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We compare the energy requirements of different scenarios that allow addressing ultrafast gamma-
ray variability recently reported by the MAGIC collaboration from two extragalactic sources,
IC 310 and NGC 1275. Currently, the following three models are accepted as feasible explanation
for minute-scale variability: (i) external cloud in the jet, (ii) relativistic blob propagating through
the jet material, and (iii) production of high-energy gamma rays in the magnetosphere gaps. Our
analysis shows that the first two scenarios are not constrained by the flare luminosity. On the other
hand, there is a robust upper limit on the luminosity of flares generated in the black hole (BH)
magnetosphere (MSph). The maximum luminosity of magnetosphere flares depends weakly on
the mass of the central BH and is determined by the accretion disk magnetization, viewing angle,
and the pair multiplicity. For the most favorable values of these parameters, the luminosity for
5-minute flares is limited by 2× 1043 ergs−1, which excludes a BH MSph origin of the flare
detected with MAGIC from IC 310, and NGC 1275. In the scopes of scenarios (i) and (ii), the jet
power, which is required to explain the flares detected from these sources, exceeds the jet power
estimated based on the radio data. To resolve this discrepancy in the framework of the scenario
(ii), it is sufficient to assume that the relativistic blobs are not distributed isotropically in the jet
reference frame. A realization of scenario (i) demands that the jet power during the flare exceeds
by a large factor, ∼ 102, the power of the radio jet relevant on a timescale of ∼ 108 years.

Accretion Processes in Cosmic Sources — II - APCS2018
3–8 September 2018
Saint Petersburg, Russian Federation

∗Speaker.

c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:mbarkov@purdue.edu
mailto:d.khangulyan@rikkyo.ac.jp
mailto:Felix.Aharonian@mpi-hd.mpg.de


P
o
S
(
A
P
C
S
2
0
1
8
)
0
4
2

Scenarios for ultrafast gamma-ray variability in AGN M.V. Barkov

1. Introduction

It is natural to compare the non-thermal emission variability timescale to the shortest time
that characterizes a black hole (BH) system as an emitter, namely, the light-crossing time of the
gravitational radius of the BH:

τ0 = rg/c≈ 5×102M8 s, (1.1)

where M8 = MBH/(108M�) is mass of the central BH, and rg = GMBH/c2 = 1.5× 1013M8 cm is
the gravitational radius of extreme Kerr BH. For the mass range of BHs M ≥ 108M�, gamma-ray
emission variable on a minute scale has a potential to explore the physics of active galactic nuclei
(AGN) on the shortest timescale. Such ultrafast gamma-ray flares have previously been detected
from four AGN: PKS 2155−304 [1], Mkn 501 [2], and IC 310 [3] at TeV energies, and 3C 279 at
GeV energies [4]. In addition, a flare with a duration comparable to the BH horizon light-crossing
time, ∼ 2τ0, was observed from a missaligned radio galaxy M87, in which the jet Doppler factor is
expected to be small [5]. Finally, recently the MAGIC collaboration reported detection of a gamma-
ray flare from NGC 1275 with properties apparently incompatible to any suggested scenario [6].
Based on arguments suggested in Ref.[7], one concluded that, similarly to the case of IC 310, the
magnetosphere (MSph) gaps provides the most feasible interpretation for the gamma-ray emission
detected from NGC 1275 [6]. Here we consider these two cases in the frameworks of the approach
elaborated in Ref.[8].

Following the approach of Ref.[8] we discuss in three possible scenarios for the production of
ultrafast variability in AGNs:

(i) The source of the flare is a magnetospheric gap occupying a small volume in the proximity
of the BH close to the event horizon [9, 10].

(ii) The emitter moves relativistically in the jet reference frame. The most feasible energy source
for this motion is magnetic field reconnection in a highly magnetized jet [11, 12, 13].

(iii) Flares are initiated by penetration of external objects (stars or clouds) into the jet [14, 15].

Any model designed to explain the ultrafast variability should satisfy some key criteria. In
particular, the required overall energy budget should be feasible, the source should be optically
thin for gamma-rays, and of course, the proposed radiation mechanism(s) should be able to explain
the reported spectral features of gamma-ray emission.

2. Flare luminosity limitation for different scenarios

In this section we summarize the energy constraints obtained for different scenarios [8], and
discuss the limitation of this analysis. We focus on AGNs, which were considered as feasible
sources for production of detectable MSph gamma-ray emission: M87 [10], IC 310 [3], and
NGC 1275 [6].

Vacuum gaps in MSph of the central super-massive BHs (SMBHs) in AGN can be efficient
particle accelerators where the electron energy is boosted to multi-PeV energies [16, 17, 9, 18, 10].
These electrons may generate non-thermal emission with spectra extending to very-high energy
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energies. The variability of this radiation component might be very short as the size of the gap is
much smaller than the gravitational radius. Since the accretion flow is an important source of soft
photons, the vacuum gap scenario can be realized only in the case of relatively small accretion rate
[10, 8]. If the accretion rate exceeds some threshold value, the density of photons emitted by the
accretion flow appears to be sufficient to screen vacuum gaps in MSph.

Because of both the low accretion rate and the lack of Doppler boosting, the gamma-ray lu-
minosities of such objects are expected to be quite modest when compared to blazers. Therefore
the detectability of the BH magnetospheric radiation is moslty limited to a few nearby objects. In
particular, the radio galaxy M87, as well as the compact radio source Sgr A* in the center of our
Galaxy, can be considered as suitable candidates for the realization of such a scenario [10].

