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Imaging Atmospheric Cherenkov Telescopes and peosidvealth of detailed data on extreme
non-thermal processes in AGN jets.
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1. Introduction

Current ground-based Imaging Atmospheric CherenKkelescopes (Fig. 1) have now
detected more than 50 Active Galactic Nuclei (AGNVery High Energy (VHE) in the TeV
range. The fast variability observed in severakses implies from causality argument that the
VHE emitting zones are often compact and likelyated in the regions probed by VLBI in the
radio range. Understanding the connection betweleBl \and VHE properties of TeV AGN
would be a significant step towards the developnant global scenario of non-thermal
processes in AGN.

Figure 1. The three main current ground-based Imaging Atmesp Cherenkov Telescopes, VERITAS
(Very Energetic Radiation Imaging Telescope Arrgyst&m, Arizona), MAGIC (Major Atmospheric
Gamma Imaging Cherenkov Telescope, Canary islandLafPalma) and HESS (High Energy
Stereoscopic System, Namibia), with the new HES8lélscope (28 m).

2. Active Galactic Nuclel seen at Very High Energy

The current sample of AGN firmly detected in thexga from 100 GeV to 30 TeV
(Fig. 2) includes 47 blazars, 4 radiogalaxies (M8én A, NGC 1275 and IC130), and one
AGN of unknown type (VER J0521+211), with redshifom 0.00183 (Cen A) to 0.536
(3C 279). The detection at%f KUV 00311-1938 by HESS might provide a new recm
redshift if its value of z = 0.61 is confirmed [, Only point-like sources have been detected
up to now. Among the 47 TeV blazars, there are BL KHigh frequency peak BL Lacs),
4 |BL (Intermediate frequency peak BL Lacs), nam&G66A, W Comae, PKS 1424+240 and
1ES1440+122, 4 LBL (Low frequency peak BL Lacs)meldy BL Lac itself, AP Lib,
1ES1215+303 and S5 0716+714, 3 FSRQ (Flat SpecRadio Quasars), namely 3C 279,
PKS 1510-089 and 4C +21.35, and 2 still unclasbiie Lacs.

Typically 90% of the AGN discovered at VHE are pmesbly beamed sources with
relativistic jets pointing to the observer. The TeaMmple is highly biased towards sources with
strong Doppler boosting where the apparent VHE fnenhanced by a factor 8. High
Doppler factorsé also help to accommodate fast variability and woic strong intrinsic
absorption.
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Figure 2. Distribution of the current sample of AGN detecetdvery high energies shown in galactic
coordinates (from TeVCat catalog, October 2012 [$pe
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Figure 3. Integrated flux versus time during the very acttate of PKS 2155-304 in July 2006, showing
two big flares and variability on all time scalesrh a few minutes to several days (see [4] for more
details).
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Figure 4. Examples of fast variability detected in Mrk 501davi87 [5, 6].

VHE blazars are mostly highly variable sources, hwitariability detected on all
timescales, from minutes to years, despite a ysuather poor time coverage (Figs. 3, 4
and 11). Fast variability on typical timescalgimplies in several cases a very small size R for
the VHE emitting zones. From causality arguments &t 6 / (1+z), which becomes critical
compared to the Schwarzschild radius of centralkoleles, even for high, in several sources
such as PKS 2155-304, Mrk 501 and M87. The cuntE sample is likely biased towards
AGN active states because of the limit in sensitiaf the instruments, and also because of a
frequent strategy of observations of targets ofoopmity after multi-wavelength (MWL) alerts
for flares. However, stationary and quiescent sthteve been probably detected for some of the
brightest sources as PKS 2155-304 (Fig. 5). AGNIange band emitters and MWL data are
mandatory to constrain their spectral energy distion (SED), light curves and models. SED
from radio to the very high energy gamma-rays @ihycshows two main bumps at low and
high energies, observed in both low and high si@diigs. 5 and 6).
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2.1 VHE emission scenarios

Two families of scenarios have been developed piagx the VHE emission. They both
require efficient mechanisms of particle acceleratat work in AGN. In leptonic scenarios, a
population of relativistic electrons/positrons immagnetized plasma produces the low-energy
bump through its synchrotron emission, and the -eigérgy bump by Inverse-Compton effect
on its own synchrotron radiation (Synchrotron-S&ffmpton model, SSC) or on external
radiation fields in the AGN environment (Externad#@pton model, EC). In hadronic
scenarios, a population of very energetic hadrom®racting with matter or photons
generates secondary particles, especiallyvhich in turn decay into VHE gamma-rays and
produce the high-energy bump.

