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SPECTRAL ENERGY DISTRIBUTIONS OF BLAZARS

• despite strong variability, the SED is stable, electron distribution is robust

high-luminosity blazar 
FSRQ (Flat Spectrum Radio Quasar) 

3C 279, Hayashida et al. (2012)
-13

-12

-11

-10

-9

10 12 14 16 18 20 22 24

mm µm keV MeV GeV
lo

g 1
0 

(i
F i

) o
bs

 [e
rg

 s
-1

 c
m

-2
]

log10 iobs [Hz]

synchrotron
inverse Compton 

or hadronic



M. Meyer et al.: The Crab Nebula as a standard candle in very high-energy astrophysics

1033

1034

1035

1036

1037

 10  15  20  25

10-11

10-10

10-9

10-8

-5  0  5  10

! 
L !

 [e
rg

s/
s]

! 
f !

 [e
rg

s/
s/

cm
2 ]

log10(!/Hz)

log10(E/eV)

MHD
Const. B-field

Fig. E.1. The SED with the best-fitting model calculations.

Table D.1. Parametrization of the IC flux.

Coe!cient Value
p0 . . . . . . . . . . . . . . . . . . . . . . . . !10.2708
p1 . . . . . . . . . . . . . . . . . . . . . . . . !0.53616
p2 . . . . . . . . . . . . . . . . . . . . . . . . !0.179475
p3 . . . . . . . . . . . . . . . . . . . . . . . . 0.0473174
p4 . . . . . . . . . . . . . . . . . . . . . . . . 0
p5 . . . . . . . . . . . . . . . . . . . . . . . . !0.00449161

Notes. The coe!cients correspond to Eq. (D.1).

6%, less than 1% for p0 and p2 and about 1% for p1. The value
of p4 is set to zero since its relative error is otherwise around
150%, and thus p4 is not neccessary for a satisfactory fit.

Appendix E: Final SED
Figure E.1 summarizes the best fits for the constant B-field
model and the MHD flow model (see Sect. 2), together with all
data points of the references in Table 1 and in Aharonian et al.
(2004). Likewise, the scaling factors for the IACTs introduced
in Sect. 4 are also applied.
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WHY ARE BLAZAR SEDS NOT CRAB-LIKE?

• synchrotron SED of the Crab 
extends to 100 MeV 

• synchrotron SED of FSRQs 
extends to 10 eV / Doppler 

• what determines   in 
FSRQs? 

• a radiative cooling limit implies 
  for shocks 
(Inoue & Takahara 1996) 
or   
for reconnection (KN 2016)

γmax ∼ 103

ξ = λmfp/RL ∼ 107

βrec = E/B ∼ 10−9
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6%, less than 1% for p0 and p2 and about 1% for p1. The value
of p4 is set to zero since its relative error is otherwise around
150%, and thus p4 is not neccessary for a satisfactory fit.

Appendix E: Final SED
Figure E.1 summarizes the best fits for the constant B-field
model and the MHD flow model (see Sect. 2), together with all
data points of the references in Table 1 and in Aharonian et al.
(2004). Likewise, the scaling factors for the IACTs introduced
in Sect. 4 are also applied.
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HARD PARTICLE SPECTRA IN RELATIVISTIC RECONNECTION

• reconnection produces power-law distributions that are 
hardening with increasing sigma 
  with   for   
(Sironi & Spitkovsky 2014, Guo et al. 2014, Werner et al. 2016) 

• high-energy cut-off is exponential with   

•   in very large plasmoids in 2D 
(Petropoulou & Sironi 2018) 

• 3D relativistic reconnection produces 
hard particle spectra 
  with   
(Zhang , Sironi & Giannios 2021)

dN/dγ ∝ γ−p p → 1 σ ≫ 1

γmax ∼ 𝒪(σ)

p → 2

f(γ) ∝ γ−p p ∼ 1.5

high-energy particles preferentially move along the z-direction
(Section 3.1). Then, we track particles and investigate in detail
their acceleration mechanism (Section 3.2). Finally, we
investigate the dependence of our results on the domain size,
in order to show that the acceleration physics should operate
effectively out to larger scales (Section 3.3).

3.1. Particle Spectra

A nonthermal power-law spectrum extending to high
energies is a well-established outcome of relativistic reconnec-
tion (e.g., Sironi & Spitkovsky 2014). Figure 4 shows the
positron momentum spectrum p dN dpz z, where pz= !"z is the
dimensionless 4-velocity along z ("z is the particle z velocity in
units of the speed of light). The spectrum is obtained by
averaging between t= 3.34L/c and 3.56L/c, when the system
is in steady state. The box-integrated spectrum of positrons
with pz> 0 (blue, indicated as pz+,box in the legend) can be
modeled for pz! 3 as a power law r �p dN dp pz z z

1.
The !gure compares the momentum spectrum between

positrons with pz> 0 (blue lines, indicated as pz+ in the legend)
and pz< 0 (green lines, indicated as pz! in the legend) and further
distinguishes between spectra integrated in the whole box (solid
lines) and only extracted from the reconnection downstream
( �% %0; dashed lines). We !nd that high-energy positrons
with pz< 0 are mostly located within the downstream region
(compare green solid and dashed lines), i.e., nonthermal positrons
with pz< 0 are trapped in plasmoids, analogous to 2D results (see
Petropoulou & Sironi 2018; Hakobyan et al. 2021).

In contrast, a signi!cant fraction of high-energy positrons with
pz> 0 reside outside the reconnection region (compare blue solid
and dashed lines), and we shall call them “free.” The fraction of free
positrons is an increasing function of momentum, and for pz! 100
they are more numerous than the ones located in the reconnection
downstream. The pz+ spectrum of free positrons (dotted blue line)
can be modeled as a hard power law, r �dN dp pz zfree

1.5. In
Appendix B, we provide an analytical justi!cation of the measured
spectral slope. The cutoff in the spectrum of pz> 0 positrons is
much higher than for pz< 0 positrons, suggesting that free
positrons can be accelerated to much larger energies than trapped
ones, as we indeed demonstrate below.6

The asymmetry between positrons with pz> 0 versus pz< 0 is a
unique feature of our 3D setup. In a corresponding 2D simulation
(see Appendix A), pz+ and pz! spectra are nearly identical, and

nearly all high-energy particles reside within the reconnection
downstream, as already shown by Figure 3 (right panel).
In the inset of Figure 4, we present the box-integrated

positron spectra of kinetic energy (gray) and momentum in
different directions, as indicated in the legend. In contrast to the
pz spectrum, there is no broken symmetry between positive and
negative directions in the px and py spectra. The inset shows
that the peak of the energy spectrum (gray), at !! 1" 3, is
dominated by motions along the x-direction of the reconnection
out"ows (compare with the px spectrum; red line). In contrast,
the high-energy cutoff of the positron energy spectrum at
!" 500 is dominated by the pz+ spectrum (blue). Hence, the
most energetic positrons move mostly along the+ z-direction
(conversely, the highest-energy electrons along! z). We also
remark that the py spectrum (orange) reaches rather high
momenta (albeit not as high as the pz+ spectrum). This is
consistent with the trajectories of high-energy positrons that we
illustrate in Section 3.2.

Figure 3. 2D histograms of the particle Lorentz factor ! and the mixing factor% (interpolated to the nearest cell) at time t = 2.37L/c, for 3D (left) and 2D (right). The
red dashed line in the left panel marks the threshold �% 0.30 that we employ to distinguish upstream ( �% %0) from downstream ( �% %0).

Figure 4. Momentum spectrum p dN dpz z of positrons, where pz = !"z is the
dimensionless 4-velocity along the z-direction. We show spectra of positrons
with pz > 0 (blue, indicated as pz+ in the legend) and pz < 0 (green, indicated
as pz! in the legend). Spectra from the overall box are shown as solid lines
(indicated with subscript “box” in the legend), whereas the dashed lines refer
only to positrons belonging to the downstream region, as de!ned by the mixing
condition �% %0 (indicated with subscript “rr” in the legend). The spectrum
of high-energy “free” positrons residing in the upstream region (with

�% %0), which preferentially have pz > 0, is indicated by the dotted blue
line. The dotted black line shows a power law �pz

1. In the inset, we present the
box-integrated positron spectra of kinetic energy (gray) and momenta in
different directions, as indicated in the legend. All spectra in the main plot and
in the inset are time averaged between t = 3.34L/c and 3.56L/c and
normalized to the total number of positrons in the box.

6 The electron spectrum shows the opposite asymmetry: electrons with pz > 0
mostly reside in plasmoids, and their spectrum extends to lower momenta than
for free electrons with pz < 0.

4
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EXTREME LOCAL MAGNETIZATIONS IN JETS?

• maximum electron energy limited by maximum local 
electron magnetization   for BL Lacs 
(  for FSRQs) (KN 2016, Sobacchi & Lyubarsky 2020) 

• mean initial total magnetization for bulk jet 
acceleration   

• caveat 1: whether shocks or reconnection, emitting 
regions close to equipartition, can be very different 
from the background (Sironi , Petropoulou & Giannios 2015) 

• caveat 2: distinguish electron and proton 
magnetizations
  

• the magnetization of jets may be highly 
inhomogeneous, e.g., due to filamentary proton 
loading (KN 2016)

γe,max ∼ σe,max ∼ 106

103

⟨σtot,ini⟩ ∼ Γjet ∼ 20

σe/σp ∼ (mp/me) ( < γe > / < γp > )−1 (ne/np)−1 ≫ 1

62 S. S. Komissarov et al.

Figure 7. Evolution of the magnetic flux distribution across the jet with distance from the inlet. Left-hand panel: model C1. Middle panel: model C2. In both
cases the solid line corresponds to ! = 10, the dashed line to ! = 102, the dash–dotted line to ! = 103, the dotted line to ! = 104 and the dash–triply dotted
line to ! = 105. Right-hand panel: model A2. The solid line corresponds to ! = 1, the dashed line to ! = 30, the dash–dotted line to ! = 3 ! 102, the dotted
line to ! = 3 ! 103 and the dash–triply dotted line to ! = 3 ! 104. Note that in the conical case we use the spherical coordinate " = arctan # (in radians) rather
than the # coordinate.

Figure 8. $% (solid line), µ (dashed line) and $ (dash–dotted line) along a magnetic field line as a function of cylindrical radius for models C1 (left-hand
panel), C2 (middle panel) and A2 (right-hand panel).

Figure 9. Distribution of µ (solid line), $ (dashed line) and $% (dash–dotted line) across the jet for models C1 (left-hand panel) and C2 (middle panel) at
! = 105, and for model A2 (right-hand panel) at ! = 2 ! 103.

(17) and (28) to obtain

$% =
!

&'2

4!2kc3

"

S " S.

SinceS depends on the shape of the flow, the latter relation brings
out the importance of the trans-field force balance and the connection
between acceleration and collimation. If the poloidal magnetic field

is almost uniformly distributed across the jet then S # 1; this is the
case near the inlet boundary. However, due to the collimation, the
poloidal magnetic flux becomes concentrated near the rotation axis,
forming a cylindrical core and causingS to decrease with increasing
r (see Fig. 15).

Our jet solutions are characterized by a high magnetic-to-kinetic
energy conversion efficiency, but in the final states that we obtain

C$ 2007 The Authors. Journal compilation C$ 2007 RAS, MNRAS 380, 51–70

 Γσ

 μ = Γ(1 + σ)

Γ

Komissarov 
et al. 

(2007)



GAMMA-RAY VARIABILITY OF BLAZARS
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Fig. 1.—Integral flux above 200 GeV observed from PKS 2155!304 on
MJD 53,944 vs. time. The data are binned in 1 minute intervals. The horizontal
line represents I(1200 GeV) observed (Aharonian et al. 2006) from the Crab
Nebula. The curve is the fit to these data of the superposition of five bursts
(see text) and a constant flux.

Fig. 2.—Fourier power spectrum of the light curve and associated mea-
surement error. The gray shaded area corresponds to the 90% confidence in-
terval for a light curve with a power-law Fourier spectrum . The!2P ! nn

horizontal line is the average noise level (see text).

AGNs known as blazars. As a result, blazar variability studies
are crucial to unraveling the mysteries of AGNs. Over a dozen
blazars have been detected so far at very high energies (VHEs).
In the southern hemisphere, PKS 2155!304 is generally the
brightest blazar at these energies and is probably the best studied
at all wavelengths. The VHE flux observed (Aharonian et al.
2005a) from PKS 2155!304 is typically of the order "15% of
the Crab Nebula flux above 200 GeV. The highest flux previously
measured in one night is approximately 4 times this value, and
clear VHE-flux variability has been observed on daily timescales.
The most rapid flux variability measured for this source is 25
minutes (Aharonian et al. 2005b) occurring at X-ray energies. The
fastest variation published from any blazar, at any wavelength, is
an event lasting"800 s, where the X-ray flux fromMrk 501 varied
by 30% (Xue & Cui 2005),30 while at VHEs doubling timescales
as fast as "15 minutes have been observed fromMrk 421 (Gaidos
et al. 1996).
The High Energy Stereoscopic System (H.E.S.S.; Hinton

2004) is used to study VHE g-ray emission from a wide variety
of astrophysical objects. As part of the normal H.E.S.S. ob-
servation program, the flux from known VHE AGNs is mon-
itored regularly to search for bright flares. During such flares,
the unprecedented sensitivity of H.E.S.S. (5 standard deviation,
j, detection in "30 s for a Crab Nebula flux source at 20!
zenith angle) enables studies of VHE flux variability on time-
scales of a few tens of seconds. During the 2006 July dark
period, the average VHE flux observed by H.E.S.S. from PKS
2155!304 was more than 10 times its typical value. In par-
ticular, an extremely bright flare of PKS 2155!304 was ob-
served in the early hours of 2006 July 28 (MJD 53,944). This
article focuses solely on this particular flare. The results from
other H.E.S.S. observations of PKS 2155!304 from 2004
through 2006 will be published elsewhere.

