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major questions about blazars

• the origin of the blazar sequence  
is particle acceleration limited by radiative cooling? 

• mass loading  
what is the magnetization of jets, how uniform is it?  
what determines the bulk Lorentz factors? 

• dissipation mechanism: shocks vs reconnection  
can relativistic reconnection be applied to blazars?



1. selected observations 
of blazars

2. kinetic simulations 
of reconnection

3. applying reconnection  
to blazar jets



the blazar sequence
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Fig. 10. The average SED of the blazars studied by Fossati et al. (1998), including the average values of the hard X–ray spectra.
The thin solid lines are the spectra constructed following the parameterization proposed in this paper.

luminosities at 4.47 keV (the logarithmic mid point be-
tween 2 and 10 keV).

The continuous lines in Fig. 10 correspond to a simple
parametric model derived by the one introduced by Fossati
et al. (1998). We introduce minor modifications, adopted
both to better represent our data at small luminosities
and to follow a more physical scenario, in which the low
power HBLs can be described by a pure synchrotron–self
Compton model (see e.g. Ghisellini et al. 1998). We re-
mind the reader here of the key assumptions of the F98
parametric model:

• The observed radio luminosity LR = (νLν)|5 GHz is as-
sumed to be linearly proportional to the bolometric lu-
minosity, and related to the location of the synchrotron
peak through:

νs ∝ L−η
R (1)

Table 4. Average values of the X–ray luminosity at 4.47 keV
(νLν values) and average 2–10 keV spectral indices, for the
sources in common with Fossati et al. (1998), for each radio
luminosity bin.

< log νrLνr > < log νxLνx > Nsources αx

@4.47 keV 2–10 keV

<42 44.2 12 1.39 ± 0.21

42–43 44.5 5 1.19 ± 0.21

43–44 44.9 6 0.95 ± 0.11

44–45 45.8 6 0.68 ± 0.02

>45 47.0 11 0.58 ± 0.06

where η = 1.8 for LR < 3 × 1042 erg s−1 and η = 0.6
for LR > 3 × 1042 erg s−1.

Fossati et al. (1998) 
Donato et al. (2001)
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field can be larger, but the corresponding Poynting flux does not
dominate the energetics).

The simplest option is thus that also for low-luminosity blazars the
jet power is dominated by the contribution due to the bulk motion
of protons, with the possibility that in these sources a significant
fraction of it is efficiently transferred to leptons and radiated away.

4.3 The blazar sequence

The dependence of the radiative regime on the source power can be
highlighted by directly considering the random Lorentz factor γ peak

of leptons responsible for both peaks of the emission (synchrotron
and inverse Compton components) as a function of the comoving
energy density U = UB + Ur (top panel of Fig. 6). Ur corresponds
to the fraction of the total radiation energy density available for
Compton scattering in the Thomson regime. In powerful blazars
this coincides with the energy density of synchrotron and broad-line
photons, while in TeV BL Lacs it is a fraction of the synchrotron
radiation.

The figure illustrates one of the key features of the blazar se-
quence, offering an explanation of the phenomenological trend be-
tween the observed bolometric luminosity and the SED of blazars,
as presented in Fossati et al. (1998) and discussed in G98 and G02.
The inclusion here of TeV BL Lacs confirms and extends the γ peak–
U relation towards high γ peak (low U). The sequence appears to
comprise two branches: the high-γ peak branch can be described as

Figure 6. Top panel: The blazar sequence in the plane γ peak–U (U = Ur +
UB). The dashed lines corresponding to γ peak ∝ U−1 and γ peak ∝ U−1/2 are
not formal fits, but guides to the eye. Bottom panel: The blazar sequence in
the plane γ peak–Ljet, where Ljet is the sum of the proton, lepton and magnetic
field powers. Again, the dashed line γ peak ∝ L−3/4

jet is not a formal fit. Symbols
are as in Fig. 4.

γ peak ∝ U−1, while below γ peak ∼ 103 the relation seems more
scattered, with objects still following the above trend and others
following a flatter one, γ peak ∝ U−1/2.

The steep branch can be interpreted in terms of radiative cooling:
when γ c > γ inj, the particle distribution presents two breaks: below
γ injN(γ ) ∝ γ −1, between γ inj and γ cN(γ ) ∝ γ −(n−1) (which is the
slope of the injected distribution s = n − 1), and above γ cN(γ ) ∝
γ −n . Consequently, for n < 4, the resulting synchrotron and inverse
Compton spectral peaks are radiated by leptons with γ peak = γ c

given by

γc = 3
4σTU#R′ , (7)

thus accounting for the steeper correlation. The scatter around the
correlation is due to different values of #R′ and to sources requiring
n > 4, for which γ peak = γ inj (see Table A1).

When γ c < γ inj, instead, all of the injected leptons cool in the
time tinj = #R′/c. If n < 4, γ peak coincides with γ inj, while it is still
equal to γ c when n > 4. This explains why part of the sources still
follow the γ peak ∝ U−1 relation also for small values of γ peak.

The physical interpretation of the γ peak ∝ U−1/2 branch is instead
more complex, since in this case γ peak = γ inj, which is a free pa-
rameter of the model. As discussed in G02, one possibility is that
γ inj corresponds to a pre-injection phase (as envisaged for internal
shocks in γ -ray bursts). During such phase leptons would be heated
up to energies at which heating and radiative cooling balance. If the
acceleration mechanism is independent of U and γ , the equilibrium
is reached at Lorentz factors γ ∝ U−1/2, giving raise to the flatter
branch.

The trend of a stronger radiative cooling reducing the value of
γ peak in more powerful jets is confirmed by considering the direct
dependence of γ peak on the total jet power Ljet = Lp + Le + LB. This is
reported in the bottom panel of Fig. 6. The correlation approximately
follows the trend γ peak ∝ L−3/4

jet and has a scatter comparable to that
of the γ peak–U relation.

