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ABSTRACT

We discuss a ‘compact source’ model of very high energy emission from blazars in which
the variability time is determined by the blazar central engine. In this model, electron or
proton acceleration close to the supermassive black hole is followed by the development of
electromagnetic cascade in a radiatively inefficient accretion flow. Assuming such a model for
the TeV blazar PKS 2155304, we show that the variability properties of the TeVay signal
observed during a bright flare from this source, such as the minimal variability time-scale and
the recurrence period of the subflares, constrain the mass and the angular momentum of the
supermassive black hole.

Key words: black hole physics — radiation mechanisms: non-thermal — BL Lacertae objects:
individual: PKS 2155-304 — galaxies: nuclei — gamma-rays: theory.

1 INTRODUCTION of the TeV emitting region is

A ’
Recent observation of fast variability of Te¥ray emission from Ax = rx <A+ 2) Yetvar =~ 6 x 102(1 + )7t (Zt(‘;a(; ) cm,
several TeV blazars (Aharonian et al. 2007; Albert et al. 2007) S

challenges the conventional model in which the Te\ays are (1)

supposed to be produced at large distances from the blazar centrajyhere we assume that the bulk Lorentz fadtor §. This is compa-
engine, the supermassive black hole (BH). Within this conventional raple to the minimal possible scale set up by the gravitational radius
model, they -ray emitting blobs are assumed to travel to the parsec- of the central supermassive BH:

scale distances along the active galactic nuclei (AGN) jet before

emitting in the TeV energy band: it is believed that otherwise the Rg = GMan/c” = 1.5 x 10" (Mgu/10'Mg) cm. &)

y-ray emission would be strongly absorbed in the accretion flow Eyan if one assumes that the TeV emitting plasma blobs are pro-
(see e.g. Ghisellini & Madau 1996). Since the radiative coolingtime 4,,ced close to the BH, which would explain their initially small

of the TeV emitting electrons is typically shorter than the time of gj¢ it is not clear how the blobs propagating downstream the rel-
propagation from the central engine to the TeV emission region, it aiyistic jet can retain this size up to large distances, unless they
is usually assumed that the TeV emitting particles are produced via 4,¢ unreasonably large bulk Lorentz factors. This problem has re-
shock acceleration locally in the emission region, rather than in the cently led to a suggestion (Begelman, Fabian & Rees 2008) that the

AGN central engine. o TeV flares may not be triggered by the BH but rather are results of
At the same time, the observed short variability time-scales enhanced emission intrinsic to the jet.

tiar ~ @ few minutes indicate that the TeV emission comes from o vever, even in that case, to explain the observed rapid vari-
very compact regions having the size in the comoving frames ability, the TeVy-ray emitting blobs have to travel with quite large
8(1+2)"ctvar, Wheres is the bulk Doppler factor arzis the source 1 | orentz factorsT" > 1. Such Lorentz factors are in contra-
redshift. This implies that in the static frame the longitudinal size diction with the radio observations of the motion of hotspots in
the parsec-scale jets. Moderate apparent speeds of the blobs of the
parsec-scale jets, revealed by radio observations, combined with
an estimate of the number of parent objects of TeV blazars, would
give much smaller values of the bulk Lorentz factadrsy 1 (Henri
& Sauge 2006). For example, to explain the fast variability of the
*E-mail: andrii.neronov@obs.unige.ch 2006 July TeV flare of PKS 2155304 (Aharonian et al. 2007) the
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bulk Lorentz factor required by the mechanism of TeV emission (Aharonian et al. 2007). This flare consists of a number of well-
in the parsec-scale jet should be> 50 (Aharonian et al. 2007; pronounced subflares which exhibit quasi-periodic recurrence. We
Begelman et al. 2008). At the same time, the direct observations show that the rise time and the recurrence period of the subflares
of the apparent velocity of hotspots in PKS 21504 jet at the can be directly related to the light-crossing time and the period of
projected distance (1/2) parsecs give the valyg= (0.9+ 0.3 rotation over the last stable orbit arountgy ~ 10° M BH.
(Piner, Pant & Edwards 2008). Assuming that the viewing angle is  The paper is organized as follows. In Section 2, we discuss the
not too smallg 2> 1°, this yieldsI" < 10 at the distance of a few  qualitative features of the model, including particle acceleration
tens of parsecs from the central engine. and propagation through the RIAF environment. The possibility of
Both the problems of the fast variability and the small observed a new interpretation of the observational data within such a model
Lorentz factors at parsec distances could be naturally resolved if theis demonstrated in Section 3, where we find the constraints on the
site of the very high energy (VHE)-ray productionislocated closer = BH mass and angular momentum imposed by the timing analysis of
to the AGN central engine, at significantly subparsec distances. the bright TeV flare of PKS 2155304. We summarize our results
If the VHE emitting region is moving relativistically towards the in Section 4.
observer with a bulk Lorenz factdr, the variability time-scale
limits the distanceR of the y-ray production site from the central

engine (see e.g. Celotti, Fabian & Rees 1998): 2 COMPACT SOURCE MODEL OF THE Tev

BLAZARS

2

Par ) (L) cm. 3) In the compact source model, the VHEray emission region is
200s/ \ 50 assumed to be situated in the vicinity of the AGN central engine,
An immediate difficulty is, however, that at such distances the ac- rather than at parsec-scale distances. This fact implies two main
cretion flow on to the BH can be opaque to theays (see e.g. differences of this model from a generic ‘relativistically moving
Blandford & Levinson 1995). blob’ model of VHE emission from blazars. First, the high-energy

