
KINETIC SIMULATIONS OF 
RELATIVISTIC MAGNETIC 

RECONNECTION

KRZYSZTOF NALEWAJKO 
CAMK PAN (WARSAW) 

COLLABORATORS: 
DMITRI UZDENSKY, MITCH BEGELMAN, GREG WERNER (UNIVERSITY OF COLORADO) 

BENOIT CERUTTI (CNRS GRENOBLE) 
JONATHAN ZRAKE, YAJIE YUAN, WILL EAST, ROGER BLANDFORD 

(STANFORD UNIVERSITY)



MAGNETIC 
FIELDS IN 
ASTRO-
PHYSICS

SDO HST

VLBA

stars (Sun)

planetary magnetospheres (Earth)

supernova remnants, pulsars

relativistic jets in active galaxies



MJD
55660 55662 55664 55666 55668 55670 55672 55674

 ]
-1

 s
-2

 c
m

-7
Fl

ux
 >

 1
00

 M
eV

 [ 
10

100

200

1 2 3 4 5 6 7 8 9 10 11

Fig. 5.— Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light
curve is binned into equal exposure bins during times with no Earth occultation, with a mean bin duration
of nine minutes. The dotted line indicates the sum of the 33-month average fluxes from the inverse-Compton
nebula and the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the
latter. The solid black lines show the best fit of a model consisting of a constant plus an exponential function
at the rise of both sub-flares (see text). The blue vertical lines indicate the intervals of each Bayesian Block
during which the flux remains constant within statistical uncertainties. The time windows are enumerated
at the top of the panel. The corresponding flux is shown by the blue marker below each number. The SED
for each of the time windows is shown in Figure 6.

flux hypothesis. The algorithm to determine the
optimal partition is described by Jackson et al.
(2005). The BB-binned light curve is shown in
Figure 5. It is statistically compatible with the
original light curve (χ2

r/ndf = 257/232). This im-
plies that flux variations within each BB cannot be
distinguished with confidence from a locally con-
stant flux. The shortest BBs are detected at the
maximum of both sub-flares and have durations
of ≈9 hours.

In order to measure the rate of flux increase at
the rising edges of the sub-flares we parametrized
them with an exponential function plus a constant
background. The best-fit functions are shown in
Figure 5. The time ranges over which the fits were
performed were defined by the centers of the BBs
before and at the maximum of each sub-flare. The
resulting doubling time is 4.0 ± 1.0 hours and 7.0
± 1.6 hours for the first and second sub-flare, re-
spectively. As these values depend on the some-
what arbitrarily chosen parametrization and fit

ranges, we conservatively estimate that the dou-
bling time scale in both sub-flares is td ! 8 hours.

The PDS of the April 2011 flare is shown in
Figure 4. It was obtained by computing the
Fourier transform of the autocorrelation function
using an algorithm for unevenly sampled data
(Edelson & Krolik 1988). The PDS can be de-
scribed by a power law of index ≈1.1 and reaches
the noise floor at a frequency of ≈0.6 cycles per
day. The doubling time of the corresponding sinu-
soidal component is ≈10 hours, in agreement with
the expectation from the measured doubling times
of the flares.

The pulsar flux remained unchanged during
the flare, with an average flux above 100 MeV
of FP = (21.7 ± 1.1) × 10−7 cm−2 s−1 dur-
ing the main part of the flare (MJD 55663.70–
55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the pha-
sogram during the main flare period is shown.
The peaks in the on-pulse interval remain at the
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pulsar wind nebula Crab 
Buehler et al. (2011)
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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
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H.E.S.S. Collaboration (2007)
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SWEET'S MECHANISM FOR MERGING MAGNETIC FIELDS 5!1 

c 

(a) 

(b) 

(c) 

FzQ. 1--(a) Two widely separated bipolar sunspot groups at the same solar latitudes 
(b) The distortion of the bipolar fields as the groups are shoved together 
(c) The reconnection of the lines of force in a week or so, as a consequence of 