4.4 The outflowing mass rate

The inferred jet powers and the above considerations supporting the
dominant role of Lp allow to estimate a mass outflow rate, Ṁout,
corresponding to flaring states of the sources, from

Lp = Ṁout$c2 → Ṁout = Lp

$c2
≃ 0.2

Lp,47

$1

M⊙
yr

. (8)

A key physical parameter is given by the ratio between Ṁout and
the mass accretion rate, Ṁin, that can be derived by the accretion
disc luminosity: Ldisc = ηṀinc2, where η is the radiative efficiency:

Ṁout

Ṁin
= η

$

Lp

Ldisc
= 10−2 η−1

$1

Lp

Ldisc
. (9)

Rawlings & Saunders (1991) argued that the average jet power
required to energize radio lobes is of the same order of the accretion
disc luminosity as estimated from the narrow lines emitted following
photoionization (see also Celotti, Padovani & Ghisellini 1997, who
considered broad lines to infer the disc emission). Here jet powers in
general larger than the accretion disc luminosity have been instead
inferred: for powerful blazars with broad emission lines the esti-
mated ratio Lp/Ldisc is of the order of 10–100 (see Table A2). As in
these systems typically $ ∼ 15 and for accretion efficiencies η ∼ 0.1,
inflow and outflow mass rates appear to be comparable during flares.

A challenge for the γ -ray satellite GLAST will be to reveal
whether low-quiescent states of activity correspond to episodes of

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 385, 283–300

Celotti & Ghisellini (2008)
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Figure 1. Radio luminosity at 5 GHz versus peak synchrotron
frequency for the 2LAC clean sample. Symbols are the same as in
Figure 2.
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Figure 2. Peak synchrotron luminosity versus peak synchrotron
frequency for objects in the 2LAC clean sample. Filled circles rep-
resent FSRQs, empty circles represent BL Lacs, and filled squares
represent objects which do not have an unambiguous classifica-
tion. Dashed lines indicate the boundary between HSPs and ISPs
(νsypk = 1015 Hz) and between ISPs and LSPs (νsypk = 1014 Hz).

Additionally, Abdo et al. (2010c) fit the high energy
components of their 48 LBAS blazars with a third de-
gree polynomial to determine the peak of the γ-ray com-
ponent (presumably from Compton scattering). They
found an empirical relation between νCpk and the LAT

γ-ray spectral index, Γγ . Figure 3 shows Γγ and νCpk
from their polynomial fits to the objects in their sample,
and the empirical relation they found. The empirical fit
seems reasonable in the range 1.6 < Γγ < 2.6, but ex-
tending the relation outside this range is questionable.
Approximately 10% of the 352 sources are also found in
the 58-month Swift Burst Alert Telescope (BAT) cata-
log2. For these sources, we extrapolated their BAT and
LAT power-laws and found where the extrapolations in-
tersected. If they intersected within the range 195 keV to
100 MeV (that is, in between the BAT and LAT band-
passes) we used this location as νCpk. Using the BAT
spectrum in this way allows an improved estimation of

2 http://heasarc.nasa.gov/docs/swift/results/bs58mon/
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Figure 3. The LAT spectral index (Γγ) and the peak frequency of
the Compton component, νCpk determined from third-order polyno-

mial fits from Abdo et al. (2010c), plotted as circles. The empirical
fit they determined is plotted as the line.

νCpk over the empirical relation from Abdo et al. (2010c),
particularly for those very soft sources, for which this em-
pirical relation is untested. For other sources, the peak
was determined from the LAT spectral index and the em-
pirical relation from Abdo et al. (2010c). In principle, a
similar technique could be used by combining the LAT
spectra and very-high energy (VHE) spectra taken from
atmospheric Cherenkov telescopes, in order to find νCpk
for hard LAT sources. However, the VHE spectra tend
to be highly variable, and are not integrated over a long
period of time, and often are not simultaneous with the
LAT spectra. Since the BAT and LAT spectra overlap
in time and are integrated over long times, it seems more
reasonable that they would represent a similar state.
Once the location of νCpk is known, either by using the

empirical relation or from the BAT-LAT intersection, the
flux at the peak, FC

pk, can be estimated by extrapolating
the LAT spectrum, and the corresponding luminosity can
be calculated with LC

pk = 4πd2LF
C
pk. To test the accuracy

of this approximation, we use this method to estimate
LC
pk for the sample in Abdo et al. (2010c), and compare

it with the value found by their fits to 48 sources. The
results can be found in Figure 4; the agreement seems
reasonable. Therefore, we used this technique to estimate
LC
pk for the 352 objects in our sample. With this, we can

calculate the Compton dominance, AC = LC
pk/L

sy
pk. A

plot of AC versus νsypk is shown in Figure 5. Also note

that AC is independent of redshift (AC = LC
pk/L

sy
pk ≈

FC
pk/F

sy
pk ). Thus we can plot in Figure 5 an additional

170 sources from the 2LAC clean sample that have well-
determined synchrotron bumps but do not have known
redshifts. For these sources, the plotted νsypk is a lower
limit, since the redshifts are not known. However, νsypk
will be larger by only a factor (1 + z), i.e., a factor of a
few.

2.2. Luminosity and the Sequence

Finke (2013)



blazar sequence in optical linear polarization?
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Fig. 6.— Variability distribution of gamma-ray luminosity, optical luminosity and ratio of

gamma-ray flux and optical flux. Top panels show variability of gamma-ray flux. second

panels show variability of optical flux. Bottom panels show maximum polarization degree

observed in our samples. Colors are the same as those of Figure 5.

KANATA & Fermi-LAT collaborations

P R E L I M I N A R Y

• evidence for systematically stronger depolarization in 
TeV blazars 

• magnetic fields more chaotic in FR I jets? 