The energy release in the entire magnetosphere is limited by the Blandford – Znajek (BZ)
luminosity:

LBZ =
1

24
f (aBH)B2

BHr2
gc . (2.1)

Below we follow a simplified treatment that allows us to estimate the energy release in a thin
vacuum gap formed in the SMBH magnetosphere. The rotation of a magnetized neutron star or BH
in vacuum induces an electric field, E0, in the surrounding space [19, 20]. If a charge enters this
region, the electric field should accelerate it. In an astrophysical context the unscreened electric
field is usually strong enough to boost the particle energy to the domain where the particle starts
to interact with the background field and thus initiates an electron-positron pair cascade. The sec-
ondary particles move in the magnetosphere in a way that tends to screen the electric field [21, 22].
Eventually, an electric-field-free configuration of the magnetosphere can be formed. However, one
should note that there are differences between the structures of the pulsar and BH magnetospheres,
and consequently, the theoretical results obtained for pulsar magnetospheres cannot be directly ap-
plied to the BH magnetosphere. In particular, while in the case of the pulsar magnetosphere the
source of the magnetic field is well defined, in the BH magnetosphere the magnetic field is gener-
ated by currents in the disk and magnetosphere. The configuration of the field is determined by the
structure of the accretion flow. Thus, a change of the accretion flow can result in the formation of
charge-starved regions (gaps) in the BH magnetosphere.

For a thin spherical gap, R < r < R+h, the luminosity upper limit is

Lγ < 4πR2henecE0 , (2.2)

where the electrons are assumed to emit outward. The particle density can be expressed as a
fraction of the Goldreich-Julian density: ene = κρGJ, where κ is the multiplicity. The condition for
the electric field screening, e|ne− ne+ | = ρGJ, allows charge configurations with high multiplicity
and still non-screened electric field.

Following the procedure described in the [8], for sake of simplicity below it is adopted that
R3B2

g ' r3
gB2

BH, where BBH is the magnetic field at the BH horizon. Thus, one obtains

Lγ <
1
8

B2
BHrgκhcsin2

θ . (2.3)

We should note that for h→ rg, the luminosity estimate provided by Eq. (2.3) (after averaging over
the polar angle θ ) exceeds the BZ luminosity [20, 23] by a factor of 2.
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Thus, Eq. (2.3) can be considered as a safe upper limit for the luminosity of magnetospheric
flares. A similar estimate has been obtained by [24] and [10]. However, the numerical expression
in [10] contains some uncertain geometrical factor (η in the notations of [10]). Eq. (2.3) allows us
to estimate its value: this geometrical factor should be small, ∼ 10−2 (see also Eq. 52 in [24]).

Finally, the thickness of the gap, h, in Eq. 2.3 is constrained by the variability time scale,
h ∼ tvarc. To produce the emission variable on a 5-minute time-scale, tvar = 5 tvar,5 min, the gap
thickness, h = 1013tvar,5 cm, should be smaller than the gravitational radius of the SMBH with a
mass M8 > 1. Thus, the estimated gamma-ray luminosity cannot exceed the following value:

Lγ < 5×1043
κB2

4M8tvar,5 sin2
θ ergs−1 , (2.4)

where BBH = 104B4 G.
Eq. 2.4 contains two parameters that are determined by properties of the advection flow in

the close vicinity of the BH: pair multiplicity, κ , and the magnetic field strength, B. Importantly,
these parameters are essentially defined by the same property of the flow, more specifically, by
the accretion rate. The magnetic field at the BH horizon needs to be supported by the accretion
flow. Therefore the field strength is directly determined by the accretion rate. The accretion rate
also defines the intensity of photon fields in the magnetosphere, and consequently, the density
of electron-positron pairs produced through gamma-gamma interaction (see, e.g., [10, 8]). If the
multiplicity parameter, κ , approaches unity, the gap electric field vanishes (see, e.g., [25]). This
sets an upper limit on the accretion rate, and consequently on the magnetic field strength.

The upper limit of the γ-ray luminosity can be estimated as:

Lγ < 2×1043
β

8/7
m κtvar,5M−1/7

8 sin2
θ erg s−1 . (2.5)

This estimate is obtained for the thick-disk accretion (in the ADAF-like regime). For higher ac-
cretion rates, ṁ≥ 0.1, the accretion flow is expected to converge to the thin-disk solution [26, 27].
In this regime, the temperature of the disk is expected to be significantly below 1MeV, thus the
pair creation by photons supplied by the accretion disk should cease. This effectively mitigates
the constraints imposed by the accretion rate. However, the change of the accretion regime also
significantly weakens the strength of the magnetic field at the BH horizon [28], and consequently
decreases the available power for acceleration in the gap.

To derive Eq. 2.5, we assumed that the gap thickness is determined by the variability time-
scale; this corresponds to the energetically most feasible configuration. In a more realistic treat-
ment, one should also take into account the interaction of the particles that are accelerated in the
gap with the background radiation field. For high and ultrahigh energies of electrons, E > 1TeV,
the characteristic time of the inverse Compton scattering appears to be shorter than the minute-scale
typical for the short TeV flares. For the hot target photon field, as expected from a thick accretion
disk, the pair-production process should also be very efficient, λγγ ≤ λIC. Thus, computation of the
TeV emission requires a detailed modeling of the electromagnetic cascade (see, e.g., [29, 30, 31]).
Furthermore, the production and evacuation of the cascade-generated pairs may follow a cyclic
pattern and the inductive electric field may become comparable to the vacuum field [32]. A de-
tailed consideration of this complex dynamics is beyond the scope of this paper, but we note that
the characteristic length of such a cascade-moderated gap should be small, ∼

√
λICλγγ , resulting

in a reduction of the available power (see also [16, 31]).
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The similar to the Eq. 2.5 upper limit of the γ-ray luminosity for long lasting variability tvar�
rg/c takes a form:

Lγ < 4×1043
β

8/7
m κM6/7

8 sin2
θ erg s−1 . (2.6)

The dominant contribution to the photon field comes from plasma located at distances r∼ 2rg,
and the characteristic viscous accretion time (density decay time in the flow) is

tρ,decay '
2rg

cαss
' 104

α
−1
ss,−1M8 s . (2.7)

When the accretion fades, the decay of the magnetic field is determined by the magnetic field
reconnection rate [33]:

tB,decay '
πrg

0.3c
∼ 104M8 s . (2.8)

Since these two time-scales are essentially identical, it is natural to expect that the field strength
and the disk density will decay simultaneously. Thus, Eq. 2.5 should also be valid for the time-
dependent accretion regime.

