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SPECTRAL ENERGY DISTRIBUTIONS OF BLAZARS
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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

GAMMA-RAY VARIABILITY OF BLAZARS 
AND MISALIGNED AGNS

November 2012, the mean flux above 300 GeV was
ð6:08 T 0:29Þ # 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 ¼ 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 ¼ ð3þ4
−2 Þ # 108Msun (section S1.1),

corresponding to an event horizon light-crossing
time of DtBH ¼ ð23þ34

−15 Þ 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=ð1þ zÞ ¼ 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 ¼ 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 tggð10 TeVÞ
e300ðd=4Þ

−6ðDt=1minÞ−1ðLsyn=1042ergs−1Þ.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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Fig. 3. Average spectral energy distributions during the flare (red) along with previous measure-
ments of IC 310 as observed by MAGIC.We show the results from the high (blue, open squares) and
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correlated. Horizontal error bars show the energy binning.
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Fig. 4. Light curve of IC 310 observed with the MAGIC telescopes on the night of 12/13 November
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PKS 1222+216

• quasar 
• r > 0.5 pc 

• R ≲ 8 x 10-5 pc (D / 20) 

• compactness problem

The Astrophysical Journal Letters, 730:L8 (6pp), 2011 March 20 Aleksić et al.
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Figure 1. Differential energy spectrum of PKS 1222+21 as measured by MAGIC
on 2010 June 17. Differential fluxes are shown as black points, upper limits
(95% CL) as black arrows. The black line is the best fit to a power law.
The gray shaded area represents the systematic uncertainties of the analysis.
The absorption corrected spectrum and upper limits using the EBL model
by Dominguez et al. (2011) are shown by the blue squares and arrows; the
dashed blue line is the best-fit power law. The blue-striped area illustrates the
uncertainties due to differences in the EBL models cited in the text, by Kneiske
& Dole (2010), Gilmore et al. (2009), Franceschini et al. (2008), and Albert
et al. (2008).

with a photon index Γ = 3.75 ± 0.27stat ± 0.2syst and a
normalization constant at 200 GeV of N200 = (7.8 ± 1.2stat ±
3.5syst) × 10−10 cm−2 s−1 TeV−1, yielding an integral flux
(4.6 ± 0.5) × 10−10 cm−2 s−1 (≈1 Crab Nebula flux) at
E > 100 GeV and (9.0 ± 3.6) × 10−12 cm−2 s−1 (7% of
the Crab Nebula flux) at E > 300 GeV, at the same level
of Whipple upper limit (Section 1). For energies higher than
400 GeV no significant excess was measured. The upper limits
corresponding to 95% confidence level (CL) are shown in
Figure 1. The systematic uncertainty of the analysis (studied
by using different cuts and different unfolding algorithms) is
shown by the gray area.

We studied the effect of the VHE γ -ray absorption due to
pair production with low energy photons of the EBL by using
different state-of-the-art EBL models, namely, the models by
Dominguez et al. (2011), Kneiske & Dole (2010), Gilmore
et al. (2009), Franceschini et al. (2008), and the “max high UV”
EBL model described in Albert et al. (2008). For each of the
EBL models, the optical depth corresponding to the measured
VHE γ -ray energy intervals was computed and the differential
fluxes were corrected accordingly to obtain the de-absorbed (or
intrinsic) spectrum. The spectrum deabsorbed with the EBL
model of Dominguez et al. (2011), shown by the blue squares
in Figure 1, is well fitted by a power law with an intrinsic
photon index of Γintr = 2.72 ± 0.34 between 70 GeV and
400 GeV. Uncertainties caused by the differences between the
EBL models are represented in Figure 1 by the blue-striped
area. The corresponding spread is smaller than the systematic
uncertainties of the MAGIC data analysis.

We investigated the possible presence of a high-energy
(HE) cutoff in the VHE range by fitting power laws with
different photon indexes and different values for the cutoff. The
method adopted is the χ2 difference method (see, e.g., Lampton
et al. 1976). With the available statistics, at the 95% CL we
cannot exclude the presence of a cutoff above 130 GeV for a
photon index 2.4 (the lowest possible value compatible with
fit uncertainties and with Fermi/LAT data, see Section 3.3) or
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Figure 2. PKS 1222+21 light curve above 100 GeV, in 6 minutes bins (black
filled circles). The observation was carried out on MJD 55364. The black solid
line is a fit with an exponential function and the black dotted line a fit with a
linear function. The gray open squares denote the fluxes from the background
events and the gray dashed line is a fit with a constant function to these points.

above 180 GeV for a photon index 2.7. The confidence interval
is not bounded on the HE side, i.e., a fit without a cutoff is
fully compatible with the data. Further observations with higher
statistics are needed to better constrain the location of a possible
steepening in the form of a cutoff or spectral break.

3.2. Light Curve

Despite the short observation time, the strength of the signal
allows us to perform a variability study of the measured integral
fluxes above 100 GeV. The light curve binned in 6 minutes long
intervals is shown in Figure 2 and reveals clear flux variations.
The constancy hypothesis (χ2/NDF = 28.3/4) is rejected with
high confidence (probability < 1.1 × 10−5). The fluxes of
background events surviving the γ /hadron selection cuts are
compatible with being constant, and hence we can exclude a
variation of the instrument performance during the observation.

To quantify the variability timescale we performed an ex-
ponential fit (solid black line in Figure 2). A linear fit is also
acceptable but does not allow us to define a timescale unam-
biguously. For the exponential fit the doubling time of the flare
is estimated as 8.6+1.1

−0.9 minutes. The derived timescale corre-
sponds to the fastest time variation ever observed in an FSRQ
in the VHE range and in any other energy range (Foschini et al.
2011), and is among the shortest timescales measured on TeV
emitting sources (Abramowski et al. 2010).