The problem of opacity of the compact source does not arise in particles responsible for the VHE emission can be injected into the
the case of low-luminosity AGN that accrete at significantly sub- y-ray emission region by the AGN central engine, rather than only
Eddington rates (Celotti et al. 1998). In these sources, the accretionby a process (shock acceleration) intrinsic to the blob. Secondly,
flow is described within the framework of the radiatively inefficient  the characteristics of the-ray emission are determined not only
accretion flow (RIAF) models (Rees etal. 1982; Narayan & Yi 1994, py the intrinsic properties of the blob, but also by the effects of
1995; Narayan 2002) in which most of the gravitational energy propagation of the high-energy particles through the matter and
extracted from the accreted matter is converted into internal energy, radiation environment created by the accretion flow. However, as we
rather than into radiation. The possibility of escape of the VHE discuss below, the compact source model to some extent includes the
y-rays from the vicinity of the AGN central engine is bestillustrated blob model: the electromagnetic cascade, which develops as a result
by the nearby low-luminosity radio galaxy M87, which was recently  of the propagation of high-energy particles through the accretion
found to be a source of the variable TgWay emission (Aharonian  flow environment, leads to the formation of a relativistically moving
et al. 2003, 2006; Albert et al. 2008), most probably coming from a plob of secondary cascade particles. In the following sections, we
compact source (Neronov & Aharonian 2007; Rieger & Aharonian consider general features of particle acceleration and propagation
2008b). in the compact source model of TeV blazars.

In the compact source model, the VHEray emission is trig-
gered by high-energy particles accelerated close to the BH via . ) ) o
one of the possible mechanisms (see e.g. Lovelace 1976; Lesch &2-1 Particleacceleration and “direct’ y-ray emission from the
Pohl 1992; Kardashev 1995; Bednarek & Protheroe 1999; Neronov 8CCelération region
et al. 2002; Neronov & Semikoz 2002; Neronov, Tinyakov & A number of mechanisms of particle acceleration in the vicin-
Tkachev 2005; Rieger & Aharonian 2008a; Neronov, Semikoz & ity of the central BH have been proposed in the literature (see
Tkachev 2008). In this case, the spectral and timing characteris-¢ . | ovelace 1976; Lesch & Pohl 1992; Kardashev 1995; Bednarek
tics of the VHE emission are directly linked to the physics of the g Protheroe 1999; Neronov et al. 2002; Neronov & Semikoz 2002;
processes taking place close to the supermassive BH, which natueronov et al. 2005; Rieger & Aharonian 2008a; Neronov et al.
rally explains the variability of the signal on the shortest possible 2008). In this section, we summarize some common features of the
time-scale. acceleration models which are related to the fact that the acceler-

Within the AGN unification scheme, the TeV blazars (high-  ation proceeds in a compact region of the size comparable to the
energy peaked BL Lacs) are assumed to be the beamed versiongy horizon and are independent of the details of the acceleration
of the low-luminosity radio galaxies similar to M87 (Browne 1983; mechanism.
Giroletti et al. 2004, 2006). Since the only difference between the A conventional dimensional estimate of maximal possible ener-
TeV blazars and the low-luminosity radio galaxies is their orienta- gies of particles of chargeaccelerated in a region of the siRe~
tion with respect to the line of sight, the compact source model can R, with the magnetic field is
be applicable also in the case of TeV blazars.

In what follows, we adopt this point of view and develop a g _ KeBRy ~ 101% (L) ( Men ) Vv, (4)
compact source model of high-energy activity of TeV blazars. We 10°G/) \10'Mg
demonstrate that within such compact source model, the characteryyheree < 1isthe efficiency of a particular acceleration mechanism.

istics of the fast variable VHE emission can be used to constrain This maximal energy is, however, not always achieved because of
the parameters of the AGN central engine, in particular, the den-

sity and luminosity of the accretion flow, the BH mass and spin.
We illustrate this possibility on the particular example of the bright 1 This mass estimate is different from the vatu&® M quoted by Aha-
PKS 2155-304 flare detected by the HESS telescope in 2006 July ronian et al. (2007). We will comment on this discrepancy in Section 3.3.

R~ AxT? <15x 101+ 7)1 (
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the strong energy losses experienced by the accelerated particlesThis order-of-magnitude estimate does not take into account a pos-
The ‘minimal’ energy loss channel is the loss on the curvature sible special geometry of the accelerating field. If, for instance,
radiation (Levinson 2000; Aharonian & Neronov 2005; Neronov particles are accelerated in parallel magnetic and electric fields in

et al. 2008), which limits the particle energies to the polar cap regions of BH magnetospheres, the curvature radii of
Eo 3R2c B\ V4 M 1/2 B 4 partlcle traject_orles ca_n be somevv_hat larger tRgrand, respec-_
5 < ( 9 ) ~ 3 x 10% V4 ( . ) ( ) , tively, the maximal attainable energies and the power of the particle
me 2e 10'Me 100G beam can be higher (Neronov et al. 2008).
(5) The high-energy particles and radiation emitted from the accel-

wheremis the particle mass. Here, we normalize the magnetic field eration region are injected into Fhe accretlon flow. The form of the
y-ray signal produced by the interaction of the accelerated par-

to the value 10G typical for the central engine of an AGN witha  *, . o . .
yp 9 ticles with the radiation coming from the accretion flow depends

10’ M BH. Additional energy losses, caused by the interactions of ivel th trv of th tral ine. Th ise det
the accelerated particles with the matter and radiation backgroundsse.nSI {vely on Ihe geometry ol the ceniraléngine. The precise deter-
mination of this signal should involve detailed numerical modelling

h ion fl tion 2.2 bel | O . O
produced by the accretion flow (see Section below), lead to which is beyond the scope of this paper. Below we limit ourselves

further reduction of the maximal attainable energy. If the magnetic 1o the order-of itud timat hich hiahliaht th litati
field in the acceleration region is not ordered, the energies of the 0 he order-o-magnitude estimates which higniig € qualitative
F.eatures of the problem.

accelerated particles are reduced because of the strong synchrotro
energy loss.