Sweet's mechanism 

Without Sweet's mechanism, the diffusion velocity would be c"/L•, which is equal 
to (I/L)ul :For the case of two bipolar sunspot fields of 1,000 gauss, L • 10•cm, 

= "'• 7 m/sec, "'• 1.8 X 10 TM 10-Sgm/cm •, we have Co -- • = esu, and p • 100 km/sec, u _-- 

Parker (1957)

reconnecting magnetic field 
(background, upstream)

reconnection outflow 
(downstream)

magnetic diffusion region (X-point)
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PARTICLE-IN-CELL CODE ZELTRON

• magnetic reconnection requires 
breaking ideal MHD 

• the particle-in-cell algorithm 
allows to study particle 
acceleration self-consistently 

• radiation reaction implemented 
for synchrotron and inverse-
Compton 

• Zeltron was created by Benoît 
Cerutti (CNRS Grenoble) and is 
publicly available  
http://benoit.cerutti.free.fr/Zeltron/ 



NUMERICAL DETAILS

• Zeltron is written in Fortran 90, parallelized with MPI 

• staggered Yee grids, explicit FDTD, Boris push 

• simple Poisson correction, filtering, current deposition 

• scaling verified up to 97k CPUs (NICS/Kraken) 

• existing versions: 
• 2.5D or 3D 
• Cartesian or spherical coordinates 
• periodic or conducting boundaries
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Figure 1. Maps in x, y coordinates of the total electron density (color scale; arbitrary units) and magnetic field lines (cyan lines) taken
at regular intervals of simulation time indicated on the left axis. Dotted white lines mark the region with �y = 20⇢

0

, from which the
spacetime diagrams were extracted.

tron gained a Lorentz factor of h��i ' 3.6 = 0.22�
0

. As
the plasmoids grow, they develop a distinct temperature
structure (also noticed by Melzani et al. 2014), being
clearly hotter at the edges (h�i ' 12) than in the center
(h�i ' 8). A closer comparison with the density diagram
reveals that high-temperature regions (plasmoid shells)
are located outside the high-density plasmoid cores. In
the spacetime diagram, this structure is seen mainly
for plasmoids with cores larger than �y, in which case
the diagram cuts across them. Full (x, y) maps of h�i
(not shown) reveal that the high-temperature shells com-
pletely surround the high-density cores. This structure
is very persistent even after multiple plasmoid mergers,
which indicates that the drifting particles that dominate

the dense cores do not mix with the background particles
energized in the magnetic X-points that dominate the hot
shells. On the spacetime diagram of average Lorentz fac-
tor we can see additional weak structures induced after
each merger and propagating far into the low-density re-
gions. Also in the low-density regions, we observe fan-like
structures of particles being energized by the electric field
in the magnetic X-points. However, the average particle
energies in the low-density regions are significantly lower
than at the plasmoid edges. High particle energies are
also found in the secondary plasmoids propagating with
relativistic velocities. They clearly stand out on the h�i
diagram despite having low density contrast.
The lower left panel of Figure 2 shows the spacetime

Nalewajko, Uzdensky, Cerutti, Werner & 
Begelman (2015)

HARRIS CURRENT LAYER
density diagram

Distribution of acceleration sites in reconnection 5
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Figure 2. Spacetime diagrams of the reconnection layer averaged over the region with �y = 20⇢
0

. Upper left – electron number density
(arbitrary units). Upper right – average electron Lorentz factor. Lower left – z-component of the Lorentz force acting on particles within
the reconnection layer (arbitrary units; density contours are shown for reference with the black lines). Lower right – 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 hv

z

i /c during the main acceleration episode.

diagram of the z-component of the average Lorentz force
acting on particles within the reconnection layer, rep-
resented by the parameter (E

z

+ h�
x

iB
y

), where h�
x

i is
the mean motion of all electrons in each cell of interest.10

Among many structures, we can identify regions of nega-
tive force coincident with magnetic X-points, and regions
of positive force between pairs of approaching plasmoids
about to merge with each other.11 As we will demon-
strate in Section 3.2, these are some of the main sites
of particle acceleration during our simulation. However,
there are more structures where particles can be accel-

10 We verified that we can ignore the contribution from
(�h�

y

iB
x

) in the vicinity of the reconnection layer, where h�
y

i
is very small.