• or PD scales with (γopt / γmax) -> high X-ray PD for HBLs



polarization signatures of turbulent jets
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Fig. 1.— Sketch of the geometry employed to carry out calculations within the TEMZ
code. The number of fixed computational cells across the jet cross-section (view down axis,

in which × marks the Mach disk) can be as high as 1140, not including the Mach disk. A
turbulent cell of plasma, moving at laminar velocity βu upstream of the shock and at laminar

velocity βd after it passes the shock, crosses one computational cell during each time step.
The emission occurs between the conical standing shock and the rarefaction. The entire

region sketched lies ! 1 pc from the central engine.

Alan Marscher et al.



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 2016

see talk by  
M. Hayashida
(Tue)



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 Crab flares 

• hadronic models: viable at very short distances
Fermi-LAT 

Collaboration 2016
input from M. Hayashida, G. Madejski, 

M. Sikora, R. Blandford
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2. kinetic simulations 
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reconnection 
from Harris layers
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reconnection + current formation from “ABC” fields

KN, Zrake, Yuan, East & Blandford (2016)



particle acceleration in pair-plasma reconnection

c1g is typically much larger than c2g (hence irrelevant and
highly uncertain), while for large L, c2g is larger and uncertain.

Each spectrum is fit to Equation (1) over an interval
,f f1 2[ ]g g , chosen as large as possible while maintaining a good

fit. Because spectra depart from a power law at lowest energies,
and because of increased noise at highest energies, larger fitting
intervals yield unacceptably poor fits. Noise is reduced (and fit
improved) by averaging over short time intervals and, if
available, over multiple simulations (identical except for
randomized initial particle velocities). Because the choices of
acceptable fit quality and the durations of averaging intervals
are somewhat subjective, we perform many fits using different
choices, and finally report the median values with “error” bars
encompassing the middle 68% of the fits (i.e., ±1 standard
deviation if the data were Gaussian-distributed); small error
bars thus demonstrate insensitivity to the fitting process. Very
uncertain and large (hence irrelevant) cutoff values are
discarded.

By applying this fitting procedure to the background particle
spectrum for each different value of L,( )s , we mapped out α,

c1g , and c2g as functions of σ and L, up to sufficiently large L to
estimate the asymptotic values Llim ,L( ) ( )*a s a s= ¥
(Figure 2). We find that ( )*a s starts above 2 for modestσ,
and decreases to 1.2( )*a s » in the ultra-relativistic limit of

1s � (Figure 3), a result that is broadly consistent with
previous studies (Zenitani & Hoshino 2001; Jaroschek et al.
2004; Lyubarsky & Liverts 2008; Guo et al. 2014; Melzani
et al. 2014; Sironi & Spitkovsky 2014); while our measurement
is closer to 1.2 than 1, the uncertainty is too large to rule out

1*a , predicted by some (Larrabee et al. 2003; Guo
et al. 2014).

In contrast to the power-law index α, the energy extent of the
power law has received relatively little attention in relativistic
reconnection literature (Larrabee et al. 2003; Lyubarsky &
Liverts 2008). We find that the high-energy cutoffs scale as

4c1g s~ (independent of L) and L0.1c2 0g r~ (independent
of σ) (Figures 4 and 5). Thus L 400sr � implies c c2 1g g� ,
and a super-exponential cuts off the power-law at an energy
determined by the system size. Larger system sizes
L 400sr � have c c1 2g g� , and so c1g determines where the
power law ends, independent of L.

4. DISCUSSION

The scaling of the high-energy cutoffs can be explained in
terms of the distance a particle could travel within the
reconnection field E Bz r 0b~ (where 0.1rb ~ is the reconnec-
tion rate). By calculating analytic trajectories in fields
around a single X-point, (Larrabee et al. 2003) concluded
that f exp1

0( ) ( )g g gµ - G- with e B ℓ12 r x0
2

0bG =
m c eE ℓe z x

2 ~ m c ℓ0.1e x
2

0r~ , with ℓx being the size of the
reconnection region in x,8 a result that was supported by 2D
PIC simulation in Lyubarsky & Liverts (2008).
In general, small systems reconnect mainly with one X-point,

so ℓ Lx ~ and L0.10 0rG ~ , which equals our c2g . (The
observed super-exponential form presumably results from the
simulationʼs boundary conditions.)
In large systems, however, the tearing instability breaks up

current layers with full-length greater than ℓ 100tear d̄~ , where
d̄ is the layer half-thickness (Loureiro et al. 2005; Ji &
Daughton 2011), resulting in a hierarchy of layers ending with
elementary layers, which are marginally stable against tearing
(Shibata & Tanuma 2001; Loureiro et al. 2007; Uzdensky et al.
2010). The half-thickness of elementary (single X-point,
laminar) layers should be about the average Larmor radius

e 0
¯ ¯d r gr~ = (Kirk & Skjæraasen 2003). Although Larrabee
et al. (2003) considered single X-point reconnection, we
propose that their formula for 0G can also be used in the
context of plasmoid-dominated reconnection in large systems if
applied to elementary layers (instead of the entire global layer):
ℓ ℓ 100 30x tear 0 0ḡr sr~ ~ ~ (instead of ℓ Lx ~ ). Then,

ℓ0.1 30 tear 0r sG ~ ~ , which is essentially our c1g (and
consistent with the measurement of 350G = for 9s = in
Lyubarsky & Liverts 2008).
This explanation of high-energy-cutoff scaling in terms of

elementary layer lengths may be robust despite the potentially
important roles played by other acceleration mechanisms
(Hoshino & Lyubarsky 2012). For example, significant
additional acceleration may occur within contracting plasmoids
(Drake et al. 2006; Dahlin et al. 2014; Guo et al. 2014, 2015)
or—especially for the highest-energy particles—in the

Figure 2. Measured power-law indices α vs. L, with extrapolations ( *a ) to
L ¥ (cf. Figure 3).

Figure 3. Power-law index *a vs. upstream magnetization σ.

