the sources according to their viewing angle ✓.
The blazar family is the least numerous class, as the blazars are
believed to be radio loud AGN with their jets aligned to within
a few degrees of the line of sight to the observer. This leads to a
strong relativistic boosting e↵ect which amplifies the observed
luminosity by a factor of ⇠ �4 and shortens the observed flare
time scales by a factor of �, where the Doppler factor of the
relativistic bulk motion is

� =
1

�bulk(1 � � cos ✓)
(1)

where � = Vbulk/c, and the bulk relativistic Lorentz factor
�bulk = 1/(1 � �2)1/2. This relativistic beaming also contributes
to the reduction of internal absorption of �-rays by reducing
the intrinsic luminosity of the source and allowing intrinsically
larger emitting zones. Indeed, most of the VHE bright AGN
belong to the blazar family (Fig.1). Their TeV radiation comes
from extremely relativistic jets, and strong Doppler boosting
favors their detection. Blazars include various types of AGN
such as HBL (high-frequency peaked BL Lac), IBL and LBL
(Intermediate and low-frequency peaked BL Lac), and FSRQ
(Flat Spectrum Radio Quasars). Another class of AGN, the ra-
dio galaxies, has also been detected in the TeV range at low
redshifts. It is not yet clear how gamma-ray properties of these
sources, believed to have relativistic jets oriented at larger view-
ing angles, compare to the ones of TeV blazars.

The sample of AGN detected at VHE currently includes 49
published sources, spread in redshifts from z = 0.0018 to z =
0.536, with 45 blazars (33 HBL, 4 IBL, 4 LBL, 3 FSRQ, and
one blazar of unknown type), four Fanaro↵-Riley type 1 radio
galaxies, and a few other cases to be confirmed. The additional
case of the Galactic Center, considered as a weak AGN, will be
further discussed in section 3.4. Sources can show quiescent,
low, and highly active VHE flaring states. The AGN fluxes at
TeV energies range from 0.003 to ⇠ 20 Crab units, from low
states to the brightest events. The VHE energy spectra of most
sources can be described by simple power-laws, with observed
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The unification scheme 
for radio louds

The FRI / FR II dichotomy
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu
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The unification scheme: 
physical links
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu

4

The role of Black Hole spin?

Sy luminosity : The role of accretion 
power



Source Statistics
Left : MeV-GeV gamma-rays

Right : VHE sources

0

10

20

30

40

50

60

1990 1995 2000 2005 2010 2015

 HSP BL Lacs
 ISP BL Lacs
 LSP BL Lacs
 FSRQs
 FR1
 UNID
 Blazar

N
u

m
b

e
r

Year

1.  Mrk 421
2.  Mrk 501
3. 3C 66A
4. 1ES 2344+514
5. PKS 2155-304
7. BL Lacertae
9. M87
11. PG 1553+113
13. 1ES 1101-232
16. 1ES 0229+200
21. S5 0716+714
23. W Comae

22.  3C 279
27.  Cen A
35.  PKS 1510-089
36.  IC 310
37.  4C +21.35 
39.  AP Lib
41.  NGC 1275
55.  HESS J1641-463
60.  S 0218+35

0.1

1

10

102

103

104

1970 1980 1990 2000 2010 2020

Total HE Sources
Total (lo + hi conf)
 FSRQ
 BL Lac Objects
 RG, other AGN
 AGU
Total VHE Sources

N
u

m
b

e
r

Year

COS-B

1st
EGRET

3rd
EGRET

2nd
EGRET

1 yr
EGRET

LBAS

1LAC

2LAC

3LAC

VHE

0

10

20

30

40

50

60

1990 1995 2000 2005 2010 2015

 HSP BL Lacs
 ISP BL Lacs
 LSP BL Lacs
 FSRQs
 FR1
 UNID
 Blazar

N
u

m
b

e
r

Year

1.  Mrk 421
2.  Mrk 501
3. 3C 66A
4. 1ES 2344+514
5. PKS 2155-304
7. BL Lacertae
9. M87
11. PG 1553+113
13. 1ES 1101-232
16. 1ES 0229+200
21. S5 0716+714
23. W Comae

22.  3C 279
27.  Cen A
35.  PKS 1510-089
36.  IC 310
37.  4C +21.35 
39.  AP Lib
41.  NGC 1275
55.  HESS J1641-463
60.  S 0218+35

Figure 3. The growth rate of γ-ray AGN at GeV and TeV energies. (a; left): Growth of sources at high-energy (HE), ! 100
MeV, γ rays. The number of sources reported in the different catalogs and lists, as noted in the figure, are from the 1st EGRET
Catalog [21]; 2nd EGRET Catalog [22]; 3rd EGRET catalog [12]; LAT Bright AGN Sample (LBAS) [23], First LAT AGN Catalog
(1LAC) [24], 2LAC [25], and the 3LAC [26]. (b; right): Number of VHE AGN detected by Atmospheric Cherenkov Detectors (ACTs),
obtained using the TeVCat. While the brightest and nearest AGN have been detected by the previous generation of ACTs such
as the Whipple observatory, HEGRA, and CAT, a clear break in the discovery rate occurs around 2004 when the new generation
of instruments start observing. While the bulk of extragalactic VHE sources are BL Lac type blazars (such as Mrk421, the first
discovered of that type), a few radio-galaxies (M87, Cen A, and NGC 1275) and FSRQ-type blazars (3C279, PKS 1510-89, and 4C
+21.35) are now also significantly detected. See section 2.1 for the definition of other acronyms used in these figures.

represent only ∼ 10% of all AGN, the overwhelming majority of known extragalactic γ-ray sources are radio-
loud AGN, where some physical process “turns on” the supermassive black hole to make a radio jet. Much
speculation has focused on tapping the energy of rotation through processes occurring in the spinning black hole’s
magnetosphere. Plasma processes in the jet activate a particle acceleration mechanism whose details still elude us,
though shock acceleration and magnetic reconnection are plausible mechanisms. The interaction of the energetic
particles (whether leptonic or hadronic) with ambient radiation or magnetic fields then generate, through well-
known relativistic radiation physics [17], the copious amounts of γ rays that are often observed from γ-ray blazars,
including extreme states with rapid flux variations, large apparent luminosities, and HE and VHE γ-ray photons
escaping from very compact volumes.

2. Classification of AGN detected in γ rays

Back in 1983, when extragalactic γ-ray astronomy was in its infancy with a handful of sources, early classification
attempts were made by e.g. Bassani & Dean [10]. The listed sources were divided into a class of hard X-ray/radio-
quiet Seyferts with emission spilling over into the soft γ-ray band, a class of MeV radio galaxies, and 3C 273,
at redshift z = 0.158. This last object is an extraordinary ultra-luminous infrared galaxy and an AGN with a
prominent blue bump, strong radio emissions and episodes of superluminal motion of radio emitting blobs observed
with high-resolution VLBI 8 milli-arc-second radio imaging [18]. It was this source that heralded the γ-ray blazar
class, whose existence was perhaps most clearly predicted by Königl [19] on the basis of its associated synchrotron
and inverse Compton γ-ray emission. 9

Fast-forwarding to 2015, the high-confidence clean sample of the Third Large Area Telescope Catalog of Active
Galactic Nuclei (3LAC) [26] using the first four years of the Fermi-LAT data lists 1444 γ-ray AGN, divided into:

8 VLBI: Very Long Baseline Interferometry.
9 The importance of γ rays in extragalactic jet astronomy otherwise received little attention at that time [20].
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er
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Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er
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Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Figure 8: Skymaps of AGN with confirmed redshift from the second Fermi
catalog (2FGL) that are potentially detectable by CTA in 5 hours (panel a), 50
hours (panel b) and 150 hours (panel c) maximum exposure time per FoV (as-
suming the array configuration B and a 20 degree zenith angle over the whole
sky). It should be noted that several extragalactic sources that are already
known to be TeV emitters do not appear in this figure, due to the tight se-
lection criteria applied here and the existence of non-Fermi VHE sources. Such
skymaps should be obtained in less than two months (a), in about three years
(b) and in less than 10 years (c) with CTA, assuming 1500 hours observing time
per year.

ray configurations (see Table 1). We obtain typically more than
� 140 extragalactic detections, for 50 hours of maximum ex-
posure time per source. In particular, we note that CTA will be
most e�cient for hard sources (� < 2) and shall reveal all the
complexities of the extragalactic population extending beyond
the reach of current detections. For softer sources that are cur-
rently only accessible during flares, CTA will provide unique
access to quiescent states.

The array configurations that do not include large-size tele-
scopes (LSTs), such as array “C”, yield the poorest perfor-
mance. They give access to significantly fewer FSRQs, which
usually have very steep spectra, but the same is also true for BL
Lacs. Array B, with the best coverage at low energies, yields
the best results in terms of source statistics. The “compromise”
solutions, such as configuration E, and the northern array NA,
remain a good option.

The results from these two studies illustrate the remarkable
capabilities of CTA compared to current IACT. The detection
of at least 140 extragalactic sources is expected in less than
two years with a maximum of 50 hours per source. Actually,
the total number of Fermi AGN detectable in 50 hours would
reach about 370 if the 2FGL BL Lacs without known redshifts
were detected with the same proportion (namely one third for

Figure 9: Redshift distributions of the AGN with confirmed redshift from the
second Fermi catalog (2FGL) that are potentially detectable by CTA in 5 hours
(panel a), 50 hours (panel b) and 150 hours (panel c) maximum exposure time
per FoV (assuming the array configuration B and a 20 degree zenith angle over
the whole sky). These distributions correspond to the skymaps shown in Fig 8.
The same colour code is used: brown for BL Lacs, green for FSRQs, red for
radio galaxies and magenta for other types of AGN.

our two studies) than the ones with confirmed redshift 2. In
fact, the main di�culty in elucidating the full BL Lac popula-
tion lies in obtaining direct redshift measurements from their
mostly featureless optical/UV spectra. A possible workaround
might come from a direct measurement of the shape of the EBL,
which would allow us to set an upper limit on unknown red-
shifts (see EBL contribution in this issue). The artificial break
introduced here at 100 GeV for hard sources might also lead to
an underestimation of the number of detections, but on the other
hand, some of the sources might have intrinsic spectral breaks
or cuto↵s above the Fermi LAT energy range, which would re-
duce their signal in the VHE band. Only CTA will inform us on
the actual spectra beyond 1 TeV for most of these sources.

