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ABSTRACT

Non-blazar active galactic nuclei (AGNs) have been recently established as a class of gamma-ray sources. M87, a
nearby representative of this class, shows fast TeV variability on timescales of a few days. We suggest a scenario of
flare gamma-ray emission in non-blazar AGNs based on a red giant (RG) interacting with the jet at the base. We solve
the hydrodynamical equations that describe the evolution of the envelope of an RG blown by the impact of the jet.
If the RG is at least slightly tidally disrupted by the supermassive black hole, enough stellar material will be blown
by the jet, expanding quickly until a significant part of the jet is shocked. This process can render suitable conditions
for energy dissipation and proton acceleration, which could explain the detected day-scale TeV flares from M87 via
proton–proton collisions. Since the radiation produced would be unbeamed, such an event should be mostly detected
from non-blazar AGNs. They may be frequent phenomena, detectable in the GeV–TeV range even up to distances
of ∼1 Gpc for the most powerful jets. The counterparts at lower energies are expected to be not too bright. M87,
and nearby non-blazar AGNs in general, can be fast variable sources of gamma-rays through RG/jet interactions.
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1. INTRODUCTION

Active galactic nuclei (AGNs) are believed to be powered by
an accreting supermassive black hole (SMBH) in the center of
a galaxy; a significant fraction of AGNs show powerful jets,
supersonic relativistic flows, on small (subparsec) and large
(multi-hundred kpc) scales (e.g., Begelman et al. 1984). These
AGNs are characterized by nonthermal emission extending
from radio to high-energy gamma rays. This radiation comes
from an accretion disk and from two relativistic jets that are
launched close to the SMBH in two opposite directions. The
emission associated with the accretion process can be generated
by thermal plasma in the form of an optically thick disk
under efficient cooling (e.g., Shakura 1972; Shakura & Sunyaev
1973), or as an optically thin corona (e.g., Bisnovatyi-Kogan
& Blinnikov 1977; Liang & Thompson 1979). The emission
from the jets is nonthermal and comes from a population of
relativistic particles accelerated in strong shocks, for instance,
although other scenarios are also possible (see, e.g., Schopper
et al. 1998; Neronov & Aharonian 2007; Rieger et al. 2007;
Rieger & Aharonian 2008). This nonthermal emission is thought
to be produced through synchrotron and inverse Compton (IC)
processes (e.g., Ghisellini et al. 1985), although hadronic models
have also been considered in the past (e.g., Mannheim 1993;
Aharonian 2000, 2002; Mücke & Protheroe 2001).

The existence of a stellar clustering in the central regions of
AGNs, possibly down to very small distances from the central
SMBH (e.g., Penston 1988), implies that an interaction between
a star and the jet should eventually occur. The gamma-ray
production due to the interaction between an obstacle and an
AGN jet has been studied in a number of works. For instance,
Dar & Laor (1997) suggested high-energy radiation produced
by a beam of relativistic protons impacting with a cloud of the
broad-line region (BLR). The gamma-ray emission from one or
many clouds from the BLR interacting with a hydrodynamical

jet has been analyzed recently by Araudo et al. (2010). The
radiation from the interaction between a massive star and an
AGN jet was studied by Bednarek & Protheroe (1997). They
suggested that the jet interacts with stellar winds of massive
stars; in their model they assume that the source of gamma rays
is moving with a relativistic speed and, therefore, the radiation is
Doppler boosted. The main radiation mechanism in this scenario
is related to the development of the pair cascade in the field of
the radiation of the massive star.

In this work, we study the interaction of a red giant (RG)
star with the base of the jet in AGNs and their observable
consequences in gamma rays. We focus here on the case of
M87, a nearby non-blazar AGN that presents very high energy
(VHE) recurrent activity with variability timescales of a few
days (Aharonian et al. 2006; Albert et al. 2008; Acciari et al.
2009, 2010). In the framework presented here, the jet impacts
with the RG envelope, already partially tidally disrupted by the
gravitational field of the central SMBH. The RG envelope is
blown up, forming a cloud of gas accelerated and heated by
jet pressure. The jet base is likely strongly magnetized (e.g.,
Komissarov et al. 2007; Barkov & Komissarov 2008). The
jet flow affected by the impact with the RG envelope can be
a suitable region for particle acceleration, and a significant
fraction of the magnetic and kinetic energy of the jet can be
transferred to protons and electrons. Although electrons may
not able to reach TeV emitting energies because of the expected
large magnetic fields, protons would not suffer from this
constraint. These protons could reach the star blown material,
and optically thick proton–proton (pp) interactions could lead
to significant gamma-ray production in the early stages of the
cloud expansion. Unlike in Bednarek & Protheroe (1997), we
deal with solar-mass-type stars instead of the more rare high-
mass stars, study the RG atmosphere–jet interaction, and follow
the hydrodynamical evolution of the cloud. Finally, we do not
introduce any beaming factor to the radiation, since in our
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scenario most of the emission is produced when the cloud has not
been significantly accelerated, Doppler boosting being therefore
negligible.