2.1 Relativistically Moving Blobs

The properties of radiation generated in jets may be significantly affected if some jet material
moves relativistically with respect to the jet local comoving frame. For example, the magnetic
field reconnection may be accompanied by the formation of slow shocks (see, e.g., [11]) that in the
magnetically dominated plasma produce relativistic flows [34]. If such a process is realized in AGN
jets, it can lead to gamma-ray flares in blazar-type AGN with variability timescale significantly
shorter than rg/c [12]. Another implication of this scenario is related to short gamma-ray flares
detected from missaligned radio galaxies [35]. Indeed, the conservation of momentum requires
that for each plasmoid directed within the jet-opening cone, there should exist a counterpart that
is directed outside the jet-beaming cone. While the radiation of the plasmoid directed along the
jet appears as a short flare, the emission associated with its counterpart outflow can be detected
as a bright flare by an off-axis observer. The latter process may have a direct implication on the
interpretation of flares from nearby missaligned radio galaxies, e.g., M87 [35].

If the viewing angle is small, the mini-jet Lorentz factor can be expressed as Γem = 2ΓjΓco/(1+
α2) where α = θΓj is the viewing angle expressed through the jet-opening angle, (here Γj and Γco

are Lorentz factors of the jet and mini-jet, respectively). Thus, comparing the energy density in the
plasmoid and the energy density in the jet we can derive a limitation on the power for one plasmoid
as [12, 8]:

Lj =
Lγ

Γ6
coΓ6

j

(
1+α2

)6

256
πr2

ξ c2∆t2 (2.9)

or

Lj = 1.4×10−5Lγ

(
1+α2

4

)6

Γ
−6
co,1Γ

−6
j,1 ξ

−1
−1 r2

2M2
8 t−2

var,5 . (2.10)

Here it was assumed that the flare originates at a distance r2 = 100rg from the central BH with
mass MBH = 108M�M8.

The above estimate describes the jet luminosity requirement to generate a single short flare of
duration tvar. Observations in the HE and VHE regimes show that AGNs often demonstrate a rather
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long period of activity (as compared to the duration of a single peak): T � tvar. If the mini-jets
are isotropically distributed in the jet comoving frame, the probability for an observer to be in the
mini-jet beaming cone depends weakly on the observer viewing angle1, and this probability can be
estimated as P' (2Γco)

−2 [35]. If the mini-jet formation is triggered by some spontaneous process,
then the comoving size of the region responsible for the flare is l′0 = δjT c, and the energy contained
in this region is E ′ = Sl′0e′j (here S is the jet cross-section). The energy of a single mini-jet in the
comoving frame is

E ′mj =
LγtvarΓco

4ξ Γ3
em

. (2.11)

The total number of mini-jets during a flaring episode can be estimated as N ≈ΦT/Ptvar, where Φ

is the so-called filling factor.
The total dissipated energy for the flare should be smaller than the energy that is contained in

the dissipation region:
E ′mjΦT

Ptvar
< LjT

δj

Γ2
j
. (2.12)

This implies a requirement for the jet luminosity

Lj > 0.006Φ
(
1+α

2)4
Γ
−2
j,1 Lγξ

−1
−1 , (2.13)

where the small viewing angle limit was used for the ratio of Lorentz and beaming factors: ζ =

Γj/δj ' (1+α2)/2. The requirement imposed by Eq. 2.13 significantly exceeds the limit related
to the shortest variability time, Eq. 2.10.

On the other hand, this requirement can be somewhat relaxed if the velocity direction of the
plasmoids is not random, e.g., is controlled by the large-scale magnetic field [12, 36], or is triggered
by some perturbation propagating from the base of the jet. In the former case the mini-jet detection
probability, P, may be higher, and in the latter case, the comoving distance between the mini-jets
may be larger. Let us assume that the flare trigger propagates with Lorentz factor Γ′tr in the jet
comoving frame, then the comoving region size is larger by a factor of Γ′tr.

2.2 Cloud-in-Jet Model

In the framework of the cloud-in-jet scenario, we deal with the nonthermal emission generated
at the interaction of a jet with some external obstacle, e.g., a BLR cloud or a star (see, e.g., [37, 38,
14, 39, 40]). Debris of the obstacle matter, produced at such an interaction, can be caught by the jet
flow. This debris should form dense blobs or clouds in the jet, and the emission generated during
their acceleration may be detected as a flare [15, 41]. If this interpretation is correct, each peak
of the light curve can be associated with emission produced at the acceleration of some individual
blob. The peak profile and its duration are determined by the condition of how quickly this blob
can be involved into the the jet motion.

1If Γco > Γj, this statement is correct for observers located in θview < π/2, otherwise for tanθview <

vco/
√

1/Γ2
co−1/Γ2

j .
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If the cloud dynamics determines the variability, then the luminosity of the emission appears
to be independent of the mass of the cloud [15, 8]:

Lγ ' cP0πR2
c

ξ δ 4
j

4Γ2
j
. (2.14)

Since Lj > cP0πR2
c , the above equation allows us to obtain a lower limit on the jet luminosity

required for the operation of the star-jet interaction scenario:

Lj > 0.025
(
1+α

2)4
Γ
−2
j,1 Lγξ

−1
−1 , (2.15)

which is a factor of 4/Φ larger than the estimate for the jet-in-jet scenario (see Eq. 2.13).
The first dynamical limitation is related to the ability of a cloud to penetrate the jet and become

involved in the jet motion. According to the estimates given by [15] and [41], for the typical jet
parameters these constraints do not impose any strong limitations. The heaviest blobs that can be
accelerated by a jet with luminosity 1043 ergs−1 can result in flares with a total energy release of
1054 erg.