8 The x-extent of the reconnection region is the relevant length here because
the calculation considered motion in the xz-plane subject to fields uniform in z,
so escape (hence cessation of acceleration) was possible only through motion
in x.
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(anti-)reconnection electric field of secondary plasmoid mer-
gers (Oka et al. 2010; Sironi & Spitkovsky 2014; K. Nalewajko
et al. 2015, in preparation).

It is interesting to compare our high-energy cutoffs to the
upper bound imposed on a power-law distribution by a finite
energy budget. When 1 2a< < , most of the kinetic energy
resides in high-energy particles, so the available energy per
particle 0.3ḡ s~ limits the extent of the power law. If
f ( )g g~ a- extends from ming to max ming g� , then

1 2 min
1

max
2¯ [( ) ( )]g a a g g» - - a a- - (Sironi & Spitkovsky

2014). For 1a » , maxg can extend well beyond ḡ , but
max ¯g g depends weakly on system parameters, consistent with
our finding c1 ¯g g s~ ~ . E.g., for 1.2a = ,

10max
3

min
1 4¯ ( ¯ )g g g g» . However, when 2a > (e.g., for

low σ), the energy budget imposes no upper bound, since
d

min
ò gg g
g

a¥ - is finite. Nevertheless, for 3s = where 2*a > ,

we observe 4c1g s~ , the same as for smaller *a .
The exponential cutoff at energies above 4 10c1 ¯g s g~ ~

has important astrophysical implications for particle accelera-
tion in systems such as pulsar magnetospheres, winds, PWN,
and relativistic jets in GRBs and AGNs. Our results (insofar as
they are ultra-relativistic) can be generalized to relativistically
hot upstream plasmas by scaling all the energies by bḡ , the
average Lorentz factor of background particles. The “hot”
magnetization B nw4hot

0
2 ( )( )s pº therefore parameterizes

similar simulations, since the relativistic specific enthalpy w
also scales with bḡ (i.e., w m c p nb e b b

2ḡ= + , where pb is the
background plasma pressure; for 1bḡ � , w m c4 3 b e

2( )ḡ» ).9

For example, our reconnection-based model (Uzdensky et al.
2011; Cerutti et al. 2012a, 2013, 2014a, 2014b) for high-energy
γ-ray flares in the Crab PWN(Abdo et al. 2011; Tavani et al.
2011) relies upon acceleration of a significant number of
particles from 3 10b

6ḡ ~ ´ to 1092g . If, to achieve this, we
need 10c1

9g > , then direct extrapolation of the results from this
letter would require w m c1 4 60;c e

hot
1

2( ) ( )( ) 2s g » this
should be comparable (via scaling equivalence) to simulations
presented in this work with 60s ~ (corresponding to a power-

law index 1.3*a ~ ). This required hot( )s is significantly higher
than what is expected in the Crab Nebula. However, here we
analyzed the entire spectrum of background particles, while
(Cerutti et al. 2012b) suggested that bright flares observed in
the Crab Nebula result from preferential focusing of the
highest-energy particles into tight beams with energy spectra
that differ from the entire spectrum. We also note that our
present simulations are initialized with a Maxwellian plasma,
whereas the ambient plasma filling the Crab Nebula has a
power-law distribution, which may result in a higher high-
energy cutoff.

5. CONCLUSION

We ran a series of collisionless relativistic pair-plasma
magnetic reconnection simulations with no guide field, cover-
ing a wide range of system sizes L and upstream magnetiza-
tions 3.s . We observed acceleration of the background
plasma particles to a nonthermal energy distribution
f L,( ) ( )g g~ a s- with a high-energy cutoff. The cutoff energy
is proportional to the maximum length of elementary, single
X-point layers, which is limited by L in small systems, and by
the secondary tearing instability in large systems. For small
systems (L 40 0sr� ) we observe f exp c

2
2

2( ) ( )g g g g~ -a-

with L0.1c2 0g r~ , and for large systems,
f exp c1( ) ( )g g g g~ -a- with 4c1g s~ . As L becomes large,
the power-law index L,( )a s asymptotically approaches ( )*a s ,
which in turn decreases to 1.2» as s ¥. This characteriza-
tion of power-law slope and high-energy cutoffs can be used to
link ambient plasma conditions (i.e., σ) with observed radiation
from high-energy particles, to investigate the role that
reconnection plays in high-energy particle acceleration in the
universe.

This work was supported by DOE grants DE-SC0008409
and DE-SC0008655, NASA grant NNX12AP17G, and NSF
grant AST-1411879. Numerical simulations were made
possible by the Extreme Science and Engineering Discovery
Environment (XSEDE), which is supported by National
Science Foundation (NSF) grant number ACI-1053575—and
in particular by the NSF under Grant numbers 0171134,
0933959, 1041709, and 1041710 and the University of
Tennessee through the use of the Kraken computing resource

Figure 4. Exponential cutoff c1g scales linearly with magnetization σ. Figure 5. Super-exponential cutoff c2g scales linearly with system size L.

9 Because the finite grid instability heats the background plasma until its
Debye length is resolved (Birdsall & Maron 1980), the resolution prevents us
from obtaining values of hot( )s above a few hundred. For our simulations with

1001s , ;hot( )s s» however, for 3002s , the numerical heating reduces the
value of hot( )s .

4

The Astrophysical Journal Letters, 816:L8 (5pp), 2016 January 1 Werner et al.

Werner, Uzdensky, Cerutti, KN & 
Begelman (2016)

see also Sironi & Spitkovsky (2014) 
Guo et al. (2014, 2015)

• reconnection produces power-law distributions that 
are hardening with increasing sigma  
N(γ) ~ γ-p, p -> 1 for σ >> 1 

• high-energy cut-off is exponential with γmax ~ σ
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σi = 0.1

σi = 1

Figure 18. The power law index p (blue) and the high-energy cutoff γc/σe of the electron distribution (red), graphed vs. time. Dotted
lines indicate variation in measurement. Also, the green dashed line shows the magnetic energy dissipated (arb. units).

