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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 2155−304, we show that the variability properties of the TeVγ -ray 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:
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1 IN T RO D U C T I O N

Recent observation of fast variability of TeVγ -ray emission from
several TeV blazars (Aharonian et al. 2007; Albert et al. 2007)
challenges the conventional model in which the TeVγ -rays are
supposed to be produced at large distances from the blazar central
engine, the supermassive black hole (BH). Within this conventional
model, theγ -ray emitting blobs are assumed to travel to the parsec-
scale distances along the active galactic nuclei (AGN) jet before
emitting in the TeV energy band; it is believed that otherwise the
γ -ray emission would be strongly absorbed in the accretion flow
(see e.g. Ghisellini & Madau 1996). Since the radiative cooling time
of the TeV emitting electrons is typically shorter than the time of
propagation from the central engine to the TeV emission region, it
is usually assumed that the TeV emitting particles are produced via
shock acceleration locally in the emission region, rather than in the
AGN central engine.

At the same time, the observed short variability time-scales
tvar ∼ a few minutes indicate that the TeV emission comes from
very compact regions having the size in the comoving frame�x′ �
δ(1+ z)−1ctvar, whereδ is the bulk Doppler factor andz is the source
redshift. This implies that in the static frame the longitudinal size

�E-mail: andrii.neronov@obs.unige.ch

of the TeV emitting region is

�x = �x ′

�
�(1+ z)−1ctvar � 6× 1012(1+ z)−1

(
tvar

200 s

)
cm ,

(1)

where we assume that the bulk Lorentz factor� ∼ δ. This is compa-
rable to the minimal possible scale set up by the gravitational radius
of the central supermassive BH:

Rg = GMBH/c
2 � 1.5× 1012

(
MBH/107 M�

)
cm . (2)

Even if one assumes that the TeV emitting plasma blobs are pro-
duced close to the BH, which would explain their initially small
size, it is not clear how the blobs propagating downstream the rel-
ativistic jet can retain this size up to large distances, unless they
have unreasonably large bulk Lorentz factors. This problem has re-
cently led to a suggestion (Begelman, Fabian & Rees 2008) that the
TeV flares may not be triggered by the BH but rather are results of
enhanced emission intrinsic to the jet.

However, even in that case, to explain the observed rapid vari-
ability, the TeVγ -ray emitting blobs have to travel with quite large
bulk Lorentz factors,� 	 1. Such Lorentz factors are in contra-
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 factors,� ∼ 1 (Henri
& Sauǵe 2006). For example, to explain the fast variability of the
2006 July TeV flare of PKS 2155−304 (Aharonian et al. 2007) the
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bulk Lorentz factor required by the mechanism of TeV emission
in the parsec-scale jet should be� > 50 (Aharonian et al. 2007;
Begelman et al. 2008). At the same time, the direct observations
of the apparent velocity of hotspots in PKS 2155−304 jet at the
projected distance (1/2) parsecs give the valuevapp= (0.9± 0.3)c
(Piner, Pant & Edwards 2008). Assuming that the viewing angle is
not too small,θ � 1◦, this yields� � 10 at the distance of a few
tens of parsecs from the central engine.

Both the problems of the fast variability and the small observed
Lorentz factors at parsec distances could be naturally resolved if the
site of the very high energy (VHE)γ -ray production is located closer
to the AGN central engine, at significantly subparsec distances.
If the VHE emitting region is moving relativistically towards the
observer with a bulk Lorenz factor�, the variability time-scale
limits the distanceR of theγ -ray production site from the central
engine (see e.g. Celotti, Fabian & Rees 1998):

R ∼ �x �2 ≤ 1.5× 1016(1+ z)−1

(
tvar

200 s

)(
�

50

)2

cm. (3)

An immediate difficulty is, however, that at such distances the ac-
cretion flow on to the BH can be opaque to theγ -rays (see e.g.
Blandford & Levinson 1995).

The problem of opacity of the compact source does not arise in
the case of low-luminosity AGN that accrete at significantly sub-
Eddington rates (Celotti et al. 1998). In these sources, the accretion
flow is described within the framework of the radiatively inefficient
accretion flow (RIAF) models (Rees et al. 1982; Narayan & Yi 1994,
1995; Narayan 2002) in which most of the gravitational energy
extracted from the accreted matter is converted into internal energy,
rather than into radiation. The possibility of escape of the VHE
γ -rays from the vicinity of the AGN central engine is best illustrated
by the nearby low-luminosity radio galaxy M87, which was recently
found to be a source of the variable TeVγ -ray emission (Aharonian
et al. 2003, 2006; Albert et al. 2008), most probably coming from a
compact source (Neronov & Aharonian 2007; Rieger & Aharonian
2008b).

In the compact source model, the VHEγ -ray emission is trig-
gered by high-energy particles accelerated close to the BH via
one of the possible mechanisms (see e.g. Lovelace 1976; Lesch &
Pohl 1992; Kardashev 1995; Bednarek & Protheroe 1999; Neronov
et al. 2002; Neronov & Semikoz 2002; Neronov, Tinyakov &
Tkachev 2005; Rieger & Aharonian 2008a; Neronov, Semikoz &
Tkachev 2008). In this case, the spectral and timing characteris-
tics of the VHE emission are directly linked to the physics of the
processes taking place close to the supermassive BH, which natu-
rally explains the variability of the signal on the shortest possible
time-scale.