If the cloud is light enough to be caught by the jet, then one should consider two main pro-
cesses: the cloud expansion, and its acceleration. At the initial stage, the cloud cross-section is not
sufficiently large to provide its acceleration to relativistic velocities. On the other hand, the intense
jet-cloud interaction at this stage leads to a rapid heating and expansion of the cloud. The cloud
size-doubling time can be estimated as

texp ≈ A
(

Mc

γgRcPj

)1/2

. (2.16)

here Pj and Rc are the jet ram pressure and the cloud radius, respectively, γg = 4/3 is the adiabatic
index and A is a constant of about a few [42, 43, 44, 45, 46]. When the size of the cloud becomes
large enough for acceleration to relativistic energies, the intensity of the jet-cloud interaction fades
away, and the cloud expansion proceeds in the linear regime. Since the time scale for acceleration
to relativistic velocity is

tac '
Mcc2

πR2
ccPj

, (2.17)

the size of the cloud relevant for the flare generation can be obtained by balancing Eqs. 2.16 and 2.17:

Rc = Aexp

(
Mcc2

Pj

γg

π2A2

)1/3

. (2.18)

Here the constant Aexp accounts for the cloud expansion in the linear regime.
The dynamical limitation given by Eq. 2.18 together with Eq. 2.15 allows determination of the

jet ram pressure:

Pj =
πA4

ξ γ2
g A6

exp
(2ζ )6 Eγ

t3
varc3 . (2.19)

The actual value of the coefficient in the above equation, in particular the value of Aexp, can be
revealed only through the numerical simulations given the complexity of the jet-cloud interaction.
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Comparison of models for different sources
Source IC 310a M87b NGC 1275c

MBH,8 3 60 8
t5 1 175 120
τ0 0.2 2 10
Lγ , ergs−1 2×1044 1042 1045

Φ 0.1 0.3 0.1

Γj 10 10 1.5
Γco 10 10 10
α 2 2 0.2

Lγ/Lγ,ms 10 5×10−4 5
Led, ergs−1 4×1046 1048 1047

Lj,jj, ergs−1 1044 1042 4×1044

Lj,cj, ergs−1 3×1045 2×1043 2×1046

Table 1: a[3] b[5], [51], [52]. c[6], [53] MBH,8 = MBH/108M� is the SMBH mass, t5 = t/300 s is the
variability time, τ0 = tc/rg is the nondimensional variability time in units of gravitation radius light-crossing
time, Lγ is the maximum luminosity in gamma-rays, Γj is the jet Lorentz factor, Γco is the Lorentz factor of
the mini-jet, α = θ/Γj is the normalized viewing angle, Lγ,ms is the upper limit of the gamma-ray luminosity
for a magnetospheric model, Lj,jj is the minimal jet power for the jet-in-jet model, Lj,cj is the minimum jet
power for cloud-in-jet model.

However, if one assumes that the expansion proceeds very efficiently, i.e., the cloud size achieves
a value close to the light-crossing limit, Rc ' δjtvarc, then the expression for the jet ram pressure
becomes

Pj =

(
2ζ

δ 2
j

)2
Eγ

πξ t3
varc3 . (2.20)

Since each flaring episode should correspond to specific jet parameters2, the above equation
implies that the energy emitted in an individual peak of a flare should be proportional to the cube
of its duration: Eγ ∝ t3

var (or Lγ ∝ t2
var). Obviously, the study of individual peaks in a statistically

meaningful way requires a detailed light curve that can be obtained with future observations, in
particular with CTA (see, e.g., [50]).

2.3 Energetic Constraints for Detected Exceptional Flares

So far, several super-fast gamma-ray flares have been detected in the VHE or HE regimes from
different types of AGNs. The peculiarity of the signal is related both to the duration of the flare and
to the released energy. Below we consider several cases that are summarized in Table 2.2.

2We note, however, that across a magnetically driven jet one may expect strong gradients of the jet ram pressure
(see, e.g., [47, 48, 49]).
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2.3.1 IC 310

In 2012 November, the MAGIC collaboration detected a bright flare from IC 310 [3]. The
flare consisted of two sharp peaks with a typical duration of ∼ 5min. The measured spectra were
hard, with a photon index . 2, extending up to ∼ 10 TeV. The energy released during this event
has been estimated to be at a level of 2×1044 ergs−1.

The mass of the BH powering activity of IC 310 has been estimated to be MIC 310 =
(
3+4
−2

)
×

108M� [3], i.e., the measured variability time scale is as short as 20% of τ0.
According to the estimate provided by Eq. 2.5, the luminosity of flares generated in the BH

magnetosphere depends weakly on the mass of the BH and is determined by the disk magnetization,
the viewing angle, and the pair multiplicity3. Since all these parameters are smaller than unity, from
Eq. 2.5 we have

Lγ,ms < 2×1043 ergs−1 (2.21)

This upper limit is an order of magnitude below the required value [3]. Thus, we conclude that the
ultrafast flare detected from this source cannot have a magnetospheric origin.

Assuming that mini-jets are distributed isotropically in the jet frame and that the detection of
two pulses is not a statistical fluctuation, one can estimate the true jet luminosity using Eq. 2.13.
For the relevant flare parameters (i.e., tvar = 4.8min, Lγ = 2×1044 ergs−1) and M8 = 3

Lj,jj > 1044
Φ−1

(
1+α2

5

)4

Γ
−2
j,1 ξ

−1
−1 . (2.22)

If the mini-jets are not distributed isotropically, the requirement on the jet power can be a few
orders of magnitude weaker; see Eq. 2.10.

The cloud-in-jet scenario requires a higher jet luminosity; from Eq. 2.15 it follows that

Lj,cj > 3×1045
Γ
−2
j,1

(
1+α2

5

)4

ξ
−1
−1 ergs−1 . (2.23)

2.3.2 M87

In 2010, a bright flare has been recorded during a multi-instrument campaign in the VHE
energy band [52]. The variability time during the VHE transient was about 0.6 day and the flux
level achieved 1042 ergs−1. This source is characterized by a large jet-viewing angle of θj ≈ 15o

and a Lorentz factor of about Γj ≈ 7 [51], and the SMBH mass is ∼ 6×109M� [5].
Given the heavy central BH and the relatively long duration of the VHE flare, which allows

high values of the gap size, the energy constraint in the magnetosphere scenario is quite modest:

Lγ,ms < 2×1045 ergs−1 . (2.24)

M87 might be an interesting candidate for a detection of magnetosphere flares.

