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Magnetic Reconnection Processes 
 

 

Recognized to be important in 

 

• Space Physics 
 

• Laboratory Plasmas for Fusion Research 
 

• Solar Physics 
 
 

and, by now, in 

 

• High Energy Astrophysics 
  



Related Remarks 
 

• The onset and the evolution of reconnection events depend on the 
configuration (geometry) of the fields and flows in which these 
events take place. 
 

• Examples of considered configurations are: 
 

! loops 
! tori 
! single X-point 
! double Y 
! neutral sheet 

 
• What used to be a liability of reconnection, that of involving small 

scale distances should turn out to be an asset to explain the observed 
rapid variations of high energy radiation emission from a variety of 
objects 

 

• Relevant surprise with the crossing of the Terminal Shock by the 
Voyager spacecraft 



• Considered also for 
 

! Pulsar Nebulae (e.g. Crab; 5 PeV electrons) 
! Quasars 
! Blazars 
! Grazars 

 

• Discovery of the direction of propagation of magnetic islands 
produced by reconnecting modes in high temperature (low 
collisionality) regimes 
 

• This direction attributed to the phase velocity of the relevant 
reconnecting mode is that (unexpected) of the ion diamagnetic 
velocity.  The only theoretical explanation based on introducing an 
“inductivity” involving the time evolution of the current density to 
break the “frozen-in-law”. 

 

• Numerous other surprises that deserve the analysis of relevant 
reconnection processes such as the 

 

! Discovery of two-tail configuration on the night side of 
Uranus, by the Voyager II mission (1985).  



 

 
Hubble Space telescope photo in UV light showing Saturn’s north and south ovals. Credit: NASA/ESA - See more at: 

http://astrobob.areavoices.com/tag/auroral-oval/#sthash.JTRVzgUS.dpuf 



 
 

The northern auroral oval is centered on the north geomagnetic pole currently located in northern Canada. Credit: 
NASA - See more at: http://astrobob.areavoices.com/tag/auroral-oval/#sthash.JTRVzgUS.dpuf 
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The Earth's Magnetic TaiP 

NORMAN 

Goddard Space Flight Center 
Greenbelt, Maryland 

Abstract. Extensive measurements of the magnetic field of the earth at distances greater 
thart approximately 7Ro (earth radii) have been performed by the Imp I satellite. These 
magnetic field measurements began on November 27, 1963, and ended on May 30, 1064. Dur- 
ing this six-month interval the apogee-earth-sun angle in solar ecliptic coordinates decreased 
from 336 ø to 156 ø. The apogee of the satellite was 31.7R6, and the range of the magne- 
tometers was between 0.25 and 300-•. This paper is concerned principally with the topology 
of the magnetic field within the magnetosphere and the position of both its boundary and 
the detached collisionless bow shock wave. The geomagnetic field is observed to trail out 
behind the earth in the antisolar direction, thus forming a magnetic tail. Magnetic field 
strengths of approximately 10 to 30 • are observed out to satellite apogee. The diameter of 
the magnetosphere at a distance of 30Ro behind the earth is found to be approximately 
40R6. The direction of the field is parallel to the earth-sun line and in the antisolar direction 
below the solar magnetospheric equatorial plane and in the solar direction above this plane. 
A neutral surface separating antisolar directed fields in the southern hemisphere from solar 
directed fields in the northern hemisphere has been detected over a large area. This experi- 
mental result suggests the development of quantitative theories explaining the aurora, 
gegenschein, day-night asymmetry, and formation of the radiation belts. On the basis of 
preliminary review of the data, it appears that the geomagnetic field trails out far behind 
the earth following the flow field of the solar plasma to a distance far beyond the orbit of the 
moon. No termination of the magnetic tail is detected or suggested by the data. Thus 
the earth can be compared to the nucleus of a comet, the radiation belts and co-rotating 
magnetosphere being the coma and the magnetic tail being the cometaw tail. 