Within the AGN unification scheme, the TeV blazars (high-
energy peaked BL Lacs) are assumed to be the beamed versions
of the low-luminosity radio galaxies similar to M87 (Browne 1983;
Giroletti et al. 2004, 2006). Since the only difference between the
TeV blazars and the low-luminosity radio galaxies is their orienta-
tion with respect to the line of sight, the compact source model can
be applicable also in the case of TeV blazars.

In what follows, we adopt this point of view and develop a
compact source model of high-energy activity of TeV blazars. We
demonstrate that within such compact source model, the character-
istics of the fast variable VHE emission can be used to constrain
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
PKS 2155−304 flare detected by the HESS telescope in 2006 July

(Aharonian et al. 2007). This flare consists of a number of well-
pronounced subflares which exhibit quasi-periodic recurrence. We
show that the rise time and the recurrence period of the subflares
can be directly related to the light-crossing time and the period of
rotation over the last stable orbit around aMBH ∼ 107 M� BH.1

The paper is organized as follows. In Section 2, we discuss the
qualitative features of the model, including particle acceleration
and propagation through the RIAF environment. The possibility of
a new interpretation of the observational data within such a model
is demonstrated in Section 3, where we find the constraints on the
BH mass and angular momentum imposed by the timing analysis of
the bright TeV flare of PKS 2155−304. We summarize our results
in Section 4.

2 C O M PAC T S O U R C E MO D E L O F T H E T eV
B L A Z A R S

In the compact source model, the VHEγ -ray emission region is
assumed to be situated in the vicinity of the AGN central engine,
rather than at parsec-scale distances. This fact implies two main
differences of this model from a generic ‘relativistically moving
blob’ model of VHE emission from blazars. First, the high-energy
particles responsible for the VHE emission can be injected into the
γ -ray emission region by the AGN central engine, rather than only
by a process (shock acceleration) intrinsic to the blob. Secondly,
the characteristics of theγ -ray emission are determined not only
by the intrinsic properties of the blob, but also by the effects of
propagation of the high-energy particles through the matter and
radiation environment created by the accretion flow. However, as we
discuss below, the compact source model to some extent includes the
blob model: the electromagnetic cascade, which develops as a result
of the propagation of high-energy particles through the accretion
flow environment, leads to the formation of a relativistically moving
blob of secondary cascade particles. In the following sections, we
consider general features of particle acceleration and propagation
in the compact source model of TeV blazars.

2.1 Particle acceleration and ‘direct’ γ -ray emission from the
acceleration region

A number of mechanisms of particle acceleration in the vicin-
ity of the central BH have been proposed in the literature (see
e.g. Lovelace 1976; Lesch & Pohl 1992; Kardashev 1995; Bednarek
& Protheroe 1999; Neronov et al. 2002; Neronov & Semikoz 2002;
Neronov et al. 2005; Rieger & Aharonian 2008a; Neronov et al.
2008). In this section, we summarize some common features of the
acceleration models which are related to the fact that the acceler-
ation proceeds in a compact region of the size comparable to the
BH horizon and are independent of the details of the acceleration
mechanism.

A conventional dimensional estimate of maximal possible ener-
gies of particles of chargee accelerated in a region of the sizeR ∼
Rg with the magnetic fieldB is

Emax= κeBRg � 1019κ

(
B

104 G

)(
MBH

107 M�

)
eV , (4)

whereκ ≤ 1 is the efficiency of a particular acceleration mechanism.
This maximal energy is, however, not always achieved because of

1 This mass estimate is different from the value∼109 M� quoted by Aha-
ronian et al. (2007). We will comment on this discrepancy in Section 3.3.
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the strong energy losses experienced by the accelerated particles.
The ‘minimal’ energy loss channel is the loss on the curvature
radiation (Levinson 2000; Aharonian & Neronov 2005; Neronov
et al. 2008), which limits the particle energies to

Ecur

mc2
≤
(

3R2
gκB

2e

)1/4

� 3× 109κ1/4

(
MBH

107 M�

)1/2(
B

104 G

)1/4

,

(5)

wherem is the particle mass. Here, we normalize the magnetic field
to the value 104 G typical for the central engine of an AGN with a
107 M� BH. Additional energy losses, caused by the interactions of
the accelerated particles with the matter and radiation backgrounds
produced by the accretion flow (see Section 2.2 below), lead to
further reduction of the maximal attainable energy. If the magnetic
field in the acceleration region is not ordered, the energies of the
accelerated particles are reduced because of the strong synchrotron
energy loss.

Radiative energy losses which accompany particle acceleration
[curvature, synchrotron, inverse-Compton (IC)] result in theγ -ray
emission directly from the acceleration region. If the resulting
γ -rays are not completely absorbed during their propagation
through the photon background created by the accretion flow, this
‘direct’ γ -ray emission can, in principle, provide an observable sig-
nature of the compact source model. We will return to this point in
Section 2.4.