3.3. The HE–VHE SED

In the HE MeV/GeV energy range measured by Fermi/LAT
the source showed a significant flare lasting ∼3 days, with a
flux peak on 2010 June 18 (MJD 55365) (Tanaka et al. 2011).
A dedicated analysis found that the 1/2 hr MAGIC observation
fell within a gap in the LAT exposure, thus we analyzed a
period of 2.5 hr (MJD 55364.867 to 55364.973), encompassing
the MAGIC observation. The LAT analysis for this time bin
was performed as in Tanaka et al. (2011), where details can be
found. It results in an integral flux (6.5 ± 1.9) × 10−6 cm−2 s−1

at energy E > 100 MeV. The observation in such a short time
does not provide any detection with Fermi/LAT at E > 2 GeV.
Two Fermi/LAT spectral points up to 2 GeV together with an
upper limit at the 95% CL in the range 2–6.3 GeV are combined

3

F. Tavecchio et al.: On the origin of the gamma-ray emission of PKS 1222+216

Fig. 1. Spectral energy distribution of PKS 1222+216 close to the epoch
of the MAGIC detection (2010 June 17). Red points at optical-UV
and X-ray frequencies are from a Swift observation of June 20. For
comparison, cyan data-points show the X-ray spectrum two weeks be-
fore, on May 29 (see text). Fermi/LAT (red squares and “bow tie”) and
MAGIC data (corrected for absorption by the EBL using the model of
Dominguez et al. 2011) are taken from Aleksic et al. (2011b). The thick
black solid line shows the LAT spectrum in quiescence (from Tanaka
et al. 2011). Magenta open squares are SDSS photometric points.
Magenta filled pentagons are IR data from Malmrose et al. (2011).
Green points report historical data (from NED, circles, and Tornikoski
et al. 1996, squares).

the overlapping filters (U, B, and V) there is a systematic dif-
ference of about 0.8 mag between UVOT and SDSS, translating
into UVOT fluxes that are higher by a factor of two, as clearly
visible in the SEDs. This difference could represent an increase
in the accretion luminosity between the SDSS (Jan. 2008) and
the UVOT (June 2010) observations, that is possibly related to
the high activity in γ rays.

Malmrose et al. (2011) reported on Spitzer observations in
the IR band for four sources, including PKS 1222+216. The IR
data points (filled magenta pentagons in Fig. 3) track a bump
around 3 µm that is fitted well by a black body of temperature
T = 1200 K and is clearly related to the thermal emission from
the putative dusty torus. Finally, we also add historical radio
(from NED) and millimeter (Tornikoski et al. 1996) data (green
open circles and open squares, respectively).

3. Modeling the SED

3.1. Observational findings and problems

In modeling the observed SED, we are constrained/guided by
the following observational findings: 1) the MAGIC VHE spec-
trum (70−400 GeV) is well-described by a hard power-law, with
photon index (after correction for absorption by the interaction
with the extragalactic background light) of 2.7 ± 0.3, and a cut-
off for energies lower than 130 GeV is excluded. This spectrum
smoothly connects to the LAT spectrum close to the MAGIC
detection (Tanaka et al. 2011), strongly suggesting that both the
high-energy and VHE emission belong to a unique spectral com-
ponent, originating in the same region; 2) the MAGIC lightcurve
shows a significative increase in the flux during the 30 min obser-
vation, with a doubling time of about tvar " 10 min. The causality

relation R < ctvar(1 + z)δ allows us to constrain the size of the
emitting region to be R < 2.5× 1014(δ/10) cm for typical values
of the Doppler factor δ = 10; 3) the LAT long-term lightcurve
(Tanaka et al. 2011) is characterized by periods of quiescence
and smooth, long-lasting (about one week) flares. The MAGIC
detection coincides with the raising part of a flare lasting for
approximately three days. The γ-ray LAT flux (F>100 MeV ∼
6.5× 10−6 ph cm−2 s−1) was about half that recorded at the max-
imum of the flare (F>100 MeV ∼ 13.5 × 10−6 ph cm−2 s−1), which
was reached the day after the MAGIC detection.

Standard one-zone models for FSRQ generally assume that
a single region in the jet, with a size comparable to that of the
jet cross-sectional radius, is responsible for the emission from
IR to GeV frequencies. The location of this region is generally
assumed to be inside the BLR (e.g. Dermer et al. 2009; Ghisellini
& Tavecchio 2009), but scenarios considering regions beyond it
have been discussed (e.g., Sikora et al. 2008; Marscher et al.
2008).

The observational findings listed above already pose some
problems for this scenario. Points 1) and 2) imply that the en-
tire MeV-GeV and VHE emission component at the epoch of
the MAGIC detection was produced in a very compact emission
region outside the BLR, to minimize the expected severe ab-
sorption above 10 GeV (but see Stern & Poutanen 2011). In the
framework of one-zone models, a first possibility is that the en-
tire γ-ray activity is due to the cumulative emission of very com-
pact, uncorrelated traveling regions (resulting from, e.g. internal
shocks, Spada et al. 2001). However, in this case the expected
erratic behavior disagrees with the smooth long-term evolution
shown by LAT. One way to reconcile this scenario with point 3)
might be to assume the existence of a very compact and station-
ary region: this would allow rapid variations in the flux and, at
the same time, the long-term modulation of the jet power would
account for the smooth and coherent evolution. As an alterna-
tive, we could envision the existence of two emitting regions, a
large region responsible for the long-term evolution visible in
the LAT band and an extremely compact region accounting for
the fast variations.

Motivated by the arguments above, we present below three
different scenarios for the VHE flare of PKS 1222+216 (see
Fig. 2). In the first case (A), we assume that the entire SED
is produced by a single compact blob outside the BLR. In the
other two cases, we consider a two-zone model with the large
region located outside (B) or inside (C) the BLR. For consis-
tency with the scenario sketched above, in cases B and C we
consider that the large region might contribute substantially to
(even if not dominate) the LAT band also at the epoch of the
MAGIC detection.

3.2. Model setup

A sketch of the assumed geometry is shown in Fig. 2. In all cases,
a central BH is surrounded by an accretion disk, whose radiation,
of luminosity Ld, photoionizes the BLR, modeled as a spherical
shell located at distance RBLR from the BH. Following Ghisellini
& Tavecchio (2009), we set RBLR = 1017L0.5

d,45 cm. This relation
provides a good approximation of the most recent results of the
reverberation mapping studies (e.g. Kaspi et al. 2007; Bntz et al.
2009). We assume that the BLR clouds intercept and reprocess
(mainly into emission lines) a fraction ξBLR of Ld. As discussed
in Tavecchio & Ghisellini (2008), a rather good approximation
for the spectrum of the BLR radiation field as seen in the comov-
ing frame is a black body with the peak at ν′BLR ≈ 3 × 1015Γ Hz.
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MINUTE-TIMESCALE γ-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 γ-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)
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3C 279



2018 FLARE OF 3C 279

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
flare FF2, see Fig. 1b.

Discussion
The minute-scale variability during the fast flare superimposed on
the slowly varying envelope emission within flare 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 difficulties producing the similar

observed spectral curvatures of the envelope and fast flare.
Moreover, differential Doppler boosting34 has difficulties to
explain the observed time profiles of the envelope and fast flare
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 flow36. 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 flare characteristics. Long-term light curve and three pronounced flares (F1, F2, F3) during MJD 58100 to MJD 58280 from 3C 279 are
shown in a and a magnified view of F2 is plotted in b (left Y-axis). A peak-in-peak light curve, previously unknown to flare activity, is significantly observed
during F2 where two fast flares 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 flares 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 flares, 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 flare component
(maroon) observed during F2. The error bars in the light curve and SEDs represent 1 σ uncertainty.
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Table 1 Temporal characteristics of Flares.