Discoveries such as extreme AGN or extragalactic sources
not adapted to the Fermi LAT band and with emission peaking
in the CTA energy range should further increase the sample of
AGN seen by CTA. Given that currently 6 out of 45 TeV AGN
have not yet been detected with the Fermi LAT [62], one can an-
ticipate a fraction of about 15% of missing CTA sources when
making predictions based on the 2FGL catalog. All these es-
timates are in agreement with the lower limit predictions made
from the blazar population analysis presented in part 3.1 (which

2However, the percentage of detection could be smaller for BL Lacs without
redshift, since they have a higher probability to be remote objects
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Figure 8: Skymaps of AGN with confirmed redshift from the second Fermi
catalog (2FGL) that are potentially detectable by CTA in 5 hours (panel a), 50
hours (panel b) and 150 hours (panel c) maximum exposure time per FoV (as-
suming the array configuration B and a 20 degree zenith angle over the whole
sky). It should be noted that several extragalactic sources that are already
known to be TeV emitters do not appear in this figure, due to the tight se-
lection criteria applied here and the existence of non-Fermi VHE sources. Such
skymaps should be obtained in less than two months (a), in about three years
(b) and in less than 10 years (c) with CTA, assuming 1500 hours observing time
per year.

ray configurations (see Table 1). We obtain typically more than
� 140 extragalactic detections, for 50 hours of maximum ex-
posure time per source. In particular, we note that CTA will be
most e�cient for hard sources (� < 2) and shall reveal all the
complexities of the extragalactic population extending beyond
the reach of current detections. For softer sources that are cur-
rently only accessible during flares, CTA will provide unique
access to quiescent states.

The array configurations that do not include large-size tele-
scopes (LSTs), such as array “C”, yield the poorest perfor-
mance. They give access to significantly fewer FSRQs, which
usually have very steep spectra, but the same is also true for BL
Lacs. Array B, with the best coverage at low energies, yields
the best results in terms of source statistics. The “compromise”
solutions, such as configuration E, and the northern array NA,
remain a good option.

The results from these two studies illustrate the remarkable
capabilities of CTA compared to current IACT. The detection
of at least 140 extragalactic sources is expected in less than
two years with a maximum of 50 hours per source. Actually,
the total number of Fermi AGN detectable in 50 hours would
reach about 370 if the 2FGL BL Lacs without known redshifts
were detected with the same proportion (namely one third for

Figure 9: Redshift distributions of the AGN with confirmed redshift from the
second Fermi catalog (2FGL) that are potentially detectable by CTA in 5 hours
(panel a), 50 hours (panel b) and 150 hours (panel c) maximum exposure time
per FoV (assuming the array configuration B and a 20 degree zenith angle over
the whole sky). These distributions correspond to the skymaps shown in Fig 8.
The same colour code is used: brown for BL Lacs, green for FSRQs, red for
radio galaxies and magenta for other types of AGN.

our two studies) than the ones with confirmed redshift 2. In
fact, the main di�culty in elucidating the full BL Lac popula-
tion lies in obtaining direct redshift measurements from their
mostly featureless optical/UV spectra. A possible workaround
might come from a direct measurement of the shape of the EBL,
which would allow us to set an upper limit on unknown red-
shifts (see EBL contribution in this issue). The artificial break
introduced here at 100 GeV for hard sources might also lead to
an underestimation of the number of detections, but on the other
hand, some of the sources might have intrinsic spectral breaks
or cuto↵s above the Fermi LAT energy range, which would re-
duce their signal in the VHE band. Only CTA will inform us on
the actual spectra beyond 1 TeV for most of these sources.

Discoveries such as extreme AGN or extragalactic sources
not adapted to the Fermi LAT band and with emission peaking
in the CTA energy range should further increase the sample of
AGN seen by CTA. Given that currently 6 out of 45 TeV AGN
have not yet been detected with the Fermi LAT [62], one can an-
ticipate a fraction of about 15% of missing CTA sources when
making predictions based on the 2FGL catalog. All these es-
timates are in agreement with the lower limit predictions made
from the blazar population analysis presented in part 3.1 (which

2However, the percentage of detection could be smaller for BL Lacs without
redshift, since they have a higher probability to be remote objects
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Figure 12: Basic EBL model results by Franceschini et al. (2008): Top left: The comoving
EBL and CMB intensities versus wavelength for different redshifts; Top right: The proper
number density of EBL and CMB photons versus energy for the same grid of redshifts
as the previous panel; Bottom left: The γ−ray opacity versus energy, Eγ for different
redshifts; Bottom right: The amount of attenuation versus energy for the same grid of
redshifts as the previous panel. The figure illustrates the change in the slope of τγγ at
energies corresponding to the wavelength at which the slope of the EBL spectrum changes.
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EBL absorption
EBL spectral corrections for 
blazars at different redshifts.

Figure 6: VHE gamma-ray spectra of eight blazars at various redshifts, corrected for EBL absorption using the model of Finke et al. (2010).

used to constrain SED models for a meaningful study of EBL absorption effects at the highest energies. We caution,
however, that the overlap between the operations of the LAT and CTA could be extremely limited which leads to a
correspondingly lower scientific return in this regard.

4. The physics of extragalactic jets

Active galactic nuclei are thought to be systems that are powered by the release of gravitational energy. How,
where and in which form this energy is released, and especially the physics governing to the formation, accelera-
tion and collimation of relativistic jets and the conversion of jet power into radiative power is poorly understood
(for a review of the current status of the field, see, e.g., Böttcher, Harris & Krawczynski, 2012). The observed links
(see §1) between enhanced emission at high photon energies and changes in the polarization properties in the emis-
sion region may indicate an important impact of the magnetic field topology and strength on the broadband spectral
variability behaviour of jetted AGN and possibly on the intrinsic acceleration of jet knots (e.g., by magnetic driv-
ing: Vlahakis & Königl, 2004). As we will outline below, studies of the SEDs and variability of blazars with CTA,
Fermi-LAT, and co-ordinated observations at lower frequencies will be crucial to gain insight into these issues.

4.1. Radiative processes in extragalactic jets
Depending on the jet’s relativistic matter composition two types of emission models have emerged during the last

decade. Leptonic models consider relativistic electrons and positrons as the dominating emitting relativistic particle
population, while in hadronic10 emission models the relativistic jet material is composed of relativistic protons and
electrons (for a recent review of blazar emission models, see Böttcher, 2010; Reimer, 2012). In both scenarios,
cold (i.e., non-relativistic) pairs and/or protons may exist as well, allowing charge neutrality to be fulfilled. There
is meanwhile mounting evidence that jets of powerful AGN have to be energetically and dynamically dominated by

10So-called lepto-hadronic emission models follow the same physics as hadronic emission models.
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Figure 3: Example of the double-peaked SED of TeV AGN as seen with current
instruments, reproduced by a basic SSC scenario. The figure shows the quies-
cent high energy state of PKS 2155-304 observed during a multiwavelength
campaign in 2008 with simultaneous data from ATOM, RXTE, Swift, Fermi
and H.E.S.S. [30].

An additional e↵ect modifies the shape of the spectra at high
energy gamma-rays, due to the extragalactic background light
(EBL) absorption which becomes quite important for high red-
shift sources. While traveling through the extragalactic space,
VHE gamma-rays interact with the EBL photons and su↵er
strong absorption due to pair creation,

�EBL�VHE ! e+e�, (3)

with h⌫EBL ⇥ h⌫VHE > (mec2)2. The absorption of VHE pho-
tons is mainly due to the infrared background generated by the
integrated light of stars, galaxies and dust (see the EBL article
in this issue for more details). The observed photon spectrum
�obs(E, z) of a source at redshift z is attenuated compared to the
intrinsic spectrum �em(E0) emitted at the source, so

�obs(E, z) = e�⌧�(E,z)�em, (4)

where ⌧�(E, z) is the optical depth computed along the line of
sight, and E0 = E(1 + z). In the energy range 0.2 to 2 TeV,
the emitted and observed photon indexes � are approximately
related by

�obs(z) ⇠ �em + ��(z) (5)

where ��(z) is an increasing function of z [29]. Applying var-
ious reasonable models of the EBL, one can deduce intrinsic
photon indices in the range ⇠ 1.7 to ⇠ 3 from the observed
spectra, compatible with data at low redshifts. Future data espe-
cially from interplanetary space missions should be able to sig-
nificantly improve the direct measurements of the EBL which
will be mandatory for a better access to the intrinsic spectra of
AGN.

If the intrinsic AGN spectra were all similar, then the distri-
bution of observed photon index versus redshift should show an

apparent increase of |�obs| with redshift [31], which is not really
obvious at the moment, even when considering only one spe-
cific sub-class of blazars (Fig.4). This is currently a matter of
debate, although the departure from standard power laws and
potential observational biases, such as the current di�culty to
measure large values of �obs, need to be further investigated.
Non-standard explanations have been proposed, including vari-
ous evolutionary e↵ects in the blazar population [32, 33, 34],
ultra-high energy cosmic rays (UHECR) e↵ects [35, 36] or
the existence of axion-like particles which could significantly
reduce the EBL dimming [37, 38]. More conservative solu-
tions exist, such as a hardening of intrinsic spectra during ac-
tive states [39], together with the fact that high redshift objects
might be preferentially detected during flaring states (which is
indeed the case of 3C 279). However none of them is fully sat-
isfactory yet. Increasing the statistics on AGN at all redshifts
and gathering high quality spectra with CTA should clarify this
intriguing situation.

