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Abstract

Gamma-ray flares from active galactic nuclei (AGNs) show substantial variability on ultrafast timescales (i.e.,
shorter than the light-crossing time of the AGN’s supermassive black hole). We propose that ultrafast variability is
a by-product of the turbulent dissipation of the jet Poynting flux. Due to the intermittency of the turbulent cascade,
the dissipation is concentrated in a set of reconnecting current sheets. Electrons energized by reconnection have a
strong pitch-angle anisotropy, i.e., their velocity is nearly aligned with the guide magnetic field. Then each current
sheet produces a narrow radiation beam, which dominates the emission from the whole jet when it is directed
toward the observer. The ultrafast variability is set by the light-crossing time of a single current sheet, which is
much shorter than the light-crossing time of the whole emission region. The predictions of our model are (i) the
bolometric luminosity of ultrafast AGN flares is dominated by the inverse Compton (IC) emission as the lower-
energy synchrotron emission is suppressed due to the pitch-angle anisotropy; (ii) if the observed luminosity
includes a nonflaring component, the variations of the synchrotron luminosity have a small amplitude; and (iii) the
synchrotron and IC emission are less variable at lower frequencies, as the cooling time of the radiating particles
exceeds the light-crossing time of the current sheet. Simultaneous multiwavelength observations of ultrafast AGN
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flares can test these predictions.

Unified Astronomy Thesaurus concepts: Galaxy jets (601); Blazars (164); Gamma-rays (637)

1. Introduction

Relativistic jets from active galactic nuclei (AGNs) are
observed across the entire electromagnetic spectrum (for a
review, see Blandford et al. 2019). The observed nonthermal
emission exhibits substantial variability on a wide range of
timescales, from several years down to a few minutes. The
ultrafast variability (i.e., faster than the light-crossing time of
the supermassive black hole Schwarzschild radius) is particu-
larly interesting as it cannot be imprinted by the engine and
therefore can enlighten the physics of nonthermal particle
acceleration in the jet.

Ultrafast variability of the gamma-ray emission has been
reported in several AGN flares (e.g., Aharonian et al. 2007;
Albert et al. 2007; Aleksi¢ et al. 2011, 2014; Ackermann et al.
2016). The detection of an ultrafast TeV flare from the flat
spectrum radio quasar PKS 1222421 places the flaring site at a
distance 0.1 pc, as required to prevent absorption of the
gamma rays by the UV photons from the broad-line region
(Aleksic et al. 2011).

Most theoretical models of ultrafast gamma-ray flares belong
to three main categories (for a review, see Aharonian et al.
2017):

1. Models where ultrafast gamma-ray flares are produced in
magnetospheric gaps/current sheets (e.g., Neronov &
Aharonian 2007; Ghisellini et al. 2009; Levinson &
Rieger 2011; Crinquand et al. 2020, 2021; Hakobyan
et al. 2023). These models cannot explain the origin of
the ultrafast TeV flare from PKS 1222421 as the
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emission radius is necessarily large, while they remain
viable for other sources.

2. Models where ultrafast gamma-ray flares are produced
due to the interaction of the jet with an external cloud or a
star (e.g., Araudo et al. 2010; Barkov et al. 2012).
However, this scenario requires very large jet power
(Aharonian et al. 2017).

3. Models attributing the ultrafast variability to the relati-
vistic random motion of “blobs” in the proper frame of
the jet. These “jets-in-a-jet” models were developed for
gamma-ray bursts (GRBs; e.g., Lyutikov 2006; Lazar
et al. 2009; Narayan & Kumar 2009) and later applied to
AGNs (e.g., Giannios et al. 2009; Nalewajko et al. 2011;
Narayan & Piran 2012; Giannios 2013).

Giannios et al. (2009; see also Giannios 2013) pointed out
that the jets-in-a-jet scenario can be realized when the jet
energy is dissipated via magnetic reconnection (however,
Narayan & Piran 2012 find strong constraints on the feasibility
of this model). In this model, the reconnection layer is
fragmented into a chain of blobs—the so-called plasmoids. If
the magnetic field across the current sheet is nearly antiparallel,
the plasmoids can be accelerated to ultrarelativistic velocities
(Lyubarsky 2005; Giannios et al. 2009). An important
prediction of such reconnection-driven jets-in-a-jet scenario is
that ultrafast gamma-ray flares should be accompanied by
bright ultrafast X-ray flares (Giannios et al. 2009; Petropoulou
et al. 2016; Christie et al. 2019). These two components
originate from the inverse Compton (IC) and synchrotron
emission of the radiating electrons. The synchrotron losses are
expected to be large as the plasma is strongly magnetized.