Flare (MJD) Components [Name] Tr(days) Td(days) Reduced-χ2(DOF)

F1 (58133.0–58139.0) Envelope [1] 1.62 ± 0.06 1.49 ± 0.05 1.77 (43)
(Fitted with 2 components) Fast flare [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 flare [1] 0.05 ± 0.01 0.09 ± 0.02

Fast flare [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 flare [FF1] 0.06 ± 0.01 0.08 ± 0.01
Fast flare [FF2] 0.09 ± 0.01 0.10 ± 0.01
Fast flare [FF3] 0.11 ± 0.04 0.08 ± 0.03

Column (1) presents the name of the flare and their duration, next row in column (1) presents number of fitted components for the same flare, Column (2) presents the type of components used for
fitting and their names, Column (3) presents the rise time of the flare, Column (4) presents the decay time of the flare, Column (5) presents the reduced-χ2 and degrees of freedom (DOF) of the overall
fit for the flare with all the components.
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Fig. 2 Minute-scale flare as a diagnostic tool for the jet geometry. a Shows the 3-min (circle) and ten-minute (square) binned light curves measured
during the orbit wherein a strong rapid variability of the order of a few minutes with high significance (4.7 σ) was observed. During this orbit, 3C 279 was
found to be highly inconsistent with the constant flux having p-values 0.002 (χ2-test) and 10−5 (χ2-test) for the three-minute and 10-min binned light
curves, respectively. Hence, the best-fit function to the 3-min binned light curve is deduced using the sum of two exponentials represented by the dashed
cyan-blue line. Notably, the error bars in the light curve represent 1 σ uncertainty and the significance of each 3-min bin is colour-coded. b Shows a
proposed sketch of the inner jet of a blazar, explaining the peak-in-peak light curve with reference to the jet-in-jet magnetic reconnection model. In this
scenario, the magnetic field fragments into small plasmoids that interact and grow into monster plasmoids within the reconnection region. Subsequently,
these massive plasmoids lead to the formation of mini-jets, which produce optically thin minute-scale gamma-ray flares. These mini-jets are represented in
the sketch in magenta. Moreover, the emission from the reconnection region, as a whole, accounts for the observed envelope emission.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17912-z

4 NATURE COMMUNICATIONS | ��������(2020)�11:4176� | https://doi.org/10.1038/s41467-020-17912-z | www.nature.com/naturecommunications

Shukla & Mannheim 
(Nature Comm. 2020)



COMPARING SUBORBITAL VARIATIONS

log10 (time scale [d])
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2017) 
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RAPID GEV VARIABILITY IN 3C 279
• emitting region size 10-4 pc 

dissipation region may be larger by factor 10-100 
distance scale as short as 100 Mbh 

gamma-ray opacity (15 GeV) 

• Γ > 25 from intrinsic opacity, Γ > 35 for sub-Eddington jet 

• ERC scenario: Γ > 50 from SSC constraint 
Γ > 120 from equipartition 

• synchrotron scenario: kG B-field, γ ~ 106 

cf. the Crab flares 

• hadronic models: viable at very short distances

input from M. Hayashida, G. Madejski, 
M. Sikora, R. Blandford

Fermi-LAT Collaboration 
(Ackermann et al. 2016)



MAGNETIZATION OF JETS
• relativistic hot magnetization σ = B2 / 4πw, where w = ρc2 + e + p is 

the relativistic enthalpy density 

• traditional picture: initial σbase ~ 20 (jet base) converts to Γpc 
(parsec-scale), leaving σpc ≲ 1 

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

Tchekhovskoy et al. (2009)



MAGNETIZATION OF JETS
• alternative picture: 

highly inhomogeneous jets due to filamentary 
loading with protons; 
mean initial magnetization <σbase> ~ 20; 
maximum pc-scale magnetization σpc,max ~ 103 
required for electron 𝝲max ~ 106 in TeV blazars 
(KN, Galaxies, 2016) 

• turbulent magnetic fields enable impulsive particle 
acceleration despite radiative cooling 
(Zhdankin, Uzdensky, Werner & Begelman 2020)  

• turbulent particle energies determined by electron 
(pair) magnetization: 
σ0e ~ 102 for the FSRQs, 
σ0e ~ 103-106 for the BL Lacs 
(Sobacchi & Lyubarsky 2020)



MAGNETIC RECONNECTION

reconnecting magnetic field 
(background, upstream)

reconnection outflow 
(downstream)

magnetic diffusion region (X-point)

E ~ (vin/c) B0 

vin ~ 0.1 vA 

vout ~ vA

Lakhina (2000)



Takamoto (2013)
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RECONNECTION MODELS
Sweet-Parker Petschek

plasmoid-dominated
4 Hakobyan et al.
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Figure 2. Reconnection in two-dimensional box with injection from top and bottom and outflowing boundaries on the left and
right. The upstream magnetic field is in the plane of the picture. The color represents the plasma density normalized to the
upstream value, n0. � = v/c is the typical inflow or outflow velocity. The image is taken from an actual simulation.

hereafter, we use subscript “0” for upstream values):

2�T
B2

0

8⇡
�2
rad = e�recB0, (2)

where �rec ⇡ 0.1 is the steady-state reconnection rate,
and �T is the Thomson cross section.

The radiation from a single plasma particle is de-
scribed by the synchrotron spectrum, peaking at fre-
quency !syn ⇡ eB0�2/mec. An important benchmark
energy for pair production is the electron (positron)
rest-mass energy, mec2, which determines the minimum
center-of-momentum energies for two photons to pair
produce. We are, thus, interested to know which plasma
particles radiate photons with characteristic energies
close to mec2. This sets another dimensionless parame-
ter – the Lorentz-factor of these particles, �c, determined
by

~eB0�2
c

mec
= mec

2. (3)

Combined together, the cold magnetization parame-
ter of the upstream, �c, radiation-reaction limit, �rad,
and the pair threshold parameter, �c, give the full de-
scription of the synchrotron-cooled reconnection prob-
lem. We can rewrite the definitions as

�2
rad ⌘

3�rec

2

Bcl

B0
, �2

c ⌘
↵Bcl

B0
=

BS

B0
, (4)

where ↵ is the fine-structure constant, 1/137, Bcl =
m2c4/e3 is the classical magnetic field, and BS =
m2

ec
3/e~ is the Schwinger field.