Figure 19. α vs. σi.

close to p = 1. This would result in very flat expected photon spectra with spectral indices near zero, much too flat to be

consistent with blazar emission observations, even if one took cooling into account Sironi & Spitkovsky (2014); Guo et al.

(2014); Werner et al. (2016).
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Figure 20. γc vs. σi.

6 CONCLUSIONS

Using large 2D numerical simulations, this work investigated fundamental reconnection dynamics and nonthermal particle

acceleration in antiparallel collisionless magnetic reconnection in a semi-relativistic electron-ion plasma. A series of simulations

varied magnetizations σi to energize ion energies—depending on σi—from sub- to ultra-relativistic energies, using the real

proton/electron mass ratio, while electrons were nearly always relativistic.

In the limit of ultra-relativistic ions, where ions have the same relativistic mass (i.e., γimi γeme) electron-ion reconnec-

tion is indistinguishable from electron-positron (pair) reconnection (as long as radiation is negligible, as in this study). In

configurations that lead to lower-energy energy particles

(Results)

- astrophysical implications (discussion?)

- future directions
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(a) (b)

Figure 11. From run 1: power spectra of received radiation in di↵erent wavebands for the two di↵erent observers corresponding to Figures
8 and 9, respectively. Blue is the flux in the high energy band above 1.05⇥1017 Hz; red is the flux in the low energy band below 1.05⇥1017

Hz. The straight dashed/dotted lines are power laws of the form f

p, fitted to the power spectrum. The frequency range spans from the
inverse of the duration of the simulation, to the resolution we used to calculate the light curves 1/(0.0017L/c).

Figure 12. From run 1: the left part is the spacetime diagram of emitted power along +x direction, for positrons only, integrated over
y coordinates and frequency (note that the color is on log scale); the right part is the corresponding light curve. The black dashed lines
indicate the correspondence between the emissivity and the light curve. The horizontal dotted line in the left panel indicates the emission
time t = 3.83L/c, and we plot in Figure 13 the corresponding 2D maps at this time point.

Kinetic study of radiation-reaction-limited particle acceleration 13

Figure 13. From run 1: we zoom into the lower left corner of
the simulation domain where the emitting structure responsible
for the highest peak in the x light curve is located, at the time
point t = 3.83L/c (indicated in Figure 12 by the dotted line). Top:
left panel is the 2D emissivity map of positrons; right panel is the
total synchrotron power map. Bottom: location of tracked high
energy positrons, plotted over the instantaneous field structure, at
the same time point. These particles are selected at the end of the
simulation who reach u = 250�

0

. In the left panel, the particles
are color-coded by their energy while in the right panel they are
color-coded by the synchrotron power.

reach high energies are first accelerated in the biggest
current layers, where they do not radiate much; syn-
chrotron radiation only becomes important when par-
ticles are ejected from the current layers and their tra-
jectories start to bend significantly. Figure 14 shows the
trajectory and energy history of a few particles that are
part of the bunch responsible for the highest peak in the
x light curve. The sharp rise in P

syn

and ⌫
c

near the
dashed line is a result of increased curvature in particle
trajectory as they get out of the current layer, and the
subsequent quick drop in P

syn

is not because of cooling
(particle energy is almost unchanged) but due to reduced
curvature, as indicated by the perpendicular acceleration
felt by the particles in Figure 14.
The energetics of a single spike can be estimated based

on its duration t
v

and peak flux P
⌦

. We have seen that
t
v

is determined by the scale of the ejected plasmoid
r
m

, which varies depending on the history of the plas-
moid. Take the sharpest spike as an example: we have
t
v

⇠ 0.01L/c and the peak flux isP
⌦

L/c/E
B

(0) ⇠ 10�5

sr�1 (Figure 12), where E

B

(0) is the initial total mag-
netic energy. An observer who assumes the radiation to
be isotropic would deduce E

spike

= 4⇡P
⌦

t
v

⇠ 10�6

E

B

(0).
If the observer has a knowledge of the average magnetic
field, she could calculate the magnetic energy contained
in a volume whose size is determined by the variability
time scale, and get Ẽ

B

= (ct
v

/L)2E
B

(0) ⇠ 10�4

E

B

(0).
Thus, the observer would conclude that the apparent ra-
diative e�ciency is ✏ = E

spike

/Ẽ
B

⇠ 0.01. Of course this

depends on ⌘ as will be shown in §3.4.
The result can be understood from a simple phys-

ical argument. Suppose that the average particle
number density in a plasmoid is n

m

and average
Lorentz factor is �

m

, upon the destruction of the plas-
moid particles start to turn in a magnetic field of
strength B

0

, so the observed fluence should be E

spike

=
(4⇡/✓)n

m

⇡r2
m

(2e4�2

m

B2

0

/3c3m2)(�
m

mc/eB
0

) where ✓ is
the beaming angle, determined by the velocity disper-
sion in the beam. Meanwhile, the inferred magnetic
energy content based on the variability time scale is
Ẽ

B

= ⇡r2
m

(B2

0

/8⇡). Assuming the plasmoid gas pres-
sure is �

m

times the ambient magnetic pressure before
its destruction, namely n

m

�
m

mc2 ⇠ �
m

B2

0

/8⇡, we have
E

spike

/Ẽ
B

⇠ (4⇡/✓)⌘�
m

(�
m

/�
0

)2. In the above example,
⌘ = 1.1 ⇥ 10�8, �

m

/�
0

⇠ 102, and from Figure 15, the
beaming angle is ✓ ⇠ 10� ⇥ sin(30�) ⇡ 0.03, so we have
E

spike

/Ẽ
B

⇠ 10�2�
m

. �
m

could be of order 1 or larger
as the pressure is highly anisotropic and it is the z mo-
mentum that dominates. Thus, the simple estimation is
roughly consistent with the above measurement.
Despite the attractive high peak intensity and fast vari-

ability produced by the small plasmoids, the total en-
ergy involved is small. Depending on the viewing an-
gle, an observer may see emission with longer time scales
and larger total energetics albeit their small peak flux.
The peaks with longer time scales are produced by more
di↵use ejecta or smooth field structures lit up by dis-
tributed high energy particles, which evolve on dynamic
time scales. Another remark to be made is that, in this
particular example the current sheet itself is not rotat-
ing, but in reality it can be dynamic and can turn around
during the evolution. This could introduce further vari-
ability.