Thompson (2006) proposed a different scenario to produce
the fast variability of GRBs. In this model, the jet energy is
dissipated via a turbulent Alfvénic cascade. The intermittency
of the cascade is neglected, and consequently, the dissipation
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emission region

Figure 1. Cartoon of our scenario for the ultrafast variability of AGN flares.
The jet’s energy is dissipated via a turbulent cascade. Due to the intermittency
of the cascade, the dissipation is concentrated in a set of reconnecting current
sheets with a typical size /.. Since the guide magnetic field is comparable to
the antiparallel component (i.e., B, ~ 0B), electrons energized by reconnection
have a strong pitch-angle anisotropy, i.e., their velocity is nearly aligned with
the guide field. Then each current sheet produces a narrow radiation beam with
opening angle o < 1 and duration 7. ~ cs/c, which is much shorter than the
total duration of the flare, 7~ fy/c (the duration is calculated in the proper
frame of the emission region). The gamma-ray light curve is highly variable as
a single beam dominates over the whole emission region when it intercepts the
line of sight. Our model predicts that ultrafast gamma-ray flares have a faint
counterpart at lower frequencies (optical, X-rays) as the synchrotron emission
is suppressed due to the pitch-angle anisotropy of the radiating particles.

rate in the emission region is uniform. Thompson (2006) argues
that particles are energized via Landau damping. The energized
particles have a strong pitch-angle anisotropy, i.e., their
velocity is nearly aligned with the direction of the local
magnetic field. Since the emitted radiation is beamed along the
field, the observer sees a small part of the emission region,
where the field is nearly aligned with the line of sight. This
effect produces fast variability.

In this paper, we revisit the scenario of Thompson (2006)
and apply it to AGN jets. Our work is motivated by recent
kinetic simulations of relativistic plasma turbulence (Comisso
& Sironi 2018, 2019). These simulations show that the
turbulent cascade is intermittent and the dissipation is
concentrated in a set of large-scale reconnecting current sheets.
The reconnection magnetic field is not antiparallel, and a
relatively large guide field is present. In this case, the bulk
motion of the plasmoids remains mildly relativistic, and the
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velocity of the electrons energized by reconnection is nearly
aligned with the local magnetic field.” Similarly to the original
idea of Thompson (2006), in our scenario the ultrafast
variability arises due to the pitch-angle anisotropy of the
radiating particles. However, we show that the intermittency of
the turbulent cascade is essential for the variability.

A natural prediction of our scenario is that ultrafast gamma-
ray flares should have a faint counterpart at lower frequencies
as the synchrotron emission is suppressed when the velocity of
the radiating particles is nearly aligned with the local magnetic
field. Simultaneous multiwavelength observations of ultrafast
gamma-ray flares can test this prediction and discriminate
between our scenario and the reconnection-driven jets-in-a-jet
model considered in earlier work (Giannios et al. 2009;
Petropoulou et al. 2016; Christie et al. 2019) as the latter
predicts bright ultrafast X-ray flares.

The paper is organized as follows. In Section 2 we present
our scenario for the ultrafast variability of AGN flares. In
Section 3 we discuss the properties of the light curve. In
Section 4 we compare our scenario with previous work. We
summarize our results and conclude in Section 5.

2. Origin of the Variability

According to a widely accepted paradigm, relativistic jets extract
the rotational energy of supermassive black holes via electro-
magnetic stresses (Blandford & Znajek 1977; Tchekhovskoy et al.
2011). In this process, most of the energy is carried in the form of a
Poynting flux. Due to the unsteady activity of the engine, the jet
power may vary on a timescale

R
ATipg 2 f’ (1

where Ry/c =2GM/c* = 10 (M/10°M_) s is the light-crossing
time of the engine Schwarzschild radius. Of course, the jet
power cannot vary on timescales shorter than R,/c.

The jet Poynting flux can be dissipated as a result of
magnetohydrodynamical instabilities, such as the kink instabil-
ity and the Kelvin—Helmoltz instability. Consequently, a
population of nonthermal particles is accelerated (Alves et al.
2018; Davelaar et al. 2020; Sironi et al. 2021). If the cooling
time of these particles is shorter than the expansion time of the
jet (fast cooling regime), a substantial fraction of the jet power
is converted into synchrotron and IC radiation.