2. THE MODEL

Main-sequence stars are too compact to be significantly
affected by tidal forces from the SMBH, unlike RGs, whose
external layers are far less gravitationally bound to the stellar
core. Therefore, in the vicinity of an SMBH, the external layers
of an RG will suffer significant tidal disruption (see Khokhlov
et al. 1993a, 1993b; Diener et al. 1997; Ayal et al. 2000; Ivanov
et al. 2003; Lodato et al. 2009), which can unbind from the
stellar core a cloud with significant mass �1030 g. Therefore, if
an RG penetrates into the innermost region of the jet, the RG
envelope can already be weakly gravitationally attached to the
star due to tidal disruption. In this situation, the external layers
of the star can be lost due to jet ablation, which is unlikely in
the case of undisrupted RGs (except for very powerful jets).

The tidal forces are important when the distance between the
SMBH and the star is similar to or smaller than the tidal distance
(zT) for a given RG radius (RRG) and mass (MRG), where

zT = RRG

(
MBH

MRG

)1/3

, (1)

and MBH is the mass of the SMBH. Therefore, for a given
RG–jet interaction distance z to the SMBH, the RG can lose
the atmosphere layers beyond R∗T. For the case of M87, with
MBH = (6.4 ± 0.5) × 109 M� (Gebhardt & Thomas 2009), one
obtains

RT
RG = z

(
MRG

MBH

)1/3

≈ 76 M
1/3
RG� R� ≈ 5.3 × 1012 M

1/3
RG� cm,

(2)

where MRG� ≡ MRG/1 M�. Since a solar-mass RG, the most
common one, can have up to few hundreds of R�, a significant
fraction of the star envelope can be carried away by the jet flow
up to z � 1017 cm. Note that evidence for the presence of a
radio jet has been found from M87 within a distance of ∼1017

cm from the SMBH (Junor et al. 1999).
The M87 TeV light curve obtained by Aharonian et al. (2006)

shows several peaks, and in our model each of these peaks
corresponds to different RG–jet events. Note however that some
nearby peaks may correspond to a complex disruption process,
caused for instance by a very disrupted and massive envelope,
or by jet inhomogeneities. Also, it cannot be ruled out that a
cluster of several RGs could also enter the jet.

The time needed by the RG to cross the jet cannot be shorter
than the typical M87 event duration, te ∼ 2 × 105 s. It cannot
be longer either, since then the event duration would also be
longer if there is available RG matter for removal, as expected
at z � zT. Therefore, tjc = te, and the interaction height can be
derived taking the velocity of the RG orbiting the SMBH as the
Keplerian velocity:

zjc =
[
GMBH

(
tjc

2θ

)2
]1/3

≈ 1016θ
−2/3
−1 cm, (3)

where θ−1 = θ/0.1 is the jet semi-opening angle in radians.
An important parameter is the power of the jet Lj ≈ 1–5 ×
1044 erg s−1 (Owen et al. 2000), which we fix to Lj ≈

vK

t1
t2

t3

Figure 1. Sketch of the evolution within the jet of the cloud formed by the
disrupted envelope of the RG. The plane of the image is the jet section.

(A color version of this figure is available in the online journal.)