Radiative energy Iossgs which accompany particle_acceleration 2.2 Radiatively inefficient accretion flow
[curvature, synchrotron, inverse-Compton (IC)] result in #hey
emission directly from the acceleration region. If the resulting In this section, we summarize the general properties of the radiation
y-rays are not completely absorbed during their propagation Produced by the accretion flow. As it is mentioned in the Introduc-
through the photon background created by the accretion flow, this tion, the TeV blazars belong to the class of low-luminosity radio
‘direct’ y-ray emission can, in principle, provide an observable sig- 9alaxies in which the accretion is conventionally described in the
nature of the compact source model. We will return to this pointin framework of RIAF models (see e.g. Narayan 2002, and references
Section 2.4. therein) relevant for sources in which the accretion fdtes small

Since the maximal energies of particles are determined by the in the Eddington units:
balance of the acceleration and energy-loss rates, all the work done ) Lea Men
by the electric field is dissipated via the available energy-loss chan- M < Mea= 3= 5 = 0.2 (107 M ) Moyr, (8)
nels. For each charged particle, the energy-loss rate is about the ’ ©
acceleration rate Fj/dt ~ exBc, where we assume that the acceler- whereM gy is the Eddington accretion rate.
ating electric field strength is«B. The maximal possible density The low radiative efficiency of the accretion flow is attributed to
of particles in the acceleration region,~ «B/€R, is determined by the low matter density which leads to inefficient cooling of electrons
the condition that a charge redistribution cannot screen the electricand ions in the accretion flow. As a result, a large fraction of the
field. One estimates the total power extracted from the accelerationreleased gravitational energy, instead of being dissipated in the form
region by multiplying the energy-loss rate of each particle on the of radiation, is stored in the internal energy of matter. This energy
maximal possible particle density and the volume of the acceleration either disappears under the horizon or is ejected in an outflow.
region,V ~ R; this yields Large internal energy of matter does not allow formation of a
Pt ~ ngR3(dE /dt) geometrically thin, optically thick accretion disc. Instead, the ac-

tot = 74Ty creting matter forms around the BH a hot optically thin gaseous

Mey \? B \? 1 torus (Rees et al. 1982). In RIAF models, the accretion torus typ-
107 M@) (M) ergs-. (6) ically consists of two-temperature plasma with both electrons and
Comparing this estimate to the apparent luminosity of a bright TeV ions being mildly relativis_tic. The rad'iation of th_e pla.sma is entirely

. L . produced by electrons via three main mechanisms: synchrotron ra-
flare (found under the assumption that the radiation is isotropic), . . o
6 1 . diation, comptonization of the latter and bremsstrahlung.

Liso =~ 10* erg s, one concludes that the energetics of such a flare . ; .
. . . . oo The synchrotron radiation contributes to the far-infrared part of
is compatible with the compact source model if the TeV emission the spectrum. The characteristic svnchrotron emission enerav is
is beamed into the solid angie/4rt < 10°3. The emission from P ' y o
the compact source is expected to be anisotropic, with the direction heB , , s/ B T. \2
of the beam of high-energy particles and/or photons set up by the €synch = —— <Ve> ~5x 100 (m) (1 MeV) )

ec

~5x 10421(2(

direction of the magnetic field. . L . . .
A fraction of the work done by the accelerating electric field is WhereB is the magnetic field in the inner part of the accretion

carried away by the flux of accelerated particles (a relativistic wind). {Orus:me is the electron masgy¢) is the mean-squang-factor of
In the case of electrons, this fraction is usually negligible. In the €l€ctronsTe is the electron temperature and we have used that for

case of protons or heavy nuclei, the power of the relativistic particle Mildly relativistic electrons

wind, Pp, can be estimated as T, 2
, (yZ) ~10 =) - (10)
Py~ angc mMin{ Ecyr, Emax} meC
Loz Men %2/ B \Yerg E E One of the parameters of the RIAF models is the ratiaf the gas
K 10 Mg 100G 5’ cur < Fmax pressurdgss = NMyv3 /3 to the magnetic pressupgagn = B?/4.
Iy 2, g \2 Here nis the gas densityyy, is the proton mass ang, is the thermal
5 x 10022 BH _ 5 ) €™ E..>E velocity of protons which can be estimated as the Keplerian velocity
10 M 106G P e ing di -
(O] s 7 at the corresponding distanag,(R) &~ (Ry/R)/2. With the use of
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parametep, the magnetic field is estimated as

12
B(R) = [ﬁﬁfln(mmpvi(m}

3
2 2
~agpve (Be) [ _n®) 17
R 109¢cm-3
Note that we normalize the matter density in the BH vicinity to the
value 16°cm=3, typical for the case of a 1M BH in the RIAF
models, cf. Narayan & Yi (1995).
If the matter density changes with the distanca@®3} ~ R (in
the RIAF models 12 < y < 3/2, Lu, Li & Gu 2004), the magnetic
field decreases @ ~ R-("*1/2 so that the synchrotron cooling
time

11

_2 _
bnes g 3( B T\
100G 1MeV

increases with the distance Bs., ~ R"*Y. Here,o 1 = 0.665x
10-?*cn? is the Thomson cross-section. The synchrotron cooling
is efficient only close to the BH horizon. Indeed, the synchrotron
cooling time grows withR faster than the dynamical time-scale
given by the free-fall time:

t =2/ Rs/GMBH. (23)
Thus, the bulk of the synchrotron emission is produced in the vicin-
ity of the horizon. Numerical simulations (Narayan 2002) confirm
this qualitative result.

The synchrotron emission in the RIAF models is damped due
to self-absorption. The self-absorption coefficient has the form
(Pacholczyk 1970)

(12)

tsynch =
o1B?ye

whe’m?c®n
asale) = —————I(x), 14
() = T e 1) (14)
where
2m3cPe
_ 15
¥ T BheBT? (19)

and the functio(x) is given explicitly in the Appendix A. Equating
asx to the size of the synchrotron emission region, which we take
to be of the order of the gravitational radius, one finds the photon
energy at which the synchrotron emission becomes optically thin

(16)

As discussed in the Appendix A, the numerical coefficient in this
formula mildly depends on the parameters of the accretion flow. We
omit this dependence in what follows.