Figure 4: The present �obs-z distribution. This figure includes only published
sources with confirmed redshift (plus two lower limits at z ⇠ 0.32 and 0.5) and
good spectral index determination. The error bars correspond to the statisti-
cal uncertainties. The observed spectral indices are mostly derived in the 0.2-2
TeV range, the relevant EBL range in that case being 0.25-2.5 eV. The spectral
energy distribution of the EBL departs from a power-law in this range, show-
ing an emission bump. Bracketing the spectral photon number density versus
energy by power laws, De Angelis et al (2009) [37] derived an approximate
analytic expression for the optical depth within the Franceschini et al (2008)
model [41] in the local Universe. The two grey curves in the figure correspond
to the expected lower and upper limit after taking into account the cosmological
e↵ects, assuming that � ⇠ 2.35 at z = 0. Apart from two radiogalaxies at very
low redshift, various types of blazars are shown in color (red = HBL, black =
LBL, blue = IBL, green = FSRQ). Triangles indicate confirmed flaring states.
A few sources are shown in both flaring and non-flaring states (Mrk 501, PKS
2155 and 1ES2344), and two are shown only in flaring states (W Comae and
3C 279).
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Figure 3: Example of the double-peaked SED of TeV AGN as seen with current
instruments, reproduced by a basic SSC scenario. The figure shows the quies-
cent high energy state of PKS 2155-304 observed during a multiwavelength
campaign in 2008 with simultaneous data from ATOM, RXTE, Swift, Fermi
and H.E.S.S. [30].

An additional e↵ect modifies the shape of the spectra at high
energy gamma-rays, due to the extragalactic background light
(EBL) absorption which becomes quite important for high red-
shift sources. While traveling through the extragalactic space,
VHE gamma-rays interact with the EBL photons and su↵er
strong absorption due to pair creation,

�EBL�VHE ! e+e�, (3)

with h⌫EBL ⇥ h⌫VHE > (mec2)2. The absorption of VHE pho-
tons is mainly due to the infrared background generated by the
integrated light of stars, galaxies and dust (see the EBL article
in this issue for more details). The observed photon spectrum
�obs(E, z) of a source at redshift z is attenuated compared to the
intrinsic spectrum �em(E0) emitted at the source, so

�obs(E, z) = e�⌧�(E,z)�em, (4)

where ⌧�(E, z) is the optical depth computed along the line of
sight, and E0 = E(1 + z). In the energy range 0.2 to 2 TeV,
the emitted and observed photon indexes � are approximately
related by

�obs(z) ⇠ �em + ��(z) (5)

where ��(z) is an increasing function of z [29]. Applying var-
ious reasonable models of the EBL, one can deduce intrinsic
photon indices in the range ⇠ 1.7 to ⇠ 3 from the observed
spectra, compatible with data at low redshifts. Future data espe-
cially from interplanetary space missions should be able to sig-
nificantly improve the direct measurements of the EBL which
will be mandatory for a better access to the intrinsic spectra of
AGN.

If the intrinsic AGN spectra were all similar, then the distri-
bution of observed photon index versus redshift should show an

apparent increase of |�obs| with redshift [31], which is not really
obvious at the moment, even when considering only one spe-
cific sub-class of blazars (Fig.4). This is currently a matter of
debate, although the departure from standard power laws and
potential observational biases, such as the current di�culty to
measure large values of �obs, need to be further investigated.
Non-standard explanations have been proposed, including vari-
ous evolutionary e↵ects in the blazar population [32, 33, 34],
ultra-high energy cosmic rays (UHECR) e↵ects [35, 36] or
the existence of axion-like particles which could significantly
reduce the EBL dimming [37, 38]. More conservative solu-
tions exist, such as a hardening of intrinsic spectra during ac-
tive states [39], together with the fact that high redshift objects
might be preferentially detected during flaring states (which is
indeed the case of 3C 279). However none of them is fully sat-
isfactory yet. Increasing the statistics on AGN at all redshifts
and gathering high quality spectra with CTA should clarify this
intriguing situation.

Figure 4: The present �obs-z distribution. This figure includes only published
sources with confirmed redshift (plus two lower limits at z ⇠ 0.32 and 0.5) and
good spectral index determination. The error bars correspond to the statisti-
cal uncertainties. The observed spectral indices are mostly derived in the 0.2-2
TeV range, the relevant EBL range in that case being 0.25-2.5 eV. The spectral
energy distribution of the EBL departs from a power-law in this range, show-
ing an emission bump. Bracketing the spectral photon number density versus
energy by power laws, De Angelis et al (2009) [37] derived an approximate
analytic expression for the optical depth within the Franceschini et al (2008)
model [41] in the local Universe. The two grey curves in the figure correspond
to the expected lower and upper limit after taking into account the cosmological
e↵ects, assuming that � ⇠ 2.35 at z = 0. Apart from two radiogalaxies at very
low redshift, various types of blazars are shown in color (red = HBL, black =
LBL, blue = IBL, green = FSRQ). Triangles indicate confirmed flaring states.
A few sources are shown in both flaring and non-flaring states (Mrk 501, PKS
2155 and 1ES2344), and two are shown only in flaring states (W Comae and
3C 279).
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Figure 3: Example of the double-peaked SED of TeV AGN as seen with current
instruments, reproduced by a basic SSC scenario. The figure shows the quies-
cent high energy state of PKS 2155-304 observed during a multiwavelength
campaign in 2008 with simultaneous data from ATOM, RXTE, Swift, Fermi
and H.E.S.S. [30].

An additional e↵ect modifies the shape of the spectra at high
energy gamma-rays, due to the extragalactic background light
(EBL) absorption which becomes quite important for high red-
shift sources. While traveling through the extragalactic space,
VHE gamma-rays interact with the EBL photons and su↵er
strong absorption due to pair creation,

�EBL�VHE ! e+e�, (3)

with h⌫EBL ⇥ h⌫VHE > (mec2)2. The absorption of VHE pho-
tons is mainly due to the infrared background generated by the
integrated light of stars, galaxies and dust (see the EBL article
in this issue for more details). The observed photon spectrum
�obs(E, z) of a source at redshift z is attenuated compared to the
intrinsic spectrum �em(E0) emitted at the source, so

�obs(E, z) = e�⌧�(E,z)�em, (4)

where ⌧�(E, z) is the optical depth computed along the line of
sight, and E0 = E(1 + z). In the energy range 0.2 to 2 TeV,
the emitted and observed photon indexes � are approximately
related by

�obs(z) ⇠ �em + ��(z) (5)

where ��(z) is an increasing function of z [29]. Applying var-
ious reasonable models of the EBL, one can deduce intrinsic
photon indices in the range ⇠ 1.7 to ⇠ 3 from the observed
spectra, compatible with data at low redshifts. Future data espe-
cially from interplanetary space missions should be able to sig-
nificantly improve the direct measurements of the EBL which
will be mandatory for a better access to the intrinsic spectra of
AGN.

If the intrinsic AGN spectra were all similar, then the distri-
bution of observed photon index versus redshift should show an

apparent increase of |�obs| with redshift [31], which is not really
obvious at the moment, even when considering only one spe-
cific sub-class of blazars (Fig.4). This is currently a matter of
debate, although the departure from standard power laws and
potential observational biases, such as the current di�culty to
measure large values of �obs, need to be further investigated.
Non-standard explanations have been proposed, including vari-
ous evolutionary e↵ects in the blazar population [32, 33, 34],
ultra-high energy cosmic rays (UHECR) e↵ects [35, 36] or
the existence of axion-like particles which could significantly
reduce the EBL dimming [37, 38]. More conservative solu-
tions exist, such as a hardening of intrinsic spectra during ac-
tive states [39], together with the fact that high redshift objects
might be preferentially detected during flaring states (which is
indeed the case of 3C 279). However none of them is fully sat-
isfactory yet. Increasing the statistics on AGN at all redshifts
and gathering high quality spectra with CTA should clarify this
intriguing situation.

Figure 4: The present �obs-z distribution. This figure includes only published
sources with confirmed redshift (plus two lower limits at z ⇠ 0.32 and 0.5) and
good spectral index determination. The error bars correspond to the statisti-
cal uncertainties. The observed spectral indices are mostly derived in the 0.2-2
TeV range, the relevant EBL range in that case being 0.25-2.5 eV. The spectral
energy distribution of the EBL departs from a power-law in this range, show-
ing an emission bump. Bracketing the spectral photon number density versus
energy by power laws, De Angelis et al (2009) [37] derived an approximate
analytic expression for the optical depth within the Franceschini et al (2008)
model [41] in the local Universe. The two grey curves in the figure correspond
to the expected lower and upper limit after taking into account the cosmological
e↵ects, assuming that � ⇠ 2.35 at z = 0. Apart from two radiogalaxies at very
low redshift, various types of blazars are shown in color (red = HBL, black =
LBL, blue = IBL, green = FSRQ). Triangles indicate confirmed flaring states.
A few sources are shown in both flaring and non-flaring states (Mrk 501, PKS
2155 and 1ES2344), and two are shown only in flaring states (W Comae and
3C 279).
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Figure 3: Example of the double-peaked SED of TeV AGN as seen with current
instruments, reproduced by a basic SSC scenario. The figure shows the quies-
cent high energy state of PKS 2155-304 observed during a multiwavelength
campaign in 2008 with simultaneous data from ATOM, RXTE, Swift, Fermi
and H.E.S.S. [30].