For a typical pulsar with the magnetic field at the light
cylinder B0 = BLC ⇠ 105 G, we find

�rad ⇡ 105
✓

B0

105 G

◆�1/2

, �c ⇡ 2 · 104
✓

B0

105 G

◆�1/2

.

(5)
For the Crab, with BLC ⇠ 4 ⇥ 106 G, these values are
�rad ⇡ 104 and �c ⇡ 3 ⇥ 103 (Uzdensky & Spitkovsky

2014), and the typical magnetization near the light
cylinder is 104-105. We, thus, have a hierarchy of en-
ergy scales with �c ⌧ �rad . �c, which we will use in
our simulations.

2.3. Two-photon pair production

Two photons can interact through the Breit-Wheeler
process to form an electron-positron pair, �� ! e�e+

(Breit & Wheeler 1934). This can happen if the center-
of-momentum energy of photons is greater than the rest-
mass energy of the electron-positron pair

s ⌘
1

2

"1"2
(mec2)2

(1 � cos �) > 1, (6)

where "1 and "2 are the lab frame photon energies, and
� is the angle between their momenta. The cross section
for this interaction behaves as

p
s � 1 near s & 1, peaks

around s ⇡ 2 and drops down as 1/s for s � 1. In
Figure 3 we show the magnitude of this cross section
plotted vs the relative angle of two interacting photons,
�, and the product of their energies measured in mec2.
White shaded region corresponds to values of s where
pair production is not possible.

Figure 3 demonstrates two important facts: the high
energy photons (" � mec2) pair produce preferentially
with the lower energy ones (" ⌧ mec2), while the ones
with intermediate energies (" ⇡ mec2) pair produce with
each other. Also, the small angle interactions with � ⇡ 0
are suppressed, while the head-on collisions, � ⇡ ⇡, are
more preferred.

We will consider a system to be optically thin to two-
photon pair production, ⌧�� ⌧ 1, if at all energies only
a small fraction of photons is converted to pairs. This
means that most of the photons stream freely out of
the system without any interactions. Note also, that
this condition is hardest to satisfy for the highest energy
photons, since they typically have a high pair production

Hakobyan, Philippov & Spitkovsky (2018)

Lakhina (2000)



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 σ 1. The
value σ 1 = 100 (solid lines) has been used in Giannios et al. (2009)
and in previous paragraphs σ 1 = 50 (dashed lines) corresponds to
l2 = 6.4 × 1014 cm and "2 = 7.1, while σ 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 σ 1 = 50, but not for σ 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 σ 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 σ 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



KINETIC BEAMING
• Anisotropy increasing with particle/photon 

energy. Rapid variations due to sweeping 
beams. 

• Accelerated particles aligned with magnetic 
field lines, reduced synchrotron losses.

The Astrophysical Journal Letters, 754:L33 (6pp), 2012 August 1 Cerutti et al.

Figure 3. Angular distribution maps (using the Aitoff projection, panels (a1)–(c1)), and spatial distribution maps (panels (a2)–(c2)) of the positrons in the three energy
bands (a)–(c) defined in Figure 2. In the angular maps, the x-axis gives the value for the longitude λ and the y-axis the latitude φ (see the text for their definitions).
In panel (a1), the directions ±x, ±y, and ±z are indicated. The subdomains −15◦ < φ < +15◦, −105◦ < λ < −75◦ labeled “(1)” and +30◦ < φ < +60◦,
+45◦ < λ < +75◦ labeled “(2)” in panel (c1) shown by the white arrows and delimited by white squares are used in Figure 4 to compute the synchrotron radiation
spectrum emitted in these specific directions. Bright/dark colors show high/low densities of particles per unit of solid angle (left panels) and per unit of area (right
panels).
(A color version of this figure is available in the online journal.)

emitted by the particles. Our analysis makes four approxima-
tions: (1) the particles emit pure synchrotron radiation, (2) the
plasma does not absorb the radiation (optically thin), (3) all the
emission is beamed in the direction of motion of the radiating
particle (valid for γ # 1), and (4) synchrotron energy losses and
the radiation reaction force on the particles are ignored. All the
results presented below regarding the calculation of radiation
are performed after the simulation is completed, in accordance
with assumptions (2) and (4).

Using the classical synchrotron spectrum formula (e.g.,
Blumenthal & Gould 1970), we calculate the resulting instan-
taneous photon spectral energy distribution (SED, i.e., radiative
power per unit of area) emitted by all the positrons in the box at
tωc = 319 (Figure 4). Frequencies are normalized to the nom-
inal critical synchrotron frequency νc = 3ωc/4π . The overall
shape of the SED averaged over all directions 〈νFν〉iso (blue
solid line) resembles the shape of the particle energy distribu-
tion in Figure 2. The spectral peak coincides with the typical
synchrotron photon frequency of the bulk of energetic particles
(γ ∼ 10), i.e., ν/νc ∼ γ 2 = 100. Below the peak (ν/νc < 100),
the spectrum can be well fitted by a single power law of
index ∼ +0.6. The cool initial distribution of particles (with
kT = 0.15mec

2) is responsible for the slight flux excess at low
frequencies (ν/νc < 10). The most energetic particles (γ > 10)
radiate above ν/νc = 100 and form a soft power-law-like

Figure 4. Instantaneous spectral energy distribution emitted by all the positrons
in the bottom-half of the simulation box via synchrotron radiation νFν averaged
over all directions as a function of the reduced frequency ν/νc (blue solid line),
where νc = 3ωc/4π , at tωc = 319. For comparison, the green dashed lines
show the spectral energy distributions emitted by the particles contained in the
solid angle domains (1) and (2) defined in Figure 3, panel (d). This figure shows
also the solid angle containing half of the photons in a given frequency bin,
Ωph,50%, normalized by 4π , as a function of ν/νc (red dot-dashed line).
(A color version of this figure is available in the online journal.)

4

Cerutti et al. (2012)

maximum is still efficiently boosted by ∼3 orders of magnitude
in this case, although bumping close to the radiation reaction
limit 160MeV. This is because the direct electric field
acceleration is fast enough and the radiative loss in the current
layer is not significant, as we will show in the following
subsection.

We note that when the cooling is fast, observing directions
on the x–y plane may not be optimal for seeing the beamed
highest energy emission. This is because the particle beams that
are ejected from the current layers are initially pointing off the
x–y plane with projections on the x–y plane along ±45° (e.g.,
Figure 16); these particles then turn toward the ±x, ±y
directions, and the strongest radiation comes from some point
in between. In Figure 23, we show a few examples of
instantaneously radiated spectraalong specific directions off
the x–y plane, for run 4 and run 5. (This is not the spectrum
received by an observer as we cannot define the receiving time
unambiguously in this 2D case.) In particular, for the highest η
runwe have (Figure 23 right panel), the peak frequency of
synchrotron radiation can reach the radiation reaction limit.