Sinceesa > €gynch the maximum of the synchrotron power is
emitted at the energysa. To estimate the synchrotron luminosity
we approximate the spectrum by thermal radiation upsto This

yields
esA - e2(e
/o (2rh)®

whereRsynch is the size of the synchrotron emission region. Substi-
tuting Reyneh = Ry, we obtain
2 3 7
Te .
) (sos) (ziew) eros*
(18)

The part of the synchrotron spectrum abeyg gives small con-
tribution to the total synchrotron power because of the exponential
cut-off in the synchrotron emission function. An immediate conse-
quence of this cut-off is that the bulk of the synchrotron photons
has energies < esp ~ 0.2eV.

€sA = 376synch

, 2T
Lsynen= 47TRsynch o2

17

Mgy
10'Mgp

B

Leynch > 3.2 x 1039<

The synchrotron radiation is upscattered by IC process into the
optical band:

B T. \*
fo~ esa(re) =4 (10“G> <1MZV) ev

To estimate the luminosity of the accretion flow in this range, we
note that the IC volume emissivity at distanRdrom the BH is
(Rybicki & Lightman 2004)
dLic
dv
where(y2(R)) is the mean-square-factor of electrons at this dis-
tance andJsync{R) =~ Leyne/ (47tRC) is the energy density of the
synchrotron radiation. Integrating over the volume, we obtain

(19)

- gaTcn(R) (Y2(R)) Usynci(R). (20)

3 (21)
Depending on the radial profiles of the electron density and tem-
perature, the integral in equation (21) is saturated either close to the
BH horizon [for the radial profiles steeper thaR)(y2(R)) ~ R

or in a region which is much larger than the size of the BH. In the
numerical simulations of RIAF models, one finds the typical size
R of the IC emission region to be of the order of K§@Narayan
2002). As a crude estimate, let us consider the case when the integral
in equation (21) is saturated at the upper limit. Then,

4
Lic ~ *LsynchUT/”e(R)Q/ez(R))dR .

L R
L ~ 0.4 1 9 synch IC
c = 04 16° (1039ergsl 10%cm
2
n(Ric) Te(Ric) 1
18cm3| | 1MeV ergs (22)

Note that in the above estimate, we took into account that the
electron density and temperature at the distdigeare lower than
near the BH.

Finally, we consider the bremsstrahlung radiation. It contributes
primarily into the X-ray/softy-ray band with the total power typ-
ically comparable or lower than that of the synchrotron radiation.
The bremsstrahlung emission power is proportionafiso that the
bremsstrahlung luminosity from a region of the sR& Pprems ~
n(R)?R. If the radial density falls down slower tha(R) ~ R%2 (as
itis the case in typical RIAF models), the bulk of the bremsstrahlung
flux is produced at large distances. Numerical modelling of the ra-
diatively inefficient accretion shows that the bremsstrahlung is pro-
duced mainly at large distances from the BRyems ~ 10 x Ry
(Narayan 2002).

To summarize, the properties of RIAF important for the high-
energy particle propagation are as follows. Matter distribution in
a typical RIAF is characterized by a rather shallow radial density
profile [n(R) ~ R"Y/?]/R%2, so that the central matter density is
rather low. At the same time, due to the large non-dissipated me-
chanical energy of the accreting matter the magnetic field produced
by the RIAF can be strong close to the central BH (equation 11).
The radiation environment created by a RIAF has an ‘onion-like’
structure with the infrared synchrotron emission produced close to
the BH, infrared/optical IC emission produced in a larger region
of the size~100Ry and X-ray/softy-ray bremsstrahlung emission
produced in a region of the sizelC°R;.

To conclude this section, let us make the following comment.
The estimates presented above strongly depend on the values of
the parameters of the accretion flow such as electron temperature,
density and magnetic field. These characteristics vary significantly
in different RIAF models. The estimates presented in this section
should be considered as indicative. A more detailed analysis of the
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ats~ 4, and then decreasessas In s. Because of relatively narrow
distribution ofo,, (s), y-rays interact most efficiently with the opti-
cal/infrared background photons of eneegy: 1(E, /1 TeV)teV.

This interaction leads to absorption of therays. In order for the
VHE emission to escape from the vicinity of the BH, the optical
depth of this process should be less than 1. Let us consider, the
contributions of the various backgrounds produced by RIAF to the
optical depth, case by case.

We start with the synchrotron background. This background is
acceleration cascade development region produced in the vicinity of the BHRsyncn & Ry. Consequently, its
region, R~Ry i interaction with the VHE emission strongly depends on the geom-
etry of the inner part of the accretion disc and acceleration region.
The situation is still more complicated because of the exponential
dependence of the density of the synchrotron background photons
on energy (Pacholczyk 1970):

nsynch(e) = ”syncr(GSA)I(x)/I(xSA) , € >€sp, (24)

where the functiori(x) is given in equation (A2) and is defined
in equation (15). The densitysync{esa) at the maximum of the
synchrotron spectrum can be estimated as

102 108 w4 10 10% 107 Dyem Leynch
nsyncl‘(fSA) =75
Figure 1. Schematic representation of the two possible scenarios for the ATCRGyncrE SAC
y-ray emission from the compact source. Particles (electrons in the upper Lench Revnch -2 esa \ -1
panel, protons in the lower panel) are initially accelerated in a compact ~ 1017( Osync 1) ( SZnC ) ( ) cm S
region of the size of abouRy, shown as a blue-shaded region. Particles 10ergs 10'2cm 0.2eVv
which escape from the acceleration region initiate a cascade in the RIAF, at (25)
the distance® > Ry, shown as a light-blue shaded region. Using equation (24), one finds that because of the sharp cut-off in

the synchrotron spectrum above the energy ~ 0.2eV, y-rays

radiative background can be done using numerical simulations in With energyE, ~ 1 TeV escape through the synchrotron back-
each particular RIAF model. ground,,, (E, = 1 TeV) ~ 1, if Rynch ~ 10 cm andLsynen S
10ergs?. On the other hand, our crude estimates indicate that

) ) . the spectrum of the escapingrays should be sharply cut-off at
23 Pr_opagatlon of the high-energy particlesthrough the the energyE, ~ 5(esa/0.2eV) ! TeV, sincer,, rapidly grows to
accretion flow background t,, > 1 at this energy. One should note, however, that the de-