2. RESULTS FROM MJD 53,944

A total of three observation runs ("28 minutes each) were
taken on PKS 2155!304 in the early hours31 of MJD 53,944.

30 Xue & Cui (2005) also demonstrate that a 60% X-ray flux increase in
"200 s observed (Catanese & Sambruna 2000) from Mrk 501 is likely an
artifact.

31 The three runs began at 00:35, 01:06, and 01:36 UTC, respectively.

These data entirely pass the standard H.E.S.S. data-quality se-
lection criteria, yielding an exposure of 1.32 hr live time at a
mean zenith angle of 13!. The standard H.E.S.S. calibration
(Aharonian et al. 2004) and analysis tools (Benbow 2005) are
used to extract the results shown here. As the observed signal
is exceptionally strong, the event-selection criteria (Benbow
2005) are performed using the “loose cuts,” instead of the
“standard cuts,” yielding an average postanalysis energy thresh-
old of 170 GeV. The loose cuts are selected since they have a
lower energy threshold and higher g-ray and background ac-
ceptance. The higher acceptances avoid low-statistics issues by
estimating the background and significance on short timescales,
thus simplifying the analysis. The on-source data are taken from
a circular region of radius centered on PKSv p 0.2!cut
2155!304, and the background (off-source data) is estimated
using the “Reflected-Region” method (Berge et al. 2007).
A total of 12,480 on-source events and 3296 off-source

events are measured with an on-off normalization of 0.215.
The observed excess is 11,771 events ("2.5 Hz), corresponding
to a significance of 168 j calculated following the method of
equation (17) in Li & Ma (1983). It should be noted that use
of the standard cuts also yields a strong excess (6040 events,
159 j) and results (i.e., flux, spectrum, variability) consistent
with those detailed later.

2.1. Flux Variability

The average integral flux above 200 GeV observed from PKS
2155!304 is I(1200 GeV) p (1.72" 0.05 " 0.34 )#stat syst

cm s , equivalent to "7 times the I(1200 GeV) observed!9 !2 !110
from the Crab Nebula ( ; Aharonian et al. 2006). Figure 1ICrab
shows I(1200 GeV), binned in 1 minute intervals, versus time.
The fluxes in this light curve range from to ,0.65I 15.1ICrab Crab
and their fractional rms variability amplitude (Vaughan et al.
2003) is . This is "2 times higher than ar-F p 0.58" 0.03var
chival X-ray variability (Zhang et al. 1999, 2005). The Fourier
power spectrum calculated from Figure 1 is shown in Figure 2.
The error on the power spectrum is the 90% confidence interval
estimated from simulated light curves. These curves are410
generated by adding a random constant to each individual flux
point, where this constant is taken randomly from a Gaussian
distribution with a dispersion equal to the error of the respective
point. The average power expected when the measurement error
dominates is shown as a dashed line (see the Appendix in

November 2012, the mean flux above 300 GeV was
!6:08 T 0:29" # 10!11 cm!2s!1; that is, four times
higher than the highest flux during previous
observations in 2009/2010. The measured spec-
trum (Fig. 3) can be described by a simple power
law with a differential photon spectral index of
G $ 1:90 T 0:04stat T 0:15syst in the energy range
of 70 GeV to 8.3 TeV (table S2). Owing to its prox-
imity, the spectrum of IC 310 is only marginally
affected by photon-photon absorption in collisions
with the extragalactic background light (EBL).
IC 310 harbors a supermassive black hole with

a mass of M $ !3%4
!2 " # 108Msun (section S1.1),

corresponding to an event horizon light-crossing
time of DtBH $ !23%34

!15 " min. The mass has been
inferred from the correlation of black hole
masses with the central velocity dispersion of
their surrounding galaxies (29, 30). The reported
errors are dominated by the intrinsic scatter of
the distribution. The same value of the mass is
obtained from the fundamental plane of black
hole activity (31). The scatter in the fundamental
plane for a single measurement is larger and
corresponds to a factor of e7:5.
During 3.7 hours of observations, extreme var-

iabilitywithmultiple individual flareswas detected
(Fig. 4 and figs. S3 and S4). The flare has shown
the most rapid flux variations ever observed in
extragalactic objects, comparable only to those
seen in Mrk 501 and PKS 2155-304. A conserva-
tive estimate of the shortest variability time scale
in the frameof IC 310 yieldsDt=!1% z" $ 4:8min.
It is the largest doubling time scale with which
the rapidly rising part of the flare can be fitted
with a probability > 5% (fig. S4). The light curve
also shows pronounced large-amplitude flicker-
ing characterized by doubling time scales down
to Dte1 min. The conservative variability time
scale corresponds to 20% of the light travel time
across the event horizon, or 60% of it, allowing
for the scatter in the dynamical black hole mass
measurement.
From the absence of a counter radio jet and

the requirement that the proper jet length does
not exceed the maximum of the distribution of
jet lengths in radio galaxies, the orientation an-
gle was found to be in the range q ~ 10° to 20°
(section S1.2), and the Doppler factor consistent
with d " 4 (32). These values put IC 310 at the
borderline between radio galaxies and blazars.
The jet power estimated from observations of the
large-scale radio jet is Lj $ 2# 1042 erg s!1, as-
suming that it contains only electrons, positrons,
andmagnetic fields in equipartition of their energy
densities (section S1.3). For a radiative efficiency
of 10%, the Doppler-boosted average luminosity
of the jet emission amounts to 0:1d4Lj " 5# 1043

erg s!1, which is close to the one observed in very
high-energy gamma rays. For de4, the variability
time scale in the co-moving frame of the jet,
where it should be larger than GjDtBH, is actually
close to DtBH (Fig. 1). A very high value of the
Doppler factor is required to avoid the absorption
of the gamma rays due to interactions with
low-energy synchrotron photons, inevitably co-
produced with the gamma rays in the shock-in-
jet scenario. The optical depth to pair creation by

thegammarays canbeapproximatedby tgg!10 TeV"
e300!d=4"

!6!Dt=1min"!1!Lsyn=1042ergs!1".Adopt-
ing a nonthermal infrared luminosity of e1% of
the gamma-ray luminosity during the flare, the
emission region would be transparent to the
emission of 10-TeV gamma rays only if d # 10.

For the range of orientation angles inferred from
radio observations, the Doppler factor is con-
strained to a value of d < 6 (Fig. 1). One can spec-
ulate whether the inner jet, corresponding to
the unresolved radio core, bends into a just-right
orientation angle to produce the needed high
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PKS 2155-304 
H.E.S.S. Collaborat ion (2007)

IC 310 
MAGIC Collaborat ion (2014)

• low-power BL Lacs / FR Is: gamma-ray emission could be 
produced very close ( ) to the SMBH∼ 101−2 Rg

RAPID TEV VARIABILITY



MINUTE-TIMESCALE !-RAY VARIABILITY OF QUASAR 3C 279 IN 2015 JUNE 7

Figure 2. Light curves of 3C 279 above 100 MeV with minute-timescale intervals. (a): Intervals of 5 min (red) and 3 min (green) during the outburst phase
from Orbits B–J. (b): Enlarged view during Orbits C and D. Each range is indicated with dotted vertical lines in (a). The points denote the fluxes (left axis), and
the gray shaded histograms represent numbers of events (right axis) detected within 8! radius centered at 3C 279 for each bin. Contamination from both diffuse
components were estimated as ! 1 photon for each 3-min bin.

Figure 3. Power Density Spectrum (PDS) of the !-ray flux of 3C 279. (left) PDS derived from three different time-binned light curves: 3 days (red and
magenta), orbital period (blue) and 3 min (green). The PDS’s marked in red and magenta were derived using the first and second halves of the first 7-year
Fermi-LAT observation, respectively. The second half of the interval contains the giant outburst phase in 2015 June. (right) Enlarged view of the high-frequency
part of the PDS, based on 3-min binned light curves, plotted using a linear scale and including also the highest frequencies. The white noise level has been
subtracted.

Fermi-LAT Collaboration 
(Ackermann et al. 2016)

RAPID GEV VARIABILITY

presented in Fig. 1d. The highest-energy photon of ~100 GeV
was observed during the envelope emission phase of F2. A
~27GeV photon was detected during the decay of the second fast
!are FF2, see Fig. 1b.

Discussion
The minute-scale variability during the fast !are superimposed on
the slowly varying envelope emission within !are F2, together
with the spectral information showing the absence of pair
absorption, constrains the size and location of the emission
region. The observed peak-in-peak light curve can not be
explained within the shock-in-jet scenario as the variability time
scale would have to be larger than the light crossing time across
the jet radius which itself exceeds the Schwarzschild radius33. The
shock-in-jet scenario also has dif"culties producing the similar

observed spectral curvatures of the envelope and fast !are.
Moreover, differential Doppler boosting34 has dif"culties to
explain the observed time pro"les of the envelope and fast !are
emission simultaneously with the spectral curvature.

By contrast, the jet-in-jet model35 predicts mini-jets from mag-
netic reconnection events that result in a peak-in-peak structure
matching the observed gamma-ray light curve and its spectral
shape. Magnetic reconnection is triggered by instabilities disrupting
the collimated jet !ow36. The current-driven kink instability
induced by non-axisymmetric perturbations could play a leading
role in this context, and explain the helical trajectories of Very Large
Baseline Interferometry (VLBI) components. In FSRQs, jet colli-
mation is supported by a powerful wind from the accretion disk,
preventing instabilities to develop inside of the BLR37. After the
onset of instability outside of the BLR, turbulence develops leading
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Fig. 1 Gamma-ray !are characteristics. Long-term light curve and three pronounced !ares (F1, F2, F3) during MJD 58100 to MJD 58280 from 3C 279 are
shown in a and a magni"ed view of F2 is plotted in b (left Y-axis). A peak-in-peak light curve, previously unknown to !are activity, is signi"cantly observed
during F2 where two fast !ares are superimposed on the slowly-varying envelope emission. The energy of each observed photon (right Y-axis) with
99.99% or higher probability of association with 3C 279, is shown as violet bars for all !ares in a and for F2, in b. Gamma-ray photons above 13 GeV are
expected to be absorbed by the UV photons in the BLR due to a high optical depth for pair creation in photon-photon collisions32. Hence, the detection of
photons with energy above 13 GeV during !ares, strongly suggests that gamma-ray emission must have originated outside of the BLR. The spectral energy
distributions (SED) of F1, F2, and F3 are plotted in c whereas d represents the SEDs of the slowly varying envelope (blue) and fast !are component
(maroon) observed during F2. The error bars in the light curve and SEDs represent 1 ! uncertainty.
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Table 1 Temporal characteristics of Flares.

Flare (MJD) Components [Name] Tr(days) Td(days) Reduced-!2(DOF)

F1 (58133.0–58139.0) Envelope [1] 1.62 ± 0.06 1.49 ± 0.05 1.77 (43)
(Fitted with 2 components) Fast !are [1] 0.06 ± 0.02 0.04 ± 0.02
F2 (58222.0–58232.0) Envelope [1] 1.61 ± 0.03 2.74 ± 0.05 1.52 (79)
(Fitted with 3 components) Fast !are [1] 0.05 ± 0.01 0.09 ± 0.02

Fast !are [2] 0.09 ± 0.02 0.08 ± 0.01
F3 (58268.0–58276.0) Envelope [1] 1.47 ± 0.08 1.88 ± 0.06 1.69 (61)
(Fitted with 1 component)
F2 (58222.0–58232.0) Envelope [E1] 1.25 ± 0.17 0.25 ± 0.06 1.14 (65)
(Fitted with 8 components) Envelope [E2] 0.42 ± 0.05 0.57 ± 0.05

Envelope [E3] 0.75 ± 0.11 0.46 ± 0.17
Envelope [E4] 0.18 ± 0.07 0.59 ± 0.09
Envelope [E5] 1.35 ± 0.34 1.24 ± 0.08
Fast !are [FF1] 0.06 ± 0.01 0.08 ± 0.01
Fast !are [FF2] 0.09 ± 0.01 0.10 ± 0.01
Fast !are [FF3] 0.11 ± 0.04 0.08 ± 0.03

Column (1) presents the name of the !are and their duration, next row in column (1) presents number of "tted components for the same !are, Column (2) presents the type of components used for
"tting and their names, Column (3) presents the rise time of the !are, Column (4) presents the decay time of the !are, Column (5) presents the reduced-!2 and degrees of freedom (DOF) of the overall
"t for the !are with all the components.
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• high-power FSRQs: gamma-rays would be absorbed if produced too close 
( ) to the SMBH 

• energy density challenge: how to put a large fraction of jet power through a tiny 
cross section? (KN et al. 2012)
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MULTIWAVELENGTH VARIABILITY

• fractional variability 

  

• variability is the strongest for 
synchrotron and IC signals 
produced by electrons with 
 

Fvar =
S2 − ⟨σ2

err⟩
⟨x⟩2

γ ∼ γmax
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is shown as a red maker in Fig. 5 and the corresponding ↵ is
around 1.8, which is among the hardest spectra measured during
the campaign.