3Eq. 2.5 does not account for relativistic effects that should be small unless the gap is formed close to the hori-
zon. However, if the vacuum gap is close to the horizon, then the gravitational redshift should make more robust the
constraints imposed by the variability time.
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For the flare parameters (i.e., tvar = 0.6d, Lγ = 1042 ergs−1) and M8 = 60, Eq. 2.13 constrains
the required jet true luminosity at the level

Lj,jj > 1042
Φ−0.5

(
1+α2

5

)4

Γ
−2
j,1 ξ

−1
−1 . (2.25)

On the other hand, the mulitwavelength properties of the gamma-ray flares detected from M87
seem to be quite diverse, with no detected robust counterparts at other wavelengths. Thus, if
the VHE emission is produced by a single mini-jet, then a much weaker constraint, provided by
Eq. 2.10, is applied. In this case, the variability detected with imaging atmospheric Cherenkov
telescope should correspond to the mini-jet variability, thus the mini-jet comoving size should be

l̃em = ∆tcΓem =
2∆tcΓjΓco

1+α2 ∼ 1017 cm , (2.26)

which is about the jet cross-section at a parsec distance from the central BH. We should also note
that the typical spectra emitted by plasmoids are dominated by synchrotron radiation, which seems
to be inconsistent with the multi-wavelength observations of M87. Moreover, the peculiar light
curve that has been detected with H.E.S.S. has not yet been explained in the framework of the
jet-in-jet scenario.

Formally, for the parameters of the flare detected from M87, the minimum jet luminosity
required by the cloud-in-jet scenario is

Lj,cj > 2×1043
Γ
−2
j,1

(
1+α2

5

)4

ξ
−1
−1 ergs−1 . (2.27)

However, it has been argued that the light curve and the VHE spectrum is best explained if the TeV
is produced through p-p interactions induced by the jet collision with a dense cloud. In this case,
the required jet power is about Lj ≈ 5×1044 ergs−1 [40].

2.4 NGC 1275

The nature of recently observed by MAGIC collaboration of the TeV flare from NGC 1275
was discussed in the paper [6]. The flare has 1045 ergs−1 flux in the gamma and gamma-ray flux
doubling time is about 10 hours which is 10 times larger compare to the light crossing time of
the central black hole with mass about ∼ 8× 108M� [53]. Compare this luminosity and the limit
2×1044 ergs−1 from Eq. 2.6, we can’t explain such power in the frame work of the magnetosphere
model.

The current hydrodynamical jet power of NGC 1275 is difficult to estimate and it can vary
in the range 6× 1043 ≤ Lj ≤ 1047 ergs−1 [54]. So, we can’t share the critics in [6] for jet-in-jet
(Lj,jj ≈ 4× 1044 ergs−1) or even cloud-jet (Lj,cj ≈ 2× 1046 ergs−1) models. Following the paper
[55] the jet in the NGC 1275 did not show relativistic motions and upper limits on the jet power
can’t be derived from the paper [8] which was used in the paper [6].

3. Discussion and Conclusions

In this paper (which is based on the [6]) we considered three scenarios for the production of
ultrafast AGN flares with variability times shorter than the Kerr radius light-crossing time: gamma-
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ray emission of gaps in the SMBH magnetosphere [9, 10], the jet-in-jet realization [12], and the
emission caused by penetration of external dense clouds [15].

The production of gamma rays in the BH magnetosphere has several unique properties. In
particular, this scenario can be invoked to explain emission from off-axis AGNs and orphan gamma-
ray flares. On the other hand, the luminosity of the magnetospheric gap has a robust upper limit
that depends weakly on the SMBH mass. Moreover, the magnetospheric emission is not enhanced
by the Doppler-boosting effect, and this seems to be crucial for explaining short flares from distant
AGN. On the other hand, some nearby SMBHs[10], e.g., the Sagittarius A star or M87, might
be very promising candidates to produce gamma-ray flares (see, however, [56, 10, 57] for the
discussion of gamma-gamma attenuation in magnetosphere).

In general terms, there can be little doubt that the nonthermal radiation of powerful AGN
is related, in one way or another, to relativistic jets. The ultrafast gamma-ray flares might be
linked to the formation of relativistically moving features (plasmoids or mini-jets) inside the major
outflow, the jet originating from the central BH. Depending on the orientation of the mini-jets
to the jet axis, the radiation of the mini-jet can be focused within the jet cone or outside. This
scenario has been suggested to interpret the variable emission from AGN [12, 35]. It has been
shown that under certain conditions, magnetic field reconnection can result in the formation of
relativistic outflows [11, 58]. We note, however, that formation of a relativistic outflow is not an
indispensable feature of reconnection. Thus, ejection of relativisitcally moving plasmoids may
require a specific configuration of the magnetic field. Independently, to form outflows with large
Lorentz factors, Γco ≥ 10, an initial configuration with high magnetization, σ ' Γ2

co ≥ 100, is
required. Such a high magnetization of the jet at the flare production site requires an even higher
initial jet magnetization, σinit� 103. Jets with such a high magnetization should have an extremely
low mass load, which seems to be inconsistent with the properties of AGN jets at large distances
(see, however, [59, 60, 61] and references therein).

Finally, the SED of the emission produced by plasmoids formed at reconnection contains a
dominating synchrotron component that peaks in the UV energy band [13]. This feature is not
consistent with the SEDs obtained from AGNs during the ultrafast flares. The presence of a guid-
ing magnetic field can significantly enhance the magnetization of plasmoids, resulting in a further
enhancement of the synchrotron component and perhaps in the extension of the synchrotron com-
ponent to the gamma-ray band. The examination of this scenario requires detailed modeling, since
the guiding field impacts on the Lorentz factor of plasmoids.

The jet-in-jet scenario quantitatively implies a modest requirement for the jet intrinsic lumi-
nosity, however; it can be even further relaxed if one assumes that the mini-jets are not distributed
isotropically in the major jet comoving frame. Such an anisotropy can be realized, for example, by
focusing the outflow along the direction of the reconnecting magnetic field.