The compact particle accelerator close to the BH produces emis-tails of the behaviour of the spectrum close to the cut-off strongly
sion with the total powePy;, equation (6). As discussed above, depend on the details of the spatial distribution of the synchrotron
the partition of this energy between tireray component and the ~ emission. Since the threshold of the pair productiea 1 (see equa-
accelerated matter depends on the type of accelerated particles (se#on 23), depends on the angléetween the/-ray and synchrotron
Fig. 1). If the accelerated particles are electrons, the power goesphoton velocities, the anisotropy of the synchrotron emission can
completely intoy-rays, while in the case of the proton acceleration resultin a shift of the cut-off in thg -ray spectrum towards higher
asignificant part oP,, can remain in the high-energy particle beam, energies.

see equation (7). The primapyrays and protons propagate through ~ VHE y-rays produced outside of the synchrotron emission re-
and interact with the matter and radiation background created by gion, or those which escape from it, pass through the IC background
RIAF. Interactions of high-energy particles give rise to electromag- With the photon density:

netic cascades that redistribute the power initially contained in the Lic

highest energy particles to lower energy bands. e = 4 R2ec
Since the rates of interactions of electrons grchys are signifi- ¢
cantly different from those of protons, we consider these two cases

Lic Rc \ %/ e \1 _
~ 1.7 x 101 3
separately. x 10 (1039 erg sl) (1014cm) (1 eV) cm( )
26

The optical depth of this background for the TeMrays can be
estimated as

The highest energy-rays produce pairs ininteractions with the soft  _.ic (E ) = o nicR

. . . yy y ) — OyylICRNIC

photon background inside the compact source. The cross-section

2

2.3.1 Electronsand y-rays

of photon—photon pair-production depends on the center-of-mass ~ 29 ( Lic ) ( Ric )l ( E, )

energy of colliding photons: “\10%ergs?t ) \ 10cm 1Tev)  (27)

s = Ee(1— cosd)/2m2, (23) Thus, the inner part of the accretion flow is transparent for the TeV
-rays if

whereE ande are the energies of the photons anis the colli- yrays|

sion angle. Starting from the thresholdsat 1, the cross-section o Ric Y -1 1

rapidly increases achieving the maximum, ~ 1.3 x 10-25cn? Lic $05 x 10° 10%cm) \1Tev) €795 - (28)
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954  A. Neronov, D. Semikoz and S. Shiryakov

Finally, the background of the bremsstrahlung radiation does not interaction cross-section. Thus, the mean free path of the secondary

affect propagation of the high-energyrays. This is due to two

y-rays is comparable to the mean free path of the primary protons,

reasons: the low density of the corresponding photons and theirand is of the order of the size of the IC radiation region. These

relatively weak interaction with the VHIz-rays because of the’'d
suppression of the photon—photon cross-section.

Thus, in the case when the luminosity of the accretion flow is as
low asLac. < 10°°erg s1, the VHEy -ray emission can originate di-
rectly from the vicinity of the BH. It can be, for example, the direct

y-rays can give rise to electromagnetic cascades redistributing en-
ergy into TeVy-rays. The drawback of this mechanism of TeV
emission is its low efficiency (Neronov & Semikoz 2003) due to
the fact that the Te\f’-rays which are observed at infinity can be
produced only in the surface layer of the IC radiation region, where

synchrotron/curvature emission which accompanies the accelera-the optical depth for the TeV radiation drops to the values of the or-
tion process. This possibility is illustrated schematically in Fig. 1 der of 1. On the other hand, this mechanism should result in strong
(upper panel). Otherwise, if the synchrotron luminosity of RIAF is  multi-GeV emission which can escape through the whole IC radia-
significantly above 1f9ergs? and/or the IC luminosity exceeds tion region without significant absorption. This implies that if this
the limit (equation 28), the VHE-ray emission must be produced mechanism is indeed responsible for the TeV emission in (some of)
outside the corresponding radiation regions. This is possible if the the TeV blazars, it should lead to a strong signal in the multi-GeV
primary accelerated particles are protons. band accessible for the Fermi (GLAST) satelfite.
Apart from the interactions with soft radiation background, pro-
tons can also interact with the matter in the jet. The optical depth

2.3.2 Protons of protons with respect to this process is estimated as

Protons with energies above the threshold

(s +2me) g, qgp0 (v0) "ev
4e leVv

loose energy in the interactions with the infrared photons of en-

ergy € via pion production. Near the threshold, the cross-section

is dominated by the single pion production resonamge~ 6 x

1028 cn?; in this regime, proton gives only 20 per cent of its energy

to the pion. At higher proton energies, the photo-pion production particle multiplicity in pp collisions atE, ~ 10® eV is about

cross-section decreases dowmp ~ 10-**cn¥, while the proton .. 100200 (see e.g. Heiselberg 2001 for a review). Thus, every
energy loss in every interaction increases up to 50 per cent. Thus, ingqjiision of a 148 eV proton with a background proton produces
both the cases, protons lose most of their energy at similar distance...1gg photons withE, = 5 x 10 eV from°, ~100 neutrinos with

For high synchrotron backgrountsyne, ~ 10*2erg s2, protons
with energiesE, > 10 eV cannot escape from the acceleration
region:

synch 8 —
Toy (Ep > 10t EV) = Opy NsynchRsynch

Tpp = 0pplp(R)R (32)

Ey = (29) wheren,(R) is the matter density in the jet at the distafitdaking
theppinteraction cross-section at energigs~ 108 eV to be equal

too ,, >~ 10~ cn?, we obtain

N np(R) R
T = 01 {108 cm} (1016cm) '

(33)

the same energy from* decays and-100 electrons and positrons.

