0G2.1.07
What TeV observationstell us about the base of AGN jets

A.M. Hillas
Department of Physics and Astronomy, University of Leeds, Leeds LS2 9JT, UK

Abstract

When X-ray observations of synchrotron spectra of TeV blazars can be used to deduce the electron spectrain
the sources, one gets a good fit to the observed TeV spectra taking these to be inverse Compton scattering of
the synchrotron photons, if the jets have magnetic field strength in the range 0.02-0.1 gauss, and bulk Lorentz
factors 15 or more. The spectrum in the TeV range is predicted to change surprisingly little when the keV
photonsradiated by the same el ectronsin Mrk501 change considerably. Asyet, the author has not been ableto
explain the observationswith a proton-cascade model, but further attempts will be reported at the conference.
The jet must start, pre-shock, with a Lorentz factor much higher than 15, and the start may possibly contain
episodic gections, or at |east a highly-variableflow.

1 How and whereare TeV gammarays produced in AGN jets?

Three processes for forming the observed gammarrays have had advocates:

(i) A localized clump of relativistic electronsisformed (probably by a shock withinthe jet), moving aong
the jet, providing an intense source of synchrotron radiation, and the electrons scatter synchrotron photons to
produce gammarrays (e.g. Jones, O’ Dell and Stein 1974, Marscher 1985, Marscher and Gear 1985, Maraschi,
Ghisellini and Celotti 1992, Ghisdllini et al. 1986).

(ii) A similar situation, but with the density of ambient infra-red photons arising from the environs of the
galactic nucleus much higher than the local density of synchrotron photons emitted by the electrons, so scat-
tering of these ambient photonsisthe dominant source of gamma-rays (Dermer, Schlickeiser and Mastichiadis
1992, Sikora, Begelman and Rees 1994).

(iii) Or, thereis postul ated to be abeam of protonsof > 10'7 eV generated in the nuclear region, and travel -
ing downthejet, and photopi on productionin an intenseambient photon flux near the nucleusresultsin gamma-
rays and electrons up to > 10'¢ eV dueto 7° — ~v and 7+ — pu* — e* processes (Mannheim 1993). The
observed gamma rays then arise from a resulting cascade in the photon-magnetic field environment, and come
largely as synchrotron radiation of very energetic electrons. In thisscenario, the X-ray peak arisesfrom aquite
independent popul ation of electrons, that in scenarios (i) and (ii) are believed to be capabl e themsel ves of gen-
erating the gamma-rays.

A satisfactory description of the spectrum by scattering of ambient photons (model ii) has not been obtained
for the objects Markarian 421 and Markarian 501 (Hillas 1999), because of absorption of the emitted gammas
by vy — ete™ interactions. In AGNSs other than BL L acs the ambient photon flux around the base of the jet
can bevery much higher, and this process can be important for the production of |ess energetic gammas (Sikora
eta.).

The present author hasfoundit difficult to set up theright scenario for aproton-initiated cascade process (iii)
to produce gammarrays which agree with observationson TeV blazarsinthe TeV and GeV ranges. Theresults
appear to be very sensitiveto the magnetic field, B, the shape of the energy spectrum of the ambient photons,
and thelongitudinal profiles, so the results cannot be summarized yet, and an update of the conclusionsreached
about the possibleapplication of the proton-initiated cascade to explain current TeV observationswill be given
at the conference.

Pending this, it appears that the processes (ii) and (iii) will only be important if some factors suppressthe
expected intensity of photonsfrom process (i) in the objects being considered here. In the case of Markarian
421, another factor biasing my initial investigationsagainst model (iii) isthat the GeV flux has appeared torise
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Figure 1. Representation of X-ray spectrareported by Pian et al. from BeppoSAX observations of Markarian
501 in April 1997. Full line: highest state, observed by BeppoSAX on April 16, dashed line: “medium-high”
state (BeppoSAX April 7); dotted line: supposed component also present with less variability.

much less than the TeV flux in flares, whereas in the proton-initiated cascade, these both arise as synchrotron
radiation of very much more energetic electrons, with very short radiation lifetimes, so both should respond
quickly to aburst of particle production; but in the inverse-Compton models, the time scal es associated with
production of GeV radiation are much longer, and the GeV flare is much weaker and slower, according with
the observation. However, the GeV observations have not been very sensitive, and this last consideration is
not yet conclusive. If thereisevidence in favour of the proton-initiated cascade, thisis of interest to neutrino
astronomy, asthismodel leadsto the prediction of fluxesof high-energy neutrinosfrom these jets, whereasthe
other models do not.

1.1 Doesthe SSC model have problems with spectral range? (a) It is sometimes suggested that
the electronic models would not be capable of producing gamma rays of such high energy as can come from
proton-initiated cascades, but with the figures found in this work (Section 2) for the magnetic field in the jet,
this does not yet appear to be a serious limitation. If accelerated electrons are responsible for the gamma rays
(scenariosi and ii), the competition between acceleration and radiative energy loss (synchrotron and inverse
Compton) will limit their maximum energies. However, in arelativistic shock an electron might well double
its energy in one gyro-rotation at the shock, and in this case gains exceed losses until the electrons reach an
energy of about 17B~'/2 x 2" TeV in our reference frame (B in gauss, but measured in thejet frame), which
would permit energies of at least 10'° eV with the values of ' and B derived below.