3.3.2. Origin and beaming of high energy radiation

During the saturation of the linear instability and the
early stage of nonlinear evolution, particles are being ef-
ficiently accelerated in the current layers by the parallel
electric field. Plasmoids are not very good particle accel-
erators except for those moving with high speed such
that their motional electric field contributes to parti-
cle acceleration, but they could trap particles that are
accelerated in the current layer. High energy particles
within the current layer have a fan-like angular distribu-
tion spanned around ±z; they turn toward the ends of
the current layers due to the reconnected magnetic field.
These fan-like features are readily seen in Figure 16, es-
pecially in high energy bands. However, particles within
the current layers do not produce a large amount of high
energy synchrotron radiation—this is demonstrated by
the absence of corresponding fan-like structure in the ra-
diation angular distribution (Figure 15). Plasmoids do
radiate a significant amount of power, as shown in the
synchrotron power map (Figure 3 last row), but this ra-
diation peaks in relatively low frequency—in Figure 15
we see emission from plasmoids mainly in the intermedi-
ate energy band. The main reason for the lack of high
energy radiation from the current layer itself (plasmoids
included) is that the curvature of the particle trajectory
is small.
Significant high energy radiation emerges from just

downstream of the exhausts of the current layers, where

Kinetic study of radiation-reaction-limited particle acceleration 15

Figure 15. From run 1: angular distribution of emitted synchrotron radiation power in three di↵erent wavebands, at the same time point
as Figure 13, for electrons and positrons, respectively. We plot the angular distribution using Hammer projection, where 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 di↵erent energy bands, at the same time point as Figure 13, for electrons
and positrons, respectively.

Yuan, KN, Zrake, East & Blandford (2016)
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Figure 8. From run 1: light curve, polarization degree and polarization angle as a function of time seen by an observer located at +x. The
blue line is for the high energy band (⌫ > 1017 Hz) and the red line is for the low energy band (⌫ < 1017 Hz), both summed over electrons
and positrons. In the top panel, we also show the high energy contribution from electrons and positrons separately. The polarization angle
is measured from the x� y plane (same blow).

layers formed when the plasmoids collide with neighbor-
ing flux tubes.

3.3. Radiation signatures—mildly radiative case

As a benchmark example, in this section we analyze
the radiation signatures of the mildly radiative case, run
1. While the total emitted power as a function of time is
quite smooth overall (Figure 2a), the radiation received
by a fixed observer can be highly variable, as we now
show.

3.3.1. shortest variability time scale

We calculate light curves in di↵erent wavebands as re-
ceived by observers located on the x�y plane. Observers
o↵ the x�y plane are not included because the z transla-
tional invariance makes it ambiguous to define the emit-

ting/receiving time for the radiation coming into/out of
the plane. But fortunately, emission within the x � y
plane is already revealing most of the generic behaviors.
In Figures 8, 9 and 10 top panel, three examples are
shown where the observers are looking from +x, 45�

counterclockwise of +x, and +y, respectively. Several
remarkable features can be noticed: (1) very sharp, high
intensity peaks, with durations ⇠ 0.01L/c (well above
the time resolution we use to calculate the light curves),
are seen in certain directions. In particular, peaks from
positrons are typically observed around ±x directions,
and those of electrons close to ±y directions; somewhere
in between one may not see any of the sharp peaks. (2)
These peaks only appear during the early evolution of
the system—between the saturation of the linear stage
and the destruction of the first current layers. (3) High

Yuan, KN, Zrake, 
East & Blandford 

(2016)
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what we learned about relativistic 
magnetic reconnection?

• efficient particle acceleration, hard power-laws with p 
-> 1 for σ >> 1 

• electron spectra are softer in the presence of protons 

• reconnection rate vrec ~ 0.1vA, reconnection outflows 
vout ~ vA 

• rapid variability due to kinetic beaming (energy-
dependent particle anisotropy) and tearing instability 
(spatial bunching), tvar ~ 0.01 L/c



1. selected observations 
of blazars

2. kinetic simulations 
of reconnection

3. applying reconnection  
to blazar jets



blazars vs Crab

3C 279, Hayashida et al. (2012)
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Fig. E.1. The SED with the best-fitting model calculations.

Table D.1. Parametrization of the IC flux.

Coefficient Value
p0 . . . . . . . . . . . . . . . . . . . . . . . . −10.2708
p1 . . . . . . . . . . . . . . . . . . . . . . . . −0.53616
p2 . . . . . . . . . . . . . . . . . . . . . . . . −0.179475
p3 . . . . . . . . . . . . . . . . . . . . . . . . 0.0473174
p4 . . . . . . . . . . . . . . . . . . . . . . . . 0
p5 . . . . . . . . . . . . . . . . . . . . . . . . −0.00449161

Notes. The coefficients correspond to Eq. (D.1).

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

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

Page 11 of 11
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particle acceleration limited by radiative cooling?

• for E = βrec B, tacc << tcool  
 

• βrec ~ 10-9 for blazar sequence (γeq ~ γpeak) 

• βrec ~ 0.01-0.1 for collisionless reconnection  
(enhanced by tearing instability or turbulence)

Explaining the blazar sequence with cooling-limited particle

acceleration

Krzysztof Nalewajko

May 28, 2016

Blazar sequence is an observational anticorrelation between apparent luminosity of the synchrotron

component L
syn

and the synchrotron ⌫L⌫ peak frequency ⌫
syn,peak.