All neutrinos escape from the interaction region, while electrons,
positrons and photons give rise to an electromagnetic cascade. As
we discuss in the next section, this provides a link with the standard
picture of VHE emission by relativistic blobs in the jet. The limi-

~ 10° < Lsync > < Reyne ) tation of this mechanism is that it requires rather large densities of
102ergs?/ \ 10*2cm matter in the jet, see equation (33).
« ( € >*1 To summarize, the qualitative analysis of this section shows that
0.2ev/ (30) production of VHEy-rays can, in principle, be possible within

the compact source model with proton acceleration, see Fig. 1,
lower panel. Still, the details of the mechanism of conversion of the
proton flux power into the power of Tey-ray emission are yet to

be worked out.

On the other hand, protons with enefly < 10'8 eV interact only
with exponential tail of the synchrotron emission and escape from
this region.

During the propagation through the IC emission region at the
distance scaleR ~ 100Ry, protons interact with the IC photon

2.4 Particle cascadein the accretion flow: alink tothe

1 ‘relativistic blob in the jet’ picture

background, so that the optical depth is
‘(pyc = Opyn|cR|c
Lic Re \ '/ e \-t Theyy, py andppinteractions taking place during the propagation
~02 10'ergst 10%cm (E) : qf the high-energy pgrticles through .the RI.AF.environment gi\(e.
) ] rise to electromagnetic cascades, which redistribute the power ini-

The power ofthe absor.bed proton flux is converted into the proQucts tially contained in the highest energy particles to the lower energy
of pion decays: neutrinog;-rays and electrons of the energies pands. This is expected to result in the broad-band (radjo-tay)
~0.1E,. Obviously, the neutrinos freely escape from the production electromagnetic emission from the cascade.

region. _ ) ) To large extent, this emission can be described by the conven-
Naively, from the above discussion of propagatiofraflys, one tional synchrotron — self-Compton and/or synchrotron — external

would expect thag -rays are not able to escape from such adense IC compton models based on the picture of relativistically moving
background. However, thisis incorrect. The pointis that the energies p)gps of plasmain the jet. Indeed, as already mentioned, the primary

of the y-rays produced in the neutral pion decays are much above fio,y of high-energy particles, accelerated by the compact source,
the energy corresponding to the maximum of the pair production

rate on the IC background. For example, for th& HY y-rays, the

(C1Y)

cross-section of the pair production on the IC backgrousdiiss ~
10* times smaller than the peak value, so that it is of the ordpyof

2The official website of the Fermi collaboration is http://fermi.gsfc.
nasa.gov/.
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is expected to be highly anisotropic, with the direction set by the bility on a particular example of the 2006 July large flare of PKS
magnetic field in the acceleration region. The cascades produce a2155-304 (redshifz= 0.116) reported by Aharonian et al. 2007.
stream of relativistic particles with velocities scattered within some
angle¢ around the direction of the primary flow. From the kine-

matical point of view, such a stream is nothing else than a blob of 3.1 Therdlevant time-scales

plasma moving with the bulk Lorentz factor Timing properties of emission produced in the vicinity of BH hori-
zon can be characterized by several fundamental time-scales. First,
I~ } ) (34) the minimal possible variability time-scale is determined by the re-
¢ quirement of causal connection of the emission region and given by

The anglet is determined by the dynamics of the cascade. Animpor- the light-crossing time of the BH horizon,
tant role in this dynamics is played by the value and configuration fe = 2 (R n \/ﬂ) Je
of the magnetic field. At the late stages of the cascade develop- g 9
ment, when the density of the particles in the cascade is large, the { 10 (Mgn/10' Mg) s, a =Ry, (35)
problem should be solved self-consistently taking into account the 7
back-reaction of the plasma in the cascade on the magnetic field. 2x10 (Man/10Mp) s, a =0,
This observation makes the link between the cascade and the blobwhereRy is defined in equation (2); the paramedes related to the
pictures not only kinematical but also dynamical: in the standard angular momentundgy of the BH asa = Jgni/Mgnc? and lies in
approach, the magnetic field is also determined self-consistently by the range < a < R;.
the dynamics of the blob itself. If the y-ray emission is produced close to the BH, variability at
Existence of this link enables us to use in the analysis of TeV the characteristic time-scale of rotation around the BH is expected
y-ray flares within the framework of the compact source models on general grounds, unless the entire system (the accretion flow
many results from the standard approach. In particular, the trans-with an embedded particle acceleration region) is perfectly axially
parency of the blob for the TeV radiation in the 2006 July large flare symmetric. The intensity of the modulation of the signal can depend
of PKS 2155-304 implies the constraint (Begelman et al. 2008) on various parameters, such as the inclination angle of the observer
I' 2 50 and hence; <1°1. with respect to the BH rotation axis, distance of the emission region
On the other hand, there are several important differences be-from the horizon, etc. A perfect axial symmetry, which would wash
tween the cascade and a generic relativistic blob model which po- out the modulation of the signal with the period of rotation around
tentially enable us to distinguish the two models observationally. the BH, can be expected in a stationary, quiet state of the source.
First, in the cascade setup, the relativistic blobs are formed in a On the contrary, a bright flare is, most probably, related to the rapid
compact region close to the BH. In this way, this setup naturally change of the system parameters (e.g. inspiralling of a denser clump
incorporates the observed fast variability and is not in a direct con- of matter into the BH) which should lead to a significant disturbance
flict with the low bulk Lorenz factors observed at the parsec-scale of the axially symmetry.
distances. Indeed, the bulk motion of the secondary particles in the Close to the horizon of a spinning BH, the accreting matter rotates
cascade can decelerate at parsec-scale distances either becausearbund the BH with the period (Bardeen, Press & Teukolsky 1972):
development of intrinsic instabilities or interaction with the inter- F32 4 g RY2
stellar medium. To study this possibility, a dynamical numerical P(r) = 2r g
calculation of the propagation of the high-energy particle cascade
through the accretion flow and the interstellar medium is needed. wherer is the radius of the orbit. Thé (=) sign corresponds to the
Secondly, the cascade transfers power from the higher energy parprograde (retrograde) orbit. It is known that stable circular orbits
ticles to the lower energy ones: in this sense, it is a ‘top-down’ sce- exist only down to certain distancgs from the BH. The period of
nario of formation of the spectrum of emitting electrons. It would rotation along the last prograde stable orbit at the distapgis
be interesting to understand if the latter property can explain the ex-