A radiative flare can be produced by a shell that carries a
large Poynting flux. We assume that the Poynting flux is
dissipated while the shell moves between the distances Ry
and Rgyiss + ARgy;ss from the engine, where ARgyjss ~ Ryiss- We
assume that the jet has a nearly cylindrical shape and neglect
the angular spreading.* The photons emitted when the head of
the shell reaches the distance Rg; Will be received first, and the
photons emitted when the tail of the shell reaches the distance
Ryis + ARy Will be received last. The observed duration of
the flare, T, can be estimated from the difference of the arrival
times. If the shell has a width ¢AT,,, in the observer’s frame,

3 Instead, in the reconnection-driven jets-in-a-jet model, the magnetic field

across the current sheet is nearly antiparallel. Then the velocity of the
plasmoids is ultrarelativistic, and the pitch-angle distribution is isotropic.

* The jet opening angle depends the radial profile of the external pressure that
collimates the jet. If the pressure is independent of the distance from the engine,
the jet has a nearly cylindrical shape (Lyubarsky 2008).
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one finds (Sari & Piran 1997)

@)

where I is the bulk Lorentz factor of the shell (it is assumed
that I' > 1). From Equations (1) and (2), one sees that the
duration of the flare cannot be shorter than the light-crossing
time of the engine, i.e., T2 R,/c.

Below we show that the variability timescale of the light
curve, 67, can be significantly shorter than the total duration of
the flare, 7. We outline the following scenario, which is
illustrated in Figure 1. Since astrophysical jets have huge
magnetic Reynolds numbers, it is conceivable that the jet
Poynting flux is dissipated via a turbulent cascade. The cascade
becomes increasingly intermittent at smaller scales, and the
dissipation is concentrated in a set of reconnecting current
sheets that fill a small fraction of the shell volume
(Biskamp 2003; Comisso & Sironi 2018, 2019). In the fast
cooling regime, electrons energized by reconnection radiate
their energy before moving far away from the current sheet
(Comisso & Sironi 2021; Nittili & Beloborodov 2021;
Sobacchi et al. 2021a). Since the electrons have a strong
pitch-angle anisotropy and move nearly along the direction of
the guide magnetic field (Comisso & Sironi 2019, 2021;
Comisso et al. 2020; Sobacchi et al. 2021a), the radiation of the
current sheet is focused into a narrow beam. Then each current
sheet behaves similarly to a lighthouse and can be observed
only if the field is directed nearly along the line of sight. This
effect increases the apparent luminosity of the current sheets
and exacerbates the variability of the light curve. The
variability timescale is equal to the light-crossing time of the
current sheets, while the duration of the flare is equal to the
light-crossing time of the entire shell, which can be
significantly longer.

2.1. Intermittency of the Turbulent Cascade

Our goal is estimating the ratio of the variability timescale
and the duration of the flare, §7/T, and the number of pulses of
the light curve, N,. Since these quantities are relativistic
invariant, we work in the proper frame of the shell. For
simplicity we assume that’ Ryi/2I%c ~ ATeng ~ Ry/c. Then
Equation (2) gives T~ AT o ~ Ry /c.

The volume of the shell calculated in the proper frame is
Vo ~ FcATeng[Oz, where I'cAT,,, is the longitudinal length and

£ is the transverse section. The magnetic energy of the shell is
dissipated on the timescale 7~ I'T~I'AT,,, (where 7 is
calculated in the proper frame of the shell). Due to the
intermittency of the turbulent cascade, the dissipation occurs in
a set of reconnecting current sheets. Numerical simulations
show that the reconnecting component of the magnetic field is
comparable to the guide field, which ensures a reconnection
rate Grec ~ 0.1 (Comisso & Sironi 2018, 2019). The reconnec-
tion rate is associated with the inflow velocity of the plasma
into the current sheets, which is v, ~ BrecVa, Where v, is the
upstream Alfvén velocity (in the relativistic regime, one has
Va ~C).

For simplicity we assume that the current sheets where the
energy is dissipated are identical, each having surface area £2.