3.4.5. Particle Orbits

In mildly radiative cases, we have shown in Figures 13 and
14 that the highest energy particles are initially accelerated by
the parallel electric field in the current layers, where they
follow Speiser orbits (e.g., Uzdensky et al. 2011; Cerutti
et al. 2013), while at the same time being deflected toward the
ends of the current layers. When they are deep in the current
layer, the radiative loss is small due to reduced curvature as a
result of EP acceleration; radiation only becomes significant
when they get out of the current layer and start to get bent in
thestronger ambient magnetic field. Later on, during the large
scale oscillation of the fields, some particles continue to gain
energy when they bounce off an expanding magnetic domain
from outside. In this phase, the acceleration is more stochastic.
When η starts off large, the first acceleration phase, namely

the action of parallel electric field, is still efficient enough to
boost particles to high energies, but the second stochastic phase
cannot compete with the cooling. Figure 24 shows a few
representative particle trajectories and their energy history. The
peaks in Psyn (e.g., near the vertical dashed line) are due to

Figure 15. From run 1: angular distribution of emitted synchrotron radiation power in three different wavebands, at the same time point as Figure 13, for electrons and
positrons, respectively. We plot the angular distribution using Hammer projection, where the y axis is up and z is located at the center of the map (same below).

Figure 16. From run 1: angular distribution of particles in three different energy bands, at the same time point as Figure 13, for electrons and positrons, respectively.

16

The Astrophysical Journal, 828:92 (23pp), 2016 September 10 Yuan et al.

Yuan et al. (2016)



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= γβz is the
dimensionless 4-velocity along z (βz 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 figure 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 find 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 significant 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 justification 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 γ− 1∼ 3, is
dominated by motions along the x-direction of the reconnection
outflows (compare with the px spectrum; red line). In contrast,
the high-energy cutoff of the positron energy spectrum at
γ∼ 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 γ 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 = γβz 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 defined 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.
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PARTICLE ACCELERATION SITES
• magnetic diffusion regions (X-points): 

non-ideal E-fields (Zenitani & Hoshino 2001) 
most energetic particles pass through them 
(Sironi & Spitkovsky 2014) 
short interaction times (Guo et al. 2019) 

• reconnection outflows (minijets): 
Speiser orbits 
exceeding radiation reaction (Kirk 2004) 
low particle density 

• plasmoids: 
converging “magnetic mirror” (Drake et al. 2006) 
particle traps, high particle density 
limited by radiation reaction 

• plasmoid mergers: 
secondary reconnection layers 
production of rapid and luminous flares 
(KN et al. 2015, Ortuño-Macías & KN 2020)

13

Figure 10. Diagnostics of particle acceleration by the non-ideal
electric field Ek in the radiative simulation (�cr = 16). In the top
panel, the vertical axis represents the cumulative work Wk done
on the particle by Ek during the recent time interval �t equal to
the IC cooling time tIC(�e). The color-coded 2D histogram was
constructed and normalized similarly to that in Fig. 9, with the
green curve showing the median value. For particles with �e � 6,
Wk accounts for a large fraction of their energy, approaching the

relationWk = (�e�1)mec2 shown by the dotted black line. Bottom
panel: contribution of particles with large Wk (blue curve) to the
particle energy distribution in the reconnection layer (black curve).
Here large Wk is defined as the region above the horizontal dashed
line in the top panel. One can see that the non-ideal acceleration
dominates the distribution at �e > 6.

ing the recent time interval �t = tIC(�e),

Wk(t) = e

Z t

t�tIC[�e(t)]
Ek v

k
e dt, (23)

where Ek = E ·B/B and vke = ve ·B/B are the electric
field and the particle velocity components parallel to the
local magnetic field B. The condition of ideal magneto-
hydrodynamics Ek = 0 is maintained almost everywhere
in the reconnection layer except the X-points, where a
large Ek develops and non-ideal e↵ects become impor-
tant. Thus, the work Wk(t) is a proxy for recent particle
acceleration at X-points. As one can see from Fig. 10,
Wk is large for particles with �e > 6 and becomes the
main factor responsible for their high energies. We con-
clude that the high-energy end of the particle spectrum is
the result of acceleration by Ek at X-points. The energy
released through the X-point acceleration approximately
equals the energy received (and radiated) by the popula-
tion with �e > 6; it accounts for ⇠ 1% of the total energy
released by magnetic reconnection.
A more detailed analysis demonstrates two types of

X-point acceleration: most particles with 6 . �e . 10
are generated in the reconnection plane y ⇡ 0, and par-
ticles with �e > 10 are mainly generated in the sec-
ondary (vertical) reconnection layers formed at the in-

Figure 11. Energy distribution of particles in the radiative sim-
ulation (�cr = 16), time-averaged over the interval 1.5 . ct/L . 5.
The black solid curve shows the distribution in the reconnection
region (same as in Fig. 9 and Fig. 10), and the dotted black curve
shows the distribution in the entire box, including the inflow re-
gion. The distribution in the reconnection region is further dis-
sected into four components. This dissection is performed using
particle spectra binned in vertical spatial slices of the reconnec-
tion region. Each slice has the thickness of 100 grid cells (i.e.,
20 c/!p) along the x direction, and it extends in the y direction
until the boundaries of the reconnection region (as identified by
the mixing criterion described in Sect. 4.2). We also use the mag-
netic vector potential to identify the locations of X-points and the
contours of plasmoids (see Sironi et al. 2016). If an X-point lies
at the boundary between two neighboring plasmoids, it is identi-
fied as an X-point formed by plasmoid mergers, and the particle
spectrum from that spatial slice contributes to the yellow curve.
Otherwise, the X-point resides in the main reconnection layer, and
the corresponding spectrum contributes to the green curve. Spatial
slices that contain only particles residing inside plasmoids give the
red curve. If none of these conditions is met, the slice intersects
the unstructured outflow located in between plasmoids (and not
containing X-points), which gives the blue curve.

terfaces between merging plasmoids. The higher energies
achieved by particles in the secondary layers reflect the
stronger magnetization: the magnetic field in plasmoids
is stronger than in the inflow region, and so a merger-
induced reconnection layer e↵ectively has a higher � than
the nominal � = 10.
In summary, we find that three distinct populations

contribute to the spectrum in the reconnection region:
(i) at moderate energies, �e < 2, the particle distribution
is dominated by bulk motions of large plasmoids cooled
to non-relativistic temperatures and pushed by magnetic
stresses to mildly relativistic speeds, (ii) at intermediate
energies, 2 . �e . 6, the distribution is dominated by
particles freshly picked up by the unstructured outflows
from X-points toward neighboring plasmoids, and (iii)
at the highest energies, �e & 6, the distribution becomes
dominated by particles accelerated by Ek at X-points,
either in the main reconnection layer or in the recon-
nection layers formed at the interface between merging
plasmoids. The contributions of all these acceleration
mechanisms are shown in Fig. 11. The populations (ii)