(36)

cRé/2 ’

istence of the low-energy cut-offs in the spectra of electrons in the 4mRg/c ~ 630( 1374:; )s, a = Ry
synchrotron — IC scenarios (Krawczynski 2007). Finally, as already P(rme) = ©

mentioned, in the compact source model, the emission from the 12\@71Rg/c ~ 4600( Mgy )s a=0.

blob may be superimposed on to theay component originating 10Mg /)~ (37)

directly in the acceleration region near the BH. ) ) ) )
The disturbance of the axial symmetry of the accretion flow is

expected to result in the modulation of physical conditions in the
AGN central engine with a period given by equation (37). Since
the properties of thg-ray emission from the central engine (from
the base of the jet) are determined by the physical conditions in the
Within the compact source model, the spectral and variability prop- central engine, the modulation of these conditions should result in
erties of the VHE signal can be interpreted in a qualitatively dif- the modulation of the/-ray signal with the same period.

ferent way (as compared to the model of VHE emission from the
parsec-scale distances). They can be used to ‘probe’ the physica
environment in the central engine: the matter density, the radiative
efficiency of the accretion flow and the magnetic field (cf. Rieger The VHEy-ray light curve of the flare of PKS 215504, reported

& Aharonian 2008b). Moreover, in this case the VHE observations in Aharonian et al. 2007, consists of several pronounced subflares
provide a completely new tool for the study of the BH physics. (seeFig.2). Atleastthree characteristic time-scales can be foundina
Namely, they -ray timing data can be used to derive constraints on straightforward way from the analysis of the light curve: the rise and
the parameters of the BH itself. Below we explore such a possi- decay times of the individual subflarége, teecay and the period of

3 TIMING OF THE SUPERMASSIVE BLACK
HOLE IN PKS 2155-304 WITH TeV y-RAYS

l3.2 Fitting the light curve of PK'S 2155—304

© 2008 The Authors. Journal compilati@2008 RAS, MNRAS391, 949-958
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Figure2. The light curve of PKS 2155304 fitted with a sequence of sub-
flares with identical profiles, but with different normalizations (see Table 1).

recurrence of the subflarés,In order to estimate the average values
of these parameters, we have fitted the VHE light curve assuming
that the time profiles of the individual subflares are characterized
by the same rise and decay times, and differ only in the arrival
times and the amplitudésThe approximation of identicats,
taecayappears naturally in the context of the compact source models

where these parameters are determined by the intrinsic time-scales

of the central engine, such as, for example, the light-crossing time

of the BH and the cascade development time. On the other hand,

it is clearly a strong idealization: the complicated dynamics of the

Table 1. List of parameters of the subflares.

k tmaxk (Min) Ny (10 9cm=2s71)
1 40.9+ 0.3 2.8+ 0.3

2 46.2+ 0.8 0.78+ 0.24

3 59.1+ 0.2 3.0+ 0.17

4 69.84+ 0.3 2.9+ 0.2

5 79.0+£ 0.4 1.8+ 0.2

6 89.9+ 0.3 2.5+0.2

9 120.7+ 1.0 0.30+0.11

130

fit —
120 | data ——

110
100 r
90 r
80 r

tax [Min]

70 |
60
50

40

30

10
k

Figure 3. The arrival times of the subflares of the PKS 21384 light

particle acceleration and the cascade development is expected Qe a5 4 function of the subflare number. The data are fitted by the straight
introduce a scatter in the characteristics of the individual subflares. |je tmaxk = to + KT.

Still, we stick to this approximation as a natural first step.
The individual subflares are modelled with the profile
Nk exp[(t - tmaxk)/lriseL

I =
k(t) { Nk EXP[—(f - [maxk)/[decaﬁ,

where the time,x corresponds to the maximum intensity axd

is the amplitude of th&th subflare. Note that we defitge(tgecay

as the time in which the signal increases (decreases) by a faetor of
We fit the light curve with the sum of several subflares (equation 38)
and a constant signal. The result of the fit of the overall light curve
with such a model is shown in Fig. 2. The rise and decay times
inferred from the fit are

fise = (254 0.2) x 1%,

1 < Imaxk (38)

I > Tmaxks

(39)

tdecay= (4.9 £ 0.5) x 10%s. (40)

The arrival timegma and normalization®\, of the subflares are
summarized in the Table 1.

Initially, we fitted the light curves with a set of five subflares
which correspond to the five pronounced peaks clearly visible in
the data. The quality of this fit was rather low? = 106 for 70
degrees of freedom (d.o.f.)]. We have found that the addition of one
more subflare (subflare number 2 in Table 1) significantly improves
the quality of the fit f> = 86.3/68 d.o.f.; theF-test gives a chance
probability of the fit improvement at the level of 0.1 per cent).
Finally, we have found that the fit can further be improved by the
addition of one more subflare near the end of the overall light

3 This model is different from the model considered by Aharonian et al.
(2007) where the rise and decay times were allowed to vary among individual
subflares.

© 20

curve, the last subflare in the Table 1. The quality of the fit with
seven subflares ig? = 75.8/66 d.o.f. According to th&-test, the
probability that the latter fit improvement is achieved by chance is
1.4 per cent.

The arrival times of the six bright subflares follow an approximate
linear law

Imaxk = Io + kT7 (41)

see Fig. 3. This is reminiscent of quasi-periodic oscillations ob-
served in the X-ray band in the X-ray binaries (van der Klis 2000)
and the infrared band in the Galactic Centre (Genzel et al. 2003).
The last weak subflare also falls on the linear dependence (equa-
tion 41) if assigned the numbdér= 9. However, we do not use
this subflare in the following analysis because its presence is not
strongly required by the light-curve fit.

Fitting the set of arrival times$,ax Of the six bright subflares
(numbered by 1-6 in the Table 1) with the linear law (equation 41),
one finds the recurrence period of the subflares:

T = (5934 0.15) x 1¢s. (42)

This recurrence period coincides with the characteristic variability
scale~600 s mentioned by Aharonian et al. (2007).