5 Our assumption could be realized if the engine launches two shells with a
time delay ATe,, ~ R,/c. If the difference of the shells’ Lorentz factors is
AT ~ T, the shells collide at the distance Ry, ~ 2IcAT, eng:
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Let N, be the total number of these sheets, and 7., the survival
time of a sheet before being destroyed by the turbulent motions
of the plasma. The condition that the current sheets process the
entire volume of the shell gives Ncsvmnsfczs ~ V. Taking into
account that vy, ~ BrecVa ~ BrecC, the total number of current
sheets can be estimated as

[ 2
Neg ~ ﬂmé(fi) (Ti) 3)

Even if the current sheets are essentially two-dimensional
structures that fill a small fraction of the shell volume, our
model does not have an efficiency problem as the current sheets
dissipate a large fraction of the magnetic energy of the shell.®
Models of Alfvénic turbulence suggest that current sheets of
scale £., are destroyed on the timescale 7o~ les/va ~ les/c
(e.g., Boldyrev 2006). We consider the regime where the
cooling time of the energized particles, 7.1, 1S shorter than the
light-crossing time of the sheets, 7., and postpone the
discussion of a less efficient cooling to Section 3.2.2. When
Teool S Tes, €ach current sheet produces a radiation pulse of
duration 7. Since the ratio of the duration of the pulse and the
duration of the flare is relativistic invariant, one finds

T | T &, 4)
T T Z()

where 1 = {y/cT ~ o /T c ATy, is the aspect ratio of the shell in
the proper frame (it is assumed that 7~ 1).

Our Equation (4) is similar to Equation (9) of Narayan &
Piran (2012), but in their model the variability timescale is
longer by a factor §... The reason is that we adopt the eddy
turnover time 7.5~ {s/c, while Narayan & Piran (2012)
assumed Tes~ les/Brecc. In our model, each current sheet
processes a volume (3. CTCSKCZS ~ ﬁmz;, while in their model,
the processed volume is £3..

From Equation (4), one is tempted to conclude that an arbitrary,
short variability timescale can be achieved in the limit £ < ¢,.
However, from Equation (3) one sees that the number of current
sheets becomes very large when /., < £,. Since each current sheet
produces a pulse of the light curve, a large number of pulses may
overlap, and the variability could be eventually erased. The
resolution of this issue is discussed in Section 2.2.

2.2. Lighthouse Effect

The duty cycle of the pulsed emission can be estimated as
Jawy ~ min[1, £], where & is the number of current sheets that
are seen by an observer at a given time (for the compactness of
notation, hereafter we refer to ¢ as the duty cycle). The duty
cycle is crucial to assess the variability of the light curve
(Narayan & Piran 2012). When £ <1 the radiation pulses
produced by different current sheets do not overlap, and the
light curve shows a substantial variability. On the other hand,
when & 2 1, several radiation pulses overlap, and the variability
of the light curve is erased.

The duty cycle is affected by the pitch-angle anisotropy of
the particles energized in reconnecting current sheets. Numer-
ical simulations of relativistic plasma turbulence show that the
electron velocity is nearly aligned with the direction of the

 Thisis essentially the same argument that can be made for fractal models of
hydrodynamical turbulence intermittency, when the cascade accumulates on
structures of fractal dimension D < 3 (Frisch 1995).
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guide magnetic field, i.e., the maximum pitch angle « is small
(Comisso & Sironi 2019, 2021; Comisso et al. 2020; Sobacchi
et al. 2021a). Since the synchrotron and the IC radiation are
beamed along the direction of the particle velocity, each current
sheet produces a radiation beam that illuminates a solid angle
o®. Then there is a small probability that the beam intercepts
the line of sight.

The duty cycle can be estimated as follows. The probability
that a current sheet is visible at a given time is £/N.. This
probability can be also expressed as the product of (i) the
probability that the current sheet is “active,” 7.,/7, and (ii) the
probability that the radlatlon from the current sheet is beamed
along the line of sight, o (it is assumed that this probability is
independent of the chosen line of sight, i.e., the radiation beams
are distributed isotropically in the proper frame of the shell).
Using Equation (3), one finds

ZO 2
£~ 5rec(€05) : (%)

The pitch-angle anisotropy is essential to achieve a substantial
variability of the light curve. Using Equations (4) and (5), the
condition ¢£<1 gives o < ay = 2 Y(6T/T). Taking
Brec~0.1 and n~1, a Varlablhty timescale 6T/T~ 0.1
requires anisotropic pitch angles « <0.03. This level of
pitch-angle anisotropy is consistent with numerical simulations
of relativistic plasma turbulence in the fast cooling regime
(Sobacchi et al. 2021a).