Sironi & Beloborodov (2020)

Figure 2. Spacetime diagrams of the reconnection layer averaged over the region with y 20 .0rD = Upper left: electron number density (arbitrary units). Upper right:
average electron Lorentz factor. Middle left: z-component of the total electric field. Middle right:z-component of the non-ideal electric field. Lower left: particle
locations at the beginning of the main acceleration episodes for a representative sample of electrons that exceed Lorentz factor of 20. The color indicates the mean
velocity component v cz during the main acceleration episode. Lower right: regions of the spacetime diagram used for classification of the main acceleration sites:
magnetic X-points (blue), plasmoid mergers (red), and the plasmoids themselves (green).
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PLASMOID RECONNECTION WITH OPEN BOUNDARIES

J. Ortuño-Macías & KN (2020)

Radiative simulations of steady-state plasmoid reconnection 5

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; 〈γ 〉 % 〈γ ′′ 〉 due to Lorentz
transformation), also characterized by moderate particle density
and intrinsic temperature 〈γ ′′ 〉/", 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
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PARTICLE-IN-CELL SIMULATION OF RELATIVISTIC 
RECONNECTION WITH OPEN BOUNDARIES

• left/right boundaries: freely outflowing particles, injection of inflowing particles, 
absorption of field perturbations 

• fixed tall domain with Ly = 4 Lx for long steady-state simulations
J. Ortuño-Macías & KN (2020)
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PARTICLE-IN-CELL SIMULATION OF RELATIVISTIC 
RECONNECTION WITH OPEN BOUNDARIES
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RECONNECTION WITH OPEN BOUNDARIES: 
SPACETIME DIAGRAMS
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PARTICLE ACCELERATION: PLASMOIDS VS MINIJETS

Radiative simulations of steady-state plasmoid reconnection 15

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 γ /!: 4 (the γ 2N(γ ) 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(γ ) ∝ γ −p)
along the σ 0 = 50 distribution. The four stars indicate the values of γ 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 νsyn0 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 ν/νsyn0: 19 (the νF(ν) 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 (νFν ∝ ν−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 νsyn, max/νsyn0 =
(γ 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 < γ /! <

22 (red) and 50 < γ /! < 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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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 γ /!: 4 (the γ 2N(γ ) 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(γ ) ∝ γ −p)
along the σ 0 = 50 distribution. The four stars indicate the values of γ 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–
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their contributions to the isotropic synchrotron SED (arbitrary units). The
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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

MNRAS 00, 1 (2020)

12 J. Ortuño-Macı́as and K. Nalewajko

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
γ cutoff = 4σ 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 σ 0 = 10, we find only a minor
effect of radiative cooling in limiting the high-energy excess for
$ " 106. In the case of σ 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 γ " 25$ and a soft tail of p2 " 3.6 extending up
to γ " 150$. In that case, we also have γ cutoff " γ rad.

Fig. 15 shows the spectral energy distributions (SED) νFν 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 σ 0 = 10, the
SED are dominated by the contribution from low-energy particles
peaking around ν " 19νsyn0, with a high-frequency excess extending
beyond a characteristic value of νcutoff " 19σ 2

0 νsyn0. 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 σ 0 = 50, the SED is strongly dominated by
the contribution from energetic particles with the maximum photon
energies consistent with a cutoff at νcutoff " 19σ 2

0 νsyn0, 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 νsyn, max = (γ rad/$)2νsyn0.
We note that the SED shape around its peak is not described by a
broken power law corresponding directly to that indicated in the
electron distribution (with slopes νFν ∝ ν−s; s = (p − 3)/2; and
characteristic frequencies ν i/νsyn0 " (γ i/$)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 σ 0 = 50, we
analysed a sample of individually tracked particles. We selected
particles over two energy ranges: (1) a medium-energy range 11
< γ /$ < 22, corresponding to the hard power-law section of
index p1 " 1.5; and (2) a high-energy range 50 < γ /$ < 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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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 BðrÞ ¼ B0ðr=RcÞe1−r=Rceϕ þ Bzez,
where Rc is the cross sectional radius of the jet spine.
We have also tested toroidal magnetic field profiles that
decay as r−α (with α ≥ 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 Bϕ, respec-
tively) are comparable to one another [23]. However,

Bz=Bϕ 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 σ of the magnetic to plasma rest-mass
energy densities may exceed unity. The simulations cover
values of σ ¼ 1–10 and Bz=Bϕ ¼ 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 ρg ≪ Rc. By systematically
increasing the scale separation R̄≡ Rc=hρgi, we find
asymptotic behavior in the particle acceleration physics
as R̄ ≫ 1. The dimensions of the simulated domains are
20 × 20 × ð10 − 20ÞR3

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,
hρgi, with 4–12 points, and use 8–16 particles per cell per
species [18]. Our largest simulations attain R̄ ¼ 50 and are

J [cB0/2πRc]
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 ¼ 16 and (2) ct=Rc ¼ 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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nonlinear, we observe a strong burst of particle energization due to
a non-ideal electric field, 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 fields. In the periphery
the guide field is comparable in strength to the reconnecting field,
while in the core it is approximately five times stronger. The
presence of a strong guide field 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 fields
using local PIC simulations, and found a relation between the
strength of the guide field and the power-law index, α, of the DF,
f (γ)∝γ−α. In our work we find α≈3−5, which is in
agreement with their results for comparable strengths of the
reconnecting and guide magnetic field components. At this stage,
we find the maximum energy of accelerated particles to scale as
γmax≈χ rcore/rL0, where �r m c eBeL0

2
0 is a nominal cold

relativistic gyroradius, and χ≈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 field 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 configuration (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 σ0=10, 20, 40 values, and the time evolution of the spectrum of the
σ0=40 run on the right. Panel (b) also includes Maxwellians fitted to the DFs; panels (e) and (h) show power laws fitted 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 field 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 γ>2.

6 This conclusion is based on our simulations with different strengths of the jet’s
magnetic field. Increasing the jet’s size is numerically expensive in our current
setups, as the jet significantly expands laterally during the simulation time. We will
conduct a systematic study of the dependence of γmax on the jet’s size in
future work.
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Davelaar, Philippov, Bromberg & Singh (2020)

axial magnetic field balanced 
(force-free screw-pinch)

efficient particle acceleration found in both cases; Hillas-type energy limit Elim ∼ eB0Rcore



KINETIC SIMULATIONS OF INSTABILITIES 
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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.