In the 15-50 keV band, the Swift-BAT observations do not
reveal any particular flaring activity besides the one around
MJD 57788 that is already discussed in Sect. 3.1. Although be-
ing strongly variable (see Sect. 3.5), the average flux is close to
the value derived between 2008 and 2010 by Abdo et al. (2011)
when Mrk 421 showed quiescent activity. Using 3-day and 6-day
binning, the average flux is at the level of ⇠10�3 cm�2 s�1.

3.3. UV/optical

The UV fluxes (from Swift-UVOT) and the R-band fluxes (from
GASP-WEBT) are shown in the seventh panel of Fig. 1. They
follow a very similar temporal evolution, which is expected
given their proximity in energy. Interestingly, they show a con-
tinuous flux decay from ⇡MJD 57720 to ⇡MJD 57760, con-
trary to the almost monotonic increase in the X-rays during the
same period. In addition, the low X-ray activity visible around
MJD 57840 is accompanied with high fluxes in both the UV
and R-band. This suggests an anti-correlation between X-ray and
UV/optical over the campaign. This latter characteristic is inves-
tigated in Sect. 5.

3.4. Radio

The light curves from OVRO, Medicina and Metsähovi in the
bottom panel unveil no strong variability nor flaring episode. The
average flux levels are ⇠0.5 Jy at 8 GHz and 15 GHz (Medicina
and OVRO) and ⇠0.4 Jy at 24 GHz and 37 GHz (Medicina and
Metsähovi), respectively. Based on the ⇠5-year OVRO and Met-
sähovi light curves presented in Hovatta et al. (2015), this de-
notes a typical state during non-flaring activity.

3.5. Multiwavelength variability

We study the broadband variability based on the fractional vari-
ability, Fvar, defined in Vaughan et al. (2003). The uncertainty
is computed following the strategy from Poutanen et al. (2008)
and the implementation described in Aleksić et al. (2015b). Fvar
quantifies the variance of the flux normalised to the mean value
after subtracting the additional variance caused by the measure-
ment uncertainties. Fvar is naturally a↵ected by the instrument
sensitivities, the binning and the flux sampling. Therefore, great
care must be taken when comparing results from di↵erent tele-
scopes. We refer the reader to Aleksić et al. (2015a) and Schle-
icher et al. (2019) for a detailed study of the caveats inherent to
the fractional variability method.

The Fvar values are shown in Fig. 6 for each of the en-
ergy bands. They are computed using a nightly binning for
the MAGIC, FACT, Swift-XRT, Swift-UVOT, R-band and ra-
dio light curves. Because of the limited sensitivity to detect
Mrk 421 on timescales of one day, for Fermi-LAT and Swift-
BAT, we adopted a 3-day binning over which to integrate the
data and compute the fluxes. Solid markers include all data from
Fig. 1. A discrepancy between the MAGIC (>1 TeV) and FACT
Fvar is visible and is explained by the di↵erent nightly aver-
aged flux measured during the flare on MJD 57788 due to the
di↵erent integration time, as previously mentioned. When the
day of the flare is ignored, the Fvar values are fully compati-
ble. All of the MAGIC/FACT/Swift-XRT/BAT/UVOT measure-
ments that are separated from one another by less than 4 hours

are considered and are shown with hollow markers. Here again,
the Swift-BAT fluxes are computed with a 3-day binning.

Fig. 6: Fractional variability Fvar obtained from the light curves
shown in Fig. 1. MAGIC, FACT, Swift-XRT, Swift-UVOT, R-
band and radio fluxes are nightly binned. Fermi-LAT and Swift-
BAT fluxes have a 3-day binning. Results from each instrument
are plotted in di↵erent colours. The filled markers include all
data. The hollow markers include VHE and Swift data lying
within a time window of 4 hours from each other.

Fig. 7: Fractional variability Fvar from the simultaneous
MAGIC-NuSTAR observations performed on the four nights
MJD 57757, MJD 57785, MJD 57813 and MJD 57840 (2017
January 4, 2017 February 1, 2017 March 1 and 2017 March 28).
The Fvar values were computed with the fluxes determined on
30-minutes time bins that are reported in Appendix C.

Overall, a clear two-peak structure is visible. The first peak,
with Fvar ⇡ 1, occurs in the hard X-ray band (15-50 keV). The
second peak lies in the VHE band (around 1 TeV), also with
Fvar ⇡ 1. The lowest variability is seen in the radio, UV/optical
and 0.2-2 GeV band and they all display Fvar < 0.2.

In Fig. 7, the Fractional variability is shown for the simulta-
neous MAGIC/NuSTAR observations. Here, again, a significant
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to be well-constrained. In HBLs, these two parameters are usu-
ally di�cult to constrain and show large degeneracy with typical
SEDs covering the synchrotron emission only up to the soft and
medium X-ray band (see for example Ahnen et al. 2017a). We
find a value of ⇠ 106 for �0max for each of the four models, with
their precise values all lying within a factor of two of each other.

Regarding the break Lorentz factor �0br, we find that the val-
ues are in rough agreement with the expected cooling break
�0br,exp that is obtained by balancing the synchrotron cooling time
scale with the fiducial adiabatic cooling time scale of R0/c re-
lated to the expansion of the emitting zone, �0br,exp =

6⇡mec2

�T B02R0
(Tavecchio et al. 1998; Mücke & Protheroe 2001), where �T is
the Thomson cross section and me the electron mass. Indeed, the
modelling yields values that are at most a factor ⇡3.5 away from
�0br,exp. We note also that for most observing epochs the change
of the index at the break, �↵ = ↵2�↵1, is higher than the canoni-
cal synchrotron cooling break (�↵ = 1) expected in models with
a homogeneous emitting region (Longair 2011). For instance, we
find �↵ ⇡ 1.6 and �↵ ⇡ 1.7 for MJD 57757 and MJD 57813,
respectively. On MJD 57840, �↵ ⇡ 2. As mentioned above, the
spectral shape of the EED is well-constrained by the data and
fixing �↵ = 1 during the fit of these particular epochs would
result in a worse description of the SED. A large spectral break
is in fact a recurrent result found in the modelling of SED and
has been already reported for Mrk 421 (Tavecchio et al. 1998;
Abdo et al. 2011; Baloković et al. 2016). This points to a more
complex and less homogeneous emitting region. The canonical
break condition may be loosened and larger values of �↵ can be
explained by considering velocity gradients in the jet (Ghisellini
et al. 2005), for example.

As an alternative to the BPL model for the EED, we also
investigated a log-parabolic model with a low-energy power-
law branch (LPPL; Massaro et al. 2006; Tramacere et al. 2009).
Several works have shown that such curved distributions may
be produced through stochastic acceleration (Kardashev 1962;
Tramacere et al. 2009, 2011) or via an energy-dependent accel-
eration probability process (EDAP; Massaro et al. 2004b). We
found that a LPPL satisfactorily describes the four simultane-
ous MAGIC/NuSTAR/Swift observations, with very similar re-
sults as those obtained with a BPL EED. The curvature of the
LPPL model was also in good agreement with the observed cur-
vature in the synchrotron SED (as derived in Sect. 5). The data
do not show a clear preference between the BPL and the LPPL
model.

7. Broadband SED and modelling of the intriguing

VHE flare on MJD 57788

The flare detected on MJD 57788 deserves special treatment.
It is characterised by a strong VHE flux increase: the FACT
observation on the day before results in a flux of ⇡0.4 C.U.,
while a peak activity of ⇡7 C.U. is measured during the out-
burst. The VHE flux decays during the night on ⇠hour time scale
(see Fig. 2). During the MAGIC observations the >1 TeV flux
is ⇡3.5 C.U.. The X-ray counterpart in the 0.3-10 keV band is
much less evident. In fact, Fig. 9 shows that the > 1 TeV flux
level is about 10 times higher than other nights with a compa-
rable 0.3-10 keV flux. The finely-binned Swift-BAT 15-50 keV
light curve displays interesting features in Fig. 2. Simultane-
ous to the MAGIC highest state, the 15-50 keV flux is around
3.5⇥10�3 cm�2 s�1, while in the following hours (where we lack
simultaneous VHE data) the flux is higher by a factor ⇠3. This
suggests a renewed flaring activity on ⇠MJD 57788.7 after the

decaying phase around MJD 57788. In the UV/optical and HE,
no significant flux enhancement is visible around the outburst
(see Fig. 1).

Fig. 16 presents SEDs that illustrate the broadband evolu-
tion from MJD 57786 (2017 February 2) to MJD 57789 (2017
February 5). The SED on MJD 57786 is built around the clos-
est Swift observation in time before the flare and is dubbed the
"pre-flare" state. In the VHE band, we use the FACT data av-
eraged between MJD 57786 and MJD 57787 to improve the
statistics since no significant flux variability is visible between
these two nights (see Fig. 1). The SED of the flare is plotted in
red markers and uses the strictly simultaneous Swift-XRT/Swift-
BAT/MAGIC observations. The butterfly from the Swift-BAT
best-fit power-law model around MJD 57788.7 is shown, which
corresponds to the renewed activity in hard X-rays. As shown
in Fig. 2, no strictly simultaneous measurements are available at
other wavebands. Finally, in blue markers we show the MAGIC
SED measured on MJD 57789 (labeled as "post flare"), for
which no simultaneous MWL data are available within less than
a day. In each SED, the Fermi-LAT data are averaged over
three days centred on the VHE observation. Optical data are
not strictly simultaneous but are located less than a day away
from the other wavebands. For comparison the typical state of
Mrk 421 (Abdo et al. 2011) is shown in grey.

Fig. 16: Simultaneous broadband SEDs of MJD 57786 (pre-flare
state), MJD 57788 (flare), and MJD 57789 (post-flare). Fermi-
LAT spectral points are integrated over 3 days around the VHE
measurements. VHE data with square black-filled markers are
obtained from FACT observations, while X-ray data in black-
filled markers are from Swift-BAT. The FACT SED for the pre-
flare state is averaged from MJD 57786 to MJD 57787. The full
black line is the two-zone model for the MJD 57788 flare state.
The black dotted line represents the emission from the quiescent
zone while the dashed line is the one from the flaring zone. The
model parameters are listed in Table 6. Archival data represent-
ing the typical Mrk 421 state from Abdo et al. (2011) are shown
in grey.

The softness of the pre-flare X-ray spectrum (Swift-XRT
power-law index of ⇡2.4) suggests a synchrotron peak fre-

Article number, page 20 of 37



OPTICAL POLARIZATION OF BLAZARS
• FSRQs show systematically higher 

optical polarization and variability 
than BL Lacs 

• synchrotron SED of FSRQs extend to 
optical, of BL Lacs to X-rays 

• optical emission of FSRQs produced 
by   electrons, 
of BL Lacs by   electrons 

• BL Lacs depolarized due to larger 
number of emitting regions (turbulent 
eddies?) 

• prediction for IXPE: HBLs should be 
highly polarized  !

γ ∼ γmax
γ ≪ γmax

Π ∼ 40 %

that is increasing from the HSP (!10%) to the LSP (!40%)
blazars. The maximum optical polarization degree as deter-
mined for individual sources appears to be fundamentally
correlated with either the gamma-ray luminosity or the
Compton dominance (here represented by the ratio of
gamma-ray to optical !uxes).

The optical emission of most blazars is dominated by
synchrotron emission, but in some FSRQs in their low state can
be contaminated by the thermal emission from the accretion
disk (in our sample, this seems to be the case for 3C 273). The
synchrotron emission of blazars observed in the optical band is
optically thin. The linear polarization of the optically thin
synchrotron radiation depends primarily on the structure of
magnetic "elds in the emitting region and partially on the
energy distribution of emitting electrons.

The polarization degree of synchrotron radiation is max-
imized for uniform magnetic "elds, and it depends on the
electron energy distribution index p (such that H Hr �N p( ) ):
1 � � �p p1 7 3max ( ) ( ) (Westfold 1959). However, since
1max varies between 60% for p!=!1 and 80% for p!=!4, it is
not possible to explain large systematic variations in the
polarization degree solely by varying the electron distribution
function.