Our Equation (5) is similar to Equation (11) of Narayan &
Piran (2012). An important difference is that in our model, the
beaming of the radiation is due to the pitch-angle anisotropy of
the energized particles, while in their model, it is due to the
ultrarelativistic bulk motion of the reconnection outflow. As
discussed in Section 4, this leads to very different predictions
for the counterpart of ultrafast gamma-ray flares at lower
frequencies.

The duty cycle &~ Neg(Tes/ o’ is equal to the fraction of
the solid angle that is illuminated at a given time in the proper
frame. When £ <1, the isotropic equivalent of the flare
luminosity inferred by an observer whose line of sight is
illuminated, L, is larger than the average 1um1nos1ty over the
entire solid angle, (L)q,. The luminosity ratio is L/(L)q~ &'

The duty cycle £ is also equal to the fraction of the shell
volume filled by radiation. Since in the illuminated regions, the
photon number density is a factor &' larger than average, the
mean free path for photon—photon annihilation is the same as if
the photons were distributed uniformly throughout the shell.
Then the mean free path depends only on the total duration of
the flare and is independent of the variability timescale
(Narayan & Piran 2012).

We conclude this section with two remarks. The effective
beaming of the radiation decreases if the current sheet is curved
or rotates significantly. In this case, the variability of the light
curve tends to be erased. On the other hand, the radiation pulse
produced by a current sheet may not be smooth. This would
increase the variability of the light curve.

3. Properties of the Light Curve

3.1. Morphology

The number of pulses of the light curve, N, is equal to the
product of (i) the total number of current sheets, N, and (ii)
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Figure 2. Morphology of the gamma-ray light curve for weak beaming

(dotted), intermediate beaming (solid), and strong beaming (dashed). The light

curve becomes more variable as the beaming of the radiation from the current
sheets increases.

the probability that the radiation from the current sheet is
beamed along the line of sight, a*. Using Equations (3) and (4)

one finds
3
~ Bt 1(;‘)) . ©)
CcS

Using Equations (4) and (6), one sees that the light curve is
composed of a large number of pulses, i.e., N, 2 1, for pitch
angles o > o, = 1201 (6T /T2,

The light curve has three possible morphologies, which
depend on the beaming of the radiation from the current sheets.

1. Weak beaming [« > oy = (Y/2n~'(6T /T)]. Since £ > 1,
the light curve has one pulse of duration T. The
variability is weak as pulses of duration 6T from different
current sheets overlap.

2. Intermediate beaming [y > o > oy = BN 20~ (6T /T)%/2).
In this case, one has { <1 and N, 2 1. Then the light
curve has N, separate pulses of duration 67. This
morphology has been reported in several AGN flares,
including the TeV flare detected on 2006 July 28 from the
BL Lac object PKS 2155-304 (Aharonian et al. 2007)
and the GeV flare detected on 2015 June 16 from the flat
spectrum radio quasar 3C 279 (Ackermann et al. 2016).

3. Strong beaming [o S o). In this case N, ~ N2 is the
fraction of the solid angle that is illuminated during the
entire flare. If the illuminated directions intercept the line
of sight, the light curve has one pulse of duration 67. The
TeV flares detected on 2005 June 30 and July 9 from the
BL Lac object Mrk 501 (Albert et al. 2007) are
representative of this morphology.

These three morphologies are illustrated in Figure 2. We
assume that each current sheet produces a radiation pulse with a
Gaussian profile of full width at half maximum 67 = 7/10. The
peak time of the pulses is drawn from a uniform probability
distribution over the interval 0 < ¢ < T. We assume [ =0.1
and n=1. The light curves are obtained for pitch angles
a=0.3 (dotted), o =0.03 (solid), and « =0.003 (dashed),
which correspond to the regimes of weak, intermediate, and
strong beaming respectively. Since beaming is very sensitive to
the conditions at the outer scale of the turbulent cascade
(Comisso et al. 2020; Sobacchi et al. 2021a), different flares



THE ASTROPHYSICAL JOURNAL LETTERS, 946:L51 (7pp), 2023 April 1
(even those produced by the same AGN) may exhibit different
morphologies.
3.2. Dependence on the Observed Frequency
3.2.1. Synchrotron versus IC Luminosity

Our model predicts that the IC luminosity, Lic, is higher than
the synchrotron luminosity, Lgy,.. One has