Up to now, “basic” leptonic SSC models with a sengimission zone appear quite
successful. They can reproduce most of the obse3®&l and stationary states of TeV blazars
for datasets of average quality, with a number lideovational constraints comparable to the
number of free parameters of the models (Fig. Bhefdependent multi-zone SSC models can
explain the HBL stationary states and even seffi¢fases”, from the radio to the VHE range
(Fig. 6). For very detailed datasets, or for radlagies or non-HBL blazars (namely LBL, IBL
and FSRQ), additional effects such as jet openimglea shattered jet, jets-in-jet, or external
Compton components need to be taken into accourit the SED. Conversely, hadronic
models can often reproduce the stationary statee Wme-dependent hadronic models appear
to be more problematic and have difficulties tolakpfast variability.
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Figure 5. The quiescent state of PKS 2155-304. The SEDe&turce obtained at two different epochs
in a stationary state can be well reproduced biclbegtonic SSC models (thin lines). Hadronic scasa
(thick line on the left panel) can also reproduaestrof the TeV AGN stationary states (from [7] 481.
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Figure 6. Time-dependent SSC model for the second flarek& P155-304 in 2006 shown in Fig. 3. The
model reproduces well the spectral energy distidougleft panel) and the light curves in the X-rayd
gamma-ray bands (right panel) [9].
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2.2 Open questions

The limits of the current emission scenarios becamee apparent with the improvement
of the quality of the MWL and VHE data. Availableodels can be seen as useful “elementary
bricks” to describe the non-thermal emission, lvatreot yet part of a coherent global picture of
the AGN population. In particular, we fail to know:

- the location, geometry and dynamics of the VHE #ngjtzone(s), which might be
related to the black hole magnetosphere, the bhsd Bl jets, the inner or outer
beams and jets;
the origin and place of the particle acceleratiommely Fermi processes in
shocks and turbulence, magnetic reconnection, tdiedectric forces, centrifugal
forces;
the origin of high Doppler factors deduced from VHiata, despite subluminal
speeds often seen by VLBI in TeV blazars (the diea¢dDoppler factor crisis”);
the origin of power (accretion or rotating blackd®) and variability (accretion disk
or jet physics, geometry, inhomogeneities, inteienity, instabilities?).

For all these aspects, a better understandingeoA@N non-thermal processes as a whole and
of the connection between VLBI and VHE data woutdnitandatory.

3. Sudying the elusive radio-VHE connection in AGN: an interesting synergy
between VL BI and VHE instruments

One would expect at first glance to find correlaidoetween the non-thermal emission
and properties observed in the radio and VHE rasges they have a common origin in the
accretion-ejection process around the central endimt amazingly it is not so. The best
illustrations of such an elusive radio-VHE connectare provided by the small sample of
VHE radiogalaxies discovered up to now, and bydbmplexity of the MWL variability of
the TeV extragalactic sources.

3.1 The VHE radiogalaxies

3.1.1 Which characteristicsin radio?

Indeed the four VHE radiogalaxies identified toedappear all quite different in the radio
range. The only similarities between the two closadiogalaxies M87, at the center of the
Virgo cluster, and Cen A, a recent merger in a groti galaxies, seem to be their original
classification as Wide Double Sources with a doublgye-scale radio structure, and the
significant misalignment angle observed betweeir theer and extended jets. At inner scales,
M87 shows a complex pattern of superluminal moiroits one-sided jet, while Cen A shows a
counterjet. The two other VHE radiogalaxies aréhe Perseus cluster. NGC1275, the dominant
galaxy at the center of the cluster, is a core-tateid compact radiosource classified as a
compact symmetric object (CSO), which is likely aupg or embedded radiogalaxy.
Subluminal expansion of its radio lobes has bedactied with VLBI. Conversely, IC310 has
been first classified in radio as a narrow angledaa head-tail galaxy, with a weak nuclear
radio flux. Recent VLBI data re-examined that viamd concluded to a blazar-like one-sided
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core-jet structure at intermediate angle to the bhsight [10]. The main VLBI characteristics
of the four VHE radiogalaxies are therefore quigtehogeneous. However, it is worth noting
that the detection of various possible signaturesransient BL Lac-type events has been
reported in the literature for the four of them.dar current AGN unification scheme, this
suggests interpreting VHE radiogalaxies as BL Ligjeds with intermediate viewing angle and
moderate Doppler boosting, and identifying thenthi transition population between genuine
beamed BL Lac objects and unbeamed FR | radiogedamihich could solve the long-standing
question of “missing BL Lacs” in unification sceita. High-quality VLBI and VHE datasets