Therefore, we need to consider scenarios in which the
magnetic "elds in the emitting regions of FSRQs are system-
atically better organized than in the case of BL Lacs. Magnetic
"elds can be expected to be well organized at the base of
relativistic jets, where the magnetization parameter
( /T Q� B w4B

2 , where w is the speci"c enthalpy) is well above
unity. As the jets evolve with distance, their magnetic energy is
converted to kinetic energy, and they are thought to roughly
approach equipartition. In this condition, it is likely that

magnetic "elds become tangled by turbulent plasma motions,
e.g., triggered by current-driven instabilities (Begelman 1998).
If the chaotic magnetic "eld is completely isotropic, it will
produce no net synchrotron polarization. However, as noted by
Laing (1980), such chaotic "elds can be compressed by shock
waves, resulting in the polarization degree (Hughes
et al. 1985):
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where k is the shock compression ratio and 'a is the inclination
of the observer to the shock compression plane in the
downstream jet comoving frame. For example, assuming
p!=!2 and 'a � 0, the typical maximum polarization degree
value for FSRQs (1 � 0.4max ) corresponds to �k 0.5, and that
for BL Lacs (1 � 0.1max ) corresponds to �k 0.9. This would
suggest very weak shock waves in the case of BL Lacs,
potentially creating a problem for ef"cient particle acceleration.
The distribution of viewing angles in the comoving frame can
be expected to be roughly isotropic; hence, it is very unlikely
that the 1max values could be reduced at low shock
compression ratios due to a speci"c choice of 'a values. If
there would be strong shock waves with very low compression
ratios, we should observe even higher polarization degrees in
some blazars. Therefore, we think that variations in the shock
compression ratio cannot reasonably explain the differences in
maximum polarization degree across different types of blazars.
Depolarization of synchrotron radiation could result from a

superposition of multiple emitting regions with independent
orientations of magnetic "eld lines (Jones et al. 1985). In such a

Figure 5. Relations between measured properties. From top to bottom, the distribution of variability of gamma-ray !ux, that of optical !ux, and maximum polarization
are plotted with respect to optical luminosity, gamma-ray luminosity, and the ratio of the latter to the former (from left to right). The black, blue, green, and red
symbols indicate FSRQs, LSPs, ISPs, and HSPs, respectively.

9

The Astrophysical Journal, 833:77 (17pp), 2016 December 10 Itoh et al.

Itoh et al. (2016)

that is increasing from the HSP (!10%) to the LSP (!40%)
blazars. The maximum optical polarization degree as deter-
mined for individual sources appears to be fundamentally
correlated with either the gamma-ray luminosity or the
Compton dominance (here represented by the ratio of
gamma-ray to optical !uxes).

The optical emission of most blazars is dominated by
synchrotron emission, but in some FSRQs in their low state can
be contaminated by the thermal emission from the accretion
disk (in our sample, this seems to be the case for 3C 273). The
synchrotron emission of blazars observed in the optical band is
optically thin. The linear polarization of the optically thin
synchrotron radiation depends primarily on the structure of
magnetic "elds in the emitting region and partially on the
energy distribution of emitting electrons.

The polarization degree of synchrotron radiation is max-
imized for uniform magnetic "elds, and it depends on the
electron energy distribution index p (such that H Hr �N p( ) ):
1 � � �p p1 7 3max ( ) ( ) (Westfold 1959). However, since
1max varies between 60% for p!=!1 and 80% for p!=!4, it is
not possible to explain large systematic variations in the
polarization degree solely by varying the electron distribution
function.

Therefore, we need to consider scenarios in which the
magnetic "elds in the emitting regions of FSRQs are system-
atically better organized than in the case of BL Lacs. Magnetic
"elds can be expected to be well organized at the base of
relativistic jets, where the magnetization parameter
( /T Q� B w4B

2 , where w is the speci"c enthalpy) is well above
unity. As the jets evolve with distance, their magnetic energy is
converted to kinetic energy, and they are thought to roughly
approach equipartition. In this condition, it is likely that

magnetic "elds become tangled by turbulent plasma motions,
e.g., triggered by current-driven instabilities (Begelman 1998).
If the chaotic magnetic "eld is completely isotropic, it will
produce no net synchrotron polarization. However, as noted by
Laing (1980), such chaotic "elds can be compressed by shock
waves, resulting in the polarization degree (Hughes
et al. 1985):
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where k is the shock compression ratio and 'a is the inclination
of the observer to the shock compression plane in the
downstream jet comoving frame. For example, assuming
p!=!2 and 'a � 0, the typical maximum polarization degree
value for FSRQs (1 � 0.4max ) corresponds to �k 0.5, and that
for BL Lacs (1 � 0.1max ) corresponds to �k 0.9. This would
suggest very weak shock waves in the case of BL Lacs,
potentially creating a problem for ef"cient particle acceleration.
The distribution of viewing angles in the comoving frame can
be expected to be roughly isotropic; hence, it is very unlikely
that the 1max values could be reduced at low shock
compression ratios due to a speci"c choice of 'a values. If
there would be strong shock waves with very low compression
ratios, we should observe even higher polarization degrees in
some blazars. Therefore, we think that variations in the shock
compression ratio cannot reasonably explain the differences in
maximum polarization degree across different types of blazars.
Depolarization of synchrotron radiation could result from a

superposition of multiple emitting regions with independent
orientations of magnetic "eld lines (Jones et al. 1985). In such a

Figure 5. Relations between measured properties. From top to bottom, the distribution of variability of gamma-ray !ux, that of optical !ux, and maximum polarization
are plotted with respect to optical luminosity, gamma-ray luminosity, and the ratio of the latter to the former (from left to right). The black, blue, green, and red
symbols indicate FSRQs, LSPs, ISPs, and HSPs, respectively.
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Table 4. The logarithm of the rest-frame synchrotron peak fre-
quencies.

ID Log(!S/Hz) ID Log(!S/Hz)
(RBPL ...) (RBPL ...)

GL from Mao et al. (2016)
J0136+4751 13.0 J1224+2122 13.9

J0238+1636 12.9 J1224+2436 15.4
J0259+0747 12.7 J1229+0203 13.5
J0423!0120 12.7 J1230+2518 14.9

J0442!0017 13.0 J1231+2847 15.0
J0510+1800 13.1 J1238!1959 14.1

J0750+1231 13.1 J1245+5709 14.8
J0841+7053 12.5 J1248+5820 14.9
J0957+5522 13.0 J1253+5301 13.9

J0958+6533 13.2 J1314+2348 14.9
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J1256!0547 13.0 J1512+0203 13.6
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J1553+1256 13.0 J1555+1111 15.5
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J1635+3808 12.7 J1607+1551 13.4
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J1642+3948 12.7 J1653+3945 16.1
J1722+1013 12.8 J1725+1152 16.0

J1751+0939 12.7 J1727+4530 13.2
J1800+7828 13.5 J1748+7005 13.8

J1824+5651 12.9 J1749+4321 13.2
J1849+6705 13.0 J1754+3212 14.3

J2000!1748 12.4 J1806+6949 14.7
J2005+7752 13.4 J1809+2041 15.4
J2143+1743 14.1 J1813+0615 14.1

J2148+0657 13.2 J1813+3144 15.0
J2225!0457 12.5 J1836+3136 14.9

J2253+1608 13.2 J1838+4802 15.8
J2311+3425 13.0 J1841+3218 16.3

J2334+0736 12.8 J1844+5709 14.3
J1903+5540 14.4

GL from 3FGL J1911!1908 15.9

J0045+2127 16.0 J1927+6117 13.4
J0114+1325 15.0 J1959+6508 16.9

J0136+3905 16.2 J2015!0137 14.4
J0211+1051 14.1 J2022+7611 14.1
J0217+0837 13.8 J2030!0622 13.2

J0222+4302 15.1 J2030+1936 15.6
J0303!2407 15.4 J2039!1046 13.8

J0336+3218 13.4 J2131!0915 16.8
J0339!0146 13.1 J2149+0322 14.1

J0340!2119 13.5 J2150!1410 17.1
J0721+7120 14.0 J2202+4216 13.6
J0738+1742 14.0 J2217+2421 13.4

J0809+5218 15.9 J2232+1143 12.7
J0818+4222 13.0 J2243+2021 15.6

J0830+2410 12.8 J2251+4030 14.6
J0848+6606 14.7 J2340+8015 15.6
J0854+2006 13.7

J1032+3738 14.1 GQ from Mao et al. (2016)
J1033+6051 13.5 J0825+6157 12.7

J1037+5711 14.7 J1551+5806 13.8
J1048+7143 13.2 J1638+5720 12.8

J1054+2210 14.6 J1854+7351 13.4
J1058+5628 15.1 J1955+5131 13.2
J1059!1134 13.6 J2024+1718 13.4

J1104+0730 14.6
J1104+3812 17.1 GQ from 3FGL

J1132+0034 14.1 J1624+5652 13.6
J1203+6031 14.9
J1217+3007 15.3 GQ from Lister et al. (2015)

J1221+2813 14.4 J1927+7358 13.2
J1221+3010 16.7

peaked (HSP) ones (with LSP, if: log(!s) < 14, ISP if:
14 ! log(!s) < 15 and HSP if: log(!s) " 15, respectively);
at the same time their polarization varies over a broader
range. However, as GQ sources are preferentially LSPs, this
trend cannot explain their systematically lower polarization
compared to GL sources.
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Figure 5. The polarization fraction as a function of the rest-
frame synchrotron peak frequency. The squares mark GL sources
and the circles GQ ones. For the filled symbols the peak frequency
taken from Mao et al. (2016) while for the empty ones from 3FGL
or Lister et al. (2015). The red dots denote the BL Lac subset of
GL sources. The green triangles correspond to the mean within
each frequency bin. The bin width is marked with the x-axis error-
bar and has a total length of one. The y-axis error-bars have a
length of one standard deviation computed within the bin.

4.5 Polarization angle randomness as a function

of the synchrotron peak frequency

The polarization parameters have a strong dependence on
the properties of the magnetic field (e.g. uniformity). Given
the relation between the polarization fraction and the syn-
chrotron peak frequency discussed above, we examine how
the peak frequency may be influencing the behavior of the
EVPA.

Figure 6 demonstrates how well a uniform distribution
describes the behavior of the EVPA of each source as a
function of the frequency of its synchrotron SED compo-
nent peak. For every source we compute the "2 per degree
of freedom, "2

red, between its angle distribution and a uni-
form one. The computation has been done for 36 sources for
which at least 20 measurements with p/"p " 3 are available
so that a reliable estimate of the angle randomness can be
provided. Our calculations are done for 20 angle bins in the
closed [#90,+90] interval. A large value of "2

red implies a big
divergence from a uniform distribution and hence a low ran-
domness of the EVPA, which consequently centers around a
preferred direction (e.g. Fig. 7 right-hand column). The op-
posite is the case for small "2

red values which imply a large
randomness of the EVPA that does not prefer any direction
(e.g. Fig. 7 left-hand column). The orange circles in Fig. 6
mark the two exemplary cases shown in Fig. 7.

The Spearman’s test does not support the presence of
a monotonic relation between the EVPA randomness and
the synchrotron peak frequency (# = 0.34, with a p-value
$ 0.044). Two further tests, though, indicate a dependency
between the two parameters.

First, we classified our 36 sources as: low, intermedi-
ate and high-synchrotron peaked (LSP, ISP and HSP, re-
spectively). Then we selected 0.1 as the limiting value of
"2
red for a source to be considered as non-uniform. We then
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1

The brightest blazar flares 1325

Figure 1. Light curves of individual gamma-ray flares calculated from the Fermi/LAT data, presented in the order of descending peak photon flux density. For
each flare, the upper panel shows the normalized photon flux density integrated in the energy range 0.1–300 GeV in 0.5-d time intervals with a 0.1-d step, and
the lower panel shows the corresponding photon index. The horizontal axes show time in days measured relative to the flare peak. The data points belonging
to the flare period are highlighted with colours.

flare. One can show that this definition does not allow any two flares
to overlap. Every two flares must be separated by a flux minimum
which is lower than half of the lower peak. A flare may include
minor peaks, but they are not considered to be peaks of separate
subflares. This definition is natural in a stochastic light curve with
a power density spectrum in the form of a power law, as it is based
on equal flux ranges on a logarithmic scale. It is practical, as it is
very easy to determine local flux peaks and the associated lower
flux limits. Also, it automatically provides two standard variability
time-scales often discussed in the blazar studies – the flux-doubling
time-scale and the flux-halving time-scale. Fig. 1 illustrates this
definition in various real light curves.

The process of selecting a flux-limited sample of blazar flares
is divided into two steps. In the first step, a preliminary list of
blazar active periods is extracted from the Fermi/LAT Monitored
Source List.1 It is a data base of daily and weekly flux esti-
mates for all sources exceeding the 0.1–300 GeV photon flux of

1 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/

10!6 ph s!1 cm!2. I select all daily photon fluxes during the first
four years of the Fermi mission (MJD 54682–56143) above 3 "
10!6 ph s!1 cm!2 for sources located away from the Galactic plane
(|b| > 10#). For each blazar, these daily entries are grouped into
active periods, which are separated by gaps of at least 10 d. If an
active period contains two flux peaks separated by at least 10 d and
a flux minimum lower than the half of the lower peak flux or at least
one-day gap, it is split into two active periods along the flux mini-
mum. The active periods for all blazars are sorted according to the
decreasing peak flux, and the first 30 active periods are selected for
the second step. This choice corresponds to a minimum flux peak
of 4.5 " 10!6 s!1 cm!2, and the preliminary list of active periods
consists of six blazars: 3C 454.3, PKS 1510!089, PKS 1222+216,
3C 273, PKS 0402!362 and PKS 1329!049.