An additional e↵ect modifies the shape of the spectra at high
energy gamma-rays, due to the extragalactic background light
(EBL) absorption which becomes quite important for high red-
shift sources. While traveling through the extragalactic space,
VHE gamma-rays interact with the EBL photons and su↵er
strong absorption due to pair creation,

�EBL�VHE ! e+e�, (3)

with h⌫EBL ⇥ h⌫VHE > (mec2)2. The absorption of VHE pho-
tons is mainly due to the infrared background generated by the
integrated light of stars, galaxies and dust (see the EBL article
in this issue for more details). The observed photon spectrum
�obs(E, z) of a source at redshift z is attenuated compared to the
intrinsic spectrum �em(E0) emitted at the source, so

�obs(E, z) = e�⌧�(E,z)�em, (4)

where ⌧�(E, z) is the optical depth computed along the line of
sight, and E0 = E(1 + z). In the energy range 0.2 to 2 TeV,
the emitted and observed photon indexes � are approximately
related by

�obs(z) ⇠ �em + ��(z) (5)

where ��(z) is an increasing function of z [29]. Applying var-
ious reasonable models of the EBL, one can deduce intrinsic
photon indices in the range ⇠ 1.7 to ⇠ 3 from the observed
spectra, compatible with data at low redshifts. Future data espe-
cially from interplanetary space missions should be able to sig-
nificantly improve the direct measurements of the EBL which
will be mandatory for a better access to the intrinsic spectra of
AGN.

If the intrinsic AGN spectra were all similar, then the distri-
bution of observed photon index versus redshift should show an

apparent increase of |�obs| with redshift [31], which is not really
obvious at the moment, even when considering only one spe-
cific sub-class of blazars (Fig.4). This is currently a matter of
debate, although the departure from standard power laws and
potential observational biases, such as the current di�culty to
measure large values of �obs, need to be further investigated.
Non-standard explanations have been proposed, including vari-
ous evolutionary e↵ects in the blazar population [32, 33, 34],
ultra-high energy cosmic rays (UHECR) e↵ects [35, 36] or
the existence of axion-like particles which could significantly
reduce the EBL dimming [37, 38]. More conservative solu-
tions exist, such as a hardening of intrinsic spectra during ac-
tive states [39], together with the fact that high redshift objects
might be preferentially detected during flaring states (which is
indeed the case of 3C 279). However none of them is fully sat-
isfactory yet. Increasing the statistics on AGN at all redshifts
and gathering high quality spectra with CTA should clarify this
intriguing situation.

Figure 4: The present �obs-z distribution. This figure includes only published
sources with confirmed redshift (plus two lower limits at z ⇠ 0.32 and 0.5) and
good spectral index determination. The error bars correspond to the statisti-
cal uncertainties. The observed spectral indices are mostly derived in the 0.2-2
TeV range, the relevant EBL range in that case being 0.25-2.5 eV. The spectral
energy distribution of the EBL departs from a power-law in this range, show-
ing an emission bump. Bracketing the spectral photon number density versus
energy by power laws, De Angelis et al (2009) [37] derived an approximate
analytic expression for the optical depth within the Franceschini et al (2008)
model [41] in the local Universe. The two grey curves in the figure correspond
to the expected lower and upper limit after taking into account the cosmological
e↵ects, assuming that � ⇠ 2.35 at z = 0. Apart from two radiogalaxies at very
low redshift, various types of blazars are shown in color (red = HBL, black =
LBL, blue = IBL, green = FSRQ). Triangles indicate confirmed flaring states.
A few sources are shown in both flaring and non-flaring states (Mrk 501, PKS
2155 and 1ES2344), and two are shown only in flaring states (W Comae and
3C 279).
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Figure 3: Example of the double-peaked SED of TeV AGN as seen with current
instruments, reproduced by a basic SSC scenario. The figure shows the quies-
cent high energy state of PKS 2155-304 observed during a multiwavelength
campaign in 2008 with simultaneous data from ATOM, RXTE, Swift, Fermi
and H.E.S.S. [30].

An additional e↵ect modifies the shape of the spectra at high
energy gamma-rays, due to the extragalactic background light
(EBL) absorption which becomes quite important for high red-
shift sources. While traveling through the extragalactic space,
VHE gamma-rays interact with the EBL photons and su↵er
strong absorption due to pair creation,

�EBL�VHE ! e+e�, (3)

with h⌫EBL ⇥ h⌫VHE > (mec2)2. The absorption of VHE pho-
tons is mainly due to the infrared background generated by the
integrated light of stars, galaxies and dust (see the EBL article
in this issue for more details). The observed photon spectrum
�obs(E, z) of a source at redshift z is attenuated compared to the
intrinsic spectrum �em(E0) emitted at the source, so

�obs(E, z) = e�⌧�(E,z)�em, (4)

where ⌧�(E, z) is the optical depth computed along the line of
sight, and E0 = E(1 + z). In the energy range 0.2 to 2 TeV,
the emitted and observed photon indexes � are approximately
related by

�obs(z) ⇠ �em + ��(z) (5)

where ��(z) is an increasing function of z [29]. Applying var-
ious reasonable models of the EBL, one can deduce intrinsic
photon indices in the range ⇠ 1.7 to ⇠ 3 from the observed
spectra, compatible with data at low redshifts. Future data espe-
cially from interplanetary space missions should be able to sig-
nificantly improve the direct measurements of the EBL which
will be mandatory for a better access to the intrinsic spectra of
AGN.

If the intrinsic AGN spectra were all similar, then the distri-
bution of observed photon index versus redshift should show an

apparent increase of |�obs| with redshift [31], which is not really
obvious at the moment, even when considering only one spe-
cific sub-class of blazars (Fig.4). This is currently a matter of
debate, although the departure from standard power laws and
potential observational biases, such as the current di�culty to
measure large values of �obs, need to be further investigated.
Non-standard explanations have been proposed, including vari-
ous evolutionary e↵ects in the blazar population [32, 33, 34],
ultra-high energy cosmic rays (UHECR) e↵ects [35, 36] or
the existence of axion-like particles which could significantly
reduce the EBL dimming [37, 38]. More conservative solu-
tions exist, such as a hardening of intrinsic spectra during ac-
tive states [39], together with the fact that high redshift objects
might be preferentially detected during flaring states (which is
indeed the case of 3C 279). However none of them is fully sat-
isfactory yet. Increasing the statistics on AGN at all redshifts
and gathering high quality spectra with CTA should clarify this
intriguing situation.

Figure 4: The present �obs-z distribution. This figure includes only published
sources with confirmed redshift (plus two lower limits at z ⇠ 0.32 and 0.5) and
good spectral index determination. The error bars correspond to the statisti-
cal uncertainties. The observed spectral indices are mostly derived in the 0.2-2
TeV range, the relevant EBL range in that case being 0.25-2.5 eV. The spectral
energy distribution of the EBL departs from a power-law in this range, show-
ing an emission bump. Bracketing the spectral photon number density versus
energy by power laws, De Angelis et al (2009) [37] derived an approximate
analytic expression for the optical depth within the Franceschini et al (2008)
model [41] in the local Universe. The two grey curves in the figure correspond
to the expected lower and upper limit after taking into account the cosmological
e↵ects, assuming that � ⇠ 2.35 at z = 0. Apart from two radiogalaxies at very
low redshift, various types of blazars are shown in color (red = HBL, black =
LBL, blue = IBL, green = FSRQ). Triangles indicate confirmed flaring states.
A few sources are shown in both flaring and non-flaring states (Mrk 501, PKS
2155 and 1ES2344), and two are shown only in flaring states (W Comae and
3C 279).
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Figure 37. The spectral energy distribution of 1ES 1101-232 as
measured by HESS (lower points) together with the corrected for
intergalactic-absorption spectra (upper points) calculated for three
different EBL models (for details see [124]).

(z = 0.172), 1ES 1101-232 (z = 0.186) and PG 1553+113
(most likely, z ! 0.25) with γ ray spectra extending to 1 TeV
and beyond, was, to a certain extent, a (good) surprise. Already
at sub-TeV energies, the absorption of γ rays due to interaction
with the extragalactic background light (EBL) is so dramatic
that they arrive with a significantly distorted spectrum.

For the BL Lac 1ES 1101-232, this effect is demonstrated
in figure 37, where the energy spectrum of 1ES 1101-232 is
shown together with the absorption-corrected, i.e. the intrinsic
(source) spectra calculated for three different assumptions
concerning EBL at UV to IR wavelengths (for details see
[124]). The reconstructed (absorption-corrected) spectra are
compatible with a power law, but even the relatively modest
EBL models discussed in the literature yield extremely hard
photon indices, implying a pile-up or a line-like structure in
the spectral energy distribution (SED) of this object. Although
such ‘exotic’ intrinsic energy spectra cannot be fully excluded,
most of the realistic models of blazars predict an intrinsic
differential spectrum not harder than E−1.5. This requirement
implies a robust upper limit on the EBL density at optical/near-
infrared wavelengths as shown in figure 38. Remarkably this
upper limit appears to be very close to the lower limit given
by the measured integrated light of resolved galaxies. If so,
we arrive at a very important conclusion that the EBL at these
wavelengths is dominated by the direct starlight from galaxies,
thus excluding different cosmological speculations concerning
a non-negligible contribution from other sources, in particular
from the so-called first-stars (see [124] and references therein).
It should be emphasized that the obtained upper limit on EBL
would effectively be diminished if one allows a violation of the
Lorentz invariance (see below) or assumes somewhat unusual,
though in principle possible, scenarios of the formation of very
hard γ ray spectra in blazars (see, e.g. [264, 265]).