Since the maximal energies of particles are determined by the
balance of the acceleration and energy-loss rates, all the work done
by the electric field is dissipated via the available energy-loss chan-
nels. For each charged particle, the energy-loss rate is about the
acceleration rate, dE/dt ∼ eκBc, where we assume that the acceler-
ating electric field strength is∼κB. The maximal possible density
of particles in the acceleration region,nq∼ κB/eR, is determined by
the condition that a charge redistribution cannot screen the electric
field. One estimates the total power extracted from the acceleration
region by multiplying the energy-loss rate of each particle on the
maximal possible particle density and the volume of the acceleration
region,V ∼ R3

g; this yields

Ptot � nqR
3
g(dE/dt)

� 5× 1042κ2

(
MBH

107 M�

)2(
B

104 G

)2

erg s−1. (6)

Comparing this estimate to the apparent luminosity of a bright TeV
flare (found under the assumption that the radiation is isotropic),
Liso� 1046 erg s−1, one concludes that the energetics of such a flare
is compatible with the compact source model if the TeV emission
is beamed into the solid angle�/4π � 10−3. The emission from
the compact source is expected to be anisotropic, with the direction
of the beam of high-energy particles and/or photons set up by the
direction of the magnetic field.

A fraction of the work done by the accelerating electric field is
carried away by the flux of accelerated particles (a relativistic wind).
In the case of electrons, this fraction is usually negligible. In the
case of protons or heavy nuclei, the power of the relativistic particle
wind, Pp, can be estimated as

Pp ∼ nqR
2
gcmin{Ecur, Emax}

�




1042κ5/4

(
MBH

107 M�

)3/2(
B

104 G

)5/4 erg

s
, Ecur < Emax

5× 1042κ2

(
MBH

107 M�

)2(
B

104 G

)2 erg

s
, Ecur > Emax

(7)

This order-of-magnitude estimate does not take into account a pos-
sible special geometry of the accelerating field. If, for instance,
particles are accelerated in parallel magnetic and electric fields in
the polar cap regions of BH magnetospheres, the curvature radii of
particle trajectories can be somewhat larger thanRg and, respec-
tively, the maximal attainable energies and the power of the particle
beam can be higher (Neronov et al. 2008).

The high-energy particles and radiation emitted from the accel-
eration region are injected into the accretion flow. The form of the
γ -ray signal produced by the interaction of the accelerated par-
ticles with the radiation coming from the accretion flow depends
sensitively on the geometry of the central engine. The precise deter-
mination of this signal should involve detailed numerical modelling
which is beyond the scope of this paper. Below we limit ourselves
to the order-of-magnitude estimates which highlight the qualitative
features of the problem.

2.2 Radiatively inefficient accretion flow

In this section, we summarize the general properties of the radiation
produced by the accretion flow. As it is mentioned in the Introduc-
tion, the TeV blazars belong to the class of low-luminosity radio
galaxies in which the accretion is conventionally described in the
framework of RIAF models (see e.g. Narayan 2002, and references
therein) relevant for sources in which the accretion rateṀ is small
in the Eddington units:

Ṁ � ṀEdd≡ LEdd

0.1c2
� 0.2

(
MBH

107 M�

)
M� yr−1 , (8)

whereṀEdd is the Eddington accretion rate.
The low radiative efficiency of the accretion flow is attributed to

the low matter density which leads to inefficient cooling of electrons
and ions in the accretion flow. As a result, a large fraction of the
released gravitational energy, instead of being dissipated in the form
of radiation, is stored in the internal energy of matter. This energy
either disappears under the horizon or is ejected in an outflow.

Large internal energy of matter does not allow formation of a
geometrically thin, optically thick accretion disc. Instead, the ac-
creting matter forms around the BH a hot optically thin gaseous
torus (Rees et al. 1982). In RIAF models, the accretion torus typ-
ically consists of two-temperature plasma with both electrons and
ions being mildly relativistic. The radiation of the plasma is entirely
produced by electrons via three main mechanisms: synchrotron ra-
diation, comptonization of the latter and bremsstrahlung.

The synchrotron radiation contributes to the far-infrared part of
the spectrum. The characteristic synchrotron emission energy is

εsynch= �eB
mec

〈
γ 2

e

〉 � 5× 10−3

(
B

104 G

)(
Te

1 MeV

)2

eV , (9)

where B is the magnetic field in the inner part of the accretion
torus,me is the electron mass,〈γ 2

e〉 is the mean-squareγ -factor of
electrons,Te is the electron temperature and we have used that for
mildly relativistic electrons

〈
γ 2

e

〉 ∼ 10

(
Te

mec2

)2

. (10)

One of the parameters of the RIAF models is the ratioβ of the gas
pressurepgas= nmpv

2
th/3 to the magnetic pressurepmagn= B2/4π.

Here,n is the gas density,mp is the proton mass andvth is the thermal
velocity of protons which can be estimated as the Keplerian velocity
at the corresponding distance,vth(R) ≈ (Rg/R)1/2. With the use of
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parameterβ, the magnetic field is estimated as

B(R) =
[

4π

3
β−1n(R)mpv

2
th(R)

]1/2

� 104β−1/2

(
Rg

R

)1/2 [
n(R)

1010 cm−3

]1/2

G . (11)

Note that we normalize the matter density in the BH vicinity to the
value 1010 cm−3, typical for the case of a 107 M� BH in the RIAF
models, cf. Narayan & Yi (1995).