In the second step, I perform the maximum likelihood anal-
ysis of the Fermi/LAT data. I use the standard analysis soft-
ware package SCIENCE TOOLS v9r27p1, with the instrument re-
sponse function P7SOURCE_V6, the Galactic diffuse emission
model gal_2yearp7v6_v0 and the isotropic background model
iso_p7v6source. Events of the SOURCE class were extracted from
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the lower panel shows the corresponding photon index. The horizontal axes show time in days measured relative to the flare peak. The data points belonging
to the flare period are highlighted with colours.
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minor peaks, but they are not considered to be peaks of separate
subflares. This definition is natural in a stochastic light curve with
a power density spectrum in the form of a power law, as it is based
on equal flux ranges on a logarithmic scale. It is practical, as it is
very easy to determine local flux peaks and the associated lower
flux limits. Also, it automatically provides two standard variability
time-scales often discussed in the blazar studies – the flux-doubling
time-scale and the flux-halving time-scale. Fig. 1 illustrates this
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mates for all sources exceeding the 0.1–300 GeV photon flux of
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four years of the Fermi mission (MJD 54682–56143) above 3 "
10!6 ph s!1 cm!2 for sources located away from the Galactic plane
(|b| > 10#). For each blazar, these daily entries are grouped into
active periods, which are separated by gaps of at least 10 d. If an
active period contains two flux peaks separated by at least 10 d and
a flux minimum lower than the half of the lower peak flux or at least
one-day gap, it is split into two active periods along the flux mini-
mum. The active periods for all blazars are sorted according to the
decreasing peak flux, and the first 30 active periods are selected for
the second step. This choice corresponds to a minimum flux peak
of 4.5 " 10!6 s!1 cm!2, and the preliminary list of active periods
consists of six blazars: 3C 454.3, PKS 1510!089, PKS 1222+216,
3C 273, PKS 0402!362 and PKS 1329!049.

In the second step, I perform the maximum likelihood anal-
ysis of the Fermi/LAT data. I use the standard analysis soft-
ware package SCIENCE TOOLS v9r27p1, with the instrument re-
sponse function P7SOURCE_V6, the Galactic diffuse emission
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each flare, the upper panel shows the normalized photon flux density integrated in the energy range 0.1–300 GeV in 0.5-d time intervals with a 0.1-d step, and
the lower panel shows the corresponding photon index. The horizontal axes show time in days measured relative to the flare peak. The data points belonging
to the flare period are highlighted with colours.

flare. One can show that this definition does not allow any two flares
to overlap. Every two flares must be separated by a flux minimum
which is lower than half of the lower peak. A flare may include
minor peaks, but they are not considered to be peaks of separate
subflares. This definition is natural in a stochastic light curve with
a power density spectrum in the form of a power law, as it is based
on equal flux ranges on a logarithmic scale. It is practical, as it is
very easy to determine local flux peaks and the associated lower
flux limits. Also, it automatically provides two standard variability
time-scales often discussed in the blazar studies – the flux-doubling
time-scale and the flux-halving time-scale. Fig. 1 illustrates this
definition in various real light curves.

The process of selecting a flux-limited sample of blazar flares
is divided into two steps. In the first step, a preliminary list of
blazar active periods is extracted from the Fermi/LAT Monitored
Source List.1 It is a data base of daily and weekly flux esti-
mates for all sources exceeding the 0.1–300 GeV photon flux of
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10!6 ph s!1 cm!2. I select all daily photon fluxes during the first
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(|b| > 10#). For each blazar, these daily entries are grouped into
active periods, which are separated by gaps of at least 10 d. If an
active period contains two flux peaks separated by at least 10 d and
a flux minimum lower than the half of the lower peak flux or at least
one-day gap, it is split into two active periods along the flux mini-
mum. The active periods for all blazars are sorted according to the
decreasing peak flux, and the first 30 active periods are selected for
the second step. This choice corresponds to a minimum flux peak
of 4.5 " 10!6 s!1 cm!2, and the preliminary list of active periods
consists of six blazars: 3C 454.3, PKS 1510!089, PKS 1222+216,
3C 273, PKS 0402!362 and PKS 1329!049.

In the second step, I perform the maximum likelihood anal-
ysis of the Fermi/LAT data. I use the standard analysis soft-
ware package SCIENCE TOOLS v9r27p1, with the instrument re-
sponse function P7SOURCE_V6, the Galactic diffuse emission
model gal_2yearp7v6_v0 and the isotropic background model
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Figure 1. Light curves of individual gamma-ray flares calculated from the Fermi/LAT data, presented in the order of descending peak photon flux density. For
each flare, the upper panel shows the normalized photon flux density integrated in the energy range 0.1–300 GeV in 0.5-d time intervals with a 0.1-d step, and
the lower panel shows the corresponding photon index. The horizontal axes show time in days measured relative to the flare peak. The data points belonging
to the flare period are highlighted with colours.

flare. One can show that this definition does not allow any two flares
to overlap. Every two flares must be separated by a flux minimum
which is lower than half of the lower peak. A flare may include
minor peaks, but they are not considered to be peaks of separate
subflares. This definition is natural in a stochastic light curve with
a power density spectrum in the form of a power law, as it is based
on equal flux ranges on a logarithmic scale. It is practical, as it is
very easy to determine local flux peaks and the associated lower
flux limits. Also, it automatically provides two standard variability
time-scales often discussed in the blazar studies – the flux-doubling
time-scale and the flux-halving time-scale. Fig. 1 illustrates this
definition in various real light curves.

The process of selecting a flux-limited sample of blazar flares
is divided into two steps. In the first step, a preliminary list of
blazar active periods is extracted from the Fermi/LAT Monitored
Source List.1 It is a data base of daily and weekly flux esti-
mates for all sources exceeding the 0.1–300 GeV photon flux of

1 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
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(|b| > 10#). For each blazar, these daily entries are grouped into
active periods, which are separated by gaps of at least 10 d. If an
active period contains two flux peaks separated by at least 10 d and
a flux minimum lower than the half of the lower peak flux or at least
one-day gap, it is split into two active periods along the flux mini-
mum. The active periods for all blazars are sorted according to the
decreasing peak flux, and the first 30 active periods are selected for
the second step. This choice corresponds to a minimum flux peak
of 4.5 " 10!6 s!1 cm!2, and the preliminary list of active periods
consists of six blazars: 3C 454.3, PKS 1510!089, PKS 1222+216,
3C 273, PKS 0402!362 and PKS 1329!049.

In the second step, I perform the maximum likelihood anal-
ysis of the Fermi/LAT data. I use the standard analysis soft-
ware package SCIENCE TOOLS v9r27p1, with the instrument re-
sponse function P7SOURCE_V6, the Galactic diffuse emission
model gal_2yearp7v6_v0 and the isotropic background model
iso_p7v6source. Events of the SOURCE class were extracted from
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Figure 1 – continued

regions of interest of 10! radius centred on the position of each
blazar. The background models included all sources from the 2FGL
within 15!, their spectral models are power laws with the pho-
ton index fixed to the catalogue values. I checked the raw count
maps for any new source not included in the 2FGL. In the case
of PKS 1510"089, the source model included TXS 1530"131
(Gasparrini & Cutini 2011). I selected events in the energy range
between 100 MeV and 300 GeV. The spectra of all studied blazars
were modelled with power laws. I used overlapping time bins, with
the shift between consecutive bins equal to 1/5 of the bin lengths.
This allows us to avoid the dependence of the results on the ‘phase’
of the time bins and provides a natural interpolation of the light
curve. While the consecutive flux measurements are not entirely
independent, this is not a problem for the subsequent analysis of the
flare parameters.

Light curves calculated with different time bins reveal different
amounts of detail, which affects the classification of certain events as
flares, and the flares parameters. The shorter time bins reveal more
details and potentially shorter flares, but limited photon statistics
determines the size of the sample of flares that can be studied
reliably. The brightest gamma-ray flares (>10"5 ph s"1 cm"2) can
be probed once per orbital period of the Fermi satellite (#1.5 h;
Foschini et al. 2011). Here, I decide to use the time bin length of

0.5 d, with the shifts of 0.1 d, always starting from a full modified
julian day (MJD).

Systematic analysis of all candidate active periods revealed that
some of them consist of a few flares, so that the list of all flares
revealed by this analysis exceeds 50 entries. From this, I select
the final list of the 40 brightest flares, which corresponds to the
minimum peak flux of 7.1 $ 10"6 ph s"1 cm"2. This limiting peak
flux value corresponds roughly to the peak of a histogram of the
logarithmic peak flux distribution of all identified flares. The final
list of brightest gamma-ray blazar flares is reported in Table 1. For
each flare, I calculate the flux-doubling time t1, the flux-halving time
t2 and the total flare duration T = t1 + t2. I also calculate the time
asymmetry parameter k = (t1 " t2)/(t1 + t2), which can take values
between "1 and 1, with k = 0 corresponding to a time-symmetric
flare (t1 = t2); the average photon index ! (NE % E"!) and the root
mean square (rms) of deviations of the photon index from the mean
value. Individual flares will be referred to using their row number
in Table 1.

Very short flares (e.g. flare #3 – PKS 1510"089 at MJD 55854)
indicate that the measured flux can change significantly over a single
time bin shift of "t = 0.1 d. This provides a practical estimate of
accuracy in determining the moments of flare beginning, peak and
ending. The uncertainty of parameters t1, t2 and T can be estimated

 at U
niversity of C

olorado on M
arch 27, 2013

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

-10

-9

-8

3C 454.3
MJD 55519.9

3C 454.3
MJD 55526.8

PKS 1510-089
MJD 55853.8

3C 454.3
MJD 55550.2

3C 454.3
MJD 55167.8

-10

-9

-8

3C 454.3
MJD 55567.8

3C 454.3
MJD 55301.4

PKS 1222+216
MJD 55316.6

PKS 1510-089
MJD 55872.8

3C 454.3
MJD 55294.1

-10

-9

-8

PKS 1510-089
MJD 55867.8

PKS 1222+216
MJD 55365.8

3C 454.3
MJD 55163.1

3C 454.3
MJD 55305.4

PKS 1510-089
MJD 55746.2

-10

-9

-8

PKS 1510-089
MJD 54947.9

3C 273
MJD 55095.2

3C 273
MJD 55090.4

PKS 1510-089
MJD 55980.6

PKS 1510-089
MJD 54916.9

-10

-9

-8

PKS 1510-089
MJD 55851.8

3C 454.3
MJD 55195.2

PKS 1222+216
MJD 55310.7

3C 454.3
MJD 55323.4

3C 454.3
MJD 55327.2

-10

-9

-8

PKS 1222+216
MJD 55342.1

3C 273
MJD 55202.8 PKS 1510-089

MJD 55990.8
PKS 1510-089
MJD 55983.1

PKS 1510-089
MJD 54961.8

-10

-9

-8

3C 454.3
MJD 55214.2

PKS 1510-089
MJD 56002.3

3C 454.3
MJD 55154.8

PKS 1510-089
MJD 55767.6

PKS 1222+216
MJD 55377.4

-10

-9

-8

0.1 1 10

3C 454.3
MJD 55283.8

0.1 1 10

PKS 1510-089
MJD 55876.1

0.1 1 10

PKS 1222+216
MJD 55233.9

0.1 1 10

PKS 0402-362
MJD 55827.4

0.1 1 10

3C 454.3
MJD 55091.6

Figure 1: ...

1

1326 K. Nalewajko

Figure 1 – continued

regions of interest of 10! radius centred on the position of each
blazar. The background models included all sources from the 2FGL
within 15!, their spectral models are power laws with the pho-
ton index fixed to the catalogue values. I checked the raw count
maps for any new source not included in the 2FGL. In the case
of PKS 1510"089, the source model included TXS 1530"131
(Gasparrini & Cutini 2011). I selected events in the energy range
between 100 MeV and 300 GeV. The spectra of all studied blazars
were modelled with power laws. I used overlapping time bins, with
the shift between consecutive bins equal to 1/5 of the bin lengths.
This allows us to avoid the dependence of the results on the ‘phase’
of the time bins and provides a natural interpolation of the light
curve. While the consecutive flux measurements are not entirely
independent, this is not a problem for the subsequent analysis of the
flare parameters.

Light curves calculated with different time bins reveal different
amounts of detail, which affects the classification of certain events as
flares, and the flares parameters. The shorter time bins reveal more
details and potentially shorter flares, but limited photon statistics
determines the size of the sample of flares that can be studied
reliably. The brightest gamma-ray flares (>10"5 ph s"1 cm"2) can
be probed once per orbital period of the Fermi satellite (#1.5 h;
Foschini et al. 2011). Here, I decide to use the time bin length of

0.5 d, with the shifts of 0.1 d, always starting from a full modified
julian day (MJD).

Systematic analysis of all candidate active periods revealed that
some of them consist of a few flares, so that the list of all flares
revealed by this analysis exceeds 50 entries. From this, I select
the final list of the 40 brightest flares, which corresponds to the
minimum peak flux of 7.1 $ 10"6 ph s"1 cm"2. This limiting peak
flux value corresponds roughly to the peak of a histogram of the
logarithmic peak flux distribution of all identified flares. The final
list of brightest gamma-ray blazar flares is reported in Table 1. For
each flare, I calculate the flux-doubling time t1, the flux-halving time
t2 and the total flare duration T = t1 + t2. I also calculate the time
asymmetry parameter k = (t1 " t2)/(t1 + t2), which can take values
between "1 and 1, with k = 0 corresponding to a time-symmetric
flare (t1 = t2); the average photon index ! (NE % E"!) and the root
mean square (rms) of deviations of the photon index from the mean
value. Individual flares will be referred to using their row number
in Table 1.