2 × 1044 erg s−1. From Lj and the jet width, zjcθ , we can derive
the jet energy flux at the interaction height:

Fj = Lj

πz2
jcθ

2
≈ 1014 erg cm−2 s−1. (4)

There are two regimes for the RG tidal disruption: under strong
tidal interaction (RRG > R∗T), the RG envelope suffers an
elongation along the direction of motion of the star (Khokhlov
et al. 1993a); under weak tidal interaction (RRG ∼ R∗T), the
envelope is still roughly spherical (Khokhlov et al. 1993b). In
both situations, the outer layers of the star will be swept away
by the jet, forming a cloud that will quickly heat up and expand.
We study the time evolution of the cloud by adopting a very
simplified hydrodynamical model for the cloud expansion. The
heating of the cloud is caused by the propagation of shock waves,
which are formed by the pressure exerted by the jet from below.
Therefore, the cloud pressure is taken to be similar to the jet
pressure (regardless of its kinetic or magnetic nature):

pj = Fj

c
≈ pc ≈ (γ̂ − 1)ec , (5)

where c is the speed of light and γ̂ is the adiabatic index
(γ̂ = 4/3). The cloud expands at its sound speed (cs), since
the lateral and top external pressures are much smaller than the
bottom one from the jet. Note that the lateral external pressure,
exerted by perturbed jet material, is smaller than that at the
bottom given the reexpansion of the jet material after the jet
shock (Pittard et al. 2010). When the cloud has significantly
expanded, its pressure becomes smaller than the jet pressure
from below. At that point new shocks develop in the contact
discontinuity leading to further cloud heating. We illustrate in
Figure 1, for the simplest case of weak disruption, how the
spherical cloud evolves under the effect of jet pressure as seen
in the plane perpendicular to the jet axis.
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The numerical calculations show (Gregori et al. 2000;
Nakamura et al. 2006; Pittard et al. 2010) that the cloud is
destroyed over a time exceeding the cloud crossing timescale,
rc/cs. These simulations also show that the radius of the vol-
ume containing fragments of the destroyed cloud can grow up
to almost an order of magnitude compared to the radius of the
original cloud (see Figure 5(c) in Pittard et al. 2010). The frag-
mented cloud continues to be suitable for shock formation and
particle acceleration. The assumption of a spherical fragmented
cloud is, of course, a simplification, but it allows an analytical
treatment of such a complicated system.

2.1. Weak Tidal Interaction (Spherical Case)

The system of equations that characterize the weak tidal
interaction case can be written as follows:

Ec = ec
4πr3

c

3
= 4πFjr

3
c

3(γ̂ − 1)c
, (6)

drc

dt
= cs =

(
γ̂ (γ̂ − 1)Ec

Mc

)1/2

, (7)

d2zc

dt2 = πFjr
2
c

cMc
, (8)

where rc and Mc are the cloud radius and mass, respectively.
The solutions to Equations (6)–(8) are

rc(t) = rc0

(1 − t/tce)2
, (9)

vr (t) = 2rc0

tce(1 − t/tce)3
, (10)

where rc0, assumed to be similar to R∗T, is the initial cloud
radius and tce is the cloud characteristic expansion time:

tce =
(

3cMc

πγ̂ Fjrc0

)1/2

≈ 5 × 105(Mc28/Fj,14rc0,13)1/2 s , (11)

where Mc28 = Mc/1028 g. Neglecting the initial cloud velocity
in the z-direction, we obtain

z(t) − zjc = rc0

2γ̂

(
t

tce

)2 3/2 − t/tce

(1 − t/tce)2
, (12)

vz(t) = rc0

γ̂ tce

(t/tce)2((t/tce)2 − 3t/tce + 3)

(1 − t/tce)3
, (13)

where zjc is the RG–jet penetration height. The evolution of the
cloud radius is presented in Figure 3. The adopted parameter
values are Lj = 2 × 1044 erg s−1, MBH = 6.4 × 109 M�,
θ−1 = 0.5, MRG = 1 M�, zjc ≈ 2.5 × 1016 cm, and Mc ≈
1.3 × 1028 g. Note that for times t < tce, z − zjc � rc < θ zjc,
and vz � cs � c.

Making the cloud and jet pressures comparable, the energy
transfer can be overestimated beyond a certain radius (rct) and
time (tt) during the cloud evolution in which energy balance is
to be fulfilled:

dEc

dt
� πr2

c Fj . (14)

Using Equations (9) and (10), Equation (14) permits the deriva-
tion of tt:

tt = tce

(
1 − 8

γ̂ − 1

rc0

tcec

)
. (15)

Substituting Equation (15) into Equation (9), we obtain rct:

rct = rc0(
8

γ̂ − 1

rc0

tcec

)2/3 ≈ 1.5 × 1014M
1/3
c,28F

−1/3
j,14 cm . (16)

Thus, if rc < rct, the solutions presented in Equations (6)–(8)
are valid. After tt, dEc/dt ∼ πr2

c Fj yields a slower increase of
rc with t, although this should still be a fast exponential growth.
We consider t < tt since we focus here on the case when the
cloud is optically thick to pp collisions (see below), and at t > tt
the cloud density is already too low.