An underlying anticorrelation between characteristic electron Lorentz factor �
peak

and the combined

energy density of magnetic field and soft radiation fields u
cool

= u
B

+ u
rad

can explain the blazar sequence.

It has been suggested that �
peak

/ u�1/2
cool

(Ghisellini et al. 1998). For example, Celotti & Ghisellini suggest

that �
peak

' 10

3

(u
cool

/0.3 erg cm

�3

)

�k
, where k = 1/2 for most FSRQs (�0.5 < log u

cool

< 1.5) and k = 1

for most TeV blazars (�3.2 < u
cool

< �0.5).

Particle acceleration under radiative cooling Acceleration rate of an electron under electric field E
and cooling energy density u

cool

is

d�

dt
=

eE

mc
� 4�

T

u
cool

�2

3mc
. (1)

The electric field is related to the magnetic field via reconnection rate E = �
rec

B. The cooling energy

density is u
cool

= (1 + q)u
B

= (1 + q)B2/(8⇡), where q is the Compton dominance parameter. The

equilibrium electron Lorentz factor is (B
0

= B/1 G)

�
eq

=

r
3eE

4�
T

u
cool

=

s
6⇡e�

rec

(1 + q)�
T

B
= 1.2⇥ 10

8

s
�
rec

(1 + q)B
0

. (2)

Comparing this with the blazar sequence

�
eq

=

r
3e�

rec

B

4�
T

u
cool

= 2.3⇥ 10

7

s
�
rec

B
0

u
cool,0

(3)

For consistency with the empirical relation, we would need �
rec

B
0

⇠ 10

�9

.

Acceleration length scale

L
acc

=

�
max

m
e

c2

�
rec

eB
=

�
max

�
rec

B
0

⇥ 1700 cm . (4)

L
acc,eq =

2⇥ 10

11

cmp
(1 + q)�

rec

B3

0

. (5)

Energy partitioning in relativistic reconnection Before reconnection (1), we consider a highly mag-

netized electron-proton plasma with �
1

� 1. The total energy is E
tot

= E
B,1 + E

p,1 + E
e,1. We adopt

�
1

= 2E
B,1/[1

(E
p,1 + E

e,1)], where 1  
1

< 4/3.
After reconnection (2), the magnetic energy E

B,2 = f
B

E
B,1 is parametrized by the magnetic dissipation

e�ciency f
B

' 1/2. The energy sharing between electrons and protons E
e,2 = f

e

(E
p,2+E

e,2) is parametrized

by factor f
e

' 1/3. From the energy conservation, we find

E
e,2 = f

e

h
1 + (1� f

B

)


1

�
1

2

i
(E

p,1 + E
e,1) '


1

�
1

12

(E
p,1 + E

e,1) . (6)

1
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field can be larger, but the corresponding Poynting flux does not
dominate the energetics).

The simplest option is thus that also for low-luminosity blazars the
jet power is dominated by the contribution due to the bulk motion
of protons, with the possibility that in these sources a significant
fraction of it is efficiently transferred to leptons and radiated away.

4.3 The blazar sequence

The dependence of the radiative regime on the source power can be
highlighted by directly considering the random Lorentz factor γ peak

of leptons responsible for both peaks of the emission (synchrotron
and inverse Compton components) as a function of the comoving
energy density U = UB + Ur (top panel of Fig. 6). Ur corresponds
to the fraction of the total radiation energy density available for
Compton scattering in the Thomson regime. In powerful blazars
this coincides with the energy density of synchrotron and broad-line
photons, while in TeV BL Lacs it is a fraction of the synchrotron
radiation.

The figure illustrates one of the key features of the blazar se-
quence, offering an explanation of the phenomenological trend be-
tween the observed bolometric luminosity and the SED of blazars,
as presented in Fossati et al. (1998) and discussed in G98 and G02.
The inclusion here of TeV BL Lacs confirms and extends the γ peak–
U relation towards high γ peak (low U). The sequence appears to
comprise two branches: the high-γ peak branch can be described as

Figure 6. Top panel: The blazar sequence in the plane γ peak–U (U = Ur +
UB). The dashed lines corresponding to γ peak ∝ U−1 and γ peak ∝ U−1/2 are
not formal fits, but guides to the eye. Bottom panel: The blazar sequence in
the plane γ peak–Ljet, where Ljet is the sum of the proton, lepton and magnetic
field powers. Again, the dashed line γ peak ∝ L−3/4

jet is not a formal fit. Symbols
are as in Fig. 4.

γ peak ∝ U−1, while below γ peak ∼ 103 the relation seems more
scattered, with objects still following the above trend and others
following a flatter one, γ peak ∝ U−1/2.

The steep branch can be interpreted in terms of radiative cooling:
when γ c > γ inj, the particle distribution presents two breaks: below
γ injN(γ ) ∝ γ −1, between γ inj and γ cN(γ ) ∝ γ −(n−1) (which is the
slope of the injected distribution s = n − 1), and above γ cN(γ ) ∝
γ −n . Consequently, for n < 4, the resulting synchrotron and inverse
Compton spectral peaks are radiated by leptons with γ peak = γ c

given by

γc = 3
4σTU#R′ , (7)

thus accounting for the steeper correlation. The scatter around the
correlation is due to different values of #R′ and to sources requiring
n > 4, for which γ peak = γ inj (see Table A1).

When γ c < γ inj, instead, all of the injected leptons cool in the
time tinj = #R′/c. If n < 4, γ peak coincides with γ inj, while it is still
equal to γ c when n > 4. This explains why part of the sources still
follow the γ peak ∝ U−1 relation also for small values of γ peak.