Introduction. Detailed measurements of the 

earth's magnetic field at geocentrie distances up 
to 31.4R, (earth radii) have been made on the 
nighttime side of the earth by the Imp I satel- 
lite (Explorer 18). The most significant results 
of these measurements reveal the formation of 
an extended magnetic •ail behind the earth 
caused by the interaction of the solar wind with 
the geoma.gnetie field. A magnetically neutral 
sheet has been discovered separating regions of 
oppositely directed magnetic fields in the mag- 
netic tail. A direct relationship of these results 
to other satellite measurements and related ter- 
restrial phenomena is strongly suggested. An ex- 
panded repor• on these experimental results and 
the substantiating data will be presented in the 
near future. 

The magnetic field experiment instrumented 
for Imp i has already been discussed in a pre- 

• Presented at Second Benedum Conference on 

Earth Magnetism, University of Pittsburgh, Pitts- 
burgh, Pennsylvania, November 23, 1964. 

vious publication [Ness et al., 1964] which 
should be consulted for a detailed description of 
the experiment and the initial results, This pa- 
per briefly discusses the results obtained from 
continued opera.tion of the satellite for orbits 20 
through 48, corresponding to the time interval 
February 9 to May 30, 1964. Successful opera- 
tion of the satellite from November 27, 1963, to 
May 30, 1964, ended because of lack of ade- 
quate power from the solar paddle system. 
Until November 12, 1964, the satellite repeti- 
tively cycled in an under-voltage mode until the 
solar aspect angle changed to a more favorable 
value with respect to power output. From No- 
vember 12 to December 18, 1964, the satellite 
has been successfully transmitting both rubidium 
vapor and flux-gate magnetometer data. How- 
ever, these most recent data are not included 
in this paper. 

Certain aspects of the satellite orbit are im- 
portant in the understanding of the region of 
space mapped out during the first six months of 
operation of Imp 1. The orbit is highly elliptical 

2989 
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Fig. 1. Locations of Cluster 1 and Image spacecraft between 17:00 and 19:00 UT on 15 September 2005.   
Sciencemag. Vol. 346bIssue 6216, 1507 
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Magnetic Reconnection in Plasmas with 
Inhomogeneous and Anisotropic Temperatures 

 



Symmetric Current Sheet 
 

B = B0ez + By x( )ey   
 

By =  odd function of x (scale Δc ) 
 

 Central Reconnection      Lateral Reconnection 
 

 B̂x = !Bx x,t( )exp ikyy( )       B̂x = !Bx x − x0 ,t( )exp ikyy + ikzz( ) 
 
kyBy = 0   for  x = 0         k ⋅B x = x0( ) = 0   
 
 
!Bx x,t( ) even function of x       

!Bx x = x0 ,t( ) ≠ 0  
 

 
!Bx x = 0,t( ) ≠ 0           dn

dx
≠ 0 , dT

dx
≠ 0 , 

dJz
dx

≠ 0  for x = x0   

 
 



 
 
 
 
 

 
 
 
 
 
 
 
 
 
  
Jz x( ), n x( ), Ti x( ), Te x( )→  even functions of x 

y 

 

  

x 



Current Sheet:  B ! B0ez + By x( )ey   
 

Temperature Singularities  
 
 

 

 T̂e =
!T x( )exp −ωt + ikyy + ikzz( ) 

 

 ω < k!Vthe( ) k!λe( )   
 

λe =
Vthe
ν e  

 
 

 
 
 

k ⋅B = k ⋅ ′B( ) x − x0( )
 

 

electrons 



 

T̂e ∝
B̂x0

x − x0
  

 
 

 

 k!Vthi( ) k!λi( ) <ω   
  
 

in the “outer” (ideal MHD) region 
 

 
T̂i ! −ξ̂x

dTi
dx

   and    ξ̂x =
d
dt
ûix  

 
while 
 

 B̂x ! i k ⋅B( )ξ̂x
 

nuclei 



 

In the inner region the singularity of  ξ̂x   can be taken care of by the effects of finite 
resistivity.  At the same time the relationship between T̂i   and  ξ̂x   becomes 
 

 
T̂i ! ξ̂x

dTi
dx

+ i
ω
D⊥i

∂2 T̂i
∂x2

. 