2.2. Strong Tidal Interaction (Elongated Case)

In the case of strong tidal interaction the RG atmosphere is
stretched in the direction of motion of the star, and the expansion
will be now cylindric. In such a case, Rt

RG = rc0 (rc is the cloud
cylindrical radius) can be significantly smaller than the length
of the disrupted atmosphere, lc (Ayal et al. 2000). The system
of equations describing this case can be written as

Ec = πlcr
2
c Fj

(γ̂ − 1)c
, (17)

drc

dt
= cs =

(
γ̂ (γ̂ − 1)Ec

Mc

)1/2

, (18)

d2zc

dt2 = 2lcFjrc

cMc
. (19)

Substituting Equation (17) into Equation (18), we obtain

rc(t) = rc0e
t/tce . (20)

As in the weak case, rc0 and tce are the initial radius and the
expansion time of the cloud, where

tce =
(

cMc

πγ̂ Fjlc

)1/2

= 1M
1/2
c,28F

−1/2
j,14 l

−1/2
c,14 d , (21)

with lc,14 = (lc/1014 cm) and Fj,14 = (Fj/1014 erg cm−2 s−1).
If we neglect the initial velocity of the cloud in the z-direction,

the distance covered by the cloud is given by:

z(t) − zjc = 2Fjlcrc0tce

cMc
(tcee

t/tce − tce − t), (22)

with a velocity

vz(t) = 2Fjlcrc0tce

cMc
(et/tce − 1). (23)

As in the weak case, after substantial expansion equalizing cloud
and jet pressures overestimates the energy transfer from the jet
to the elongated cloud, and the relation dEc/dt ∼ πr2

c Fj should
be used. This phase is characterized by a slower, but still quite
fast, power-law-like expansion rate.
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Figure 2. Sketch of the proton acceleration and gamma-ray production pro-
cesses. The plane of the image is normal to the jet section.

(A color version of this figure is available in the online journal.)

3. RADIATION

Particles could be accelerated in the shocked jet region below
the cloud. As noted in Section 1, the jet is probably magnetically
dominated at z � zt. Therefore, one can estimate the magnetic
field in the jet as:

Bj ≈
√

4Lj

cz2θ2
≈ 120 L

1/2
j,44z

−1
16 θ−1

−1 G , (24)

where Lj,44 = Lj/1044 erg s−1. The expected magnetic field
in the shocked jet region should also be strong, probably of a
similar strength to Bj. Under such a magnetic field, one can
estimate the acceleration timescale:

tacc = E

Ėacc
∼ ξ E

q Bj c
≈ 0.1 ξ E2 B−1

j,2 s , (25)

where ξ is the acceleration efficiency parameter, q is the particle
charge, E2 = E/102TeV, and Bj,2 = Bj/102 G; the maximum
energies of the protons and electrons are

Epmax ≈
√

3

2ξ
q Bj rc ≈ 107 Bj,2 rc,14ξ

−1/2 TeV (26)

and

Eemax ≈
√

qc

ξ as Bj
≈ 10 B

−1/2
j,2 ξ−1/2 TeV , (27)

respectively, where as = 1.6 × 10−3. Equation (26) is obtained
by limiting the proton acceleration by Bohm diffusion escape
from the interaction region, of size rc,14 = (rc/1014 cm), and
Equation (27) is obtained by limiting the electron acceleration
through synchrotron cooling. Even taking a high ξ ∼ 10 (for
mildly relativistic shocks, such as those of supernova explosions,
ξ ∼ 104), the electron energies will be too low to explain
the High Energy Stereoscopic System (HESS) spectrum of
M87 up to energies of a few 10 TeV (Aharonian et al. 2006),
whereas protons may be accelerated up to ultra-high energies. In
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Figure 3. Evolution of rc (solid line) and z − zjc (dot-dashed lime) with time
in the weak tidal interaction case. The parameter values are characteristic of
M87: Lj = 2 × 1044 erg s−1, MBH = 6.4 × 109 M�, θ−1 = 0.5, MRG = 1 M�,
zjc ≈ 2.5 × 1016 cm, and Mc ≈ 1.3 × 1028 g.