The star-in-jet scenario, the third possibility considered in the paper, requires significantly
higher jet luminosity than the jet-in-jet scenario. In many cases, the jet luminosity, needed to realize
the star-in-jet scenario, exceeds the Eddington limit. It was also shown that some details of the GeV
light curve obtained from 3C 454.3 with Fermi, e.g., the plateau phase, can be readily interpreted
in the framework of the star-in-jet scenario [41]. It is also important to note that the emission
produced by the interaction of a cloud with the AGN jet should be characterized by a universal
relation between the luminosity and the duration of individual peaks of the flare: L1/2 ∝ ∆t. To
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verify this relation observationally, a high photon statistics is required, which may possibly be
achieved with future observations with CTA.
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flaring activity of NGC1275 in 2016-2017 measured by MAGIC, A&A 617 (2018) A91
[1806.01559].

[7] K. Hirotani and H.-Y. Pu, Energetic Gamma Radiation from Rapidly Rotating Black Holes, ApJ 818
(2016) 50 [1512.05026].

[8] F. A. Aharonian, M. V. Barkov and D. Khangulyan, Scenarios for Ultrafast Gamma-Ray Variability in
AGN, ApJ 841 (2017) 61 [1704.08148].

[9] A. Neronov and F. A. Aharonian, Production of TeV Gamma Radiation in the Vicinity of the
Supermassive Black Hole in the Giant Radio Galaxy M87, ApJ 671 (2007) 85 [0704.3282].

[10] A. Levinson and F. Rieger, Variable TeV Emission as a Manifestation of Jet Formation in M87?, ApJ
730 (2011) 123 [1011.5319].

[11] Y. E. Lyubarsky, On the relativistic magnetic reconnection, MNRAS 358 (2005) 113
[astro-ph/0501392].

11

https://doi.org/10.1086/520635
https://arxiv.org/abs/0706.0797
https://doi.org/10.1126/science.1256183
https://arxiv.org/abs/1412.4936
https://doi.org/10.3847/2041-8205/824/2/L20
https://arxiv.org/abs/1605.05324
https://doi.org/10.1088/0004-637X/700/2/1690
https://arxiv.org/abs/0906.1492
https://doi.org/10.1051/0004-6361/201832895
https://arxiv.org/abs/1806.01559
https://doi.org/10.3847/0004-637X/818/1/50
https://doi.org/10.3847/0004-637X/818/1/50
https://arxiv.org/abs/1512.05026
https://doi.org/10.3847/1538-4357/aa7049
https://arxiv.org/abs/1704.08148
https://doi.org/10.1086/522199
https://arxiv.org/abs/0704.3282
https://doi.org/10.1088/0004-637X/730/2/123
https://doi.org/10.1088/0004-637X/730/2/123
https://arxiv.org/abs/1011.5319
https://doi.org/10.1111/j.1365-2966.2005.08767.x
https://arxiv.org/abs/astro-ph/0501392


P
o
S
(
A
P
C
S
2
0
1
8
)
0
4
2

Scenarios for ultrafast gamma-ray variability in AGN M.V. Barkov

[12] D. Giannios, D. A. Uzdensky and M. C. Begelman, Fast TeV variability in blazars: jets in a jet,
MNRAS 395 (2009) L29 [0901.1877].

[13] M. Petropoulou, D. Giannios and L. Sironi, Blazar flares powered by plasmoids in relativistic
reconnection, MNRAS 462 (2016) 3325 [1606.07447].

[14] A. T. Araudo, V. Bosch-Ramon and G. E. Romero, Gamma rays from cloud penetration at the base of
AGN jets, A&A 522 (2010) A97+ [1007.2199].

[15] M. V. Barkov, F. A. Aharonian, S. V. Bogovalov, S. R. Kelner and D. Khangulyan, Rapid TeV
Variability in Blazars as a Result of Jet-Star Interaction, ApJ 749 (2012) 119 [1012.1787].

[16] V. S. Beskin, Y. N. Istomin and V. I. Parev, Filling the Magnetosphere of a Supermassive Black-Hole
with Plasma, Soviet Astronomy 36 (1992) 642.

[17] A. Levinson, Particle Acceleration and Curvature TeV Emission by Rotating, Supermassive Black
Holes, Physical Review Letters 85 (2000) 912.

[18] F. M. Rieger and F. A. Aharonian, Variable VHE gamma-ray emission from non-blazar AGNs, A&A
479 (2008) L5 [0712.2902].

[19] P. Goldreich and W. H. Julian, Pulsar Electrodynamics, ApJ 157 (1969) 869.

[20] R. D. Blandford and R. L. Znajek, Electromagnetic extraction of energy from Kerr black holes,
MNRAS 179 (1977) 433.

[21] P. A. Sturrock, A Model of Pulsars, ApJ 164 (1971) 529.

[22] M. A. Ruderman and P. G. Sutherland, Theory of pulsars - Polar caps, sparks, and coherent
microwave radiation, ApJ 196 (1975) 51.

[23] V. S. Beskin, MHD Flows in Compact Astrophysical Objects. Springer Berlin Heidelberg, 2010,
10.1007/978-3-642-01290-7.

[24] F. M. Rieger, Nonthermal Processes in Black Hole-Jet Magnetospheres, International Journal of
Modern Physics D 20 (2011) 1547 [1107.2119].

[25] A. N. Timokhin and J. Arons, Current flow and pair creation at low altitude in rotation-powered
pulsars’ force-free magnetospheres: space charge limited flow, MNRAS 429 (2013) 20
[1206.5819].

[26] G. S. Bisnovatyi-Kogan and S. I. Blinnikov, Disk accretion onto a black hole at subcritical
luminosity, A&A 59 (1977) 111.

[27] M. A. Abramowicz, B. Czerny, J. P. Lasota and E. Szuszkiewicz, Slim accretion disks, ApJ 332
(1988) 646.