If the matter density changes with the distance asn(R)∼ R−γ (in
the RIAF models 1/2≤ γ ≤ 3/2, Lu, Li & Gu 2004), the magnetic
field decreases asB ∼ R−(γ+1)/2, so that the synchrotron cooling
time

tsynch= 6πm2
ec

σTB2γe
� 1.3

(
B

104 G

)−2(
Te

1 MeV

)−1

s (12)

increases with the distance astsynch∼ R(γ+1). Here,σ T = 0.665×
10−24 cm2 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:

tff �
√
R3/GMBH. (13)

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)

αSA(ε) = π�e2m2c5n

2
√

3T 3
e ε

I (x), (14)

where

x = 2m3c5ε

3�eBT 2
e

(15)

and the functionI(x) is given explicitly in the Appendix A. Equating
α−1

SA 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

εSA � 37εsynch. (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.

SinceεSA > εsynch, the maximum of the synchrotron power is
emitted at the energyεSA. To estimate the synchrotron luminosity
we approximate the spectrum by thermal radiation up toεSA. This
yields

Lsynch= 4πR2
synch

2Te

c2

∫ εSA

0

ε2dε

(2π�)3
, (17)

whereRsynch is the size of the synchrotron emission region. Substi-
tuting Rsynch≈ Rg, we obtain

Lsynch� 3.2× 1039

(
MBH

107 M�

)2(
B

104 G

)3(
Te

1 MeV

)7

erg s−1 .

(18)

The part of the synchrotron spectrum aboveεSA 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 energiesε � εSA � 0.2 eV.

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

εIC ∼ εSA

〈
γ 2

e

〉 � 4

(
B

104 G

)(
Te

1 MeV

)4

eV . (19)

To estimate the luminosity of the accretion flow in this range, we
note that the IC volume emissivity at distanceR from the BH is
(Rybicki & Lightman 2004)

dLIC

dV
= 4

3
σTcn(R)

〈
γ 2

e (R)
〉
Usynch(R), (20)

where〈γ 2
e(R)〉 is the mean-squareγ -factor of electrons at this dis-

tance andUsynch(R) � Lsynch/(4πR2c) is the energy density of the
synchrotron radiation. Integrating over the volume, we obtain

LIC � 4

3
LsynchσT

∫
ne(R)〈γ 2

e (R)〉dR . (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 thann(R)〈γ 2

e(R)〉 ∼ R−1]
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
RIC of the IC emission region to be of the order of 100Rg (Narayan
2002). As a crude estimate, let us consider the case when the integral
in equation (21) is saturated at the upper limit. Then,

LIC � 0.4× 1039

(
Lsynch

1039 erg s−1

)(
RIC

1014 cm

)

×
[

n(RIC)

108 cm−3

][
Te(RIC)

1 MeV

]2

erg s−1 . (22)

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

Finally, we consider the bremsstrahlung radiation. It contributes
primarily into the X-ray/softγ -ray band with the total power typ-
ically comparable or lower than that of the synchrotron radiation.
The bremsstrahlung emission power is proportional ton2, so that the
bremsstrahlung luminosity from a region of the sizeR is Pbrems∼
n(R)2R3. If the radial density falls down slower thann(R)∼R−3/2 (as
it is 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 BH,Rbrems∼ 105 × Rg

(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−1/2]/R−3/2, 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∼100Rg and X-ray/softγ -ray bremsstrahlung emission
produced in a region of the size∼105Rg.

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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Figure 1. Schematic representation of the two possible scenarios for the
γ -ray emission from the compact source. Particles (electrons in the upper
panel, protons in the lower panel) are initially accelerated in a compact
region of the size of aboutRg, shown as a blue-shaded region. Particles
which escape from the acceleration region initiate a cascade in the RIAF, at
the distancesR	 Rg, shown as a light-blue shaded region.

radiative background can be done using numerical simulations in
each particular RIAF model.

2.3 Propagation of the high-energy particles through the
accretion flow background

The compact particle accelerator close to the BH produces emis-
sion with the total powerPtot, equation (6). As discussed above,
the partition of this energy between theγ -ray component and the
accelerated matter depends on the type of accelerated particles (see
Fig. 1). If the accelerated particles are electrons, the power goes
completely intoγ -rays, while in the case of the proton acceleration
a significant part ofPtot can remain in the high-energy particle beam,
see equation (7). The primaryγ -rays and protons propagate through
and interact with the matter and radiation background created by
RIAF. Interactions of high-energy particles give rise to electromag-
netic cascades that redistribute the power initially contained in the
highest energy particles to lower energy bands.

Since the rates of interactions of electrons andγ -rays are signifi-
cantly different from those of protons, we consider these two cases
separately.

2.3.1 Electrons and γ -rays

The highest energyγ -rays produce pairs in interactions with the soft
photon background inside the compact source. The cross-section
of photon–photon pair-production depends on the center-of-mass
energy of colliding photons:

s = Eε(1− cosθ )/2m2
e , (23)

whereE andε are the energies of the photons andθ is the colli-
sion angle. Starting from the threshold ats = 1, the cross-section
rapidly increases achieving the maximumσ γγ ≈ 1.3× 10−25 cm2

ats≈ 4, and then decreases ass−1 ln s. Because of relatively narrow
distribution ofσ γγ (s), γ -rays interact most efficiently with the opti-
cal/infrared background photons of energyε � 1(Eγ /1 TeV)−1 eV.
This interaction leads to absorption of theγ -rays. 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
produced in the vicinity of the BH,Rsynch≈ Rg. Consequently, its
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(ε) = nsynch(εSA)I (x)/I (xSA) , ε > εSA , (24)

where the functionI(x) is given in equation (A2) andx is defined
in equation (15). The densitynsynch(εSA) at the maximum of the
synchrotron spectrum can be estimated as

nsynch(εSA) = Lsynch

4πR2
synchεSAc

� 1017

(
Lsynch

1040 erg s−1

)(
Rsynch

1012 cm

)−2( εSA

0.2 eV

)−1
cm−3.