 
 

 

 
n̂ ! − dn

dx
ξ̂x  

 

in the “outer” region where 
 
ξ̂x ! −

i
k ⋅B

B̂x  

 
Note 
Can these singularities be relevant to the generation of high energy particles by 
magnetic reconnection events? 

Density Singularity 
 



Electron Inertia Scale Distance 
 

 

1PeV= 1015   eV 
 
  me E ! 1PeV( ) ! 106mi rest( ) ! 2 ×109me rest( )  
 

 
δ EI ≡

c
ω pe

! 5.3×105 1
ne
1
2

  for me rest( )  cm 

 

 
δ EI
HE = c

ω pe
HE ! 2.35 ×10

6 10−2

ne

⎛
⎝⎜

⎞
⎠⎟

1
2

 km 

 
 

“Breaking the frozen-in-law” 
 
 

 
   



Inertial-Inductive Modes: A way out 
 
Consider two classes of mode 
 
• Ordinary reconnecting modes (of the kind that cannot be 

found within the Ideal-MHD approximation) 
 

Growth rate 
 

γ ∝δ I
3

 , 
 

where 
 

δ I →
c

ω pe

  (inertial)     δ I
2 → SL  

(inductive), 

 

and 
 

 
δ rec ∼ δ I

δ I

rJ
≪δ I   



 
 

• Strongly Reconnecting modes (NMS, such as m0 = 1 modes 
producing sawtooth oscillations) 
 

γ ∝δ I  
 
 

 δ rec ∼ δ I  
 

NMS indicates “near Ideal-MHD marginal stability”. 
 

Therefore, in order to explain the observation of fast 
reconnection events with realistic small-scale structures the 
excitation of Strongly Reconnecting modes can be a 
reasonable option.   
 

Note that the most important class of reconnecting modes 
involve wavelengths and radial extensions of the order of the 
radius of the plasma column.  Thus the coupling (represented 
by an inductivity) to fields produced by currents not directly 



associated with the modes themselves can be more easily 
envisioned than for short wavelength modes. 



where 
 

 
η! ≡

4π
c2

Dm ,  
  
L! ≡

4π
c2
SL ,   E! ≠ 0 . 

 
Therefore 

 

 
E! =

4π
c2

DmJ! + SL
∂J!
∂t

⎡
⎣⎢

⎤
⎦⎥
 

 
where 
 

SL ≥
c2

ω pe
2  

 
 η! =    longitudinal resistivity 
 
  L! =   inductivity 
 
Dm =   magnetic diffusion coefficients. 



 





Compressible magnetohydrodynamic sawtooth crash

Linda E. Sugiyama
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139-4307, USA

(Received 15 August 2013; accepted 30 January 2014; published online 24 February 2014)

In a toroidal magnetically confined plasma at low resistivity, compressible magnetohydrodynamic

(MHD) predicts that an m¼ 1/n¼ 1 sawtooth has a fast, explosive crash phase with abrupt onset,

rate nearly independent of resistivity, and localized temperature redistribution similar to

experimental observations. Large scale numerical simulations show that the 1/1 MHD internal kink

grows exponentially at a resistive rate until a critical amplitude, when the plasma motion

accelerates rapidly, culminating in fast loss of the temperature and magnetic structure inside q< 1,

with somewhat slower density redistribution. Nonlinearly, for small effective growth rate the

perpendicular momentum rate of change remains small compared to its individual terms rp and

J�B until the fast crash, so that the compressible growth rate is determined by higher order terms

in a large aspect ratio expansion, as in the linear eigenmode. Reduced MHD fails completely to

describe the toroidal mode; no Sweet-Parker-like reconnection layer develops. Important

differences result from toroidal mode coupling effects. A set of large aspect ratio compressible

MHD equations shows that the large aspect ratio expansion also breaks down in typical tokamaks

with rq¼1=Ro ’ 1=10 and a=Ro ’ 1=3. In the large aspect ratio limit, failure extends down to much

smaller inverse aspect ratio, at growth rate scalings c ¼ Oð�2Þ. Higher order aspect ratio terms,

including ~B/, become important. Nonlinearly, higher toroidal harmonics develop faster and to a

greater degree than for large aspect ratio and help to accelerate the fast crash. The perpendicular

momentum property applies to other transverse MHD instabilities, including m � 2 magnetic

islands and the plasma edge. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4865571]