are urgently needed to investigate that optiorejptlal

3.1.2 The MWL variability of M87

The case of M87 is the best case investigated etnmbment, with regular VLBI
monitoring and several MWL campaigns from radio MbIE. However, the results have
remained mostly puzzling up to now, still pendingglabal understanding of the compact
source and parsec-scale jet. The poor astrometryHE data is not accurate enough to
directly identify the location of the VHE emittingpne, but detection of VHE variability on
daily timescales (Fig. 4) limits the possibilitiesthree distinct zones, namely the peculiar knot
HST-1 at ~65 pc from the nucleus, the inner VLB) gind the central core with the black hole
magnetosphere. Accordingly, three significantly fatint families of models have been
developed corresponding to these possible zones, Tdne would expect to recognize the true
VHE zone from coordinated MWL monitoring, espegidthanks to the angular resolution of
VLBI techniques.
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Figure 7. Monitoring of the core of M87 by the VLBA at 43 GHHere 0.5 mas ~ 0.04 pc ~ 14Q R
(from [13]).

However, the complex MWL behavior of the source pigvented any firm conclusion so
far. A correlation between a VHE flare and an X-oagburst of HST-1 has been found during a
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MWL campaign in 2005. Conversely, light curves & H1 obtained by the Chandra satellite
in 2008 do not follow the TeV ones, and it is thlea radio and X-ray emission from the M87
core which is correlated to the VHE flux [11, 12Jn ambitious programme of monitoring of
the core of M87 by the VLBA at 43 GHz every fiveyddas detected a significant rise in the
VLBI core at the time of VHE activity and enhancenhission along the inner jet in 2008
(Fig. 7). However, no enhancement of the radio fillxthe inner region was found during
significant VHE activity in 2010. On the other harddetailed monitoring of the kinematics of
HST-1, with 26 VLBI epochs in 2006-2011 obtainedhahe VLBA and the EVN, concludes
that VLBI structural changes of HST-1 could be tedato VHE events [14]. Therefore, it has
been impossible to characterize any unique comm@i_Mnd VLBI signature of VHE flares
for the time being. This suggests the existencdiftérent types of VHE events, and possibly
different VHE emitting zones. However, it mostly @masizes the present lack of a global
unifying view of the various mechanisms at work.

3.2 The case of nearby VHE blazars

MWL monitoring of VHE blazars remains so far venjfidult to interpret. Correlations
appear for some events and for some spectral bantsot for others. Even inside the same
source, the MWL correlations with VHE can be diffet for different epochs. Moreover, the
existence of orphan VHE flares seems confirmedehe illustrate this intricate situation with
the examples of two well-known HBL sources.

3.2.1 Thenorthern BL Lac object Mrk 421

Wishing to start studying the VLBI-VHE connection the few TeV BL Lac sources
known at the time, we obtained three VLBI epochsMyk 421 in March-April 1998 to
analyze the possibility of short timescale evolutibhe VLBI data showed strong evidence of
complex variability in total and polarized fluxektbe radio core, at a time of increasing TeV
activity, with one VHE flare, which suggested aretation between TeV activity and VLBI
core variability (Fig. 8). Moreover, the observedBl core flux appeared to be compatible with
the self absorbed radio counterpart of the SSCstonist VHE [15].

These initial results motivated the launch in 2004 long-term radio monitoring program
in Torun and Nancay, coordinated with a prograweay high energies using CAT. We found a
well-defined radio outburst associated with a VH&Ed detected by HEGRA, with an X-ray
counterpart visible in the X-ray data archive of X As shown in Fig. 9, that MWL active
event was well fitted by simple SSC modeling [16¢ aup to our knowledge, provided the first
evidence for a firm radio-VHE connection in thehligcurves of a HBL object, the radio
outburst being easily interpreted as the low-freqyecounterpart of the SSC VHE flare.

However, more recent MWL and VLBA campaigns on MiKL in 2006-2008 detected
bright VHE flares, with variability detected in ather bands except in radio! No correlation
between the TeV and radio fluxes was found. Needts, small structural changes are
apparent in the MOJAVE 15 GHz VLBI images [17, 18].new VLBA monitoring campaign
has now started to clarify such issues and studiepth the geometry and kinematics of the jet
and the VHE zone, the Doppler factor, the varigbéind the non-thermal emission processes
(Fig.10) [19].
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Figure 8. Complex evolution of total and polarized spectfale VLBI core and jet components in
Mrk 421, studied at three epochs in 1998 (left hanegether with a monitoring by CAT at VHE (right
panel). See [15] for further comments.
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3.2.2 The southern BL Lac object PKS 2155-304

As shown in Fig.11, the source PKS 2155-304 oféesdriking example of a long term
increase of its radio flux over months, startingtla time of a spectacular activity in the
VHE range, with two intense and highly variabledkain 2006 (Fig. 3).