Lgyn . .
Lsyne ( Us )sza U g, )
LIC Urad Uext + Usync

where Up is the magnetic energy density and
Uvad = Uext + Ugync is the radiation energy density (Uey, is the
energy density of the external photon field, and Usyy is the
energy density of the sychrotron photons, which is determined
self-consistently below). In the fast cooling regime, the
available magnetic energy is converted into synchrotron and
IC radiation within one light-crossing time of the shell. Since
Ug ~ Ugync + Ulc, the energy density of the sychrotron photons
can be estimated as

Usync Lsync
Ugne ~ | ————— |Us~ | ——— |Us. )
Usync + UIC Lsync + LIC

Substituting Equation (8) into Equation (7), one finds®

Lsync . .
—— ~ min | sin a,

Lic

Us sin2a]. 9)
ext

For a strong pitch-angle anisotropy (o < 1), as required to
achieve a fast variability, one has Lsync/LIC<< 1. Then the
bolometric luminosity of the flare is dominated by the IC
emission.

It is possible that the observed emission includes a
nonflaring component. Since the synchrotron emission of the
flaring component is suppressed due to the pitch-angle
anisotropy, it may be partially or completely “buried” under
the nonflaring component. In this case, fast variations of the
observed synchrotron luminosity have a small amplitude.

3.2.2. Effect of the Particle Cooling Time

The effect of the particle cooling time on the variability of
the light curve can be understood by considering the regime
Tes S Teool S 7. In this regime, the cooling time is longer than
the light-crossing time of a current sheet and shorter than the
light-crossing time of the shell, as appropriate in the fast
cooling regime.

When 7y 2 Tess €ach current sheet produces a radiation
pulse of duration 7.,,. Repeating the same arguments used in
the derivation of Equations (4) and (5), one sees that 6T/T and
& increase by a factor T o1/7cs- Then the synchrotron and IC
emission should be less variable at lower frequencies as the
cooling time of the radiating particles increases.

" For simplicity we do not discuss the Klein—Nishina corrections to IC
scattering. The full analysis is presented in Sobacchi et al. (2021b).

8 The two limiting cases of Equation (9) are obtained for different ratios
Usync/chl- When Usync < UCXU Equation (7) gives Lsync/LIC ~ (UB/Uex()Sin2 Q.
When Ugye > Uexe Equation (7) gives Lgyne/Lic ~ (Up/Usync)sin® a, and
Equation (8) gives Usyne/Up ~ Lsync/Lic. Then one finds Lgyne/Lic ~ sina.
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3.3. The Flares from PKS 2155-304

The BL Lac object PKS 2155-304 entered a period of high
activity in 2006 July. Available estimates of the supermassive
black hole mass indicate M~ 1-2 x 10°M,, (Bettoni et al.
2003), which correspond to Ry/c =2GM/c® ~ 1-2 x 10*s. An
exceptional TeV flare was detected on July 28 (Aharonian et al.
2007). The variability timescale of the gamma-ray light curve
was 6T ~400s, i.e., a factor C(ST/Rg ~ 0.02-0.04 shorter than
the light-crossing time of the supermassive black hole.
Unfortunately, there are no multiwavelength observations of
this flare.

PKS 2155-304 flared for a second time on July 30.
Simultaneous optical, X-ray, and gamma-ray observations of
this flare were reported by Aharonian et al. (2009). The
variability timescale of the gamma-ray light curve was
6T ~4 x 10°s. During the flare the bolometric luminosity
was dominated by the IC emission (gamma rays), which was
brighter than the synchrotron emission (X-rays, optical) by a
factor of ~10. A few hours after the flare, the IC luminosity
was comparable to the synchrotron luminosity. During the
flare, the gamma-ray luminosity varied by a factor of ~20. The
X-ray luminosity varied by a factor of ~2, and the optical
variations were weak (~15%).

These observations are consistent with our scenario. Estimating
Lyyne/Lic ~ 0.1 and 6T/T ~ ¢6T/R, ~ 0.2-0.4, Equations (4) and
9) give nles/to~0.2-0.4 and o ~0.1. Assuming [, ~ 0.1 and
n~ 1, Equations (5) and (6) give £~0.6-2 and N,~ 1-10,
consistent with the fact that the gamma-ray and X-ray emissions
show substantial variability.” The ratio of the cooling times of
the particles responsible for the optical and X-ray emission is
Teoolopt/ Teool X ~ (Ux/Vopt)'/? ~ 102, Then, it is not surprising
that the optical emission is weakly variable.