I. INTRODUCTION

Periodic sawtooth crashes of the central temperature in

magnetically confined fusion plasmas have been observed

since the first tokamaks. A helical m¼ 1/n¼ 1 poloidal/toroi-

dal structure was first identified in 1974.1 Kadomtsev’s

nonlinear model for the crash,2 based on helical flux conser-

vation, appeared to be confirmed by experiments3 and

numerical simulations,4 although it has since been called

into question. The sawtooth crash is still incompletely under-

stood and experimental investigation continues.5,6

Sawteeth are important for fusion burning because the

crash amplitude increases with central heating. Since fusion

reactivity increases with ion temperature, large sawteeth

could significantly degrade burning conditions. Projected

fusion burning regimes in the ITER experiment7 have a large

q¼ 1 radius r1 ’ a=2, due to the high plasma current and

low values of edge safety factor q95 < 3:5. High central tem-

peratures To � 20 keV generated by fusion give the potential

for larger sawteeth than in existing plasmas.

The 1/1 mode has been extensively analyzed in a torus

and represents a paradigm for the analytical treatment of

toroidal instabilities. It involves a helical displacement of the

entire central core of the plasma inside the magnetic surface

with q¼m/n¼ 1. Two main types of MHD instability with

n¼ 1 can be driven by the equilibrium pressure gradient

over q< 1 when the central qo < 1—the internal kink in

ideal MHD8–10 and resistive11–15 versions, or at low

magnetic shear with q � 1, the quasi-interchange16–18 or cur-

rent-driven18 modes. For the incompressible ideal MHD in-

ternal kink,10 large aspect ratio expansion, R=a� 1, shows

that higher order m 6¼ 1 poloidal harmonics driven by toroi-

dal mode coupling introduce a minimum value of poloidal

beta for toroidal instability, compared to zero beta in a cylin-

der. Complete large aspect ratio solutions exist for the

incompressible19 and (nominally) the compressible20 mode.

Experimentally, sawteeth exhibit great variability.

Nevertheless, in high temperature fusion plasmas they share

several common features. The crash time is very short com-

pared to the sawtooth period and also on absolute scales, on

the order of a couple hundred shear Alfv�en times, or 20 ls in

small plasmas such as Alcator C-Mod or MAST to 100–200

ls in larger plasmas such as DIII-D and JET. The fast tem-

perature redistribution during the crash21,22 does not match

the Kadomtsev model.2

The rapidity of the crash poses a serious theoretical

problem. The exponential growth rate of the linear 1/1 eigen-

mode at a fractional power of the resistivity, c � g1=3 or g3/5,

predicts far too slow a crash at the low values of resistivity

in fusion plasmas. Early nonlinear studies with a 2D helical

incompressible MHD model demonstrated23 modified

Sweet-Parker24 reconnection at small resistivity and recon-

nection rates compatible with observations on early large

tokamaks. Nonlinear theories25–27 made major simplifica-

tions, effectively dropping the higher order aspect ratio terms

and m 6¼ 1 harmonics, despite their importance in the linear

1070-664X/2014/21(2)/022510/12/$30.00 VC 2014 AIP Publishing LLC21, 022510-1
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Black hole lightning due to particle
acceleration at subhorizon scales
J. Aleksić,1 S. Ansoldi,2 L. A. Antonelli,3 P. Antoranz,4 A. Babic,5 P. Bangale,6

