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Figure 1: Spectral energy distributions of four sub-classes of kaza) the FSRQ 3C279 (from [27]), b)
the LBL BL Lacertae, (data from [2]), c) the intermediate Bad_3C66A (data from [3]), and d) the HBL
RGB J0710+591 (data from [8]). In Panel a) (3C279), linesare-zone leptonic model fits to SEDs at
various epochs shown in the figure. In all other panels, megkliare fits with a leptonic one-zone model;
green lines are fits with a one-zone lepto-hadronic model.

1. Introduction

Blazars (BL Lac objects angtray loud flat spectrum radio quasars [FSRQs]) are the most
extreme class of active galaxies known. They have beendbat all wavelengths, from radio
through very-high-energy (VHEE > 100 GeV)y-rays. Almost 40 blazars have so far (status:
June 2011) been detected as sources of WH&ys by ground-based Cherenkov telescope facili-
ties, and the proposed Cherenkov Telescope Array (CTA)tisipated to increase the number of
known VHE blazars substantially. The broadband continupetsal energy distributions (SEDs)
of blazars are dominated by non-thermal emission and daoisigo distinct, broad components:
A low-energy component from radio through UV or X-rays, andigh-energy component from
X-rays toy-rays (see, e.g., Figure 1).

Blazars are sub-divided into several types, defined by teiln of the peak of the low-energy
(synchrotron) SED components. Low-synchrotron-peaked (LSP) blazars, consisting of flat
spectrum radio quasars and low-frequency peaked BL LacisbjeBLS), havevs < 10 Hz (i.e.,
infrared). Intermediate-synchrotron-peaked (ISP) bfazzonsisting of LBLs and intermediate BL
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Lac objects (IBLs) have #8Hz < vs < 10 Hz (i.e., optical — UV), while High-synchrotron-
peaked (HSP) blazars, almost all known to be high-frequgeaked BL Lac objects (HBL), have
Vs > 10'° Hz (i.e., X-rays; [2]). This sequence had first been idemtitig [32], and was found
to be associated with a trend of overall decreasing bolemkiminosity as well as decreasing
y-ray dominance along the sequence FSRQBL — HBL. According to this classification, the
bolometric power output of FSRQs is stronghray dominated, while HBLs are expected to be
synchrotron dominated. However, while the overall bolatoduminosity trend still seems to
hold, recently, even HBLs seem to undergo episodes of styaag dominance (see, e.g., [12] for
an example from a Fermi + H.E.S.S. multiwavelength campaigRKS 2155-304).

Figure 1 shows examples of blazar SEDs along the blazar segufom the FSRQ 3C279
(a), via the LBL BL Lacertae (b) and the IBL 3C 66A (c), to the HRGB J0710+591 (d). The
sequence of increasing synchrotron peak frequency idghldaible. However, the Fermi spectrum
of the LBL BL Lacertae indicatesaray flux clearly below the synchrotron level, while the SED o
the IBL 3C 66A is clearly dominated by the Ferpray flux, in contradiction with the traditional
blazar sequence.

The emission from blazars is known to be variable at all wavgths. In particular the high-
energy emission from blazars can easily vary by more thamder of magnitude between different
observing epochs [70, 55, 56]. However, high-energy vditiabas been observed on much shorter
time scales. The most rapid variability has been seen at Vs, in some cases down to just
a few minutes [10, 13]. The flux variability of blazars is eftaccompanied by spectral changes.
Typically, the variability amplitudes are the largest aradiability time scales are the shortest at
the high-frequency ends of the two SED components. In HBiis,refers to the X-ray and VHE
y-ray regimes. Such differential spectral variability igrsgiimes associated with inter-band or
intra-band time lags as well as variability patterns whiah be characterized as spectral hysteresis
in hardness-intensity diagrams (e.g.,[67, 43, 33, 72])wéler, even within the same object this
feature tends not to be persistent over multiple obsemstid\Iso in other types of blazars, hints
of time lags between different observing bands are occalyofound in individual observing
campaigns (e.g., [24, 41]), but the search for time-lagepast persisting throughout multiple years
has so far remained unsuccessful (see, e.g., [40] for amsgtite search for time lags between
optical, X-ray andy-ray emission in the quasar 3C279).

2. Basic features of leptonic and lepto-hadronic models

The high inferred bolometric luminosities, rapid varidtjl and apparent superluminal mo-
tions provide compelling evidence that the nonthermalioomm emission of blazars is produced
in < 1 light day sized emission regions, propagating relatoady with velocity B-c along a jet
directed at a small anglg,, . with respect to our line of sight (for details on the argursdot rela-
tivistic Doppler boosting, see [61]). LEt= (1— 32)~/? be the bulk Lorentz factor of the emission
region, then Doppler boosting is determined by the DopletdrD = (I'[1— - coseobs])—l. Let
primes denote quantities in the co-moving frame of the domseegion, then the observed fre-
quencyv,,.is related to the emitted frequency througp, = DV'/(1+ z), wherezis the redshift

of the source, and the energy fluxes are connected thrE\Q) J D3 F,. Intrinsic variability on
a co-moving time scalg,, will be observed on a time scalgh®=t,,,(1+ z)/D. Using the latter
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transformation along with causality arguments, any oleserariability leads to an upper limit on
the size scale of the emission region throlypctS®SD/(1+ 2).