Generally, the models of γ ray production in blazars are
classified in the context of the main contribution related to the
accelerated protons (hadronic models) or electrons (electronic
models). Presently, the leptonic models, independent of the

Figure 38. Energy density of the extragalactic background Light in
the wavelength band 0.1–10 µm. The symbols correspond to the
upper or lower limits obtained from ‘direct’ measurements of EBL.
The curves correspond to different EBL models. The thick line
shows the range of EBL constrained by HESS data assuming that
the intrinsic spectrum γ ray of 1ES 1101-232 is not harder than
E−1.5. It is very close to the robust lower limits corresponding to the
integrated light from galaxy counts (see [124] for details).

specific assumptions concerning the acceleration and radiation
scenarios, represent the preferred concept for TeV blazars.
Two important intrinsic features characterize these models:
(i) electrons can be readily accelerated to TeV energies, e.g.
through the shock acceleration mechanism, and (ii) they can
radiate x-rays and TeV γ rays with very high efficiency via
synchrotron and inverse Compton channels.

The so-called hadronic models are generally lacking
in these virtues. Although the associated acceleration of
protons is expected with at least the same efficiency as
that of the electrons (for most acceleration mechanisms),
the hadronic models require proton acceleration to energies
up to 1020 eV, otherwise they cannot offer efficient γ ray
production mechanisms in the jets. These models assume
that the observed γ ray emission is initiated by accelerated
protons interacting with ambient mater (the so-called mass-
loaded hadronic models), photon fields (photo-pion hadronic
models), magnetic fields (‘pure’ proton synchrotron model)
or both magnetic and photon fields (see, e.g. [266] and
references therein). It should be noted that such a classification
of blazar models seems to be oversimplified given our
poor knowledge about complex magnetohydrodynamical and
acceleration processes in relativistic outflows. Also in spite of
the recent remarkable progress in observations, our knowledge
about the properties of TeV γ rays and their relation to other
wavelength bands remains rather limited. In this regard, new
observations with the next generation of sub-100 GeV energy
threshold IACT arrays with significantly improved sensitivities
are badly needed.

3.3.2. Other extragalactic sources. The detection of γ rays
from distant extragalactic objects is possible because of
very effective acceleration and radiation processes in regions
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Comoving star formation rate
Figure 8: A compilation of the cosmic star formation rate as inferred from UV, Hα, mid-IR,
submillimeter, radio, and Lyα observations. Lower limits were excluded from the figure.
The red curves are analytical approximations representing the upper and lower limits to
the CSFR.

Salpeter stellar initial mass function (IMF) to convert luminosity densities
to star formation rates. The two red lines represent a broken power law
approximation to the upper and lower limits lines of the observations. For
consistency with the observational determination of the CSFR, the CSFR
was converted to a bolometric intensity using the Salpeter IMF and a star-
burst age of 100 Myr: Lbol = 7.5× 109 Ψ M⊙ yr−1 (Dwek et al., 2011). The
integrated intensity of the CSFR is then bounded by:

IEBL = 21− 66 nW m−2 sr−1 (14)

Table 6 presents the current limits on the EBL intensity, separated into
its stellar and dust components, and compares them to this predicted by the
various EBL models presented in §5.

4.3. Constraints on the EBL from Fluctuation Measurements

Most of the EBL is generated by discrete galactic or primordial stellar
sources. Fluctuations in their number and their clustering properties will give
rise to spatial fluctuations in the EBL intensity. Studies of the optical region
of the EBL via the fluctuations method were first conducted by (Shectman,
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er
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Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er
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Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er
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Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er
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Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Flux Variability

PKS 2155 - HESS

Dramatic variability is observed in 
the emission from AGNs at the 
VHEs.
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er

Time - MJD53944.0 [min]

40 60 80 100 120

 ]
-1

 s
-2

 c
m

-9
I(

>
2
0
0
 G

e
V

) 
[ 

1
0

0

0.5

1

1.5

2

2.5

3

3.5

4

Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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Here is observed doubling timescales of ~ 2 
min, and peak flux observed implied variations of 
an order of magnitude in flux in as little as 15 
min. 
!
This is equivalent to having the luminosity of the 
source changing by an amount equivalent to the 
Milky Way star light luminosity in a matter of 
minutes.
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Figure 1: Distribution in galactic coordinates of the VHE active galactic nu-
clei currently detected by the present generation of Cherenkov experiments
H.E.S.S., MAGIC and VERITAS, as listed in the TeVCat catalog in October
2012). The detection of some fifty sources in the TeV domain is now firmly
confirmed. Various types of AGN are shown, as well as their distribution in
redshift.

photon index �obs between 1.9 and 4.6. Variability is frequently
observed, namely in about 20 sources out of the 45, despite
sparse time coverage for many sources. Flux variability has
been detected on all time scales from years, months, and days,
down to the minute scale for three flaring sources (Fig.2).

Highly variable VHE events of AGN likely originate at small
distances (less than 1 pc) from the central engine since rapid
variability (tvar) on time scales from a few days [18] down to a
few minutes [40] limits the comoving size of the emitting region
to

R0  ctvar�

1 + z
, (2)

where �, the Doppler factor, is in the range from a few up to
a few tens, gives R0 ⇠ 1014 to ⇠ 1017 cm. VLBI radio mon-
itoring of the closest objects confirms this argument by show-
ing growing evidence of correlation between VHE activity and
VLBI core evolution [20, 21, 22, 23]. The existence of addi-
tional extended VHE emission remains an interesting possibil-
ity [24, 25, 26].

The number of detected TeV sources per class of AGN ap-
pears extremely peculiar since the blazars are usually the small-
est population among all types of AGN seen across the elec-
tromagnetic spectrum, yet they by far dominate the TeV sam-
ple. The current TeV HBL sample is not flux-limited and is
highly biased. The dynamical range of present-day IACT re-
mains usually below 5000, while active states can easily am-
plify the fluxes by factors of 10 to 200, and Doppler boost-
ing by factors of 104 to 106, or even more. Comparatively, a
factor 7 in redshift (from Mrk 421 to 1ES 1011+496 for in-
stance) would decrease the flux typically by a factor 50 only.
So the VHE sample appears to be largely incomplete and su↵er

Time - MJD53944.0 [min]

40 60 80 100 120

 ]
-1

 s
-2

 c
m

-9
I(

>
2
0
0
 G

e
V

) 
[ 

1
0

0

0.5

1

1.5

2

2.5

3

3.5

4

Figure 2: The big flare of PKS 2155-304 observed in 2006 by H.E.S.S., with
variability down to a few minute scale [2]. Fig.16 of part 5 shows how CTA
could have seen it.

from strong observational biases towards large Doppler boost-
ing and active states, due to the present sensitivity limits and the
strategy of observations, often done under VHE and multiwave-
length alerts. Luminosity functions at VHE are still impossible
to derive due to poor statistics and to insu�cient time coverage
to firmly distinguish the quiescent stationary states from bright
flares.

The spectral energy distribution of TeV AGN appears
double-peaked, with a first bump in X-rays and a second one
in gamma-rays (Fig.3). Additional emission at lower energies
comes mainly from the stellar population of the host galaxy
in the optical range, and from extended jets, hot spots and
lobes in the radio range. Both leptonic and hadronic scenar-
ios are widely invoked to describe the radiation processes in
the VHE domain. The low energy bump that is visible in the
SED of blazars in the optical to X-ray range is dominated in
both leptonic and hadronic models by the synchrotron emission
from a relativistic electron population. In leptonic models one
generally assumes synchrotron self-Compton processes to ex-
plain the high energy bump in high-frequency peaked BL Lacs
(HBLs), with additional contributions from inverse Compton
scattering on external photon fields to account for the SEDs
of BL Lacs peaking at lower energies (IBLs, LBLs) and flat-
spectrum radio quasars (FSRQs). The inverse-Compton inter-
action (e + �0 ! e + �) of the X-ray synchrotron emitting
electrons with ambient photons produces the gamma-ray bump
at energies h⌫ ⇠ min[�2

eh⌫0, �emec2], where �e is the electron
Lorentz factor making the peak synchrotron photons. This sce-
nario is called ”synchrotron-self-Compton” (SSC) if the ambi-
ent photons are the synchrotron emission of the same electron
population. If the photons come from another radiation field,
namely from the accretion disk, clouds, or dusty torus of the
AGN, or from other parts of the jet (e.g. a slow envelope, or up-
stream or downstream plasma) the scenario is called ”external
inverse-Compton” (EIC). In hadronic models, very high energy
protons are at the origin of the gamma-ray emission, either di-
rectly by their synchrotron (or curvature) emission, or through
their interaction with local gas and radiation background, cre-
ation of pions and subsequent decay into VHE photons (mainly
⇡0 ! 2�) with typical energies E� ⇠ E⇡/2 ⇠ 10%Ep. De-
cay of pions into muons also produces neutrinos, and secondary
electrons which can radiate in the X-ray range. A detailed pre-
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The jet of powerful 
AGNs

Images are for the M 87 jet - the 
closest, best studied powerful jet, 
emitting at VHEs.