Very short flares (e.g. flare #3 – PKS 1510"089 at MJD 55854)
indicate that the measured flux can change significantly over a single
time bin shift of "t = 0.1 d. This provides a practical estimate of
accuracy in determining the moments of flare beginning, peak and
ending. The uncertainty of parameters t1, t2 and T can be estimated
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The brightest blazar flares 1325

Figure 1. Light curves of individual gamma-ray flares calculated from the Fermi/LAT data, presented in the order of descending peak photon flux density. For
each flare, the upper panel shows the normalized photon flux density integrated in the energy range 0.1–300 GeV in 0.5-d time intervals with a 0.1-d step, and
the lower panel shows the corresponding photon index. The horizontal axes show time in days measured relative to the flare peak. The data points belonging
to the flare period are highlighted with colours.

flare. One can show that this definition does not allow any two flares
to overlap. Every two flares must be separated by a flux minimum
which is lower than half of the lower peak. A flare may include
minor peaks, but they are not considered to be peaks of separate
subflares. This definition is natural in a stochastic light curve with
a power density spectrum in the form of a power law, as it is based
on equal flux ranges on a logarithmic scale. It is practical, as it is
very easy to determine local flux peaks and the associated lower
flux limits. Also, it automatically provides two standard variability
time-scales often discussed in the blazar studies – the flux-doubling
time-scale and the flux-halving time-scale. Fig. 1 illustrates this
definition in various real light curves.

The process of selecting a flux-limited sample of blazar flares
is divided into two steps. In the first step, a preliminary list of
blazar active periods is extracted from the Fermi/LAT Monitored
Source List.1 It is a data base of daily and weekly flux esti-
mates for all sources exceeding the 0.1–300 GeV photon flux of

1 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/

10!6 ph s!1 cm!2. I select all daily photon fluxes during the first
four years of the Fermi mission (MJD 54682–56143) above 3 "
10!6 ph s!1 cm!2 for sources located away from the Galactic plane
(|b| > 10#). For each blazar, these daily entries are grouped into
active periods, which are separated by gaps of at least 10 d. If an
active period contains two flux peaks separated by at least 10 d and
a flux minimum lower than the half of the lower peak flux or at least
one-day gap, it is split into two active periods along the flux mini-
mum. The active periods for all blazars are sorted according to the
decreasing peak flux, and the first 30 active periods are selected for
the second step. This choice corresponds to a minimum flux peak
of 4.5 " 10!6 s!1 cm!2, and the preliminary list of active periods
consists of six blazars: 3C 454.3, PKS 1510!089, PKS 1222+216,
3C 273, PKS 0402!362 and PKS 1329!049.

In the second step, I perform the maximum likelihood anal-
ysis of the Fermi/LAT data. I use the standard analysis soft-
ware package SCIENCE TOOLS v9r27p1, with the instrument re-
sponse function P7SOURCE_V6, the Galactic diffuse emission
model gal_2yearp7v6_v0 and the isotropic background model
iso_p7v6source. Events of the SOURCE class were extracted from
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ARE RELATIVISTIC JETS TURBULENT?

• individual turbulent eddies 
may produce electron distributions 
with different   
and random polarization angles 

• distribution of   values would 
explain fractional variabilities   
and polarization degrees  

γmax

γmax
Fvar(νobs)

Π(νobs)

A. P. Marscher and S. G. Jorstad: Rapid Gamma-ray Variability near the 43 GHz Core 3

Fig. 3. Top: Multi-band optical/near-IR light curves
of 0235+164 during the interval displayed in Fig. 1.
Magnitudes here are not corrected for extinction. Bottom:

Time scale of flux variability (as defined in the text) as
a function of optical/near-IR frequency of 0235+164 be-
tween Julian dates 2454756.7 and 2454758.7. Diagonal
line represents a power law with slope !0.16. Data
are from the Yale Fermi/SMARTS project, website
http://www.astro.yale.edu/smarts/glast/.

tion) and density of electrons ne that follow a probabil-
ity distribution, with higher values less likely. We imagine
that the turbulent cells pass into and out of a disk-shaped
primary emission region representing a shock, bounded by
the shock front and, probably, a rarefaction. Electrons are
injected with a power-law energy distribution at the shock
front, after which the cell advects away from the shock.
The cooling time of the electrons depends on B. If inverse
Compton losses are important, then it will also depend on
the energy density of photons n! ; we defer consideration
of this case to a subsequent study.

The key addition to this model over that proposed in
Marscher et al. (1992) is that the maximum electron en-
ergy Emax varies from cell to cell. According to models of
energization of particles at relativistic shock fronts (e.g.,
Baring 2010), the e!ciency of particle acceleration de-
pends inversely on the ratio of the gyro-radius to mean
free path for pitch-angle scattering. This ratio should be
larger when B is stronger, so that the amplitude of the
magnetic turbulence rises. If the value of B in a cell follows
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Fig. 4. Sketch of our proposed model consisting of a num-
ber of emission cells (circles) inside a disk (represent-
ing, for example, a shock wave), each with a di"erent
maximum energy of relativistic electrons. All numbered
cells have electrons with su!ciently high energies to emit
synchrotron radiation at a relatively low frequency, e.g.,
< 1013 Hz. Only the cells marked 2 and higher have elec-
tron energies high enough to emit at > 1013.5 Hz. Only
those marked 3, 4, and 5 can emit at > 1014 Hz, only those
numbered 4 and 5 can emit at > 1014.5 Hz, and only those
numbered 5 can emit at > 1015 Hz.

a power-law probability distribution above some minimum
value, then we might expect Emax to do the same. (Or the
slope of the resultant electron energy distribution might
be flatter for stronger fields, thereby increasing the relative
number of electrons with the highest energies. This would
produce a similar e"ect on the synchrotron spectrum as
the case considered here.)

The di"erent values of B, Emax, and ne in di"er-
ent cells, with higher values occurring more rarely, leads
to a frequency dependence of the synchrotron emission.
Recall that, in the scenario envisioned by Marscher & Gear
(1985), the synchrotron spectrum steepens by 1/2 because
the dimension transverse to the shock front, and therefore
the volume V , of the emitting region follows V (!) " !!1/2.
This will still apply at su!ciently high frequencies if elec-
trons are injected only as a cell passes across the shock
front. However, we introduce an additional frequency de-
pendence on the volume because only some fraction of the
cells contain electrons that can radiate at frequency ! af-
ter they cross the shock front. We illustrate the geometry
of our model in Figure 4.

We have not yet developed a definite relationship be-
tween the electron energy distribution and the power spec-
trum of the turbulence. Our model therefore does not
at this stage predict the slope of the spectrum at fre-
quencies where V (!) < 1. We can, however, turn to ob-
servations to infer the required functional form of V (!).
The relationship tvar " !!0.16 found above for 0235+164
could correspond to stochastic variations in N cells if

Marscher & Jorstad (2010)

D. Meier



magnetic !eld should show opposite directions. Since the
Faraday depth depends on the component of the magnetic !eld
parallel to the line of sight (see Equation (2)), a toroidal
magnetic !eld could be identi!ed as a gradient of the Faraday
depth across the width of the jet. From these considerations, it
is clear that in order to discern the 3D con!guration of the
magnetic !eld, it is essential to resolve polarization across the
jet width. However, one common problem is that the
polarization study should be performed at lower angular
resolution than the Stokes I image because, in order to
compare polarization images at several wavelengths, we need
to convolve all of them to the lower-resolution image, which is
de!ned by the longer-wavelength image. In our case, although
the Stokes I image has a resolution of 0 09, the polarization
study is limited to a resolution four times lower, !0 4, which
allows one to resolve the jet width with three beams. However,
in this particular case, thanks to the presence of the double-
helix morphology, we can better study the polarization
properties across the jet width. As we move along the jet
direction, regions where the emission is dominated by the
edges of the jet take turns with regions where most of the
emission is coming mainly from the projected jet axis. This

allows us to better resolve polarization properties across the jet
width as we move along the jet direction.
In Figures 2(b) and (c), we show a superposition of the LIC

map of the magnetic !eld projected to the plane of the sky over
the fractional polarization and the Faraday depth obtained from
our depolarization modeling. First, note that where the
!laments are well separated (e.g., between knots E and F and
between knots F and I), the magnetic !eld is well ordered,
reaching high fractional polarization values of ;0.5. Larger
values, almost ;0.7, are detected where the magnetic !eld lines
open like a funnel (between knots E and F) following the two
!laments. On the contrary, where the !laments intersect each
other, the emission suffers for strong depolarization effects, and
the fractional polarization drops to lower values of less than
;0.1 (e.g., at the positions of knots F and I). Second, note that
in the region between knots E and F, where the !laments are
well separated, we detect a Faraday depth gradient from
negative (red; B-line moving away from the observer) to
positive (blue; B-line moving toward the observer), evidencing
a toroidal component of the magnetic !eld (see Figure 2(c)).
We also analyzed in more detail the polarized emission at two
regions well separated in the !laments between knots E and F

Figure 1. The M87 VLA radio jet combining all of the available frequencies (from 4 to 18 GHz). The top of the image, a), with an angular resolution of 0 2
(robust = 1 weighted image), is sensitive to large-scale emission. It shows the well-known morphology consisting of a core, a highly collimated conical jet ending in a
series of bright knots, and large extended lobes. The bottom image, b), has a higher angular resolution of 0 09 (uniform weighted image), and it shows the structure of
the collimated jet in great detail. Several knots, previously identi!ed in optical images, are labeled. This image shows a clear double-helix structure in the conical jet.
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IS THERE A TRANSITION FROM ORDER TO TURBULENCE?

M87 with VLA, Pasetto et al. (2021)

M87 with VLBA, Walker et al. (2018)



MINIJETS MODEL
• reconnection produces localized relativistic outflows 

(minijets) with Γmj within a larger relativistic jet 

• explains additional relativistic Lorentz boost 
(Γfl~ΓjetΓmj) and local dissipation 

• based on relativistic Petschek reconnection model 
(Lyubarsky 2005) 

• depends on the scaling of minijet Lorentz factor 
with jet magnetization Γmj ∝σ01/2 in relativistic regime 
(Giannios, Uzdensky & Begelman 2009)

σ0=B2/(4πw)

Γjet

Γmj

Radiative properties of minijets 343

Figure 8. SEDs of the minijet models matching the TeV spectrum of the
flaring state of PKS 2155!304, compared with 2006 July simultaneous
observations by HESS and Chandra (thick black lines). Red lines (black
in print version) show models with no guide field (case I), blue lines (grey
in print version) models with significant guide field (case II), solid lines
models of isolated minijets and dashed lines models with radiation from an
opposite minijet system (‘OPP’).

Figure 9. SEDs of a system of Nring = 30 minijets evenly spaced around
the jet axis, so that only one is directed close to the line of sight. Individual
minijet spectra are shown with dashed lines, summed spectrum with a solid
line. Red lines (black in print version): minijets calculated with model
including Comptonization of radiation from the opposite minijet for case I.
Blue lines (grey in print version): minijets calculated for case II (only first
three minijets and the sum off all 30 are shown for clarity).

of both spectral components. We study this effect in the class of
models including opposite minijet radiation, trying to match the
TeV luminosity of PKS 2155!304 or, if impossible, calculating a
model of maximum luminosity.

In Fig. 10 we compare the SEDs for three values of ! 1. The
value ! 1 = 100 (solid lines) has been used in Giannios et al. (2009)
and in previous paragraphs ! 1 = 50 (dashed lines) corresponds to
l2 = 6.4 " 1014 cm and "2 = 7.1, while ! 1 = 25 (dotted lines) to
l2 = 4.5 " 1014 cm and "2 = 5. We were able to fit HESS data for
PKS 2155!304 for ! 1 = 50, but not for ! 1 = 25, where opacity
limits TeV luminosity below the observed level. Keeping "jet = 10,
the last case corresponds to effective Lorentz factor of the minijet
plasma "2"jet # 50, the minimum value derived by Begelman et al.
(2008). Thus, our model confirms that prediction, even though it
has been derived within a single-zone framework.

6 D ISCUSSION

Our calculations show that it is much easier to obtain a high Comp-
ton dominance for minijet models based on relativistic magnetic
reconnection with no guide field (case I). Inspection of Table 1

Figure 10. SEDs of minijets calculated for ! 1 = 100 (solid lines; same
as the dashed lines in Fig. 8), 50 (dashed lines) and 25 (dotted lines). The
models have been calculated for cases of no (red; black in print version) or
weak (blue; grey in print version) guide field, including radiation from the
opposite minijet.

reveals that this is related to two factors. First is a significantly
lower magnetization of the minijet region plasma ! 2, which reg-
ulates the ratio of magnetic to electron pressure. For roughly the
same thermal energy carried by particles in both cases, the magnetic
energy density is 2 orders of magnitude lower in case I, and so is
the synchrotron emissivity. The second reason is the much stronger
compression of plasma crossing the stationary shock into the island
region, leading to higher particle and magnetic pressure and thus
higher synchrotron emission which is more strongly boosted back
into the minijet region comoving frame O2.

On the other hand, relativistic current sheets with no guide field
have been found to develop a RDKI, which can disrupt the sys-
tem before the particles can be non-thermally accelerated (Zenitani
& Hoshino 2008). To explain TeV spectra in the flaring state of
PKS 2155!304, a non-thermal power-law tail is needed in the elec-
tron distribution. A guide field has the effect of suppressing RDKI,
allowing for efficient particle acceleration. Models with a signifi-
cant guide field (case II) can satisfy observational constraints, when
radiation by an opposite minijet is taken into account. In fact, this
effect is much more pronounced in case II, increasing the Comp-
ton dominance by 2 orders of magnitude. Note, however, that these
numerical studies were done for pair plasma, while in our model
electron–proton plasma is required.