While the electron-synchrotron origin of the low-frequgmenission is well established, there
are two fundamentally different approaches concerninghibk-energy emission. If protons are
not accelerated to sufficiently high energies to reach trestold forpy pion production on syn-
chrotron and/or external photons and to contribute sigaifly to high-energy emission through
proton-synchrotron radiation, the high-energy radiatioihbe dominated by emission from ultra-
relativistic electrons and/or pairs (leptonic models)tha opposite case, the high-energy emission
will be dominated by cascades initiated py pair and pion production as well as protart;, and
u* synchrotron radiation, while primary leptons are stillgessible for the low-frequency syn-
chrotron emission (lepto-hadronic models). The followsulp-sections provide a brief overview
of the main radiation physics aspects of both leptonic aptbiaadronic models.

2.1 Leptonic models

In leptonic models, the high-energy emission is producedGompton upscattering of soft
photons off the same ultrarelativistic electrons which@oelucing the synchrotron emission. Both
the synchrotron photons produced within the jet (the SSCezs [49, 48, 21]), and external
photons (the EC process) can serve as target photons fortGorsgattering. Possible sources of
external seed photons include the accretion disk radiéian, [28, 29]), reprocessed optical — UV
emission from circumnuclear material (e.g., the BLR; [63, 36, 30]), infrared emission from a
dust torus [20], or synchrotron emission from other (fdstewer) regions of the jet itself [34, 39].

The relativistic Doppler boosting discussed above allons t choose model parameters in
a way that theyy absorption opacity of the emission region is low throughwmiaist of the high-
energy spectrum (i.e., low compactness). However, at tjigelsi photon energies, this effect may
make a non-negligible contribution to the formation of tineeeging spectrum [11] and re-process
some of the radiated power to lower frequencies. The regulfHE y-ray cut-off and associated
MeV — GeV emission features may be revealed by high-resmpgimultaneous Fermi + CTA
observations.

Also the deceleration of the jets may have a significant impacthe observable properties
of blazar emission through the radiative interaction ofsmmin regions with different speed [34,
38] and a varying Doppler factor [26]. Varying Doppler factanay also be a result of a slight
change in the jet orientation without a substantial changpeéed, e.g., in a helical-jet configuration
(e.g., [69]). In the case of ordered magnetic-field striggun the emission region, such a helical
configuration should have observable synchrotron pol@oizasignatures, such as the prominent
polarization-angle swing recently observed in conjunctigth an optical + Fermi-ray flare of
3C 279 [1].

In order to reproduce not only broadband SEDs, but alsohititjgpatterns, the time-dependent
electron dynamics and radiation transfer problem has toobed self-consistently. Such time-
dependent SSC models have been developed by, e.g., [505485K External radiation fields
have been included in such treatments in, e.g., [64, 22, 66].

Leptonic models have generally been very successfullyieghf model the SEDs and spectral
variability of blazars. The radiative cooling time scalastfie observers’s frame) of synchrotron-
emitting electrons in a typicd ~ 1 G magnetic field are of order of several hours 4 d at optical
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frequencies and<1 hr in X-rays and hence compatible with the observed intna-ehariability.
However, the recent observation of extremely rapid ViHEy variability on time scales of a few
minutes poses severe problems to simple one-zone leptarigsien models. Even with large
bulk Lorentz factors of- 50, causality requires a size of the emitting region thathiniige smaller
than the Schwarzschild radius of the central black hole efAGN [18]. As a possible solution,

it has been suggested [68] that tjx@ay emission region may, in fact, be only a small spine of
ultrarelativistic plasma within a larger, slower-movirg.jSuch fast-moving small-scale jets could
plausibly be powered by magnetic reconnection in a Poysftingdominated jet, as proposed by
[35].