4. Comparison with Previous Work
4.1. Models Invoking Relativistic Bulk Motions

Models attributing the variability of the light curve to the
relativistic random motion of “blobs” in the proper frame of the
shell were developed for GRBs (e.g., Lyutikov 2006; Lazar
et al. 2009; Narayan & Kumar 2009) and later applied to AGNs
(e.g., Giannios et al. 2009; Nalewajko et al. 2011; Narayan &
Piran 2012; Giannios 2013). In these models, each blob
dominates the emission of the whole shell when it moves
toward the observer.

A common version of these models is the reconnection-driven
“jets-in-a-jet” scenario, in which a reconnection layer is
fragmented into a chain of plasmoids that are accelerated to
ultrarelativistic velocities (Giannios et al. 2009; Petropoulou et al.
2016; Christie et al. 2019). We emphasize that this scenario
requires special conditions. The bulk Lorentz factor of the
reconnection outflow can be estimated as 7, , ~ min[</T, '],
where o> 1 is the plasma magnetization and e is the ratio of the
guide magnetic field and the total field (Lyubarsky 2005; Comisso
& Asenjo 2014). The magnetic field across the current sheet
should be nearly antiparallel (¢ < 1/+/c) in order to achieve a
large Lorentz factor <y, , ~ ~/7, as required in the jets-in-a-jet
model. If the guide magnetic field is of the same order of the
reconnecting component (e ~ 1), as in our turbulent scenario, one

° For the exceptional TeV flare of July 28, one has 7l./ly ~ c6T/Ry ~
0.02-0.04. Since there are no multiwavelength observations, one cannot
estimate o directly. The duty cycle is & ~ 0.6-2 x 10*°a2. The condition
& < 1is satisfied for na < 0.01.
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has ~pu ~ 1. Current sheets with a vanishing guide field may
form if the supermassive black hole accretes magnetic loops
of alternating polarity (Lyubarsky 2010; Giannios &
Uzdensky 2019).

Simultaneous multiwavelength observations of ultrafast
AGN flares can discriminate between the reconnection-driven
jets-in-a-jet model and our scenario. Since the pitch-angle
distribution of the energized particles is assumed to be
isotropic, the jets-in-a-jet model predicts that ultrafast
gamma-ray flares have a bright synchrotron counterpart at
lower frequencies, while our scenario predicts weak synchro-
tron variability.

4.2. Models Invoking Pitch-angle Anisotropy

Models attributing the variability of the light curve to the
pitch-angle anisotropy of the radiating particles have received
limited attention. Below we discuss two such models. Similarly
to our scenario, these models predict that ultrafast gamma-ray
flares have a faint synchrotron counterpart at lower frequencies.

Thompson (2006) suggested that the fast variability of GRB
light curves is due to the pitch-angle anisotropy of the
energized particles in a turbulent magnetized plasma. In this
model, the intermittency of the turbulent cascade is neglected,
and consequently, the dissipation rate in the emission region is
uniform. Then the energized particles fill the whole shell. As
we show below, in this case the light curve could hardly show a
significant variability. Our argument is independent of the
specific dissipation process and therefore applies to any model
where the intermittency of the turbulent cascade is neglected.

Thompson (2006) associated the variability of the light curve
to the timescale 7, to tilt the magnetic field by an angle «
(where a1 is the maximum pitch angle of the energized
particles). The idea is that radiation produced by particles
moving along a certain field line is beamed out of the line of
sight when the magnetic field is tilted. The timescale 7,, can be
estimated as follows. Models of Alfvénic turbulence predict
that the amplitude of magnetic field fluctuations at a certain
scale ¢ in the inertial range is 6B/B ~ (£, /€)'/3 ~ (£/lo)"/?,
where £, is the outer scale of the cascade, and the parallel and
perpendicular directions are defined with respect to the local
magnetic field (Goldreich & Sridhar 1995; Thompson &
Blaes 1998). In order to tilt the magnetic field by an angle a,
the amplitude of the Alfvén wave should be éB/B ~ «. The
corresponding wavelength is £, ~ o’ly, which gives
Ta™ Zall/vA ~ Cszo/c < [o/C.

The shortcoming of this model is that the duty cycle, which
was not calculated by Thompson (20006), is expected to be very
large. The number of eddies of parallel size £, ~ ol and
perpendicular  size £, ~a’(, can be estimated as
N, ~ {8 /ZQHQZ | ~ a3, Since the intermittency of the turbulent
cascade is neglected, the energized particles fill the whole shell.
Then, in this model the duty cycle is & ~Naa2~ a ®>1,
showing that the variability of the light curve on the timescale
T, 18 erased.