Figure 11. Long-term light curves of PKS 2155-304 in the VHiptical and radio ranges. Radio data
were gathered from Nancay, HartRAO and ATCA. Ar@xiely active state is seen at VHE just at the
beginning of a long-term increase of the radio dlspbearing some clues for a radio-VHE connec®n |
Although the flares observed in X-rays and gamnya-rare well reproduced by SSC

models as illustrated in Fig. 6, the outburst ols@iin the radio range is too long and too high
to be simply interpreted as the radio counterpitti®high energy flares. Only the development
of successful global scenarios locating the VLBiegdhe jet components and the VHE zone
respectively one to each other, will provide coring explanations for such MWL behavior.

4. Next generation of ground-based astronomy: the Cherenkov Telescope Array
(CTA) project

Exploring the non-thermal universe will benefit froa significant synergy between
present and future radio and VHE instruments, etttfo extreme parts of the electromagnetic
spectrum, with the large scale infrastructures stfophysics and astroparticle physics as
LOFAR and SKA and its precursors on one side, ahd,GHHAWC and LHAASO on the other
side. The elusive connection between the radio \AH& properties of TeV active galactic
nuclei clearly exists but is not easy to catch iaterpret. It will require gathering VHE data in
coordination with radio data on all time scalestdtal and polarized fluxes, and with VLBI
angular resolution. This might require long-termmbaring over a few years and raise the
question how to optimize the observational stragagy limit the observing time.

The CTA project aims to improve by a factor 10 skasitivity at TeV energies, while also
significantly improving the effective energy covgea the field of view and the angular
resolution. Full sky coverage is foreseen with taways in the southern and northern
hemispheres. One possible configuration for tharéusouthern array consists in a low-energy
section with 4 x 23 m parabolic telescopes (LSTvaba few 10 GeV, a core-energy array with
23 x 12 m Davies-Cotton telescopes (MST) in thegeah00 GeV-10 TeV, and a high-energy
section with 32 x 5-6 m Davies-Cotton or SchwarddeBouder telescopes at multi-TeV
energies (Fig. 12). Various geometries areeculy studied in order to optimize the array
performances (Figs. 12 and 13).



Radio and VHE connection in AGN Héléne Sol

° 0Q0Q0 ©
£ a 3 [ » |F °0 oEfPo oo
I ! o

80 0 Qo

Figure12. The CTA projectLeft: CTA will consist in several tens of telescopesvafious types, with
large (LST), medium (MST) and small (SST) sizegetpesRight: Various options are under studies for
the array, a densely packed array of LST and M&Tided on low energies (left panel), a wide spread
array of MST focused on mid and high energies (ieigidnel), and a mixed array of SST, MST and LST
providing a more balanced sensitivity over a laggergy range (right panel) [20].
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Figure 13. Differential sensitivity of a typical mixed arrdgr CTA from a few 10 GeV to more than
100 TeV, for an observing time of 50 hours and cteia limit at 5. Sensitivity curves are also shown
for the sub-arrays of LST, MST and SST (from [20]).

The performances expected from CTA should allow itmetrument reaching several
hundreds of TeV active galactic nuclei of variogses, and monitoring AGN samples on short
and long time scales. It should be also possibldetect the quiescent VHE states in several
sources. VHE intermittent flares could be triggerad various places, from black hole
magnetospheres to relativistic beams and jetsoras s they benefit from Doppler boosting,
which could explain the variety of time scalesesiand correlations observed. VLBI data will
examine how important the relativistic beaming IHE/ AGN is and whether it is decisive or
not for successful VHE detection. Regular VLBI miggpcoordinated with CTA campaigns
should clarify the nature of the correlation betweke two spectral ranges and significantly
constrain the global picture of the AGN central ecat the sub-parsec scale, linking the
mechanism of jet formation, the ejection of VLBIdtg, the growth of shocks and turbulence,
together with the localization, geometry, dynangod evolution of the VHE emitting zones.

5. Conclusion

VHE observations allow exploring a new specificefaof the AGNs, related to extreme
processes and high variability, not yet self-caesidy understood in its global environment.
Coordinated VLBI data could be decisive especidlly fix the location, geometry and
dynamics of the regions emitting the VHE quiescemission and flares, and together with
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MWL monitoring, to cover the missing link betweetceetion, black hole magnetosphere and
ejection, possibly detecting emission from outfldwsn the disk and magnetosphere and from
relativistic beams streaming along inner jets.
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