We have tested if the apparent quasi-periodicity of the signal can
appear in the data by chance. To do this, we have fixed the arrival
times of the first and last of the bright subflares (subflares 1 and 6
in the Table 1). Then, we have allowed the arrival times of the four
intermediate subflares to be distributed randomly betwggn and
tmaxs- The arrival timeSmax, K= 1,..., 6 are assigned the errors
from Table 1. We have calculated the probability that fitting the
arrival times of the six first subflares by the function (equation 41)
would result in ax? < x2, wherex3 = 41 is they? of the fit of

08 The Authors. Journal compilati@an2008 RAS, MNRAS391, 949-958
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Figure 4. The parameters of the supermassive BH in PKS 215! in-
ferred from the VHEy -ray light curve. The shaded region shows the range
of Mgy, a excluded by the requirement (equation 43). Thick blue curve
shows the relation betwedfgy anda obtained by identifying the period of

the subflare recurrence with the rotation period over the last stable orbit. The

horizontal line shows the lower bound on the BH mass implied by the X-ray
variability analysis of (Zhang et al. 2005). Far- 0, this bound should be
taken with caution as its dependenceadmas not been explored.

the real datd.This probability turns out to be 1.8 10~3. We also
tried another error assignment. Namely, all the arrival times were
assigned the err@t = 1.5 min, which corresponds to the intrinsic

scatter of the arrival times of the real subflares around the linear law 7 = (1 + z) P(rie).

(equation 41). In this case, the best linear fit correspongg te

5.43 for 4 d.o.f. The chance probability to obtaif < 5.43 in the
simulated data sets with random arrival times of the intermediate
subflares turns out to bex6 102 in this case. We have checked that

our conclusions do not depend on the particular choice (equation 38)

of the subflare profile by considering other possible choicégDf

3.3 Constraintson the black hole parameters

The rise and decay times (equation 39), (equation 40) as well as

957

already noted in Aharonian et al. 2007, this estimate is in conflict
with the constrainMgy < 2 x 107M@ derived from they-ray
variability properties. We point out, however, that there are several
uncertainties in the estimate based onkhg—Lyuge relation. It is
obtained by extrapolating the empirical relation observed in a local
sample of normal galaxies to the case of TeV blazars. The reliability
of this extrapolation was never investigated. Besides, the relation
itself has a large intrinsic scatter (order-of-magnitude deviations are
present). Finally, there is no consensus in the literature about the
luminosity of the host galaxy in PKS 215804 (see Aharonian

et al. 2007, and references therein).

The second estimate (Zhang et al. 2005) is based on the study of
X-ray variability properties of PKS 2155304: it uses the method
of Nikolajuk, Papadakis & Czerny 2004 to relate the mass of BH
to the excess variability2,, at a certain frequency scale. This
method yields the boundgy > 8.1 x 10° M@ shown by a dashed
horizontal line in Fig. 4. The latter estimate is compatible with
the constraint derived from the TeV variability of the source. One
should note, however, that the estimate of the BH mass based on
the X-ray variability properties suffers from the same uncertainty
as the estimate based on they—Lpuge relation: it is originally
derived for a sample of nearby non-blazar AGN. Its applicability to
the sample of the TeV blazars was never tested.

The tight constraint on the BH mass, derived from the TeV vari-
ability time-scale, provides a possibility of strong observational test
of the compact source model. Indeed, a precise determination of the
BH mass by another method would be able to falsify or confirm the
compact source model.

The indication of the quasi-periodicity of the subflare arrival
times suggests to associate the pefiaaf the subflare recurrence
with the (minimal possible) period of rotation around the BH:

(44)

This gives a relation betweemand Mgy shown by the thick blue
curve in Fig. 4. If combined with the constraint on the BH mass
derived from the X-ray variability analysis (Zhang et al. 2005), this
relation implies that the BH is rotating almost at the maximal rate,
a~ Ry. However, we remind that the X-ray constraint on the BH
mass should be taken with caution. In particular, to the best of our
knowledge, the dependence of this phenomenological constraint on
the BH spina has not been explored.

the recurrence time (equation 42) are determined by the physics of4 CONCLUSIONS
the y-ray emission. Within the compact source scenario described |, this paper, we have proposed that the recently observed fast

in Section 2, the minimal possible rise time is given by the light-
crossing time of the BH, equation (35). Requiring

tise = (L + 2)tc (43)

one finds arange of parametdtsy, aexcluded by the observations.
This range corresponds to the dark shaded region in Fig. 4.
This should be compared with the constraints obtained by the

variability of the VHE emission from blazars can be naturally ac-
commodated within the framework of ‘compact source’ model. In
this model, particles responsible for the observed VHE emission
are accelerated close to the central supermassive BH, rather than
at large distances downstream the AGN jet. We have analysed the
problem of escape of the VHE-rays from the vicinity of the
central engine and demonstrated that the region around the central

other methods. In the literature, there are two estimates of the massengine is transparent for Tex:rays if the accretion flow in the TeV

of the central BH in PKS 2155304.
The first one (Aharonian et al. 2007) is obtained from the relation

between the masses of central BHs and luminosities of host galaxy

bulges (Bettoni et al. 2003); it givédgy ~ 10° M. As it was

4Note that)((zJ is large. This means that the oversimplified model of strictly
identical subflares with strictly periodic arrival times is actually excluded by

blazars is radiatively inefficient. If the luminosity of the accretion
flow is as low ad 5. < 10°%ergs?, the TeVy-ray emission can
come directly from the immediate neighbourhood of the central
BH. Alternatively, for brighter accretion flows, the Te)Mrays may
be produced at some distance from the BH in a proton-initiated
electromagnetic cascade developing in the accretion flow.

The possibility that the properties of the VHEray emission are

the data. This is not surprising: as already mentioned, on physical groundsdirectly linked to the properties of the central engine of the AGN, if

one expects deviations from this idealization.

© 2008 The Authors. Journal compilati@2008 RAS, MNRAS391, 949-958
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