2.2 Lepto-hadronic models

If a significant fraction of the jet power is converted inte tcceleration of relativistic protons
in a strongly magnetized environment, reaching the thidsieo py pion production, synchrotron-
supported pair cascades will develop [46, 47]. The acd@deraf protons to the necessary ul-
trarelativistic energiesE(,’;“”"izlo19 eV) requires high magnetic fields of several tens of Gauss to
constrain the Larmor radil® = 3.3x 10°B; *E,; 5 cm, whereB = 10B, G, andE, = 10'°E 4 eV,
to be smaller than the size of the emission region, typidafisrred to beR<10'® cm from the ob-
served variability time scale. In the presence of such higgmatic fields, the synchrotron radiation
of the primary protons [9, 52] and of secondary muons and nef8, 52, 53, 54] must be taken
into account in order to construct a self-consistent syotcbn-proton blazar (SPB) model. Elec-
tromagnetic cascades can be initiated by photons fibmecay (‘° cascade”), electrons from the
™ — u* — et decay (Tt cascade”)p-synchrotron photons fi-synchrotron cascade”), and,

- andK-synchrotron photons (f*-synchrotron cascade”).

[53] and [54] have shown that the®® cascades” andrt* cascades” from ultra-high en-
ergy protons generate featurelgsgay spectra, in contrast tg“synchrotron cascades” ana*-
synchrotron cascades” that produce a two-compopeay spectrum. In general, direct proton and
u* synchrotron radiation is mainly responsible for the higergg bump in blazars, whereas the
low energy bump is dominanted by synchrotron radiation fthenprimarye™, with a contribution
from secondary electrons.

Hadronic blazar models have so far been very difficult tostigate in a time-dependent way
because of the very time-consuming nature of the requiredt®dGarlo cascade simulations. In
general, it appears that it is difficult to reconcile veryidduigh-energy variability with the radiative
cooling time scales of protons, e.g., due to synchrotrorssion, which istg?sz 45x 10° (1+
z)D; 1B, 2E 4 s [9], i.e., of the order of several days ferl0 G magnetic fields and typical Doppler
factorsD = 10D,. However, rapid variability on time scales shorter thangheon cooling time
scale may be caused by geometrical effects.

In order to avoid time-consuming Monte-Carlo simulatiohthe hadronic processes and cas-
cades involved in lepto-hadronic models, simplified prigsions of the hadronic processes are
often used. [44] have produced analytic fit functions to Me@arlo generated results of hadronic
interactions using the SOFIA code [51]. Those fits descthieespectra of the final decay products,
such as electrons, positrons, neutrinos, and photons ftbdecay. This approach is appropriate
in situations where the decay time scales of pions and mgamsich shorter than the synchrotron
and Compton cooling time scales of those intermediate mtsdé more sophisticated method of
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evaluating those processes has been presented by [42],evblod template functions for the pro-
duction spectra of all intermediate species (includingipiand muons). Using these, synchrotron
and Compton emission of those intermediate particles mapdmporated as well, allowing for
the application of this scheme to arbitrarily high magnégtds and radiation energy densities.

Once the first-generation products are evaluated, on@sglis to take into account the effect
of cascading, as the synchrotron emission from most of #wtreins (and positrons) as well &%
decayy-rays are produced &t TeV energies, where the emission region is highly opaqug/to
pair production. A quasi-analytical description of thoss@ades has been developed in [25].

Example model fits to several blazar SEDs using the simplietb-hadronic model described
in [25] are shown in Fig 1, b) — d) and compared to leptonic n®deéthe same SEDs. As the low-
frequency component is electron-synchrotron emissiom fpoimary electrons, it is not surprising
that virtually identical fits to the synchrotron componeande provided in both types of models.
In the high-frequency component, strongly peaked speshapes, as, e.g., in 3C 66A and RGB
JO710+591 require a strong proton-synchrotron dominante the cascading of higher-energy
(> TeV) emission only making a minor contribution to the highesgy emission. This, in fact,
makes it difficult to achieve a substantial extension of tbeaping high-energy emission into the
> 100 GeV VHEy-ray regime. In objects with a smoother high-energy SED, &g Lacertae in
Fig. 1b, a substantially larger contribution from cascachéssion (and leptonic SSC emission) is
allowed to account for a relatively high level of hard X-ragoft y-ray emission. This also allows
for a substantial extension of theray spectrum into the VHE regime.

Detailed spectral information in the GeV — TeV regime fromgitaneous Fermi + CTA ob-
servations promise the prospect of identifying the sigrstwf hadronic processes, such as the
spectral flattening towards the highest energies. Howeueh measurements have to be coordi-
nated with simultaneous multiwavelength coverage at kslagptical — X-ray energies, in order to
constrain simultaneously the synchrotron and the higlggneomponents of the SED. The syn-
chrotron SED will yield strict constraints on the underlyielectron population (see, e.g., [31]),
which can then be used to investigate whether the sameaiatistribution can be responsible for
the X-ray —y-ray emission, or an additional particle population is iespl

3. Internal yy absorption and pair cascades

In the framework of leptonic models, the blazar sequence@SRLBL — IBL — HBL is
often modeled through a decreasing contribution of exteathation fields to radiative cooling of
electrons and production of high-energy emission [37]higs $ense, HBLs have traditionally been
well represented by pure synchrotron-self-Compton moadide FSRQs often require a substan-
tial EC component. This interpretation is consistent with bbserved strong emission lines in
FSRQs, which are absent in BL Lac objects. At the same tingegémser circumnuclear environ-
ment in quasars might also lead to a higher accretion ratbamcke a more powerful jet, consistent
with the overall trend of bolometric luminosities along thkazar sequence. This may even be
related to an evolutionary sequence from FSRQs to HBLs gekby the gradual depletion of the
circumnuclear environment [23].