(25)

Using equation (24), one finds that because of the sharp cut-off in
the synchrotron spectrum above the energyεSA ∼ 0.2 eV,γ -rays
with energyEγ ∼ 1 TeV escape through the synchrotron back-
ground,τ γγ (Eγ = 1 TeV) ∼ 1, if Rsynch∼ 1012 cm andLsynch�
1040 erg s−1. On the other hand, our crude estimates indicate that
the spectrum of the escapingγ -rays should be sharply cut-off at
the energyEγ � 5(εSA/0.2 eV)−1 TeV, sinceτ γγ rapidly grows to
τ γγ 	 1 at this energy. One should note, however, that the de-
tails of the behaviour of the spectrum close to the cut-off strongly
depend on the details of the spatial distribution of the synchrotron
emission. Since the threshold of the pair production,s=1 (see equa-
tion 23), depends on the angleθ between theγ -ray and synchrotron
photon velocities, the anisotropy of the synchrotron emission can
result in a shift of the cut-off in theγ -ray spectrum towards higher
energies.

VHE γ -rays produced outside of the synchrotron emission re-
gion, or those which escape from it, pass through the IC background
with the photon density:

nIC = LIC

4πR2
ICεc

� 1.7× 1011

(
LIC

1039 erg s−1

)(
RIC

1014cm

)−2( ε

1 eV

)−1
cm−3.

(26)

The optical depth of this background for the TeVγ -rays can be
estimated as

τ IC
γ γ

(
Eγ

) = σγγ nICRIC

� 2.2

(
LIC

1039 erg s−1

)(
RIC

1014 cm

)−1(
Eγ

1TeV

)
. (27)

Thus, the inner part of the accretion flow is transparent for the TeV
γ -rays if

LIC�0.5× 1039

(
RIC

1014 cm

)(
Eγ

1 TeV

)−1

erg s−1 . (28)

C© 2008 The Authors. Journal compilationC© 2008 RAS, MNRAS391, 949–958



954 A. Neronov, D. Semikoz and S. Sibiryakov

Finally, the background of the bremsstrahlung radiation does not
affect propagation of the high-energyγ -rays. This is due to two
reasons: the low density of the corresponding photons and their
relatively weak interaction with the VHEγ -rays because of the 1/s
suppression of the photon–photon cross-section.

Thus, in the case when the luminosity of the accretion flow is as
low asLacc� 1040 erg s−1, the VHEγ -ray emission can originate di-
rectly from the vicinity of the BH. It can be, for example, the direct
synchrotron/curvature emission which accompanies the accelera-
tion process. This possibility is illustrated schematically in Fig. 1
(upper panel). Otherwise, if the synchrotron luminosity of RIAF is
significantly above 1040 erg s−1 and/or the IC luminosity exceeds
the limit (equation 28), the VHEγ -ray emission must be produced
outside the corresponding radiation regions. This is possible if the
primary accelerated particles are protons.

2.3.2 Protons

Protons with energies above the threshold

Eth = mπ (mπ + 2mP)

4ε
∼ 8× 1016

( ε

1 eV

)−1
eV (29)

loose energy in the interactions with the infrared photons of en-
ergy ε via pion production. Near the threshold, the cross-section
is dominated by the single pion production resonanceσ pγ ∼ 6 ×
10−28 cm2; in this regime, proton gives only 20 per cent of its energy
to the pion. At higher proton energies, the photo-pion production
cross-section decreases down toσ pγ ∼ 10−28 cm2, while the proton
energy loss in every interaction increases up to 50 per cent. Thus, in
both the cases, protons lose most of their energy at similar distance.

For high synchrotron background,Lsynch∼ 1042 erg s−1, protons
with energiesEp > 1018 eV cannot escape from the acceleration
region:

τ synch
pγ

(
Ep > 1018 eV

) = σpγ nsynchRsynch

∼ 103

(
Lsynch

1042 erg s−1

)(
Rsynch

1012 cm

)−1

×
( ε

0.2 eV

)−1
. (30)

On the other hand, protons with energyEp < 1018 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 scalesR ∼ 100Rg, protons interact with the IC photon
background, so that the optical depth is

τ ICpγ = σpγ nICRIC

� 0.2

(
LIC

1041 erg s−1

)(
RIC

1014 cm

)−1( ε

1 eV

)−1
. (31)

The power of the absorbed proton flux is converted into the products
of pion decays: neutrinos,γ -rays and electrons of the energies
∼0.1Ep. Obviously, the neutrinos freely escape from the production
region.