(A color version of this figure is available in the online journal.)

addition, the expected values of Bjet could easily suppress any IC
component. We note that even for diffusion faster than Bohm, or
under bigger ξ -values, protons could still reach sufficient energy
to explain the observations. On the other hand, the cloud density
can be high, making of pp interactions the best candidate for
gamma-ray production in the RG–jet scenario, the characteristic
cooling time for pp collisions being

tpp ≈ 1015

nc
= 105 n−1

c,10 s , (28)

where nc,10 = nc/1010 cm−3 is the cloud density. We note
that the high cloud density should not affect significantly the
proton acceleration, which would occur in the far less dense
jet shocked region. Nevertheless, protons should penetrate in
the acceleration process and, in the Blanford–Znajek scenario
of jet formation (Blandford & Znajek 1977; Beskin et al.
1992) the jet is probably formed only by pairs at zjc. There-
fore, some cloud material should penetrate into the shocked jet
medium, which can occur through Rayleigh–Taylor instabilities
(Chandrasekhar 1961; Imshennik 1972). We present in Figure 2
a sketch of the mixing, proton acceleration and gamma-ray pro-
duction processes. We do not specify here the physics of par-
ticle acceleration, although this could take place by one or a
combination of different mechanisms: magnetic reconnection
right after the shock in the jet, shear acceleration due to the
strong velocity gradients close to the contact discontinuity, or
some sort of stochastic acceleration due to magnetic turbulence
downstream of the jet shock. Regarding other proton radiation
mechanisms, proton synchrotron will not be efficient in our case,
with tpsync ≈ 5×1010 B−2

j,2 s 	 tpp. Photomeson production can

also be neglected, since tpγ ∼ 5 × 106 L41 r−1
c,14 ε−1

keVs 	 tpp,
where L41 = (L/1041 erg s−1) and εkev = (ε/1 keV) are the lu-
minosity produced in the region and the ambient photon energy
(e.g., thermal X-rays; see below), respectively. Photomeson pro-
duction with keV ambient photons would require protons with
energies above ∼100 TeV.

Hereafter, we will treat the generation of protons with ener-
gies >100 GeV phenomenologically, assuming that a fraction
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η of the total eclipsed jet luminosity is converted to relativistic
protons: Lp = ηπ r2

c Fj. We also assume that these protons can
effectively reach the cloud, where they suffer pp interactions
that lead to π0-meson production, although some of them could
escape surrounding the cloud. Once in the cloud, protons can
be effectively trapped during the RG–jet interaction time for
magnetic fields as low as few G, since

Bc = t E c

3 q r2
c

≈ 0.03 t5 E2 r−2
c,14 G , (29)

where t5 = t/105 s is the time inside the cloud. Note that
Equation (29) has been derived assuming Bohm diffusion, but
faster diffusion regimes would still allow us to keep protons
trapped in the cloud.

The typical fraction of the proton energy transferred per
collision to the leading gamma rays is Eγ = 0.17Ep (Kelner
et al. 2006) in the optically thin case, and around twice that
value for optically thick media neglecting gamma rays from
other secondary particles. Therefore, we can characterize the
proton–gamma-ray energy transfer by

χ ≡ Eγ /Ep = 0.17 [2 − exp(−t/tpp)] . (30)

Two phases of the cloud expansion can be distinguished: the
radiatively efficient regime, i.e., with χ ≈ 0.34 or t > tpp,
and the radiatively inefficient regime, with χ = 0.17 or t < tpp.
Thus, from the simplifications above, the gamma-ray luminosity
in the pp optically thick case can be written as

Lγ ≈ 0.34 η π r2
c Fj , (31)

where it is seen that Lγ ∝ r2
c . In the pp optically thin case, only a

fraction t/tpp of Lp is lost through pp collisions, and Lγ ∝ r−1
c .

The general expression for the gamma-ray luminosity during an
RG–jet interaction event becomes

Lγ ≈ πηχ r2
c Fj [1 − exp(−t/tpp)]. (32)

Given the fast expansion of the cloud, in either the spherical
or the elongated case, one can expect a sharp spike in the light
curve.