TOROIDAL FIELD INDEX

0 shell). Within each shell, the values of Ez have been
averaged over r. Then, for every value of z, the function

fá ñ( )E z,z has been decomposed into a Fourier series
f få +( ) [ ( )]E z m zcosm m m with real amplitudes Em(z) and

phases fm(z). These amplitudes have been averaged over z and
will be presented as functions of simulation time.

Figure 5 presents the spacetime diagrams (r,t) of the
amplitudes of the pinch and kink modes for two simulations,
including all nine shells ¼{ } , ,1 9 , and for the pinch mode also
the core region 0. In the reference case f1_α-1_ξ10 (two left
panels in Figure 5), we find a strong pinch mode
(with E0∼ 0.1B0) highly localized in both radius and time.
In the core region, it is found for 1.0< ct/L< 1.5, which is
during the fast magnetic dissipation phase. It is also found
in the first shell 1 during a slightly later period of 1.3< ct/
L< 1.6. A slightly weaker kink mode is more extended in both
time and radius. In the first shell, it can be seen for 1.1< ct/
L< 1.8; in the next two shells (2< r/R0< 4) it is successively
delayed at a rate similar to that for the pinch mode. These
modes appear to originate in the central core region and
propagate radially outward. At lower amplitude levels
of ∼ 10−3B0, the pinch mode appears to propagate at a velocity
of∼ 0.4c, faster than the kink mode (∼ 0.2c).

In the case f1_α0_ξ100 (two right panels in Figure 5), both
the pinch and the kink modes achieve higher amplitudes
of ∼ 0.1B0, starting around t; 2 L/c and lasting at least until
t; 4.3 L/c, at which point the simulation has been interrupted
because the modes reached the outer boundary according
to the criterion described in Section 2. Both modes appear
to originate in the central core and propagate outward with
similar velocities ∼0.2 c. Looking at the amplitude levels
of∼(10−2.5–10−2.0)B0 of the pinch mode, we see an excess
signal in the ,5 6 shells (5< r/R0< 7) at ct/L; 2.5–3. Such
a signal is not seen in the kink mode, and it also is not found (at
least that clearly) in our other simulations. We discuss
the origin of this radially localized pinch mode in Section 6.
We now focus on the first shell 1 (1< r/R0< 2). Figure 6

compares the time evolutions of them= 0, 1, and 2 modes
for two series of simulations: fmix= 1 (varying αBf and ξn)
and αBf=− 1 (varying fmix and ξn). In the fmix= 1 series
(upper panels in Figure 6), the amplitudes of them= 0 pinch
modes are comparable to the amplitudes of them= 1 kink
modes, and them= 2 modes are only slightly weaker. With
the simulation time t scaled by the characteristic radius RBf,
the evolutions of the modes are similar for different values
of αBf. At the same time, the mode evolution is not sensitive

Figure 3. Top left panel: radial profiles of the mean toroidal magnetic field á ñf ( )B r (averaged over z and f) for the five moments in time of the reference simulation
f1_α-1_ξ10 presented in Figure 2 (and for t = 0). Top right panel: radial profiles of á ñf ( )B r for the simulation f1_α-05_ξ100. Bottom panels: radial profiles
of the mean axial electric field á ñ( )E rz (averaged over z and f) normalized to B0 for the same moments in time of the same simulations as in the respective top panels.
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Table 1. The initial radial profiles of Bf(r), Bz(r), jf(r), jz(r),
n(r)∝ P(r), and σhot(r) are compared in Figure 1.

Our simulations were performed on a numerical grid size
of N= 1152, with a numerical resolution dx= dy= dz=
L/N= ρ0/1.28, where ρ0=Θ0mec

2/eB0 is the nominal particle
gyroradius, with e being the positron charge and R0/ρ0= 45.
The number of particles of both species per grid cell is 16.
The actual set of macroparticles in each cell is drawn from
Lorentz-boosted Maxwell–Jüttner distributions, the appropriate
moments of which are consistent with n(r), βd(r), andΘ0. The
simulation time step was set as =dt x c0.99d 3 , according

to the Courant–Friedrichs–Lewy (CFL) condition. Digital filter-
ing was applied at every time step to the current and charge
densities deposited on the Yee grid. Periodic boundary condi-
tions were adopted at all faces of the Cartesian domain.
The edge regions that would correspond to r> Rout were
initialized with Bf= 0, j= 0 and uniform Bz, n, P.
Our simulations have a typical duration of∼5 L/c. In

some cases, we interrupt them at an earlier time, once
the perturbations produced by the instability reach the x, y
domain boundaries. This is formally defined by considering
whether the root mean square of the axial electric field comp-
onent rms(Ez), calculated within an outer cylindrical shell
9< r/R0< 10 (see Section 4.1), exceeds the level of 2×
10−3B0. Once that happens during an episode of rapid growth,
the simulation is interrupted at the end of that episode.

3. Results: Introducing the Reference Case

We begin the presentation of our results by introducing some
basic details on the reference case, which we choose to be
the simulation f1_α-1_ξ10 with toroidal field index αBf=−1
balanced entirely by gas pressure ( fmix= 1), which is the case
closest to the configurations investigated by Alves et al. (2018).
Figure 2 presents selected snapshots from the reference

simulation. We show 2D (x,z) slices along the y= 0 plane
(containing the symmetry axis r= 0 of the initial configuration)
for the out-of-plane magnetic field component By (dominated
by the toroidal component Bf) and for the axial electric field
component Ez, as well as (x,y) slices along the z= 0 plane for

Figure 1. Upper row of panels: initial configurations compared for the series of simulations with gas pressure balance ( fmix = 1) and different toroidal field indices
αBf (indicated by line colors defined in the legend). From left to right: radial profiles of the initial toroidal magnetic field Bf(r) in units of B0; radial profiles
of the axial current density jz(r) normalized to cen ;max radial profiles of the gas density n(r) normalized to nmax (proportional to the gas pressure ( )P r Pmax); and radial
profiles of the initial hot magnetization σhot(r). For comparison with the configuration of our simulations, in the upper left panel we also show the “constant pitch”
profile simulated by Mizuno et al. (2009), Bromberg et al. (2019), and Davelaar et al. (2020) (dotted black line); the exponentially decaying profile of Alves et al.
(2018, 2019) (dashed black line); and the “sinusoidal” profile of O’Neill et al. (2012) (dashed–dotted black line). Lower row of panels: initial configurations compared
for the series of simulations with the same toroidal field index αBf = −1 and different pressure-mixing parameters fmix (indicated by line colors defined in the legend).
From left to right: radial profiles of the initial axial magnetic field Bz(r)/B0 (and the common profile of Bf(r)/B0 with the black dotted line); radial profiles
of the toroidal current density f ( )j r cenmax (and the common profile of ( )j r cenz max with the black dotted line); radial profiles of the gas density

=( ) ( )n r n P r P ;max max and radial profiles of the initial hot magnetization σhot(r) based on the total magnetic field. In both series, the solid color lines correspond
to the moderate density ratio of ξn = 10, and the dashed color lines correspond to the high density ratio of ξn = 100.