Naively, from the above discussion of propagation ofγ -rays, one
would expect thatγ -rays are not able to escape from such a dense IC
background. However, this is incorrect. The point is that the energies
of theγ -rays produced in the neutral pion decays are much above
the energy corresponding to the maximum of the pair production
rate on the IC background. For example, for the 1017 eV γ -rays, the
cross-section of the pair production on the IC background iss/ln s∼
104 times smaller than the peak value, so that it is of the order ofpγ

interaction cross-section. Thus, the mean free path of the secondary
γ -rays is comparable to the mean free path of the primary protons,
and is of the order of the size of the IC radiation region. These
γ -rays can give rise to electromagnetic cascades redistributing en-
ergy into TeVγ -rays. The drawback of this mechanism of TeV
emission is its low efficiency (Neronov & Semikoz 2003) due to
the fact that the TeVγ -rays which are observed at infinity can be
produced only in the surface layer of the IC radiation region, where
the optical depth for the TeV radiation drops to the values of the or-
der of 1. On the other hand, this mechanism should result in strong
multi-GeV emission which can escape through the whole IC radia-
tion region without significant absorption. This implies that if this
mechanism is indeed responsible for the TeV emission in (some of)
the TeV blazars, it should lead to a strong signal in the multi-GeV
band accessible for the Fermi (GLAST) satellite.2

Apart from the interactions with soft radiation background, pro-
tons can also interact with the matter in the jet. The optical depth
of protons with respect to this process is estimated as

τpp = σppnp(R)R , (32)

wherenp(R) is the matter density in the jet at the distanceR. Taking
thepp interaction cross-section at energiesEp∼ 1018 eV to be equal
to σpp � 10−25 cm2, we obtain

τpp � 0.1

[
np(R)

108 cm

](
R

1016 cm

)
. (33)

Particle multiplicity in pp collisions atEp ∼ 1018 eV is about
N ∼ 100–200 (see e.g. Heiselberg 2001 for a review). Thus, every
collision of a 1018 eV proton with a background proton produces
∼100 photons withEγ = 5× 1015 eV fromπ0,∼100 neutrinos with
the same energy fromπ± 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-
tation of this mechanism is that it requires rather large densities of
matter in the jet, see equation (33).

To summarize, the qualitative analysis of this section shows that
production of VHEγ -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 TeVγ -ray emission are yet to
be worked out.

2.4 Particle cascade in the accretion flow: a link to the
‘relativistic blob in the jet’ picture

Theγ γ , pγ andpp interactions taking place during the propagation
of the high-energy particles through the RIAF environment give
rise to electromagnetic cascades, which redistribute the power ini-
tially contained in the highest energy particles to the lower energy
bands. This is expected to result in the broad-band (radio-to-γ -ray)
electromagnetic emission from the cascade.

To large extent, this emission can be described by the conven-
tional synchrotron – self-Compton and/or synchrotron – external
Compton models based on the picture of relativistically moving
blobs of plasma in the jet. Indeed, as already mentioned, the primary
flow of high-energy particles, accelerated by the compact source,

2 The 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
magnetic field in the acceleration region. The cascades produce a
stream of relativistic particles with velocities scattered within some
angleζ around the direction of the primary flow. From the kine-
matical point of view, such a stream is nothing else than a blob of
plasma moving with the bulk Lorentz factor

� � 1

ζ
. (34)

The angleζ is determined by the dynamics of the cascade. An impor-
tant role in this dynamics is played by the value and configuration
of the magnetic field. At the late stages of the cascade develop-
ment, when the density of the particles in the cascade is large, the
problem should be solved self-consistently taking into account the
back-reaction of the plasma in the cascade on the magnetic field.
This observation makes the link between the cascade and the blob
pictures not only kinematical but also dynamical: in the standard
approach, the magnetic field is also determined self-consistently by
the dynamics of the blob itself.

Existence of this link enables us to use in the analysis of TeV
γ -ray flares within the framework of the compact source models
many results from the standard approach. In particular, the trans-
parency of the blob for the TeV radiation in the 2006 July large flare
of PKS 2155−304 implies the constraint (Begelman et al. 2008)
� � 50 and hence,ζ�1.◦1.

On the other hand, there are several important differences be-
tween the cascade and a generic relativistic blob model which po-
tentially enable us to distinguish the two models observationally.
First, in the cascade setup, the relativistic blobs are formed in a
compact region close to the BH. In this way, this setup naturally
incorporates the observed fast variability and is not in a direct con-
flict with the low bulk Lorenz factors observed at the parsec-scale
distances. Indeed, the bulk motion of the secondary particles in the
cascade can decelerate at parsec-scale distances either because of
development of intrinsic instabilities or interaction with the inter-
stellar medium. To study this possibility, a dynamical numerical
calculation of the propagation of the high-energy particle cascade
through the accretion flow and the interstellar medium is needed.
Secondly, the cascade transfers power from the higher energy par-
ticles to the lower energy ones: in this sense, it is a ‘top-down’ sce-
nario of formation of the spectrum of emitting electrons. It would
be interesting to understand if the latter property can explain the ex-
istence of the low-energy cut-offs in the spectra of electrons in the
synchrotron – IC scenarios (Krawczynski 2007). Finally, as already
mentioned, in the compact source model, the emission from the
blob may be superimposed on to theγ -ray component originating
directly in the acceleration region near the BH.

3 TIM ING O F THE SUPERMASSIVE BLACK
H O L E IN PK S 2 1 5 5−3 0 4 W I T H T eV γ -RAY S

Within the compact source model, the spectral and variability prop-
erties of the VHE signal can be interpreted in a qualitatively dif-
ferent way (as compared to the model of VHE emission from the
parsec-scale distances). They can be used to ‘probe’ the physical
environment in the central engine: the matter density, the radiative
efficiency of the accretion flow and the magnetic field (cf. Rieger
& Aharonian 2008b). Moreover, in this case the VHE observations
provide a completely new tool for the study of the BH physics.
Namely, theγ -ray timing data can be used to derive constraints on
the parameters of the BH itself. Below we explore such a possi-

bility on a particular example of the 2006 July large flare of PKS
2155−304 (redshiftz = 0.116) reported by Aharonian et al. 2007.