Secondary electrons and positrons (e±), injected by pp col-
lisions with an energy rate ∼Lγ , could emit most of their en-
ergy through synchrotron radiation. Given the moderate energy
budget, the radio, optical, and X-ray fluxes would be below
the observed values in the region of interest. However, at later
times conditions may change, becoming more suitable for radio
emission. Thus, it cannot be ruled out that RG–jet interactions
could eventually have a low-energy faint counterpart produced
by secondary or thermal e±, or even by a primary population of
accelerated electrons.

The gamma-ray pp light curve for M87 is presented in
Figure 4, in which the maximum is reached at tpeak ≈ 4 × 105 s,
with a width of ∼1–2 d. A value for η of 0.1 has been adopted.
We recall that our approach is valid for t < tt ≈ 4.7×105 s (see
Section 2); hence, the adopted cloud evolution model describes
the gamma-ray peak properly. We show the gamma-ray light
curve for the weak tidal disruption case as the most conservative
scenario. In the strong tidal disruption case, the light curve would
be similar but the gamma-ray maximum would be even higher.

3.1. Optimal Radiation Case

Around the gamma-ray maximum, at t ∼ tpeak, and because
tpeak ∼ tpp, one can measure the cloud density ncp and radius
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Figure 4. Gamma-ray pp light curve for the weak tidal disruption case. The
same parameter values as in Figure 3 have been adopted.

rcp. From

ncp = 3Mc

4πmp r3
cp

(33)

plus the variability time,

tv ≈ tpp ≈ 1015

ncp
, (34)

one can determine

rcp =
(

3Mc tv

4π 1015 mp

)1/3

. (35)

We can characterize the variability time tv, which would
correspond to the characteristic duration of the gamma-ray peak,
as follows:

tv = 2
Lγ

dLγ /dt
= tce(1 − tpeak/tce)

2
. (36)

The condition r = rcp, and Equations (9), (35) and (36), allows
the derivation of the following expression:

(
48Mc

π 1015 mp

)1/3

t7/3
v = t2

cerc0 . (37)

Then, from Equation (37), and assuming tce = tjc, (1 −
tpeak/tce) � 1 and rc0 = Rt

RG, one obtains

tce = L
3/20
j γ̂ 3/20θ1/10t

21/20
v

50 × 101/4π3/20c3/20G1/5M
1/10
BH m

3/20
p M

1/10
RG

, (38)

Mc =
(

L6
j γ̂

6MRGt7
v

7505πc6G3M4
BHmpθ6

)1/5

, (39)

zjc =
(

M4
BHG3L

3/2
j γ̂ 3/2t

21/2
v

3.16 × 1022π3/2m
3/2
p c3/2MRGθ9

)1/15

. (40)
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Finally, substituting Equations (3), (4), (35), and (39) into
Equation (31), the expression for the gamma-ray luminosity
around the light curve peak can be derived:

Lγ = ηχ

109π3/5

(
MRG

M4
BH

)4/15
(

γ̂ 3L8
j tv

c3G4m3
pθ8

)1/5

≈ 8 × 1040η−1L
8/5
j,44t

1/5
v,5 M

4/15
RG M

−16/15
BH,9 θ

−8/5
−1 erg s−1, (41)

where MBH,9 = (MBH/109 M�), η−1 = η/0.1, and tv,5 =
(tv/105 s). Adopting typical parameter values for M87, Lj =
2 × 1044 erg s−1, MBH = 6.4 × 109 M�, θ−1 = 1, tv = 2 × 105

days, MRG = 1 M�, zjc ≈ 3.6×1016 cm, Mc ≈ 1.4×1028 g, and
η−1 = 1, one gets Lγ ≈ 4 × 1040 erg s−1, in good agreement
with observations (Aharonian et al. 2006; Albert et al. 2008;
Acciari et al. 2009, 2010). We remark that the tv-value would
be in agreement with the observed event durations.

3.2. Thermal Radiation of the Cloud and Self-γ γ Absorption

In the case of M87, near the peak of the VHE radiation, i.e.,
ncp ≈ 1010 cm−3 and rcp ≈ 1014 cm, the cloud is optically thin
to the radiation produced by its own shocked plasma:

τeγ = rcp ncp σt ≈ 0.6 < 1, (42)

where σT = 6.65 × 10−25 cm−2 is the Thomson cross section.
At the temperature of the shocked cloud, Tc ∼ 1010 K,
the timescales for Coulombian thermalization through p–p

and e–e scattering are te–e ≈ tp–p ≈ T
3/2

8 n−1
c10 ≈ 1000 s

(tep ≈ 103 T
3/2

8 n−1
c10 ≈ 106 s for p–e scattering). Therefore,

the shocked cloud is thermalized.
The main channel of thermal radiation is free–free emission,

with a photon mean energy 〈ε〉 ∼ kTc ∼ 1 MeV and total
luminosity (Berestetskii et al. 1971; Kaplan & Pikel’Ner 1979)