Table 1
List of Performed Simulations with the Key Parameters of the Initial

Configurations

Label fmix αBf ξn

f0_α-1_ξ1 0 −1 1
f025_α-1_ξ10 0.25 −1 10
f05_α-1_ξ10 0.5 −1 10
f05_α-1_ξ100 0.5 −1 100
f075_α-1_ξ10 0.75 −1 10
f1_α-15_ξ10 1 −1.5 10
f1_α-1_ξ10 (ref) 1 −1 10
f1_α-1_ξ100 1 −1 100
f1_α-05_ξ10 1 −0.5 10
f1_α-05_ξ100 1 −0.5 100
f1_α0_ξ10 1 0 10
f1_α0_ξ100 1 0 100
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• Steep toroidal fields ( ) produce modes 
stalling at intermediate radii (a few ). 

• Shallow toroidal fields ( ) produce modes 
propagating towards large radii.

αBϕ ≤ − 1
R0

αBϕ > − 1

José Ortuño-Macías, KN, D. Uzdensky, M. Begelman, G. Werner, A. Chen, B. Mishra (2022)



• rapid particle acceleration until the confinement limit  
coincides with the fast magnetic dissipation phase

γlim = eB0R0/mc2

 flux dissipationBϕ particle acceleration

fast

slow

fa
st

slow

PARTICLE ACCELERATION VS. MAGNETIC DISSIPATION

José Ortuño-Macías, KN, D. Uzdensky, M. Begelman, G. Werner, A. Chen, B. Mishra (2022)



eruption, respectively, at t= 9122rg c
−1, t= 9422rg c

−1, and
t= 9782rg c

−1 (where we zoom out to show large-scale
effects). Shortly before and during a flare, accretion only
occurs through large-scale (i.e., low azimuthal mode number)
spiral RTI modes (see also Takasao et al. 2019 for a very
similar scenario explaining protostellar flares) creating a
transient, nonaxisymmetric (i.e., over an angle f < 2π),
magnetized (i.e., low plasma-β), low-density magnetosphere
(top and middle rows in Figures 1 and 2) pushing the accretion
disk outward and resulting in a drop in the mass accretion rate.
A macroscopic equatorial current sheet forms in the magneto-
sphere, extending from the horizon to the disk at

q f= » -x r rsin cos 5 g at q= »z r cos 0 shown by the
antiparallel magnetic field lines (inset in panel (D); green lines).
Reconnection pinches off the horizontal magnetic field in the

sheet, transforming it into vertical (z) magnetic field,
reminiscent of the 2D results of RBP20. The flux eruption
originates from the inner magnetosphere where the highly
magnetized plasma in the jet directly feeds the current sheet.
The plasma density in the jet is determined by the density floor
at s = 25max in our simulations, whereas in reality it is much
more strongly magnetized (s s max) pair plasma. Reconnec-
tion occurs locally in X-points where a field line breaks and
reconnects to other field line (see insets in Figure 1(D) and
1(E)). In these X-points, reconnection heats the plasma up to

s~ =T 25max (left panels) after which it is expelled from the
layer at Lorentz factors up to sG µ = 5max (Lyubarsky
2005; see also Appendix B for an exploration of different smax
in 2D). The flux is expelled through reconnection into the low-
density region in between the large low-mode-number RTI

Figure 2. Our extreme-resolution simulation reveals small-scale structure and interface instabilities of magnetic flux bundles escaping from the black hole, in an
equatorial slice through the system. Dimensionless temperature T = p/ρ, plasma-β, and density ρ (from left to right) in the equatorial plane before a large magnetic
flux eruption (top row), during the magnetic flux eruption (middle row) in the inner 10rg and after the magnetic flux eruption (bottom row) in the inner 40rg. Gaps of
low β and density form during the preeruption quiescence, while many azimuthal RTI modes accrete. During the magnetic flux eruption a single large T > 1 spiral
forms with a gap where the sheet moved out of the equatorial plane. Magnetic flux escapes through the spiral current sheet, while accretion continues over a small
angle f < 2π at x ≈ 2rg and y ≈ −1 to y ≈ −2. In the bottom row, the inner 10rg is in quiescent accretion state, and a hot flux tube that is ejected from the
reconnection layer is in orbit at x ≈ 10rg to x ≈ 30rg and y ≈ − 10rg to y ≈ 20rg. The low-β flux tube shows clear signatures of instabilities at its boundaries mixing
low-density plasma into the disk.
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„BLACK HOLE FLARES”

Ripperda et al. (2022)
• „Magnetically arrested disks” accumulate large magnetic fluxes at the BH horizon. 

• Magnetic reconnection in the plunging region can eject part of the accretion flow, 
driving outflows, heating and particle acceleration, cancelling much of the BH 
magnetic flux (possibly a saturation mechanism). 

• Potential explanation of gamma-ray flares from misaligned AGN like M87, IC 310, 
and orbital hotspots in Sgr A*.

temperature plasma beta mass density



SUMMARY
• Relativistic magnetic reconnection is a promising dissipation mechanism in relativistic 

magnetized jets. 

• Rapid progress in understanding relativistic reconnection has been made in recent 
years, primarily due to kinetic numerical simulations. 

• Relativistic reconnection has been proven to be a very efficient mechanism of particle 
acceleration, with the particle distribution index p ~ 1-2 in the limit of 𝞼 ≫ 1. 

• Reconnection results in fast localized outflows (minijets) and hierarchical chains of 
dense plasmoids. 

• Radiation produced at reconnection sites is characterized by rapid variability time 
scales, potentially explaining even the most extreme gamma-ray flares observed in 
relativistic jets and pulsar winds. 

• Reconnection requires locally reversed magnetic field lines, may be triggered by plasma 
instabilities. Possibly regulates magnetic fluxes (jet powers) at accreting black holes. 

• Magnetization of relativistic jets may be highly inhomogeneous, up to σ ~ 103 locally to 
account for particle acceleration in blazars.

Thank You!

knalew@camk.edu.pl