[28] G. S. Bisnovatyi-Kogan and R. V. E. Lovelace, Large-Scale B-Field in Stationary Accretion Disks,
ApJ 667 (2007) L167 [0708.2726].

[29] A. E. Broderick and A. Tchekhovskoy, Horizon-scale Lepton Acceleration in Jets: Explaining the
Compact Radio Emission in M87, ApJ 809 (2015) 97 [1506.04754].

[30] K. Hirotani, H.-Y. Pu, L. Chun-Che Lin, H.-K. Chang, M. Inoue, A. K. H. Kong et al., Lepton
Acceleration in the Vicinity of the Event Horizon: High-energy and Very-high-energy Emissions from
Rotating Black Holes with Various Masses, ApJ 833 (2016) 142 [1610.07819].

[31] A. Levinson and B. Cerutti, Particle-in-cell simulations of pair discharges in a starved
magnetosphere of a Kerr black hole, A&A 616 (2018) A184 [1803.04427].

12

https://doi.org/10.1111/j.1745-3933.2009.00635.x
https://arxiv.org/abs/0901.1877
https://doi.org/10.1093/mnras/stw1832
https://arxiv.org/abs/1606.07447
https://doi.org/10.1051/0004-6361
https://arxiv.org/abs/1007.2199
https://doi.org/10.1088/0004-637X
https://arxiv.org/abs/1012.1787
https://doi.org/10.1103/PhysRevLett.85.912
https://doi.org/10.1051/0004-6361:20078706
https://doi.org/10.1051/0004-6361:20078706
https://arxiv.org/abs/0712.2902
https://doi.org/10.1086/150119
https://doi.org/10.1086/150865
https://doi.org/10.1086/153393
https://doi.org/10.1007/978-3-642-01290-7
https://doi.org/10.1142/S0218271811019712
https://doi.org/10.1142/S0218271811019712
https://arxiv.org/abs/1107.2119
https://doi.org/10.1093/mnras/sts298
https://arxiv.org/abs/1206.5819
https://doi.org/10.1086/166683
https://doi.org/10.1086/166683
https://doi.org/10.1086/522206
https://arxiv.org/abs/0708.2726
https://doi.org/10.1088/0004-637X/809/1/97
https://arxiv.org/abs/1506.04754
https://doi.org/10.3847/1538-4357/833/2/142
https://arxiv.org/abs/1610.07819
https://doi.org/10.1051/0004-6361/201832915
https://arxiv.org/abs/1803.04427


P
o
S
(
A
P
C
S
2
0
1
8
)
0
4
2

Scenarios for ultrafast gamma-ray variability in AGN M.V. Barkov

[32] A. Levinson, D. Melrose, A. Judge and Q. Luo, Large-Amplitude, Pair-creating Oscillations in Pulsar
and Black Hole Magnetospheres, ApJ 631 (2005) 456 [astro-ph/0503288].

[33] S. S. Komissarov, Electrodynamics of black hole magnetospheres, MNRAS 350 (2004) 427.

[34] S. S. Komissarov, Limit shocks of relativistic magnetohydrodynamics, MNRAS 341 (2003) 717.

[35] D. Giannios, D. A. Uzdensky and M. C. Begelman, Fast TeV variability from misaligned minijets in
the jet of M87, MNRAS 402 (2010) 1649 [0907.5005].

[36] M. V. Barkov and S. S. Komissarov, Relativistic tearing and drift-kink instabilities in two-fluid
simulations, MNRAS 458 (2016) 1939 [1602.02848].

[37] R. D. Blandford and A. Königl, Relativistic jets as compact radio sources, ApJ 232 (1979) 34.

[38] W. Bednarek and R. J. Protheroe, Gamma-rays from interactions of stars with active galactic nucleus
jets, MNRAS 287 (1997) L9 [arXiv:astro-ph/9612073].

[39] M. V. Barkov, F. A. Aharonian and V. Bosch-Ramon, Gamma-ray Flares from Red Giant/Jet
Interactions in Active Galactic Nuclei, ApJ 724 (2010) 1517 [1005.5252].

[40] M. V. Barkov, V. Bosch-Ramon and F. A. Aharonian, Interpretation of the Flares of M87 at TeV
Energies in the Cloud-Jet Interaction Scenario, ApJ 755 (2012) 170 [1202.5907].

[41] D. V. Khangulyan, M. V. Barkov, V. Bosch-Ramon, F. A. Aharonian and A. V. Dorodnitsyn, Star-Jet
Interactions and Gamma-Ray Outbursts from 3C454.3, ApJ 774 (2013) 113 [1305.5117].

[42] G. Gregori, F. Miniati, D. Ryu and T. W. Jones, Three-dimensional Magnetohydrodynamic Numerical
Simulations of Cloud-Wind Interactions, ApJ 543 (2000) 775.

[43] F. Nakamura, C. F. McKee, R. I. Klein and R. T. Fisher, On the Hydrodynamic Interaction of Shock
Waves with Interstellar Clouds. II. The Effect of Smooth Cloud Boundaries on Cloud Destruction and
Cloud Turbulence, ApJS 164 (2006) 477 [arXiv:astro-ph/0511016].

[44] J. M. Pittard, T. W. Hartquist and S. A. E. G. Falle, The turbulent destruction of clouds - II. Mach
number dependence, mass-loss rates and tail formation, MNRAS 405 (2010) 821 [1002.2091].

[45] V. Bosch-Ramon, M. Perucho and M. V. Barkov, Clouds and red giants interacting with the base of
AGN jets., A&A 539 (2012) A69 [1201.5279].

[46] M. Perucho, V. Bosch-Ramon and M. V. Barkov, Impact of red giant/AGB winds on active galactic
nucleus jet propagation, A&A 606 (2017) A40 [1706.06301].

[47] V. S. Beskin and E. E. Nokhrina, The effective acceleration of plasma outflow in the paraboloidal
magnetic field, MNRAS 367 (2006) 375.

[48] S. S. Komissarov, M. V. Barkov, N. Vlahakis and A. Königl, Magnetic acceleration of relativistic
active galactic nucleus jets, MNRAS 380 (2007) 51 [arXiv:astro-ph/0703146].