LX = 2.1 × 10−27T 1/2n2
cVcp ≈ 1041 erg s−1, (43)

where Vcp = 4πr3
cp/3. The concentration of thermal photons

can be estimated as

nX = LX

4 π c k Tc r2
cp

≈ 2 × 107 cm−3, (44)

yielding an optical depth for photon–photon absorption at
the energy of the strongest attenuation (∼m2

e c4/〈ε〉): τγ γ ∼
0.2 nX rcp σt ≈ 10−3 � 1 (Aharonian 2004), being much
smaller at 1 TeV. The free–free radiation should not show
any thermal lines, presenting a very hard nonthermal X-ray
spectrum.

For very powerful jets the condition presented in
Equation (42) is not fulfilled, the shocked plasma is radiation
dominated and cooler, and Equations (43) and (44) do not ap-
ply. The cloud is then optically thick, with the radiation being
a black body with mean energy of photons 〈ε〉 ≈ 3k Tb ≈
10L

1/5
j,44 M

−2/15
BH,9 t

−21/60
v,5 eV. The optical depth for gamma rays

is τγ γ ≈ 104L
3/5
j,44M

1/15
BH,9t

−26/15
v,5 , with the radiation being sup-

pressed for energies Eth � m2
e c4/3 k Tb ∼ 50 GeV, where me

is the electron mass. Photon–photon absorption creates pairs
with energies �Eth that cool down through synchrotron emis-
sion with spectral energy distribution εFε ∝ ε1/2 below 10
keV, with the higher energy part of the spectrum softer, reach-
ing MeV–GeV energies. For τγ γ > 1 and reasonable magnetic

fields, the synchrotron luminosity will be similar to the absorbed
gamma-ray luminosity.

The X-ray flare detected from M87 almost simultaneously
with the VHE flare (see, e.g., Acciari et al. 2009) may also
have been produced at the RG–jet interaction. This X-ray flare
could be of synchrotron nature, with possible contributions
from a primary electron component, secondary e± from pp and
photon–photon interactions, and thermal free–free radiation.
Regardless of the origin, the observed X-ray emission could
have a counterpart at lower energies. If it came from the
region of gamma-ray production, the spectrum should be quite
hard to avoid too many optical photons that otherwise would
lead to significant TeV photon absorption. Optical observations
simultaneous with a gamma-ray flare could clarify this point.

4. DISCUSSION AND CONCLUSIONS

The total jet luminosity can be inferred from observations
using Equation (41):

Lj = 8 × 1044 L
5/8
γ,41M

2/3
BH,9θ−1 η

−5/8
−1 t

−1/8
v,5 M

−1/6
RG erg s−1. (45)

This formula depends weakly on the observables, being almost
insensitive to MRG, and therefore provides quite a robust
estimate of the jet luminosity with η as the most unknown
parameter. Actually, if Lj were known, then η could also be
estimated.

For the most powerful jets, Lγ would be limited by the
jet size, becoming Lγ = χηLj. Taking for instance Lj ∼
1047 erg s−1, Lγ could be as high as ≈ 2 × 1045 η−1 erg s−1. An
improvement of a factor of several in the VHE sensitivity (e.g.,
through the forthcoming Cherenkov Telescope Array) would
test our gamma-ray predictions for the whole RG–jet interaction
process, including the early cloud expansion phase, allowing
for a detailed study of the (magneto)hydrodynamics, particle
acceleration, and radiation involved.

We remark that if a detectable gamma-ray flare with a duration
of few days were to be produced in M87, in particular through
pp interactions, the cloud should have a mass of ∼1028 g. Such
a massive cloud cannot acquire a large speed in the jet direction
at the times when pp collisions are an efficient gamma-ray
emitting mechanism, and therefore the emission will not suffer
significant Doppler boosting. In the case of a lighter cloud, large
Lorentz factors can be achieved, but then pp interactions will be
inefficient in producing gamma rays, the probability to detect a
flare will be lower due to beaming, and the duration of the event
will be shorter than observed because of faster expansion and
beaming.