J. A. Barrio,7 J. Becerra González,8* W. Bednarek,9 E. Bernardini,10 B. Biasuzzi,2

A. Biland,11 O. Blanch,1 S. Bonnefoy,7 G. Bonnoli,3 F. Borracci,6 T. Bretz,12† E. Carmona,13

A. Carosi,3 P. Colin,6 E. Colombo,8 J. L. Contreras,7 J. Cortina,1 S. Covino,3 P. Da Vela,4

F. Dazzi,6 A. De Angelis,2 G. De Caneva,10 B. De Lotto,2 E. de Oña Wilhelmi,14

C. Delgado Mendez,13 D. Dominis Prester,5 D. Dorner,12 M. Doro,15 S. Einecke,16

D. Eisenacher,12** D. Elsaesser,12 M. V. Fonseca,7 L. Font,17 K. Frantzen,16 C. Fruck,6

D. Galindo,18 R. J. García López,8 M. Garczarczyk,10 D. Garrido Terrats,17 M. Gaug,17

N. Godinović,5 A. González Muñoz,1 S. R. Gozzini,10 D. Hadasch,14‡ Y. Hanabata,19

M. Hayashida,19 J. Herrera,8 D. Hildebrand,11 J. Hose,6 D. Hrupec,5 W. Idec,9

V. Kadenius,20 H. Kellermann,6 K. Kodani,19 Y. Konno,19 J. Krause,6 H. Kubo,19

J. Kushida,19 A. La Barbera,3 D. Lelas,5 N. Lewandowska,12 E. Lindfors,20§
S. Lombardi,3 F. Longo,2 M. López,7 R. López-Coto,1 A. López-Oramas,1 E. Lorenz,#
I. Lozano,7 M. Makariev,21 K. Mallot,10 G. Maneva,21 N. Mankuzhiyil,2|| K. Mannheim,12**
L. Maraschi,3 B. Marcote,18 M. Mariotti,15 M. Martínez,1 D. Mazin,6 U. Menzel,6

J. M. Miranda,4 R. Mirzoyan,6 A. Moralejo,1 P. Munar-Adrover,18 D. Nakajima,19

A. Niedzwiecki,9 K. Nilsson,20§ K. Nishijima,19 K. Noda,6 R. Orito,19 A. Overkemping,16

S. Paiano,15 M. Palatiello,2 D. Paneque,6 R. Paoletti,4 J. M. Paredes,18

X. Paredes-Fortuny,18 M. Persic,2 J. Poutanen,20 P. G. Prada Moroni,22 E. Prandini,11

I. Puljak,5 R. Reinthal,20 W. Rhode,16 M. Ribó,18 J. Rico,1 J. Rodriguez Garcia,6

S. Rügamer,12 T. Saito,19 K. Saito,19 K. Satalecka,7 V. Scalzotto,15 V. Scapin,7 C. Schultz,15

T. Schweizer,6 S. N. Shore,22 A. Sillanpää,20 J. Sitarek,1** I. Snidaric,5 D. Sobczynska,9

F. Spanier,12 V. Stamatescu,1¶ A. Stamerra,3 T. Steinbring,12 J. Storz,12 M. Strzys,6

L. Takalo,20 H. Takami,19 F. Tavecchio,3 P. Temnikov,21 T. Terzić,5 D. Tescaro,8

M. Teshima,6,19 J. Thaele,16 O. Tibolla,12 D. F. Torres,23 T. Toyama,6 A. Treves,24

M. Uellenbeck,16 P. Vogler,11 R. Zanin,18 M. Kadler,12 R. Schulz,12,25 E. Ros,26,27,28

U. Bach,26 F. Krauß,12,25 J. Wilms25

Supermassive black holes with masses of millions to billions of solar masses are
commonly found in the centers of galaxies. Astronomers seek to image jet formation using
radio interferometry but still suffer from insufficient angular resolution. An alternative
method to resolve small structures is to measure the time variability of their emission.
Here we report on gamma-ray observations of the radio galaxy IC 310 obtained with the
MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov) telescopes, revealing
variability with doubling time scales faster than 4.8 min. Causality constrains the size of
the emission region to be smaller than 20% of the gravitational radius of its central
black hole.We suggest that the emission is associated with pulsar-like particle acceleration
by the electric field across a magnetospheric gap at the base of the radio jet.