(b) Another disturbing observation has been that from flare to flare (Mrk 501), or during the course of a
strongflare (Mrk 421), the spectrum of gammaraysin the TeV domain has not generally been seen to change de-
tectabl e, even though considerabl e change has occurred in the keV spectrum, supposed to arise (by synchrotron
radioation rather than by inverse Compton scattering as is the case for the gamma rays) from the same popu-
lation of electrons (of many TeV energy in our reference frame). However, the expected change is shown to
be indeed rather small, because of the (Klein-Nishina) drop in scattering rate of the most energetic electrons
(Section 2).

2 Spectral changesin Markarian 501:

TheBeppo-SA X satelliteteam hasreported aremarkably hard and variable X -ray spectrum from Markarian
501in April 1997, extendingto ~ 100 keV, and shown schematically infigure 1. Because of therapid changes
(both here and even more notably for Markarian 421 — though no Beppo-SAX observations are available for
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Figure 2: Predicted inverse Compton spectrafor Markarian 501 based (a) on extreme high state of synchrotron
spectrum, shown in figure 6, (b) on “medium-high” synchrotron state. Experimental data for (@) highest ob-
served TeV state and (b) other high states excluding extreme, taken from Rodgers, 1997.I' = 10 is assumed.
(NB Theintergal actic absorption is not included herel)

its major flares), it can be assumed that the emission occurs in asmall region, and as afirst approximation one
can assume that the magnetic field strength does not vary greatly over thisregion. By assuming, in turn, vari-
ous va ues for the magnetic field strength, one can cal cul ate the number and spectrum of electrons required in
the source to produce the observed X-rays by synchrotron emission. The present treatment assumed a head-on
view of the approaching jet, in which the emisision occurs, for simplicity —and it is necessary to take (in turn)
particular Lorentz factors I" for the speed of thejet. The narrowing-down of the range of possibilitieswill not
be discussed here: it sufficesto say that for each B and I, a certain photon density is required, and some low
values of I" are rejected because the high photon density causes internal absorption, or €lse— more especially
in the case of short Mrk 421 flares — the light travel time across the el ectron blob makes flares too slow (Hillas
1999). Seeninthejet frame, the magnetic field lines are assumed to be tangled and roughly isotropic.

Then the flux of photons produced by these el ectrons scattering the synchrotron photons can be cal culated
(using full cross-sectionswith al angles correctly treated), and the radius of the el ectron cloud adjusted to nor-
malize theintensity of these photonsto match the Whipple observationsat 1 TeV.

Figure 2 showstheresulting predicted spectrumin the TeV range, correspondingto (fig. 8a) the highest and
(fig. 8b) the“medium-high” keV state, compared with data points given by Rodgers (1997) for (&) the highest
TeV state of Markarian 501 observed by the Whipple telescopein that period, and (b)for a more typical fairly
high state. The predicted changes of spectral shapein the TeV domain are smaller than in the keV range, and
are not very easy to detect. The form of the el ectron-photon scattering cross-section, which grestly depresses
the effectiveness of the most energetic el ectrons, de-emphasi zes these spectral changesin the electrons, when
one looks at the scattered TeV photons. (The shape of the spectrum of the target photons also plays a part.)
The conclusionis that the smallness of the change in the spectrum of the TeV photons, when the synchrotron
photon spectrum changes considerably, is not an argument against both arising from the same population of



electrons.

A magnetic field strength 0.1-0.2 gauss and a jet Lorentz factor I' = 10 (6 = 20 for head-on viewing) isin
accord withthesingle-zone SSC analysisof Kataokaet a. (1998), who made comparisonswith HEGRA dsata,
and who also neglected intergal actic photon absorption. Radio VLBI observations of Mrk 501 by Giovannini
et al. (1998) show apossible superlumina motion of 6.7c, whichwould imply atrue Lorentz factor of theradio
source, I', > 6.8. However, allowingfor interactionswithintergal actic infra-red photons, the transmission fac-
tor from the distance of Markarian 421 would be about 0.83 exp(—E/13TeV), aformulawhich approximates
the transmission predicted by MacMinn and Primack (1996) for a CHDM “model 1 or 2" between 0.5 and 20
TeV (their figure 2). Incorporating this, the best fits of the present calculation to the highest-state data arise
withI' = 10 (B ~ 0.03) or 20 (0.1 gauss), though I" could be higher.

3 Start of thejet:

One striking result of theseinterpretationsis that the jets must start out with aLorentz I much greater than
15, sinceit isthe bulk motion of the plasma after shock that is observed. Thisis surely evidence of an electro-
magnetic origin. Another area of interest isthat in Markarian 421 (which may be seen more nearly head-on),
theemission islargely composed of short flares. Why does the emission vanish so quickly? Mechanisms other
than normal radiative cooling may be required, and these could arise if thin pieces of matter are gjected.

If flares are due to gection of thin pieces of fast plasma which collide with slower material, the collision
would result in shocks at the front and back of a compressed zone, each generating TeV electrons. Both pop-
ulations would emit synchrotron X-rays, but only the back-shock electrons would be well placed to scatter
synchrotron photons (most concentrated in the compressed zone) towards the observer. The back shock and
its TeV eectrons would soon disappear when the gjected blob was fully compressed: thusthere is a possible
scenario in which all of thegammaraysand half of the X rays switch off suddenly. The X-ray time profiles of
Schubnell (1997) for Markarian 421 on May 7 1996 might possibly show such an instance. Other geometries
are possible, however: the “target” photons may be older optical photons lying a little further down the jet.
In scenario (iii) there is no expectation of such a close connection between the onset of X-ray and gamma-ray
flares.
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