Coming back to the question of cloud mass, we note that
to extract a cloud with a mass >1028 g, a more powerful jet
than in M87, for similar jet–RG interaction conditions, would
be required (see Equation (39)).

An important question is whether there are enough RGs in
M87 at the relevant jet scales. The model presented here would
require a few interactions per year to explain the observations in
M87. Since the typical duration of the RG–jet interaction is of
about 3–4 d, the RG filling factor should be ϒ ∼ 4/365 ≈ 10−2.
With a jet volume at the relevant scales of ∼πθ2z3

t /3, the density
of RGs in the region should be ∼ϒ/V ∼ 2 × 106 pc−3 for M87.
Unfortunately, no direct information is available on the density
of stars in the vicinity of the SMBH in M87. The stellar mass in
a sphere with a radius of 80 pc is estimated as 2 × 108M� (e.g.,
Gebhardt & Thomas 2009), and these observational data should
be extrapolated 4 orders of magnitude down to ∼0.01 pc. Thus,
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depending on the assumed extrapolation law, the number of
RGs in the vicinity of the SMBH may or may not be sufficient.
It is worth noting that a dense stellar cluster near the SMBH
could be behind the BLR in AGNs as produced by the blown-
up atmosphere of red dwarfs, which would imply the presence
of numerous RGs in the center of AGNs (Penston 1988). In
addition, studies of the possible stellar density profiles in the
vicinity of the SMBH in AGNs (Bisnovatyi-Kogan et al. 1982;
Murphy et al. 1991) show that densities like the required one
(∼2 × 106 pc−3) could be achieved. The observation of VHE
flares could already be an indication that enough RGs are present
near the SMBH in M87.

Interestingly, RG/jet interactions are expected to be transient
phenomena. At higher jet heights, although many RGs could
be simultaneously present in the jet and thus rendering almost
continuous emission, the much more diluted jet would not
remove a significant amount of material from the star and the
effective cross section of the interaction would be just RRG,
yielding a low energy budget for such multiple interaction
events.

The scenario presented here, adopted to explain the day-
scale VHE flares observed from M87, could also be relevant
in other non-blazar AGNs. For blazar sources the beamed emis-
sion would overcome the RG–jet interaction, expected to be
weakly beamed due to moderate vz-values. For instance, the
closest AGN, the radio galaxy Cen A at ∼3.8 Mpc distance
(Rejkuba 2004), could also show detectable flare-like emission.
At present, persistent faint VHE emission has been detected
(Aharonian et al. 2009) with Lγ = 2.6×1039 erg s−1. Account-
ing for the black hole mass of this AGN, MBH = 5.5 × 107 M�,
taking the observed VHE luminosity as a reference, and assum-
ing tv ∼ 1 d, one derives using Equation (45) a jet luminosity
Lj = 1.2 × 1042 erg s−1, a rather modest value. Therefore, it
cannot be excluded that RG–jet interactions may contribute to
the VHE radiation detected from Cen A, or that transient ac-
tivity due to RG–jet interactions may be observed from this
source. Another case, the radio galaxy NGC1275, at a distance
of 73 Mpc (Hicken et al. 2009), shows variable behavior in GeV
(Abdo et al. 2009). The GeV luminosity is about 2×1043 erg s−1.
Using Equation (45), we can estimate the power of the jet as
5 × 1044 erg s−1 adopting an MBH = 108 M�. In the case of
NGC 1275 the shocked cloud would be optically thick at the lu-
minosity peak, implying significant attenuation of the TeV emis-
sion through photon–photon absorption with a cutoff around
50 GeV.

At farther distances, the strong jet luminosity dependence
Lγ ∝ L1.6

j implies that FR II sources with, say, Lj ∼ 1046 erg s−1

may be still detectable up to distances of ∼0.5 Gpc (internal
absorption should be included in these cases; see Aharonian
et al. 2008). The luminosity in the range 0.1–100 GeV would
also be significant unless there is a strong low-energy cutoff
in the proton spectrum. Therefore, Fermi may detect day-
long GeV flares originating due to RG–jet interactions from
FR II galaxies up to distances of few 100 Mpc. Summarizing,
GeV and TeV instrumentation can potentially detect a number
of RG–jet interactions per year taking place in nearby FR II and
very nearby FR I galaxies, with the most powerful events being
detectable up to 1 Gpc.
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