Ghisellini et al. (2009) proposed a magnetospheric model of
ultrafast AGN flares invoking pitch-angle anisotropy. In this
model, the flares are due to IC emission by electrons that are
magnetocentrifugally accelerated along the field lines. As
discussed earlier, magnetospheric models cannot explain the
origin of the ultrafast TeV flare from the flat spectrum radio
quasar PKS 1222421 (Aleksi¢ et al. 2011) as the flare should
be produced at a distance 2>0.1pc in order to prevent
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absorption of the gamma rays by the UV photons from the
broad-line region.

5. Conclusions

We have proposed that ultrafast AGN flares (variability
timescale shorter than the light-crossing time of the super-
massive black hole Schwarzschild radius) are a manifestation
of the intermittency of the turbulent cascade that dissipates the
jet Poynting flux. In our scenario, the variability timescale is
equal to the light-crossing time of the intermittent current
sheets where the particles are energized by the reconnection
electric field. Each current sheet produces a radiation pulse
whose duration is shorter than the light-crossing time of the
whole emission region. The latter can be comparable to the
light-crossing time of the supermassive black hole Schwarzs-
child radius.

In our scenario, particles energized by reconnection have a
strong pitch-angle anisotropy, i.e., their velocity is nearly
aligned with the guide magnetic field. Therefore, the radiation
from each current sheet is beamed. To obtain observed
variability, it is essential that the beam illuminates only a
small fraction of the solid angle so that a single current sheet
dominates the emission from the whole jet. Correspondingly, if
the opening angle of the beams were too broad, radiation pulses
from different current sheets would overlap, and the variability
of the light curve would be erased. Flares would exhibit a
variety of temporal structures depending on the specific
parameters of the reconnection layers.

The predictions of our model are the following:

1. The bolometric luminosity of ultrafast AGN flares is
dominated by the IC emission. The lower-energy
synchrotron emission is suppressed as the velocity of
the radiating particles is nearly aligned with the local
magnetic field.

2. If the observed emission includes a nonflaring comp-
onent, the synchrotron emission of the flaring component
may be partially or completely “buried.” Then, fast
variations of the synchrotron luminosity have a small
amplitude.

3. The synchrotron and IC emission are less variable at
lower frequencies as the cooling time of the radiating
particles exceeds the light-crossing time of the current
sheet.

The first and second predictions are a distinctive signature of
models invoking a strong pitch-angle anisotropy of the
radiating particles. Simultaneous multiwavelength observations
of ultrafast AGN flares can test these predictions and
discriminate between our scenario and the jets-in-a-jet model
considered in earlier work (Giannios et al. 2009; Petropoulou
et al. 2016; Christie et al. 2019) as the latter predicts bright
ultrafast synchrotron flares.

Establishing that the radiating particles have a strong pitch-
angle anisotropy would be important for the modeling of the
spectral energy distribution (SED) of relativistic jets. SED
models suggest that jets from AGNs are matter dominated,
i.e., the magnetic energy density is much smaller than the
energy density of the radiating electrons (Tavecchio &
Ghisellini 2016). Interestingly, recent attempts to model the
SED of jets from tidal disruption events have reached a similar
conclusion (Pasham et al. 2023). These results are in tension
with the theoretical prediction that relativistic jets are
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magnetically dominated objects (Blandford & Znajek 1977;
Tchekhovskoy et al. 2011). The tension is alleviated if the
radiating particles have small pitch angles (Sobacchi &
Lyubarsky 2019; Sobacchi et al. 2021b). Since the synchrotron
frequency and power depend on the component of the magnetic
field perpendicular to the particle velocity, B sin «, the strength
of the jet magnetic field inferred from the SED is very sensitive
to the pitch-angle anisotropy. The magnetic energy density
could be underestimated by a factor sin?a < 1 by SED
models, making the standard assumption that the pitch-angle
distribution is isotropic.

We acknowledge fruitful discussions with Daniel Groselj,
Yuri Lyubarsky, and Fabrizio Tavecchio. T.P. and E.S. are
supported by an advanced ERC grant MultiJets and ISF grant
2126/22. L.C. is supported by NASA ATP 80NSSC22K0667.
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