The amount of guide field in the minijets affects the spectrum in
the soft X-ray band. This is independent of the slope of the non-
thermal power-law tail (it is also true with no tail), but is related to the
ratio between synchrotron components produced in the minijet and
island regions. In case I, the spectrum is hard, because emission from
the island region is stronger due to stronger plasma compression. In
case II, the spectrum is soft, but still slightly harder than Chandra
spectrum of PKS 2155!304. In the flaring state of this object, a
harder-when-brighter behaviour has been observed in both X-ray
and TeV bands (Aharonian et al. 2009b). This can be understood if
the brighter flares are produced by the unguided minijets, while the
fainter flares (and some part of the quiescent emission) come from
the guided ones.

An isolated event like a TeV flare in PKS 2155!304 should be as-
sociated with a significant, brief and temporary change in jet physi-
cal parameters. A single disturbance comoving with the bulk jet flow
would cover a distance #r # "2

jetc #t # 0.08("jet/10)2(#t/1 d) pc.
Thus, a #4-d-long period of high activity would be related to a
single global reversal of jet magnetic field travelling about 0.3 pc.

C$ 2011 The Authors, MNRAS 413, 333–346
Monthly Notices of the Royal Astronomical Society C$ 2011 RAS

KN, 
Giannios, 
Begelman, 
Uzdensky 
& Sikora 
(MNRAS 2011)

PKS 2155-304
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Figure 1. Profiles of particle density (blue line), magnetic field component By (green line), and magnetic vector potential component Az (magenta line)
measured along the reconnection layer for a selected moment of simulation s10Tm (cf. Fig. 3). The green vertical stripes mark the horizontal limits of plasmoid
cores, and the light magenta areas mark the plasmoid layers.

Figure 2. Initial sequence of simulation s10Tm, presenting the logarithm of particle number density n/nb (see the top panel of Fig. 3 for the colour scale) and
the magnetic field lines (solid white lines). The dashed magenta lines indicate the limits of the field-absorbing boundary layers.

(electric current density jz close to its maximum value jmax = cen)
despite low particle number density n, low bulk velocity vx, and
strong electric field E!

z (except for the two minor plasmoids located
at x " 0.39Lx and x " 0.425Lx).

To the left of the main current layer, behind a medium-sized plas-
moid at x " 0.3Lx, we find a relativistically fast reconnection outflow
(strongly negative vx for x < 0.25Lx; #! $ % #! !! $ due to Lorentz
transformation), also characterized by moderate particle density
and intrinsic temperature #! !! $/", specific electric current |jz|/jmax

decreasing systematically with distance, very weak intrinsic electric
field E!

z, and weak synchrotron emission. This is a structure that
has all characteristics of minijets – regular reconnection outflows
of relativistic bulk velocity (Giannios et al. 2009; Nalewajko et al.
2011). We can easily recognize the conical geometry of the outflow
region with parallel outflow velocity field (very low values of vy),
and oblique magnetic field lines crossing the outflow boundaries, as
has been described by an analytical model of relativistic Petschek-
type reconnection by Lyubarsky (2005). There is one qualitative
difference from that model – the magnetic field lines in the outflow
region are not vertical and the magnetic field gradient #Bx/#y does
not vanish in that region and it is supported by the non-zero electric
current density jz. We note that there is a roughly uniform vertical

inflow of background plasma into the minijet region with velocity
vy (reconnection rate) of the same order as that of the inflow into
the main current layer.

To the right of the main current layer, we find a group of several
plasmoids of various sizes, all propagating to the right at different
velocities vx > 0. The largest plasmoid can be seen centred at x "
0.725Lx; it is clearly slower than its smaller neighbour centred at x
" 0.6Lx. The smaller plasmoid is in the process of merging with the
large one, even though they both propagate in the same direction.
This is a natural consequence of the inverse relation between the
growth and bulk acceleration of plasmoids that has been first noticed
by Sironi et al. (2016).

4.3 Spacetime diagrams

Most of the information on evolution of current layers, and
especially on the plasmoids, is contained along the reconnection
midplane; this information can be presented very efficiently in the
form of spacetime diagrams. Following the practice of Nalewajko
et al. (2015), the one-dimensional parameter x-profiles described
in Section 3.1 are combined into spacetime diagrams of high time

MNRAS 00, 1 (2020)
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Sironi et al. (2016)
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Figure 14. Energy distributions of all particles contained in the simulation
domain, compared for the four main simulations (higher ! corresponds to
more efficient cooling). For each simulation, the distribution is averaged
over simulation time, excluding the initial stage (ct/L ! 0.85), in the space
of flux logarithm. The thin dashed lines indicate the corresponding standard
deviation values. The thick grey dashed line represents the initial Maxwell–
Jüttner distribution for ! ! 1. The distributions are presented in arbitrary
units and they are normalized to match the low-energy sections. The vertical
dotted lines indicate the characteristic values of " /!: 4 (the " 2N(" ) peak for
the initial background particles; grey), 4 " 10 (red),and 4 " 50 (black). The
oblique black dotted lines indicate two power-law slopes p (N(" ) # " $p)
along the # 0 = 50 distribution. The four stars indicate the values of " rad/!
for each simulation.

Figure 15. Isotropic spectra of the synchrotron radiation emitted across
the simulation domain, compared for the four main simulations. For each
simulation, the distribution is averaged over simulation time, excluding the
initial stage (ct/L ! 0.85), in the space of flux logarithm. The thin dashed
lines indicate the corresponding standard deviation values. The thick grey
dashed line represents the synchrotron spectrum of the initial Maxwell–
Jüttner distribution. The frequencies are normalized to the characteristic
synchrotron frequency $syn0 defined in equation (11). The distributions are
presented in arbitrary units and they are normalized to match the low-
frequency sections. The vertical dotted lines indicate the characteristic values
of $/$syn0: 19 (the $F($) peak for the initial background particles; grey),
19 " 102 (red), and 19 " 502 (black). The oblique black dotted lines indicate
two power-law slopes s = (3 $ p)/2 ($F$ # $$s) that would be expected
for the corresponding power laws p1, p2 marked in Fig. 14. The four stars
indicate the values of MHD synchrotron frequency limit $syn, max/$syn0 =
(" rad/!)2 for each simulation. The cyan and orange stripes indicate the
frequency bands from which the light curves shown in Fig. 12 were extracted.

Figure 16. Analysis of individual tracked particles for the simulation
s50Tm. Particles are selected over two energy ranges – 11 < " /! <

22 (red) and 50 < " /! < 150 (blue) – corresponding to the two power-
law sections indicated in Fig. 14. The top panel compares their normalized
distributions along coordinate x; the middle panel compares their normalized
distributions over magnetic field strength B; and the bottom panel compares
their contributions to the isotropic synchrotron SED (arbitrary units). The
distributions are averaged over multiple simulation time-steps for ct/Lx >

0.85. The vertical dotted lines in the bottom panel correspond to those in
Fig. 15.

approximated by using their average parameters that in addition are
constant in time. Our results suggest that the synchrotron emissivity
is strongly concentrated in the central parts of the plasmoids (see
the bottom panel of Fig. 3), and that in the radiatively efficient
regime, the plasmoid cores undergo significant time evolution with
systematic increase of plasmoid core density and peak magnetic
field strength (Fig. 7). We suggest that small plasmoids and the cores
of large plasmoids are important for understanding the production
of rapid radiation flares. Investigation of these structures is also the
most challenging from the numerical perspective.

Our study suggests that properly resolving the cores of large
plasmoids will be critical for understanding the radiative signatures
of plasmoid reconnection. Recent non-radiative PIC simulations of
relativistic reconnection demonstrated an important role of large
plasmoids in extending the high-energy tail of the particle energy
distribution along a power law of slope % 2 (Petropoulou &
Sironi 2018). However, taking into account radiative cooling, which
is expected to be particularly strong in the plasmoid cores, the
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their contributions to the isotropic synchrotron SED (arbitrary units). The
distributions are averaged over multiple simulation time-steps for ct/Lx >
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approximated by using their average parameters that in addition are
constant in time. Our results suggest that the synchrotron emissivity
is strongly concentrated in the central parts of the plasmoids (see
the bottom panel of Fig. 3), and that in the radiatively efficient
regime, the plasmoid cores undergo significant time evolution with
systematic increase of plasmoid core density and peak magnetic
field strength (Fig. 7). We suggest that small plasmoids and the cores
of large plasmoids are important for understanding the production
of rapid radiation flares. Investigation of these structures is also the
most challenging from the numerical perspective.

Our study suggests that properly resolving the cores of large
plasmoids will be critical for understanding the radiative signatures
of plasmoid reconnection. Recent non-radiative PIC simulations of
relativistic reconnection demonstrated an important role of large
plasmoids in extending the high-energy tail of the particle energy
distribution along a power law of slope % 2 (Petropoulou &
Sironi 2018). However, taking into account radiative cooling, which
is expected to be particularly strong in the plasmoid cores, the
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defined a fixed region R centred around the reconnection midplane
between the left/right absorbing boundary layers, defined by 2!abs

< x < (Lx ! 2!abs) and !Lx/4 < y < Lx/4. In addition to the
instantaneous energy contained in R in the form of magnetic
and electric fields, as well as in the particles, we also calculate
the cumulative energy emitted by all particles in the synchrotron
process and the fluxes of particles and electromagnetic fields (i.e.
the Poynting flux) inflowing/outflowing across the R boundaries.

In Fig. 13, we present the time evolution of different forms
of energy contained in the region R for the simulation s10Tm.
At the beginning of the simulation, the region R is dominated
by magnetic energy (EB,0 " 0.6 Etot). The initial (ct/Lx < 0.6)
energization of particles at the cost of magnetic energy is due to
the trigger mechanism. This is followed by the somewhat erratic
variation of the particle energy, which reflects systematic heating
by magnetic reconnection and episodic escapes of large plasmoids.
Over the course of the simulation (ct/Lx " 4.5), the magnetic energy
of the region R decreases by " 40 per cent, while the particle
energy decreases only by about " 15 per cent. At the same time, we
measure a large net influx of electromagnetic energy (accumulating
to " 1.5 EB,0), mainly through the top/bottom boundaries of the
region R, and even larger net outflow of particle energy, mainly
through the left/right boundaries. The net energy outflow (particle
minus electromagnetic) through the region boundaries amounts to
" 0.25 EB,0 of the initial magnetic energy, which is slightly less than
the particle energy lost to the synchrotron radiation (" 0.3 EB,0).
Accounting for all these energy components and flows, the total
energy in R is conserved at the # 0.1 per cent level.

4.9 Energy distributions of particles and photons

Fig. 14 shows the energy distributions of all particles: electrons
and positrons. For each simulation, it is averaged over a period of
time that excludes only the initial stage (ct/L ! 0.85). In all studied
cases, the particle energy distributions established after the initial
period show no significant evolution in time. As energetic particles
escape across the open left/right boundaries, other particles are
energized across the current layer and are subject to radiative energy
losses within the plasmoids. The balance between these processes
is maintained regardless of the efficiency of radiative cooling. In
all studied cases, a small fraction of particles reach energies of
" cutoff = 4# 0$ established as a cutoff energy in a previous study of
non-radiative Harris-layer reconnection within periodic boundaries
(Werner et al. 2016). In the case of # 0 = 10, we find only a minor
effect of radiative cooling in limiting the high-energy excess for
$ " 106. In the case of # 0 = 50, the high-energy component can
be described as a broken power law with a hard slope of p1 " 1.5
extending up to " " 25$ and a soft tail of p2 " 3.6 extending up
to " " 150$. In that case, we also have " cutoff " " rad.

Fig. 15 shows the spectral energy distributions (SED) %F% of the
synchrotron emission produced by all particles in all directions,
averaged over the same periods of time as the particle energy
distributions presented in Fig. 14. In the case of # 0 = 10, the
SED are dominated by the contribution from low-energy particles
peaking around % " 19%syn0, with a high-frequency excess extending
beyond a characteristic value of %cutoff " 19# 2

0 %syn0. The level of this
high-frequency excess increases with decreasing gas temperature $,
which means that radiative cooling suppresses the high-frequency
radiation component more clearly than it affects the high-energy
particle tail. In the case of # 0 = 50, the SED is strongly dominated by
the contribution from energetic particles with the maximum photon
energies consistent with a cutoff at %cutoff " 19# 2

0 %syn0, which

Figure 10. Spacetime diagram of the tracks of selected energetic particles,
the acceleration of which is characterized in detail in Fig. 11. The line colour
indicates the instantaneous particle energy measured in the simulation frame.
Particle density contours n = 7nb are indicated with grey lines.

coincides with the radiation reaction limit %syn, max = (" rad/$)2%syn0.
We note that the SED shape around its peak is not described by a
broken power law corresponding directly to that indicated in the
electron distribution (with slopes %F% $ %!s; s = (p ! 3)/2; and
characteristic frequencies % i/%syn0 " (" i/$)2). This is because the
extent of the electron energy distribution that can be described as
a broken power law is too short to result in a broken power-law
photon spectrum when folded with the synchrotron kernel.