3.1 The relevant time-scales

Timing properties of emission produced in the vicinity of BH hori-
zon can be characterized by several fundamental time-scales. First,
the minimal possible variability time-scale is determined by the re-
quirement of causal connection of the emission region and given by
the light-crossing time of the BH horizon,

tlc = 2
(
Rg +

√
R2

g − a2
)
/c

�
{

102
(
MBH/107 M�

)
s, a = Rg,

2× 102
(
MBH/107 M�

)
s, a = 0,

(35)

whereRg is defined in equation (2); the parametera is related to the
angular momentumJBH of the BH asa = JBH/MBHc2 and lies in
the range 0≤ a ≤ Rg.

If the γ -ray emission is produced close to the BH, variability at
the characteristic time-scale of rotation around the BH is expected
on general grounds, unless the entire system (the accretion flow
with an embedded particle acceleration region) is perfectly axially
symmetric. The intensity of the modulation of the signal can depend
on various parameters, such as the inclination angle of the observer
with respect to the BH rotation axis, distance of the emission region
from the horizon, etc. A perfect axial symmetry, which would wash
out the modulation of the signal with the period of rotation around
the BH, can be expected in a stationary, quiet state of the source.
On the contrary, a bright flare is, most probably, related to the rapid
change of the system parameters (e.g. inspiralling of a denser clump
of matter into the BH) which should lead to a significant disturbance
of the axially symmetry.

Close to the horizon of a spinning BH, the accreting matter rotates
around the BH with the period (Bardeen, Press & Teukolsky 1972):

P (r) = 2π
r3/2 ± aR1/2

g

cR
1/2
g

, (36)

wherer is the radius of the orbit. The+ (−) sign corresponds to the
prograde (retrograde) orbit. It is known that stable circular orbits
exist only down to certain distancerms from the BH. The period of
rotation along the last prograde stable orbit at the distancerms is

P (rms) =




4πRg/c � 630

(
MBH

107 M�

)
s, a = Rg

12
√

6πRg/c � 4600

(
MBH

107 M�

)
s, a = 0.

(37)

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 theγ -ray emission from the central engine (from
the base of the jet) are determined by the physical conditions in the
central engine, the modulation of these conditions should result in
the modulation of theγ -ray signal with the same period.

3.2 Fitting the light curve of PKS 2155−304

The VHEγ -ray light curve of the flare of PKS 2155−304, reported
in Aharonian et al. 2007, consists of several pronounced subflares
(see Fig. 2). At least three characteristic time-scales can be found in a
straightforward way from the analysis of the light curve: the rise and
decay times of the individual subflares,trise, tdecay, and the period of
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Figure 2. The light curve of PKS 2155−304 fitted with a sequence of sub-
flares with identical profiles, but with different normalizations (see Table 1).

recurrence of the subflares,T. 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 amplitudes.3 The approximation of identicaltrise,
tdecayappears 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
particle acceleration and the cascade development is expected to
introduce a scatter in the characteristics of the individual subflares.
Still, we stick to this approximation as a natural first step.

The individual subflares are modelled with the profile

Ik(t) =
{
Nk exp[(t − tmax,k)/trise], t < tmax,k

Nk exp[−(t − tmax,k)/tdecay], t > tmax,k,
(38)

where the timetmax,k corresponds to the maximum intensity andNk

is the amplitude of thekth subflare. Note that we definetrise(tdecay)
as the time in which the signal increases (decreases) by a factor ofe.
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

trise= (2.5± 0.2)× 102 s, (39)

tdecay= (4.9± 0.5)× 102 s. (40)

The arrival timestmax,k and normalizationsNk 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 [χ2 = 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 (χ2 = 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.

Table 1. List of parameters of the subflares.

k tmax,k(min) Nk(10−9 cm−2 s−1)

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 69.8± 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
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Figure 3. The arrival times of the subflares of the PKS 2155−304 light
curve as a function of the subflare number. The data are fitted by the straight
line tmax,k = t0 + kT.

curve, the last subflare in the Table 1. The quality of the fit with
seven subflares isχ2 = 75.8/66 d.o.f. According to theF-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

tmax,k � t0 + kT , (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 numberk = 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 timestmax,k 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 = (5.93± 0.15)× 102 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 betweentmax,1 and
tmax,6. The arrival timestmax,k, 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 aχ2 ≤ χ2

0, whereχ2
0 = 41 is theχ2 of the fit of
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Figure 4. The parameters of the supermassive BH in PKS 2155−304 in-
ferred from the VHEγ -ray light curve. The shaded region shows the range
of MBH, a excluded by the requirement (equation 43). Thick blue curve
shows the relation betweenMBH 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). Fora > 0, this bound should be
taken with caution as its dependence ona has not been explored.

the real data.4 This probability turns out to be 1.3× 10−3. We also
tried another error assignment. Namely, all the arrival times were
assigned the errorδt = 1.5 min, which corresponds to the intrinsic
scatter of the arrival times of the real subflares around the linear law
(equation 41). In this case, the best linear fit corresponds toχ2

1 =
5.43 for 4 d.o.f. The chance probability to obtainχ2 ≤ 5.43 in the
simulated data sets with random arrival times of the intermediate
subflares turns out to be 6× 10−3 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 choices ofIk(t).