[49] S. S. Komissarov, N. Vlahakis, A. Königl and M. V. Barkov, Magnetic acceleration of
ultrarelativistic jets in gamma-ray burst sources, MNRAS 394 (2009) 1182 [0811.1467].

[50] C. Romoli, A. M. Taylor and F. Aharonian, Cut-off characterisation of energy spectra of bright fermi
sources: Current instrument limits and future possibilities, Astroparticle Physics 88 (2017) 38
[1608.01501].

[51] C.-C. Wang and H.-Y. Zhou, Determination of the intrinsic velocity field in the M87 jet, MNRAS 395
(2009) 301 [0904.1857].

13

https://doi.org/10.1086/432498
https://arxiv.org/abs/astro-ph/0503288
https://doi.org/10.1111/j.1365-2966.2004.07598.x
https://doi.org/10.1046/j.1365-8711.2003.06446.x
https://doi.org/10.1111/j.1365-2966.2009.16045.x
https://arxiv.org/abs/0907.5005
https://doi.org/10.1093/mnras/stw384
https://arxiv.org/abs/1602.02848
https://doi.org/10.1086/157262
https://arxiv.org/abs/arXiv:astro-ph/9612073
https://doi.org/10.1088/0004-637X
https://arxiv.org/abs/1005.5252
https://doi.org/10.1088/0004-637X
https://arxiv.org/abs/1202.5907
https://doi.org/10.1088/0004-637X/774/2/113
https://arxiv.org/abs/1305.5117
https://doi.org/10.1086/317130
https://doi.org/10.1086/501530
https://arxiv.org/abs/arXiv:astro-ph/0511016
https://doi.org/10.1111/j.1365-2966.2010.16504.x
https://arxiv.org/abs/1002.2091
https://doi.org/10.1051/0004-6361
https://arxiv.org/abs/1201.5279
https://doi.org/10.1051/0004-6361/201630117
https://arxiv.org/abs/1706.06301
https://doi.org/10.1111/j.1365-2966.2006.09957.x
https://doi.org/10.1111/j.1365-2966.2007.12050.x
https://arxiv.org/abs/arXiv:astro-ph/0703146
https://doi.org/10.1111/j.1365-2966.2009.14410.x
https://arxiv.org/abs/0811.1467
https://doi.org/10.1016/j.astropartphys.2016.12.007
https://arxiv.org/abs/1608.01501
https://doi.org/10.1111/j.1365-2966.2009.14463.x
https://doi.org/10.1111/j.1365-2966.2009.14463.x
https://arxiv.org/abs/0904.1857


P
o
S
(
A
P
C
S
2
0
1
8
)
0
4
2

Scenarios for ultrafast gamma-ray variability in AGN M.V. Barkov

[52] A. Abramowski, F. Acero, F. Aharonian, A. G. Akhperjanian, G. Anton, A. Balzer et al., The 2010
Very High Energy γ-Ray Flare and 10 Years of Multi-wavelength Observations of M 87, ApJ 746
(2012) 151 [1111.5341].

[53] J. Scharwächter, P. J. McGregor, M. A. Dopita and T. L. Beck, Kinematics and excitation of the
molecular hydrogen accretion disc in NGC 1275, MNRAS 429 (2013) 2315 [1211.6750].

[54] Y. Fujita, N. Kawakatu, I. Shlosman and H. Ito, The young radio lobe of 3C 84: inferred gas
properties in the central 10 pc, MNRAS 455 (2016) 2289.

[55] K. Suzuki, H. Nagai, M. Kino, J. Kataoka, K. Asada, A. Doi et al., Exploring the Central Sub-parsec
Region of the γ-Ray Bright Radio Galaxy 3C 84 with VLBA at 43 GHz in the Period of 2002-2008,
ApJ 746 (2012) 140 [1112.0756].

[56] Y.-R. Li, Y.-F. Yuan, J.-M. Wang, J.-C. Wang and S. Zhang, Spins of Supermassive Black Holes in
M87. II. Fully General Relativistic Calculations, ApJ 699 (2009) 513 [0904.2335].

[57] Y.-D. Cui, Y.-F. Yuan, Y.-R. Li and J.-M. Wang, A General Relativistic External Compton-Scattering
Model for TeV Emission from M87, ApJ 746 (2012) 177 [1112.2948].

[58] L. Sironi, D. Giannios and M. Petropoulou, Plasmoids in relativistic reconnection, from birth to
adulthood: first they grow, then they go, MNRAS 462 (2016) 48 [1605.02071].

[59] S. S. Komissarov, Ram-Pressure Confinement of Extragalactic Jets, MNRAS 266 (1994) 649.

[60] B. E. Stern and J. Poutanen, A photon breeding mechanism for the high-energy emission of relativistic
jets, MNRAS 372 (2006) 1217 [arXiv:astro-ph/0604344].

[61] A. T. Araudo, V. Bosch-Ramon and G. E. Romero, Gamma-ray emission from massive stars
interacting with active galactic nuclei jets, MNRAS 436 (2013) 3626 [1309.7114].

14

https://doi.org/10.1088/0004-637X/746/2/151
https://doi.org/10.1088/0004-637X/746/2/151
https://arxiv.org/abs/1111.5341
https://doi.org/10.1093/mnras/sts502
https://arxiv.org/abs/1211.6750
https://doi.org/10.1093/mnras/stv2481
https://doi.org/10.1088/0004-637X/746/2/140
https://arxiv.org/abs/1112.0756
https://doi.org/10.1088/0004-637X/699/1/513
https://arxiv.org/abs/0904.2335
https://doi.org/10.1088/0004-637X/746/2/177
https://arxiv.org/abs/1112.2948
https://doi.org/10.1093/mnras/stw1620
https://arxiv.org/abs/1605.02071
https://doi.org/10.1111/j.1365-2966.2006.10923.x
https://arxiv.org/abs/arXiv:astro-ph/0604344
https://doi.org/10.1093/mnras/stt1840
https://arxiv.org/abs/1309.7114