M
ore than three decades ago, it was pro-
posed that the radio emission of extra-
galactic jets results from a relativistically
moving plasma consisting of magnetic
fields and accelerated particles following

a power-law energy distribution (1). One of the
major assets of the model is that it can explain
the nonthermal emission of extragalactic jets
across the entire electromagnetic spectrum, from
radio waves up to gamma rays. The emission can
be understood as synchrotron radiation and in-
verse Compton scattering (2, 3) due to particles
accelerated at shock waves in the jets. The gam-
ma rays can reach very high energies measured
in giga–electron volts (1 GeV¼ 109 eV, correspond-

ing roughly to the rest mass energy equivalent of
theproton) and tera–electron volts (1 TeV ¼ 1012 eV).
According to the Blandford-Znajek mechanism,
the jets are powered by extracting rotational en-
ergy from the black holes, which have acquired
angularmomentum through the accretion of sur-
rounding gas and black holemergers (4), although
so far astrophysical evidence for the role of black
hole spin is still lacking (5). For a maximally
rotating supermassive black hole ofmassM= 108

m8 M⊙, where M⊙ denotes one solar mass, the
size of the jet formation region should be of the
order of its gravitational radius, rg ¼ GNM=
c2e1:5� 1011m8m (GN, gravitational constant; c

2,
speed of light) and twice this value for a non-

rotating Schwarzschild black hole. Astronomical
telescopes do not yet provide the angular reso-
lution needed to image structures on this scale.
The highest-resolution images of jets obtained
with very long baseline radio interferometry show
radio-emitting knots traveling down the jets (6).
Approaching the black hole, the spectra cut off
at increasingly higher frequencies due to syn-
chrotron self-absorption. Observations at very high
frequencies where the core becomes transparent
are needed to zoom into the regionwhere the jets
are emerging from. The record holder is a very
long baseline radio interferometry observation
of the jet of the nearby radio galaxy M87 at a
frequency of 230 GHz, resolving a source with a
size of 11:0 T 0:8 gravitational radii (7).

The event horizon light-crossing time

Although direct imaging of the jet formation re-
gion has to await better angular resolution, in-
direct information about its size can be inferred
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value of theDoppler factor (section S1.2). The prob-
ability of such analignment seems to be rather low.
Moreover, the observed radio jet does not show
any signs of a perturbation of its flow direction on
the parsec and kiloparsec scales. Because perturba-
tions of the flow direction of the inner jet would
later propagate to larger scales, major bends ap-
parently never occurred in the past.
In summary, trying to interpret the data in the

frame of the shock-in-jet model meets difficul-
ties. Considering the role of time dilation renders
a solution of this problem impossible for any
value of Gj . Therefore, we conclude that the ob-
servations indicate a subhorizon-scale emission
region of a different nature.

Possible origins of
subhorizon-scale variability

Substructures smaller than the event horizon
scale emitting highly anisotropic radiation (to avoid
pair absorption) seem to be responsible for the
minute-scale flux variations. The possible explana-
tions fall into three categories: (i) mini-jet struc-
tureswithin the jets (33); (ii) jet-cloud interactions,
where the cloudsmayoriginate from stellar winds
(34–36); and (iii) magnetospheric models (37–41),
similar to those known from pulsar theory.

According to the mini-jet model (i), plasmoids
resulting from magnetic reconnection traveling
down the jet with a relativistic speed are respon-
sible for the minute-scale flux variations observed
in blazars. The model could help to mitigate the
constraints on the bulk Lorentz factor by intro-
ducing a larger effective bulk Lorentz factor for
the plasmoids. The mechanism also predicts re-
connection events from regions outside of the
beaming cone eG

−1
j that could explain the day-

scale flares from the radio galaxy M87 invoking
external radiation fields as a target for inverse
Compton scattering (33). However, the off-axis
mini-jet luminosity depends on ðGjqÞ−8, and the
jet power required for IC 310 is two orders of
magnitude higher than the one estimated from
radio observations (section S3.2). Thus, thismod-
el is challenged by the observed high luminosity
in IC 310 during the flares.
Substructures smaller than the jet radius may

also be introduced by considering interactions
between clouds and the jet (ii). The original
shock-in-jet model (1) considered this to be the
main source of mass entrainment and predicted
variability from the process. Recently, more elab-
oratework on themodel has had some success in
explaining the variability ofM87 by proton-proton
collisions due to the bombardment of clouds
boiled off of red giants with protons in the jet
(36). However, the model is linked to the cloud
crossing time of the jet and the proton-proton
cooling time, both of which far exceed the event
horizon scale. Faster variability could be observed
if the cloud gets destroyed, but a strong beaming
effect would then be needed to explain the ob-
served luminosities. In another variant, drift ac-
celeration of particles along the trailing shock
behind the stellar wind of a star interacting with
the jet is considered. This might lead to an ex-
tremely anisotropic emission pattern. As mass-
loosing stars sweep across the jet, passingmagnetic
field lines pointing to the observer, the postu-
lated accelerated particle beams in their trails
become visible for a short time. For IC 310, the
emission would have to be confined to within an
angle of ae10