In order to clarify the connection between the electron energy
distribution and synchrotron SED in the case of # 0 = 50, we
analysed a sample of individually tracked particles. We selected
particles over two energy ranges: (1) a medium-energy range 11
< " /$ < 22, corresponding to the hard power-law section of
index p1 " 1.5; and (2) a high-energy range 50 < " /$ < 150,
corresponding to the soft power-law section of index p2 " 3.6.
In Fig. 16, we show the distributions of these particles along
coordinate x and over local magnetic field strength B, as well as their
contributions to the synchrotron SED, taking into account accurate
local electromagnetic fields felt by each particle. These distributions
are averaged over multiple simulation time-steps for ct/Lx > 0.85.
For the medium-energy particles, we find that their distribution
along x is fairly uniform, and their distribution over B is broad, with
some particles found in strongly amplified magnetic field B > 10B0

characteristic for the plasmoid cores. For the high-energy particles,
we find that they are clearly concentrated towards the left/right
boundaries, and that they are found almost exclusively in magnetic
fields of moderate strength B < 5B0. In addition, we observe that
for individual simulation time-steps, the medium-energy particles
are clearly concentrated within the plasmoids, while the high-energy
particles are diffused over x. The medium-energy particles dominate
the synchrotron SED for most frequencies, except the highest values
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INSTABILITIES OF JETS WITH TOROIDAL MAGNETIC FIELDS

The Astrophysical Journal, 734:19 (18pp), 2011 June 10 Mizuno, Hardee, & Nishikawa

Figure 2. Time evolution of three-dimensional density isosurfaces with a transverse slice at z = 0 for case CPs2a. The time, t, is in units of tc = L/c. Color shows
the logarithm of the density with solid magnetic field lines. Velocity vectors are shown by the arrows.
(A color version of this figure is available in the online journal.)

Table 1
Models and Parameters

Case ! vj /c Rj /a Pitch

CPsa/2 1.0 0.2 0.5 Constant
CPsa 1.0 0.2 1.0 Constant
CPs2a 1.0 0.2 2.0 Constant
CPs4a 1.0 0.2 4.0 Constant
CPfa/2 1.0 0.3 0.5 Constant
CPfa 1.0 0.3 1.0 Constant
CPf2a 1.0 0.3 2.0 Constant
CPf4a 1.0 0.3 4.0 Constant
CP0 1.0 0.0 0.0 Constant
DPsa/2 2.0 0.2 0.5 Decrease
DPsa 2.0 0.2 1.0 Decrease
DPs2a 2.0 0.2 2.0 Decrease
DPs4a 2.0 0.2 4.0 Decrease
DP0 2.0 0.0 0.0 Decrease

3. RESULTS

3.1. Constant Helical Pitch: vj = 0.2c

Figure 2 shows the time evolution of a density isosurface for
constant helical pitch with vj = 0.2c and Rj = 2a (CPs2a)
where the time, t, is in units of tc ! L/c = 4a/c (light
travel time across the largest velocity shear surface radius,
Rj = 4a, considered in this study). Displacement of the initial
force-free helical magnetic field by growth of the CD kink
instability leads to a helically twisted magnetic filament wound
around the density isosurface. In the nonlinear phase, helically
distorted density structure shows continuous transverse growth
and propagates in the flow direction. This propagation of the
helical kink structure does not occur for a static plasma column
(Mizuno et al. 2009a).

4

Mizuno et al. (2011)

• toroidal magnetic field supported 
by gas pressure is unstable 
(Kruskal & Schwarzschild 1954) 

• magnetic fields in expanding jets 
become increasingly toroidal 
 ,   

• jets may need to dissipate their 
magnetic fields via magnetic 
reconnection 
(Giannios & Spruit 2006)

Bϕ ∝ R−1 Bp ∝ R−2



KINETIC SIMULATIONS OF INSTABILITIES 
IN CYLINDRICAL JETS WITH TOROIDAL MAGNETIC FIELDS

transferred to newly accelerated particles with a power-law
spectrum. Importantly, we observe that the maximum
energy gain increases linearly with the jet cross-sectional
radius. Based on these findings, we argue that this new
mechanism can account for the acceleration of high-energy
leptons and hadrons in AGN jets.
We simulated a volume of the jet in its proper reference

frame, with relativistic electron-positron plasma supporting
a helical magnetic field in an unstable hydromagnetic equi-
librium; the net-inward magnetic stress is balanced by
increased thermal pressure near the axis (see Supplemental
Material [18]). This setup approximates the jet spine after
the plasma has been focused towards the axis by recol-
limation, at the moment when it stagnates and is most
vulnerable to the internal KI. We consider magnetic field
profiles of the form B!r" # B0!r=Rc"e1!r=Rce! $ Bzez,
where Rc is the cross sectional radius of the jet spine.
We have also tested toroidal magnetic field profiles that
decay as r!" (with " " 1), and determined that our overall
findings are not sensitive to the structure of the magnetic
field far from Rc. Near the black hole, the poloidal and
toroidal magnetic field components (Bz and B!, respec-
tively) are comparable to one another [23]. However,

Bz=B! decreases with distance from the source, and can
be very small at the relevant #100 pc distances. The
characteristic magnetic field amplitude (henceforth denoted
as B0) at these distances, B0 #mG, is quite strong in the
sense that the ratio # of the magnetic to plasma rest-mass
energy densities may exceed unity. The simulations cover
values of # # 1–10 and Bz=B! # 0.0–0.5.
We utilize the fully kinetic electromagnetic PIC code

OSIRIS 3.0 [24,25]. Our simulations resolve a large dynamic
range in 3D, enabling us to study the interplay between the
evolution of the KI at large scales and the dynamics of
particles at small scales, i.e., between the MHD physics
of the jet spine at #Rc and the kinetic physics operating at
the particle gyroradius scale $g $ Rc. By systematically
increasing the scale separation R̄! Rc=h$gi, we find
asymptotic behavior in the particle acceleration physics
as R̄ % 1. The dimensions of the simulated domains are
20 ! 20 ! !10 ! 20"R3

c, with the jet located at the center of
the domain and oriented along ẑ. The simulations resolve
the gyroradius of thermal particles at the core of the jet,
h$gi, with 4–12 points, and use 8–16 particles per cell per
species [18]. Our largest simulations attain R̄ # 50 and are

J [cB0/2!Rc]
2.52.01.00.5 1.50.0

Ez [B0]
0.40.2-0.2-0.4 0.0

B [B0]
1.00.80.40.2 0.60.0

(a1)

(a2)

(b1)

(b2)

(c1)

(c2)

FIG. 1. Evolution of the jet structure subject to the kink instability. (a) Current density, (b) magnetic field lines, and (c) axial electric
field, taken at times (1) ct=Rc # 16 and (2) ct=Rc # 24. These times correspond to the linear and nonlinear stages of the kink instability.
Note that a quarter of the simulation box has been removed in (b1), (b2), and (c2) to reveal the inner field structure of the jet.
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gas pressure balanced 
(Z-pinch)

nonlinear, we observe a strong burst of particle energization due to
a non-ideal electric !eld, which takes place in current sheets at the
jet’s periphery. A 3D visualization of the location of a subset of
the energized particles, color coded by their Lorentz factor, is
shown in Figure 1. Figure 2 demonstrates the location of the
current sheets where particle energization takes place. It shows
slices of the current density in the x–z and x–y planes, overplotted

by energetic particles color coded according to their
l l
E B· at their

location. These sheets have strong guide !elds. In the periphery
the guide !eld is comparable in strength to the reconnecting !eld,
while in the core it is approximately !ve times stronger. The
presence of a strong guide !eld suppresses particle acceleration
and leads to the formation of steep power laws in the particle
distribution function (DF). Werner & Uzdensky (2017) studied

relativistic reconnection in pair plasmas with strong guide !elds
using local PIC simulations, and found a relation between the
strength of the guide !eld and the power-law index, !, of the DF,
f (")!!!""!. In our work we !nd !!#!3"5, which is in
agreement with their results for comparable strengths of the
reconnecting and guide magnetic !eld components. At this stage,
we !nd the maximum energy of accelerated particles to scale as
"max!#!# rcore/rL0, where �r m c eBeL0

2
0 is a nominal cold

relativistic gyroradius, and #!#!1/6.6

Figure 1. From left to right: decreasing pitch (DP), increasing pitch (IP), and embedded pitch (EP) cases. In the top row, thick green lines show magnetic !eld lines.
Subsampled distribution of energetic particles is visualized as dots color-coded by their Lorentz factors. Plots are computed at t!=!60, 110, 90 rcore/VA
correspondingly, the onset times of the acceleration episode in each con!guration (see the bottom panel). The middle row shows distribution functions (DFs) for all
three setups, each set of two plots shows DFs at the end of the simulation on the left for all three $0!=!10, 20, 40 values, and the time evolution of the spectrum of the
$0!=!40 run on the right. Panel (b) also includes Maxwellians !tted to the DFs; panels (e) and (h) show power laws !tted to the DFs. The bottom row shows statistics
of the acceleration events as a function of simulation time and particle energy. For a given particle at a particular energy, we classify the acceleration episode based on
if parallel or perpendicular electric !eld dominates particle energization. NP and N$ are the numbers of parallel and perpendicular acceleration events, respectively.
Initial particle distribution is a Maxwellian with a low temperature, � m c k10 e

2 2
B, and all the spectra correspond to energized particles with "!>!2.

6 This conclusion is based on our simulations with different strengths of the jet’s
magnetic !eld. Increasing the jet’s size is numerically expensive in our current
setups, as the jet signi!cantly expands laterally during the simulation time. We will
conduct a systematic study of the dependence of "max on the jet’s size in
future work.
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efficient particle acceleration found in both cases



KINETIC SIMULATIONS OF INSTABILITIES 
IN CYLINDRICAL JETS WITH TOROIDAL MAGNETIC FIELDS

3D, periodic boundaries, static equilibrium, pair plasma 
moderately relativistic magnetization, highly relativistic temperature
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Figure 2. Maps of the magnetic field component By (top row of panels) and the electric field component Ez (middle row of panels)
in the y = 0 plane, as well as the Ez component in the z = 0 plane (bottom row of panels), all in units of B0 (positive values in red,
negative in blue), at regular time intervals (from left to right) for the reference simulation f1 ↵-1 ⇠10.



MIXED PRESSURE BALANCE
• radial force balance: 

  

• introducing the pressure mixing parameter  : 
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Figure 16. Minimum growth timescales ⌧min normalized to RB�/c evaluated for the amplitudes Em of the azimuthal modes of Ez
presented in Figure 15. The symbol colors correspond to the line colors used in Figure 15. Di↵erent symbol types indicate the mode
number m. For each symbol type, the smaller symbols correspond to ⇠n = 10, and the larger symbols correspond to ⇠n = 100 (except for
the case fmix = 0, in which ⇠n = 1). The short magenta line in the right panel indicates the analytical prediction for the |m| = 1 kink
mode in the constant-pitch FF configuration (Appl et al. 2000). The black dashed lines mark the time resolution limit for this analysis.

Figure 17. Maps of electric field component Ez in units of B0 (positive values in red, negative in blue) in the y = 0 plane compared for
several simulations at the moments (indicated in the bottom left corners) of peak root-mean-square value of Ez evaluated at r = R0 (the
vertical dotted lines).

Figure 18. E↵ective axial wavelength �z of the hEzi (z) fluctuations measured within the cylindrical shell region S1 (1 < r/R0 < 2) at
the moments of peak rms(Ez). The smaller symbols correspond to ⇠n = 10, and the larger symbols correspond to ⇠n = 100 (except for
the case fmix = 0, in which ⇠n = 1).

José Ortuño-Macías, KN, D. Uzdensky, M. Begelman, G. Werner, A. Chen, B. Mishra (in prep.)
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José Ortuño-Macías, KN, D. Uzdensky, M. Begelman, G. Werner, A. Chen, B. Mishra (in prep.)

initial magnetization   flux dissipationBϕ

particle acceleration acceleration by  E∥

fast

slow

fa
st

slow



PINCH VS. KINK MODES
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José Ortuño-Macías, KN, D. Uzdensky, M. Begelman, G. Werner, A. Chen, B. Mishra (in prep.)

  amplitudes in timeEz

• pressure-driven modes (   ) grow faster 

•   kink modes dominate for  , 
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fmix → 1
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SUMMARY
• Relativistic AGN jets manifest robust particle acceleration through luminous highly 

variable non-thermal emission observed in blazars. 

• The maximum electron energy   attains characteristic values for main blazar types 
(FSRQs and BL Lacs), but what determines them? 

• The scenario involving relativistic magnetic reconnection requires an extreme contrast of 
magnetization values (KN 2016). 

• Relativistic jets are likely turbulent with a large number of emitting regions with stochastic 
parameter values. 

• Magnetic reconnection can be triggered in relativistic jets by global magnetic field 
reversals or instabilities of toroidal magnetic field. 

• The minijets scenario has been revisited, they co-exist with plasmoids, accelerating 
particles to higher energies, but less luminous due to low particle density 
(J. Ortuño-Macías & KN 2020). 

• Instabilities of cylindrical jets investigated by kinetic simulations: gas pressure balanced Z-
pinches grow faster with comparable kink and pinch modes (J. Ortuño-Macías et al., in prep.).

γmax

knalew@camk.edu.pl