Figure 1: M 87 at different photon frequencies and length scales. (A): Comparison of the different length scales.
(B): 90 cm radio emission measured with the VLA. The jet outflows terminate in a halo which has a diameter
of roughly 80 kpc (150). The radio emission in the central region is saturated in this image. Credit: F.N. Owen,
J.A. Eilek and N.E. Kassim [32], NRAO/AUI/NSF. (C): Zoomed image of the plasma jet with an extension of
2 kpc (2000), seen in different frequency bands: X-rays (Chandra, upper panel) optical (V band, middle) and radio
(6 cm, lower panel). Individual knots in the jet and the nucleus can be seen in all three frequency bands. The
innermost knot HST-1 is located at a projected distance of 0.86 arcseconds (60 pc, ⇡ 105 Rs) from the nucleus.
Credit: X-ray: NASA/CXC/MIT/H. Marshall et al., radio: F. Zhou, F. Owen (NRAO), J. Biretta (STScI), optical:
NASA/STScI/UMBC/E. Perlman et al., [7]. (D): An averaged, and hence smoothed, radio image based on 23
images from the VLBA monitoring project at 43 GHz. The color scale gives the logarithm of the flux density in
units of 0.01 mJy/beam. The indication of a counter-jet can be seen, emerging from the core towards the lower
left side. Image from [27].
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units of 0.01 mJy/beam. The indication of a counter-jet can be seen, emerging from the core towards the lower
left side. Image from [27].
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Multi-zone emission 
models 

Multi-blob models and interaction 
multi-zone models are a means to 
explain mis-aligned VHE source 
emission.

opening angle  
~ 1/Gamma

Lenain et al. 2008
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2 kpc (2000), seen in different frequency bands: X-rays (Chandra, upper panel) optical (V band, middle) and radio
(6 cm, lower panel). Individual knots in the jet and the nucleus can be seen in all three frequency bands. The
innermost knot HST-1 is located at a projected distance of 0.86 arcseconds (60 pc, ⇡ 105 Rs) from the nucleus.
Credit: X-ray: NASA/CXC/MIT/H. Marshall et al., radio: F. Zhou, F. Owen (NRAO), J. Biretta (STScI), optical:
NASA/STScI/UMBC/E. Perlman et al., [7]. (D): An averaged, and hence smoothed, radio image based on 23
images from the VLBA monitoring project at 43 GHz. The color scale gives the logarithm of the flux density in
units of 0.01 mJy/beam. The indication of a counter-jet can be seen, emerging from the core towards the lower
left side. Image from [27].

5

Multi-zone emission 
models 

Multi-blob models and interaction 
multi-zone models are a means to 
explain mis-aligned VHE source 
emission.

Sikora et al. 2011 - Spine - Sheath model



Multi-wavelength picture
Images are for the M 87 jet - the 
closest, best studied powerful jet, 
emitting at VHEs.

Figure 1: M 87 at different photon frequencies and length scales. (A): Comparison of the different length scales.
(B): 90 cm radio emission measured with the VLA. The jet outflows terminate in a halo which has a diameter
of roughly 80 kpc (150). The radio emission in the central region is saturated in this image. Credit: F.N. Owen,
J.A. Eilek and N.E. Kassim [32], NRAO/AUI/NSF. (C): Zoomed image of the plasma jet with an extension of
2 kpc (2000), seen in different frequency bands: X-rays (Chandra, upper panel) optical (V band, middle) and radio
(6 cm, lower panel). Individual knots in the jet and the nucleus can be seen in all three frequency bands. The
innermost knot HST-1 is located at a projected distance of 0.86 arcseconds (60 pc, ⇡ 105 Rs) from the nucleus.
Credit: X-ray: NASA/CXC/MIT/H. Marshall et al., radio: F. Zhou, F. Owen (NRAO), J. Biretta (STScI), optical:
NASA/STScI/UMBC/E. Perlman et al., [7]. (D): An averaged, and hence smoothed, radio image based on 23
images from the VLBA monitoring project at 43 GHz. The color scale gives the logarithm of the flux density in
units of 0.01 mJy/beam. The indication of a counter-jet can be seen, emerging from the core towards the lower
left side. Image from [27].
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2010 VHE flare & 10 years of MWL observations of M 87 5

Fig. 1.— Multi-wavelength light curve of M 87 from 2001 to 2011. The VHE �-ray flux (top panel) is calculated above an energy threshold of 350 GeV (see
text). Separate fluxes for the core and HST-1 are shown in cases where the instrument resolution is su�cient to separate the two components. Gray vertical bands
mark the times of increased VHE activity in 2005, 2008, and 2010 (see Fig. 2). The dashed line and the gray horizontal band in the 2nd panel marks the average
flux with 1 s.d. error measured by Fermi-LAT. The radio flux of HST-1 at di↵erent frequencies has been normalized to the 5 GHz flux assuming a spectrum
S ⌫ ⇠ ⌫�↵ with ↵ = 0.6. All flux errors shown are the 1 s.d. statistical errors except for the LT data where the uncertainty on the contribution from the galaxy is
included in the error bars. For details on the data, the data analysis, and references see text.

to � = 2.60 ± 0.30 have been reported (Albert et al. 2008a).
This could, in principle, create a bias for the H.E.S.S. data set,
where the flux is extrapolated down to 350 GeV from energies
above 500 GeV. For example, for spectral indices of �1 = 2.3
and �2 = 2.6 the flux extrapolated down to 350 GeV from
700 GeV would di↵er by a factor (350 GeV/700 GeV)�2��1 ⇠
0.8, which would imply errors of order ⇠20 %. Given that
the typical flux error for the nightly averaged flux bins in the
quiescent state is of order ⇠100 % (i.e. the individual nightly
flux points are not significant detections) the systematic un-
certainty introduced by using a single photon index for ex-
trapolation can also safely be neglected.

Given recent results on the Crab Nebula (the reference
source for ground-based VHE instruments) indicating only
small systematic o↵set between the energy scale of di↵er-
ent instruments (Meyer et al. 2010)108 and the general good
agreement of the flux measurements during quasi simultane-
ous observations, the systematic error between the di↵erent
instruments is estimated to be small compared to the statisti-
cal error of individual measurements of the 2010 campaign.

Additional archival data from Aharonian et al. (2006a), Ac-
ciari et al. (2008), Albert et al. (2008a), Acciari et al. (2010),

108 Energy scale scaling factors relative to the Fermi-LAT energy scale of
0.961 ± 0.004 for H.E.S.S. and 1.03 ± 0.01 for MAGIC are derived.



The jets of AGNs as revealed 
by high-E observations

The famous case of BL Lac - 
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The location of the 
gamma-ray emission?

The famous case of BL Lac - 
Marscher et al. 2008, Nature



The famous case of BL Lac - 
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The location of the 
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PKS 1510-089.

The moment of a gamma-ray flare can 
be traced to the emission of a radio blob.

The location of the 
gamma-ray emission?



A caveat: intrinsic gamma-
gamma absorption opacity and 
the necessity for Doppler boosting

The location of the 
gamma-ray emission?

Transparency requires WJJ « 1.

BUT:      for many blazars one finds:

WJJ §  100 L46E-1
MeVT-1

1hr  »1

Anita Reimer, Innsbruck University 5th Fermi Symposium,  Nagoya,  Oct. 2014

Blazar J-ray emission is beamed

• broad band high energy radiation with 

• high luminosity L

• from a compact region R � cTvar

WJJ § VT L / (4S�c2 E Tvar) 

JJ�-pair production opacity WJJ = n VJJ�R § n VT R   with n § L / (4ScR2E)  
photon density

Opacity (JJ�-> e+e-) argument:

with E·EJ > (mec2)2 threshold condition

Solution [Rees 1966]: J�–ray emission from jet, beamed!

e.g., for blob geometry:    L §  D4·L’  § 4S�c3D6·u’·T2
var

Gamma-gamma opacity:

Transparency requires WJJ « 1.
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SED of 3C 279 – a classical GeV blazar 
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variability - days 
The origin of the 

correlated variability
The SED of blazars is formed by two 
broad bumps of Sy and IC emission, 
from a same particle population.
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the total synchrotron energy density is

u′
sy,tot =

σTu′
B

πR
′2
b

∫

dγ γ2 Ne(γ) , (9)

(e.g., Böttcher et al. 1997) and the external energy den-
sity uext is assumed to be isotropic in the proper frame
of the AGN. As discussed in Section 1, the exact nature
of the external radiation field is not known, and may not
even be the same for all blazars.
The two main differences between our model and that

of Böttcher & Dermer (2002) are (1) we relax the as-
sumption that δD = Γ; (2) we do not assume that the
magnetic field energy density is a constant fraction of the
electron energy density,

u′
e =

mec2

4πR
′3
b /3

∫

dγ γ Ne(γ) . (10)

Since spectral modeling of blazars finds that the ratio
u′
B/u

′
e vary by ≈ 5 orders of magnitude from source to

source (e.g., Ghisellini et al. 2010), we do not feel this
assumption is well-justified. We assume that a fraction
(τ) of the accretion disk makes up the external radiation
field (uext). Following Böttcher & Dermer (2002), we as-
sume that τ ∝ Ld, the accretion disk luminosity, so that
uext ∝ τLd ∝ L2

d. From the Blandford-Znajek mech-
anism (Blandford & Znajek 1977), one finds the power
extracted from the black hole rotation to be LBZ ∝ B2

m,
where Bm is the magnetic field in the magnetosphere
near the black hole (e.g. Cavaliere & D’Elia 2002). If
Ld ∝ LBZ and B ∝ Bm, where B is the magnetic field
in the primary jet emitting region, then one finds that
uext ∝ B4. Therefore, we decrease the magnetic field
assuming

B = B0

(

uext

u0

)1/4

, (11)

consistent with Böttcher & Dermer (2002).
In the slow-cooling regime, Equation (9) can be inte-

grated to give

u′
sy,tot =

σTu′
BQ0tescγ−q

πR
′2
B

[

γq
c
γ−q+3
c − γ−q+3

1

3− q
+ (12)

γq+1
c

γ−q+2
2 − γ−q+2

c

2− q

]

≈
σTu′

BQ0tesc
πR

′2
B

γ3−q
c

3− q
,

while in the fast-cooling regime,

u′
sy,tot =

σTu′
BQ0tescγcγ

−q−1
1

πR
′2
B

[

γ2
1(γ1 − γc) + (13)

γq+1
1

γ−q+2
2 − γ−q+2

1

2− q

]

≈
σTu′

BQ0tescγc
πR

′2
B

γ2−q
1 .