However, in this interpretation, it would be expected thatstty HBLs (and maybe IBLS)
should be detectable as sources of VHEays since in LBLs and FSRQs, electrons are not expected
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Figure2: Left Panel: Fermi + MAGIC y-ray spectrum of S5 0716+714. The combined spectrum apfeears
exhibit a strong absorption trough around 10 — 50 GeV. Thid sokve indicates a fit witlyy absorption by
the Hell recombination continuum. The dashed curve ind&#e best fit with a straight power-law [62].
Right panel: Fit to the SED of Cen A, including a contribution from defletigair cascades in théermi
energy range, which substantially improves the fit with plale model parameters [60].

to reach~ TeV energies. This appears to contradict the recent \fH&y detections of lower-
frequency peaked objects such as W Comae [4], 3C66A [5], RK84240 [7], BL Lacertae [14],
S5 0716+714 [17], and even the FSRQs 3C 279 [15], PKS 15179%nd PKS 1222+216 (=
4C+21.35; [16]). This suggests that the production of JHIEays is a common phenomenon in all
classes of blazars.

The overall SEDs of IBLs detected by VERITAS could still besfitisfactorily with a purely
leptonic model. Fitting the SEDs of the IBLs 3C66A and W Comath a pure SSC model, while
formally possible, would require rather extreme paransetér particular, magnetic fields several
orders of magnitude below equipartition would be neededghvimight pose a severe problem for
jet collimation. Much more natural fit parameters can be sstbprhen including an EC component
with an infrared radiation field as target photons [6, 3].Ha lower-frequency peaked LBLs and, in
particular, FSRQs, the presence of rather high-luminasittum-nuclear radiation fields is clearly
established. This poses a problem for the escape of Virdys as they will be absorbed through
yy pair production on these near-nuclear radiation fields.

The tell-tale signature of such interngy absorption would be absorption troughs. If the
circumnuclear radiation field is dominated byd.ygmission, the resultingy absorption trough is
expected to be centered aroug~ (Mec?)?/ (Eqargerd 1+ 7)) ~ 25/(14-2) GeV. Unfortunately, this
places the absorption features from circumnuclear rastidtelds dominated by broad-line region
(BLR) emission right at the transition between the energygesaccessible biyermi and the VHE
y-rays accessible by ground-based Cherenkov telescopitidaciHigher-ionization signatures, in
particular from He II, may produce absorption features rditggy down to~ a few GeV, and the
combined absorption features from He Il plus lower-energjssion lines from the BLR have been
invoked by [57] to explain the spectral breaks in Heemi spectra of several low-frequency peaked
blazars.

While theFermi spectral breaks may be a tantalizing hint towards the irapog of internayy
absorption on near-nuclear radiation fields, the ultimab@ipwould come from the observation of
the up-turn towards higher energies, beyondyyabsorption trough. A comprehensive, combined
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analysis ofFermi + ground-based VHE-ray observations of several VHfray blazars has been
peformed by [62]. In a few cases, the expected absorptiamglréeatures, including the recovery
of the flux towards VHEy-rays have been found in this analysis. Figure 2a shows¢hmi +
MAGIC y-ray spectrum of the LBL S5 0716+714, which constitutes ohthe strongest cases
for the existence of gy absorption trough. However, a severe caveat in this asalgghat in
most cases, theermi and VHE measurements were not simultaneous, anBetm spectra were
obtained over substantially longer integration times thi@n VHE y-ray ones. Therefore, mis-
matches in the simultaneous spectral shapes or normathgathay conceivably yield artificial
structures which may be mis-interpretedygsabsorption troughs.

If the VHE y-ray production in low-frequency peaked VHE blazars ocauitkin the influ-
ence of strong circum-nuclear radiation fielglg,absorption and pair production will lead to the
development of Compton-supported pair cascades. It hasdbemvn in [59] that even very weak
(B<uG) magnetic fields can efficiently deflect those cascadesesttitb observable off-axis cas-
cade emission peaking in tiermi energy range. This may explain the GgVay fluxes observed
by EGRET and~ermi from several radio galaxies. Figure 2b shows an exampleediitto the SED
of Cen A, where an off-axis cascade contribution in fleemi energy range allows for a satisfac-
tory representation of theermi spectrum with reasonable parameters as expected fromignisal
blazars [60].
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