The physical interpretation of the γ peak ∝ U−1/2 branch is instead
more complex, since in this case γ peak = γ inj, which is a free pa-
rameter of the model. As discussed in G02, one possibility is that
γ inj corresponds to a pre-injection phase (as envisaged for internal
shocks in γ -ray bursts). During such phase leptons would be heated
up to energies at which heating and radiative cooling balance. If the
acceleration mechanism is independent of U and γ , the equilibrium
is reached at Lorentz factors γ ∝ U−1/2, giving raise to the flatter
branch.

The trend of a stronger radiative cooling reducing the value of
γ peak in more powerful jets is confirmed by considering the direct
dependence of γ peak on the total jet power Ljet = Lp + Le + LB. This is
reported in the bottom panel of Fig. 6. The correlation approximately
follows the trend γ peak ∝ L−3/4

jet and has a scatter comparable to that
of the γ peak–U relation.

4.4 The outflowing mass rate

The inferred jet powers and the above considerations supporting the
dominant role of Lp allow to estimate a mass outflow rate, Ṁout,
corresponding to flaring states of the sources, from

Lp = Ṁout$c2 → Ṁout = Lp

$c2
≃ 0.2

Lp,47

$1

M⊙
yr

. (8)

A key physical parameter is given by the ratio between Ṁout and
the mass accretion rate, Ṁin, that can be derived by the accretion
disc luminosity: Ldisc = ηṀinc2, where η is the radiative efficiency:

Ṁout

Ṁin
= η

$

Lp

Ldisc
= 10−2 η−1

$1

Lp

Ldisc
. (9)

Rawlings & Saunders (1991) argued that the average jet power
required to energize radio lobes is of the same order of the accretion
disc luminosity as estimated from the narrow lines emitted following
photoionization (see also Celotti, Padovani & Ghisellini 1997, who
considered broad lines to infer the disc emission). Here jet powers in
general larger than the accretion disc luminosity have been instead
inferred: for powerful blazars with broad emission lines the esti-
mated ratio Lp/Ldisc is of the order of 10–100 (see Table A2). As in
these systems typically $ ∼ 15 and for accretion efficiencies η ∼ 0.1,
inflow and outflow mass rates appear to be comparable during flares.

A challenge for the γ -ray satellite GLAST will be to reveal
whether low-quiescent states of activity correspond to episodes of

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 385, 283–300

Celotti & Ghisellini (2008)
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The electric field is related to the magnetic field via reconnection rate E = �
rec

B. The cooling energy

density is u
cool

= (1 + q)u
B

= (1 + q)B2/(8⇡), where q is the Compton dominance parameter. The

equilibrium electron Lorentz factor is (B
0

= B/1 G)

�
eq

=

r
3eE

4�
T

u
cool

=

s
6⇡e�

rec

(1 + q)�
T

B
= 1.2⇥ 10

8

s
�
rec

(1 + q)B
0

. (2)

Comparing this with the blazar sequence

�
eq

=

r
3e�

rec

B

4�
T

u
cool

= 2.3⇥ 10

7

s
�
rec

B
0

u
cool,0

(3)

For consistency with the empirical relation, we would need �
rec

B
0

⇠ 10

�9

.

Acceleration length scale

L
acc

=

�
max

m
e

c2

�
rec

eB
=

�
max

�
rec

B
0

⇥ 1700 cm . (4)

L
acc,eq =

2⇥ 10

11

cmp
(1 + q)�

rec

B3

0

. (5)

Energy partitioning in relativistic reconnection Before reconnection (1), we consider a highly mag-

netized electron-proton plasma with �
1

� 1. The total energy is E
tot

= E
B,1 + E

p,1 + E
e,1. We adopt

�
1

= 2E
B,1/[1

(E
p,1 + E

e,1)], where 1  
1

< 4/3.
After reconnection (2), the magnetic energy E

B,2 = f
B

E
B,1 is parametrized by the magnetic dissipation

e�ciency f
B

' 1/2. The energy sharing between electrons and protons E
e,2 = f

e

(E
p,2+E

e,2) is parametrized

by factor f
e

' 1/3. From the energy conservation, we find

E
e,2 = f

e

h
1 + (1� f

B

)


1

�
1

2

i
(E

p,1 + E
e,1) '


1

�
1

12

(E
p,1 + E

e,1) . (6)

1



maximum particle energy

• average electron energy limited by magnetization  
γave ~ σe γ0 ~ (me/mi) σi γ0 

• σ >> 1: hard power-law spectra (p ~ 1)  
γmax ~ γave  
seems necessary for TeV blazars 

• σ ~ 1: soft power-law spectra (p ~ 3)  
γmax > γave, but unlikely to be high 

• stochastic acceleration in turbulence, can it compete 
with radiative and adiabatic losses?



magnetization of jets
• unsolved mass loading problem 

• leptons seeded quasi-uniformly by pair creation  
(very model-depenent) 

• barions may only be introduced non-uniformly  
(interchange instability stars) 

• diffusion or mixing inefficient? 

• blazar zones (post-dissipation regions) roughly in 
equipartition, whether resulting from shocks or 
reconnection  
(Sironi, Petropoulou & Giannios 2015)



proposition of highly 
inhomogeneous jets

• large regions of very high magnetization  
σmax ~ γmax from pair loading, no protons 

• pair loading regulated by external radiation  
-> blazar sequence 

• proton-rich filaments, moderate σmean ~ Γjet 
-> bulk acceleration



conclusions
• relativistic magnetic reconnection has been studied 

extensively by means of kinetic plasma simulations 

• particle acceleration in reconnection sites is rapid, 
maximum energy limited by upstream 
magnetization 

• for particle acceleration to be regulated by radiative 
cooling in line with the blazar sequence, particle 
acceleration should be extremely slow 

• the sequence could be due to jet magnetization 
limited by pair creation regulated by external 
radiation fields