For a given set of parameters, the nonlinear nature
of u′

sy means that the above equations do not have

a simple closed form solution for Ne(γ). The nonlin-
ear effects of SSC cooling have been explored in de-
tail by Schlickeiser (2009); Schlickeiser et al. (2010); and
Zacharias & Schlickeiser (2010, 2012). We solve for
Ne(γ) numerically.
The observed isotropic synchrotron luminosity in

the frame of the AGN in the δ-approximation (e.g.,
Dermer & Schlickeiser 2002; Dermer & Menon 2009) is

Lsy
ϵ = ϵLsy(ϵ) =

2δ4D
3

cσTu
′
Bγ

3Ne(γ) , (14)

where

γ =

√

ϵ

δDϵB
, (15)

ϵ is the dimensionless emitted photon energy, ϵB =
B/Bcr, and Bcr = 4.414× 1013 G. For γ < min(γ1, γc),
Lsy
ϵ ∝ ϵ4/3, assuming it remains optically thin. The syn-

chrotron peak will occur at γ = γc in the slow-cooling
regime, and at γ = γ1 in the fast cooling regime, so the
peak synchrotron luminosity will be

Lsy
pk = Lsy

ϵpk =
2δ4D
3

cσTu
′
BQ0tesc

{

γ3−q
c γ1 < γc

γcγ
2−q
1 γc < γ1

.

(16)
This peak will occur at

ϵpk =
hνsypk
mec2

=
νsypk

1.23× 1020 Hz
= δDϵB

{

γ2
c γ1 < γc

γ2
1 γc < γ1

.

(17)
The synchrotron luminosity in the frame of the blob,

L
′sy
pk is given by Equation (16) with δD = 1. From this

one can find the peak synchrotron energy density,

u′
sy,pk =

R
′

b

c

L
′sy
pk

4πR
′3
b /3

=
u′
BσT

2πR
′2
b

Q0tesc

{

γ3−q
c γ1 < γc

γcγ
2−q
1 γc < γ1

.

(18)
The SSC luminosity at the peak in the Thomson regime
can be approximated by (Finke et al. 2008)

LSSC
pk =

2δ4D
3

cσTu
′
sy,pkQ0tesc

{

γ3−q
c γ1 < γc

γcγ
2−q
1 γc < γ1

,

(19)
or, using Equation (18),

LSSC
pk =

δ4D
3πR

′2
b

cσ2
Tu

′
B(Q0tesc)

2

{

γ6−2q
c γ1 < γc

γ2
cγ

4−2q
1 γc < γ1

.

(20)
The peak luminosity from Thomson-scattering an ex-

ternal isotropic radiation field in the δ-approximation is
(e.g., Dermer & Schlickeiser 2002)

LEC
pk = δ6DcσTuextQ0tesc

{

γ3−q
c γ1 < γc

γcγ
2−q
1 γc < γ1

. (21)

The Compton dominance (AC) is given by the ratio of
the peak Compton-scattered component to the peak of
the synchrotron component,

AC ≡
max[LEC

pk , LSSC
pk ]

Lsy
pk

≈
max[δ2Duext, u′

sy,pk]

u′
B

,(22)

Ac
~



The origin of the 
correlated variability

The SED of blazars is formed by two 
broad bumps of Sy and IC emission, 
from a same particle population.
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VHE AGN tour: Correlation study

ρ=0.85
p~10-7

→ Based on known F
X
 and z, we 

can estimate F
1 TeV

.

→ Establish list of new VHE 
source candidates from an X-ray 
sample.

Lenain et al. 2011

Correlation with X-ray Sy luminosity 
(energetic particle pops)

a typical TeV blazar:  Mkn 501 
The archetypical Blazar Mkn 501



Which leptonic 
mechanism?

Dependence on the environment 
radiation density will constrain 
location and dominant of SSC or 
EC in leptonic models.
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Figure 2. Types of active galaxies. Cartoon illustration of AGN taxonomy, following the unification scheme for radio-quiet
and radio-loud galaxies, cf. [16] as adapted from [4]. In this two-parameter model, including orientation, any given AGN is either
radio-quiet or radio-loud, here speculated to depend on black-hole rotation a/M (where M is the black hole mass, and a its angular
momentum), or low power or high power, as determined by the mass-accretion rate. The misaligned AGN sources are the radio
galaxies, including the low luminosity FR1 counterparts to BL Lac objects, and high luminosity FR2 radio galaxies, which divide
into narrow- and broad-line radio galaxies, depending on orientation.

The first EGRET pointing towards 3C 273 revealed a bright flaring source, but at the position of the quasar
3C 279. By the end of the first year of the mission, more than 14 γ-ray emitting AGN between ∼ 100 MeV and
5 GeV were found. Most detections were prominent radio-loud quasars, including PKS 0528+134, 3C 454.3, and
CTA 102, but also included the BL Lac object Mrk 421. The strong connection with apparently superluminal 5

radio sources implied that the γ rays come from a nearly aligned relativistic jet of a black hole [11], and the γ-ray
blazar class emerged. By the end of the CGRO mission, 66 high-confidence and 27 low-confidence detections of
blazars had been made, including the radio galaxy Cen A [12]; see Fig. 3 left.

During the same time, a major advance in ground-based γ-ray astronomy took place when the on-off approach
was superseded by the imaging Atmospheric Cherenkov Technique (ACT), [13], leading to the significant detection
of the Crab nebula at Very High Energies (VHE; ! 100 GeV) with the pioneering Whipple array [14]. Soon after
the recognition that blazars are EGRET sources, Mrk 421 was found to be a VHE source [15]. The VHE discovery
of Mrk 501 was reported in 1995, and the pace of discovery has since quickened, particularly with the introduction
of new detectors and arrays. The largest class of VHE AGN sources consists of BL Lac objects, which all show
a characteristic double-humped spectral energy distribution (SED) in νFν representation 6 ; this structure will be
further described and interpreted in the following sections. For most of them, the low-energy peak is typically
located in the UV and X-ray ranges (νs > 1015 Hz). Soon however radio galaxies (e.g., M87), low-peaked BL Lac
objects like AP Lib and BL Lac itself, and even FSRQs have been detected at VHE; see Fig. 3 right.

Extragalactic γ-ray emitters now constitute more than half of the high-energy (HE; E > 100MeV) emitters
identified by the Large Area Telescope (LAT) on the Fermi Gamma ray Space Telescope [9], and are the second
largest population, after pulsar-wind nebulae, in the ground-based VHE regime. 7 Although radio-loud AGN

5 When the radiative zone is moving at relativistic velocity along a direction close to the line of sight, its apparent velocity as
measured on the basis of the observer’s proper time may be greater than c.
6 For the definition and the interest of the SED, see [7]; ν is the frequency and Fν is the power received per unit area and frequency.
7 According to TeVCat; see http://tevcat.uchicago.edu
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Figure 6. Multiwavelength blazar SEDs. Left: Data shows two epochs of 3C 279 [62]. The red points were measured between
54880 and 54885 MJD, when a γ-ray flare was accompanied by a rapid change in optical polarization. Right: SED for Mrk 501
averaged over all observations taken during the multifrequency campaign performed between 2009 March 15 (MJD 54905) and
2009 August 1 (MJD 55044) [63]. The high-state flux detected by VERITAS from MJD 54952.9 - 54955.9 is shown by the green
points, and this epoch is subtracted from the average SED. The legend reports the correspondence between the instruments and
the measured fluxes. Galactic emission has not been removed.

3.1. Multiwavelength SEDs of γ-ray blazars

Confining our attention to nonthermal jet radiation powered by black-hole activity, the most widely remarked
feature of the broadband SEDs of γ-ray sources powered by black-hole activity is their two-humped shape. The
characteristic double-humped SEDs of blazars extend over 15 or more decades in energy, from radio to TeV γ rays.
Since blazars are intrinsically variable, observations are most valuable when they occur as nearly simultaneously
as possible, in order to give an accurate picture of the AGN’s emission across all wavelengths. Establishing an
accurate SED is important to determine the relative importance of the different components in the continua,
while the correlation of the variability in different wavebands gives insights into the jet physics. Multiwavelength
observations are also sometimes the only available means to infer the nature of unidentified γ-ray sources, either
through the characterization of the SED or, when a counterpart is found at different wavelengths, to correlate
variability with the γ-ray flux variability. The high quality long baseline Fermi-LAT light curves for scores of
blazars is a tribute to its large field of view and scanning strategy.

The most constrained instruments for multiwavelength (MWL) observations are usually the ground-based op-
tical and VHE telescopes, which provide critical information on the radiative particles since the optical emission
is often near the peak emission of the first hump in the SED, while the second probes directly the most energetic
emission. The nonthermal optical emission is however often contaminated with optical emission from the host
galaxy for objects with z ! 0.3, while the γ-ray emission is attenuated through interactions with the cosmological
optical and infrared backgrounds. The flux attenuation increases with distance and energy [61].

Fig. 6 shows the SEDs of two well known blazars, the FSRQ 3C 279 on the left and the HSP BL Lac object Mrk
501 on the right. It is also convenient to convert νFν into its equivalent in absolute luminosity: νLν = 4πd2L×νFν,
in which dL is the luminosity distance. The distance modulus Dl = log(4πd2L) provides a simple conversion
from νFν to νLν in a log-log representation 16 . The redshift of 3C 279 is z = 0.538, and during this epoch of
observation the peak synchrotron frequency (in the source frame) is νs ∼= 1013 Hz. The value of νLν at ν = νs
is νsLνs

∼= 5 × 1039 W = 5 × 1046 erg s−1, implying a bolometric isotropic synchrotron luminosity (supposing
only a 1/d2 flux dependency) a factor ≈ 3 higher. The redshift of Mrk 501 is z = 0.03366, implying a distance of
≈ 149 Mpc and a distance modulus Dl = 54.42. Its peak synchrotron frequency νs ∼= 1017 Hz and, from Fig. 6
and Dl, νsL

pk
νs

∼= 1037 W (1044 erg s−1), so that the bolometric synchrotron flux is a factor ≈ 5× larger (the width
of the synchrotron SED in Mrk 501 is wider than that of 3C 279). Although the ratio of the synchrotron powers
for the two blazars is ∼ 50, the ratio of the γ-ray powers can be " 103 because of the large Compton dominance
of the FSRQ’s SED in γ rays.