3.3 Constraints on the black hole parameters

The rise and decay times (equation 39), (equation 40) as well as
the recurrence time (equation 42) are determined by the physics of
theγ -ray emission. Within the compact source scenario described
in Section 2, the minimal possible rise time is given by the light-
crossing time of the BH, equation (35). Requiring

trise≥ (1+ z)tlc (43)

one finds a range of parametersMBH,a excluded by the observations.
This range corresponds to the dark shaded region in Fig. 4.

This should be compared with the constraints obtained by the
other methods. In the literature, there are two estimates of the mass
of the central BH in PKS 2155−304.

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 givesMBH ∼ 109 M�. As it was

4 Note thatχ2
0 is large. This means that the oversimplified model of strictly

identical subflares with strictly periodic arrival times is actually excluded by
the data. This is not surprising: as already mentioned, on physical grounds
one expects deviations from this idealization.

already noted in Aharonian et al. 2007, this estimate is in conflict
with the constraintMBH ≤ 2 × 107 M� derived from theγ -ray
variability properties. We point out, however, that there are several
uncertainties in the estimate based on theMBH–Lbulge 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 2155−304 (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 2155−304: it uses the method
of Nikolajuk, Papadakis & Czerny 2004 to relate the mass of BH
to the excess variabilityσ 2

nxs at a certain frequency scale. This
method yields the boundMBH ≥ 8.1× 106 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 theMBH–Lbulge 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 periodT of the subflare recurrence
with the (minimal possible) period of rotation around the BH:

T = (1+ z)P (rms). (44)

This gives a relation betweena andMBH 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 ≈ Rg. 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.

4 C O N C L U S I O N S

In this paper, we have proposed that the recently observed fast
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 VHEγ -rays from the vicinity of the
central engine and demonstrated that the region around the central
engine is transparent for TeVγ -rays if the accretion flow in the TeV
blazars is radiatively inefficient. If the luminosity of the accretion
flow is as low asLacc� 1040 erg s−1, the TeVγ -ray emission can
come directly from the immediate neighbourhood of the central
BH. Alternatively, for brighter accretion flows, the TeVγ -rays 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 VHEγ -ray emission are
directly linked to the properties of the central engine of the AGN, if
confirmed by future observations, provides a new tool to study the
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physical conditions in the direct vicinity of the supermassive BH. In
particular, the VHE signal can be used to constrain the parameters
of the accretion flow and the BH itself, such as its mass and spin.

We demonstrated this possibility on the example of the bright TeV
flare of the blazar PKS 2155−304. Within the proposed scenario,
the characteristic time-scales, found in the timing analysis of this
flare, are directly related to the parameters of the supermassive BH.
The minimal variability time-scale of the signal is identified with the
BH light-crossing time. This sets the bound on the BH mass and its
rotation moment shown in Fig. 4. We also observed that the signal
exhibits quasi-periodic oscillations. Identifying the recurrence time
of these oscillations with the period of rotation around the BH, we
obtained a relation between the BH mass and its rotation moment.

A detailed modelling based of the framework proposed in this
paper should involve calculation of particle acceleration and propa-
gation in the vicinity of the BH through the environment created by
the accretion flow. This can be done assuming particular (numer-
ical) models of RIAF and particle acceleration. We leave this for
future work.
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A P P E N D I X A : SY N C H ROT RO N
SELF-ABSORPTI ON IN THE ACCRETI ON
FLOW

The functionI(x) entering into the expression (14) for the syn-
chrotron self-absorption coefficient has the form (Pacholczyk 1970),

I (x) = 1

x

∫ ∞
0

z2e−zF (x/z2)dz, (A1)

whereF (x) = x
∫ ∞
x

K5/3(z)dz. It is straightforward to obtain the
asymptotics ofI(x):

I (x) ∼
√

2/3π exp[−3(x/4)1/3], x 	 1. (A2)

The synchrotron photons are self-absorbed below a certain energy
εSA. The latter is estimated from the condition that the optical depth
for the synchrotron emission with energyεSA is equal to unity:

αSA(εSA)Rsynch= 1, (A3)

whereRsynch is the size of the synchrotron emission region. Taking
Rsynch≈ Rg, one obtains the following equation for the variable5 xSA

corresponding to the self-absorption energyεSA:

1.89x1/3
SA + ln xSA = 17.37

+ ln

{(
n

1010 cm−3

)(
MBH

107 M�

)(
B

104 G

)−1(
Te

1 MeV

)−5
}
.

(A4)

When the logarithm in the second line vanishes, the solution to this
equation is

xSA = 247. (A5)

This corresponds to the value (equation 16) of the self-absorption
energy. Note that the right-hand side of the equation (A4) logarith-
mically depends on the parameters of the accretion flow implying
that the variablexSA is only mildly sensitive to these parameters.
Namely, the value (equation A5) is multiplied by a factor ranging
from 0.6 to 1.5 when the combination of the parameters entering
the logarithm in the second line of equation (A4) varies from 0.1 to
10.

5 See equation (15) for the definition of this variable.
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