11 The sign of the reconnection electric field E

z

in magnetic
X-points is determined by the sign of the reconnecting magnetic
field gradient dB

x

/dy, which is opposite for the two layers in the
simulation.

erated. There are asymmetric fields along the shells of
fast-moving plasmoids: a negative field at the leading
shell, and a positive field at the trailing shell. Also, each
merger induces a pair of disturbances seen as narrow re-
gions of positive Lorentz force.
The lower right panel of Figure 2 is discussed in Section

3.2.4.

3.2. Particle acceleration

3.2.1. Momentum distribution of all particles

In Figure 3 we show the time evolution of the spec-
trum N(u) of background electrons, where u = �� is the
dimensionless particle momentum (equivalent to particle
energy for u � 1). The spectrum is compensated by u

2

in order to reveal at which value of u the particles con-
tain most momentum. The spectrum of the background
positrons is identical to that of the background electrons.
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Figure 2. Spacetime diagrams of the reconnection layer averaged over the region with �y = 20⇢
0

. Upper left – electron number density
(arbitrary units). Upper right – average electron Lorentz factor. Lower left – z-component of the Lorentz force acting on particles within
the reconnection layer (arbitrary units; density contours are shown for reference with the black lines). Lower right – 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 hv

z

i /c during the main acceleration episode.
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the mean motion of all electrons in each cell of interest.10

Among many structures, we can identify regions of nega-
tive force coincident with magnetic X-points, and regions
of positive force between pairs of approaching plasmoids
about to merge with each other.11 As we will demon-
strate in Section 3.2, these are some of the main sites
of particle acceleration during our simulation. However,
there are more structures where particles can be accel-
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simulation.

erated. There are asymmetric fields along the shells of
fast-moving plasmoids: a negative field at the leading
shell, and a positive field at the trailing shell. Also, each
merger induces a pair of disturbances seen as narrow re-
gions of positive Lorentz force.
The lower right panel of Figure 2 is discussed in Section

3.2.4.

3.2. Particle acceleration

3.2.1. Momentum distribution of all particles

In Figure 3 we show the time evolution of the spec-
trum N(u) of background electrons, where u = �� is the
dimensionless particle momentum (equivalent to particle
energy for u � 1). The spectrum is compensated by u

2

in order to reveal at which value of u the particles con-
tain most momentum. The spectrum of the background
positrons is identical to that of the background electrons.

‘temperature’ diagram



HARMONIC MAGNETIC EQUILIBRIA (‘ABC’ FIELDS)

Nalewajko, Zrake, Yuan, East & Blandford, submitted, on arXiv today



PARTICLE ACCELERATION8 Nalewajko et al.
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Figure 5. Full 6-dimensional phase space and electromagnetic fields along the trajectories of selected individual electrons. The color scale
on the first 4 panels (from the left) shows the electron Lorentz factor (cf. Fig. 4). On the last 3 panels, the x components are orange, y
components green, and z components magenta. Arrows indicate the main acceleration episodes. Horizontal dashed lines indicate specific
simulation times discussed for each particle in the main text.
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Fig. 2.— Measured power-law indices α vs. L, with extrapolations (α∗) to L → ∞ (cf. Fig. 3).
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Fig. 3.— Power-law index α∗ vs. upstream magnetization σ.

evolution of particle 
momentum distribution 
(Nalewajko et al. 2016)

analysis of individual 
particles (Nalewajko 

et al. 2015)

dependence of power-law 
index on magnetization 
(Werner et al. 2016)



OBSERVED LIGHT CURVES
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