Examination of the SEDs in Fig. 6 shows that several issues need clarification. Considering only AGN emission
requires that any residual galactic continua be removed, as seen in the Mrk 501 SED that contains a strong

16Since c.g.s. units are used in most AGN SED’s in the literature, dL is here expressed in cm.
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Correlated variability in AGN 
SEDs - a case for PKS 2155-304.

Polarimetric Tomography of Blazar Jets 5

Figure 3. Nightly fits for the SED of PKS 2155-304. The notation for the symbols is the same as in Figure 2. The VHE data have
been EBL-de-absorbed according to Dominguez et al. (2010). The correspondence between optical flux of the variable component and
X-ray state is colour coded at each panel. The dashed line represents the SED model of the variable region, responsible for the correlated
optical and X-ray changes. Dotted lines represent the SED of the steady jet, main contributor to the non-variable γ-ray flux. The total
SED is shown with the thick black line as the sum of the two components. The night MJD 57111 is omitted for space constraints, but
the fit is quoted in Table 1.

State γmin γb γmax n1 n2 B K R δ
[103] [105] [106] [10−2G] [103 cm−3] [1016 cm]

Steady 1.0 0.4 0.1 2.0 4.5 10.0 1.0 2.0 35.0

MJD 54711 1.0 1.110.03
0.03 30.17.7

0.5 2.1090.004
0.004 4.820.06

0.06 7.60.1
0.2 5.80.3

0.2 1.5 27.900.03
0.03

MJD 54712 1.0 1.350.04
0.03 30.31.0

0.4 2.0970.004
0.004 4.610.06

0.07 6.90.2
0.1 8.10.4

0.3 1.5 22.120.03
0.05

MJD 54713 1.0 1.030.04
0.03 31.01.0

0.4 2.1390.003
0.004 4.110.05

0.05 6.60.2
0.1 8.30.4

0.3 1.5 28.050.03
0.03

MJD 54714 1.0 1.140.04
0.03 72.25.2

48.0 2.1470.004
0.004 4.200.06

0.06 8.40.2
0.2 7.20.3

0.3 1.5 27.760.03
0.01

MJD 54715 1.0 0.760.03
0.03 25.23.6

0.3 2.1390.004
0.004 3.770.04

0.04 10.020.02
0.02 6.70.3

0.3 1.5 27.780.03
0.02

Table 1. Input model parameters corresponding to Figure 3. For each state we report: minimum, break and maximum Lorentz factors
of the electron distribution, low and high energy slope, magnetic field, electron density, radius of emitting region and its Doppler factor.

BdA & Tavecchio 2014



Are possible, but not unambiguously 
detected yet in AGNs…
Hadronic Models?

• proton-matter interaction: 
very slow inefficient process

neutrinos 
!
• photo-pion production: 
severe gamma absorption

neutrinos 
!
!
!
!
!
• proton-synchrotron: 
extremely large B >  100 G required! 
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Figure 5. The electromagnetic and neutrino extragalactic
backgrounds predicted by our simulations in the energy range
100 MeV – 300 PeV. The left side of the plot (E < 1 TeV)
shows the �-ray background for various classes compared to
the total extragalactic electromagnetic emission observed by
Fermi-LAT (adapted from Paper IV), whereas the right side
(E > 10 TeV) illustrates our prediction for the neutrino back-
ground (all flavours) for our benchmark case (E

break

= 200
GeV,�� = 0.5) for all BL Lacs (blue solid line) and HBL (blue
dotted line) and Y

⌫�

ranging between 0.8 (upper curves) and
0.3 (lower curves; see text for details). The (red) filled points
are the (all flavours) data points from IceCube Collaboration
(2014), while the open points are the 3� upper limits.

parison of the model predicted NBG with current Ice-
Cube upper limits and, ultimately, future detections at
E

⌫

> 2 PeV, can be used to constrain the value of Y
⌫�

.
In other words, this would provide an indirect way of
probing the origin of the BL Lac �-ray emission.

5.6 The big picture

Fig. 5 displays both the electromagnetic and neutrino
extragalactic backgrounds predicted by our simulations
and the available measurements in the energy range 100
MeV – 300 PeV. The left side shows the �-ray background
compared to the total extragalactic electromagnetic emis-
sion observed by Fermi-LAT (adapted from Paper IV),
whereas the right side illustrates our prediction for the
NBG (all flavours) for our benchmark case for all BL
Lacs (blue solid line) and HBL (blue dotted line) and
Y
⌫�

ranging between 0.8 (upper curves) and 0.3 (lower
curves), the latter value being more consistent with the
IceCube high-energy non-detections.

The EGB can be approximated by a power law with
exponential cuto↵ having � ' 2.3 and a break energy
⇠ 280 GeV (Ackermann et al. 2015), the latter very likely
due to the EBL absorption of �-ray photons from dis-
tant (z & 0.3) sources (e.g. Ajello et al. 2015, and Paper
IV). As a simple extrapolation of the EGB power law to
the PeV energy range goes through the IceCube data, it
might be tempting to assume that there is a single class

of sources that explains both the EGB at E . 10 GeV
and the NBG below ⇠ 0.5 PeV. This population cannot
be the blazar one, for the following two reasons: (i) in
the BSV scenario, blazars contribute ⇠ 50% � 70% to
the total EGB at E . 10 GeV, while BL Lacs may ex-
plain almost 100% of the EGB flux at E & 100 GeV; (ii)
similarly, BL Lacs contribute only ⇠ 10% to the NBG
at energies < 0.5 PeV, while they may fully explain the
observed NBG above 0.5 PeV. If starburst galaxies can
explain part of the EGB at E > 100 MeV (e.g. Lacki, Ho-
riuchi, & Beacom 2014, and references therein) then they
could also be a promising candidate class for explaining
the sub-PeV IceCube neutrinos (e.g. Loeb & Waxman
2006; Stecker 2007). We note, in fact, that in proton-
proton scenarios of �-ray emission, relevant to starburst
galaxies, the neutrino and �-ray spectra have the same
power law index as the parent proton population (e.g.
Kelner, Aharonian, & Bugayov 2006).

Alternatively (or at the same time) the low-energy
neutrino events could also have a Galactic component
(e.g. Padovani & Resconi 2014). In any case, if there is
a di↵erent class of sources contributing to the sub-PeV
energy range, there is still room for individual BL Lac
sources, like MKN 421 (see Fig. 2 and relevant discus-
sion). Finally, we note that the EGB in Fig. 5 shows the
sum of unresolved and resolved �-ray emission of the ex-
tragalactic sky, whereas in the case of IceCube neutrinos
we are not yet in the position to distinguish between a
resolved and an unresolved contribution. The current sta-
tus of neutrino astronomy, therefore, somewhat resembles
that of �-ray astronomy in its very early days (i.e. those
of SAS-2 and COS-B).

The scenario, which appears to emerge by comparing
our model NBG with the data is the following: at low en-
ergy (E

⌫

. 0.5 PeV) BL Lacs can only explain ⇠ 10% of
the IceCube data. Some other population/physical mech-
anism needs to provide the bulk of the neutrinos. How-
ever, this does not exclude the possibility that individual
BL Lacs still make a contribution at the ⇡ 20% level
to the IceCube events. At high energy (E

⌫

& 0.5 PeV)
BL Lacs can account fully for the IceCube data. The
strong implications of our scenario are: 1. IceCube should
soon start resolving at least some of the NBG; 2. IceCube
should also detect events at E

⌫

& 2 PeV in the next few
years.

6 CONCLUSIONS

We have included in the blazar simplified view scenario,
which reproduces extremely well the statistical properties
of blazars from the radio to the �-ray band, a hadronic
component and calculated via a leptohadronic model the
neutrino background produced by the whole BL Lac
class. For the first time, this is done by summing up the
fluxes of all the BL Lacs generated by a Monte Carlo sim-
ulation, each with its own di↵erent properties. Our main
results can be summarised as follows:

(1) BL Lacs as a class can easily explain the whole
neutrino background at high-energies (& 0.5 PeV) while

c� 2015 RAS, MNRAS 000, 1–13

Are possible, but not unambiguously 
detected yet in AGNs.

The dawn of a multi-messenger approach.

Padovani, Petroupoulo, Giommi  +2016

Hadronic Models?



An important UHE CR link…Hadronic Models?

suspected sites of  1020 eV cosmic rays based  
on the condition: source size > Larmor radious 

 

  necessary but not sufficient condition:  it implies     
 
 (1) minimum acceleration time    
               tacc=RL/c=E/eBc       
acceleration in fact is slower:  
       tacc=(1-10)η RL/c (c/v)2     
 with η>1 and shock/bulk-motion  
 speed v<c (η=1 - Bohm diffusion)      

 
Compact objects like AGN and GRBs are the 

best candidates   
(2) no energy losses  
     but  synchrotron/curvature losses in  
     compact objects become severe limiting 
     factor

“Hillas plot” 

(R/1pc)(B/1G) > 0.1 (E/1020eV) 

PM Bauleo & JR Martino Nature 458, 847-851 (2009) 
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Fundamental conditions: 
!
a) source size > Larmour radius 

!
b) tacc < time confined in the 
source ~ 1/B

excluding radiative energy 
dissipation conditions…



Film made with data from ASDC 
and the BSDC (BdA, Fraga+ in 
prep.)

An AGN in action!