−5 rad to explain the observed var-
iability time scale, requiring a very stable direc-
tion of the accelerated particle beams, at a large
angle to the jet main thrust. Because two-fluid
particle beams are prone to numerous plasma
instabilities, the scenario relies on unphysical
assumptions.
In magnetospheric models (iii), particle accel-

eration is assumed to be due to electric fields
parallel to the magnetic fields. This mechanism
is known to operate in the particle-starved mag-
netospheres of pulsars, but it could also operate
in the magnetospheres anchored to the ergo-
spheres of accreting black holes (Fig. 5). Electric
fields can exist in vacuum gaps when the density
of charge carriers is too low towarrant their short-
cut. The critical charge density for the vacuum
gaps is the so-called Goldreich-Julian charge den-
sity. Electron-positron pairs in excess of the
Goldreich-Julian charge density can be produced
thermally by photon-photon collisions in a hot
accretion torus or corona surrounding the black

hole. It has also been suggested that particles can
be injected by the reconnection of twisted mag-
netic loops in the accretion flow (39). A depletion
of charges from thermal pair production is ex-
pected to happen when the accretion rate becomes
very low. In this late phase of their accretion
history, supermassive black holes are expected to
have spun up to maximal rotation. Black holes
can sustain a Poynting flux jet by virtue of the
Blandford-Znajek mechanism (4). Jet collima-
tion takes place rather far away from the black
hole at the scale of the light cylinder beyond

e10rg. Gaps could be located at various angles,
with the jet axis corresponding to the polar and
outer gaps in pulsar magnetospheres leading to
fan beams at rather large angles with the jet axis.
The gap emission must be highly variable, be-
cause gap height and seed particle content de-
pend sensitively on plasma turbulence and accretion
rate. For an accretion rate ofm

:
e 10−4 (in units of

the Eddington accretion rate) andmaximal black
hole rotation, the gap height in IC 310 is expected
to be h e 0:2 rg (40), which is in line with the
observations. Depending on the electron temper-
ature and geometry of the radiatively inefficient
accretion flow, its thermal cyclotron luminosity
can be low enough to warrant the absence of pair
creation attenuation in the spectrum of gamma
rays. In this picture, the intermittent variability
witnessed in IC 310 is due to a runaway effect. As
particles accelerate to ultrahigh energies, electro-
magnetic cascades develop, multiplying the num-
ber of charge carriers until their current shortcuts
the gap. The excess particles are then swept away
with the jet flow, until the gap reappears.
Radio galaxies and blazars with very low ac-

cretion rates allow us to obtain a glimpse of the
jet formation process near supermassive black
holes. The subhorizon variability in combination
with the results from direct imaging campaigns
invite us to explore analogies with pulsars, where
particle acceleration takes place in two stages. In
the first stage, particle acceleration occurs in the
gaps of a charge-separated magnetosphere an-
chored in the ergosphere of a rotating black hole,
and in a second stage, particle acceleration oc-
curs at shock waves in the force-free wind be-
yond the outer light cylinder.
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Fig. 5. Scenario for the magnetospheric origin
of the gamma rays: A maximally rotating black
hole with event horizon rg (black sphere) accretes
plasma from the center of galaxy IC 310. In the
apple-shaped ergosphere (blue) extending to 2rg
in the equatorial plane, Poynting flux is generated
by the frame-dragging effect. The rotation of the
black hole induces a charge-separated magneto-
sphere (red)withpolar vacuumgap regions (yellow).
In the gaps, the electric field of the magnetosphere
has a component parallel to the magnetic field that
is accelerating particles to ultrarelativistic energies.
Inverse Compton scattering and copious pair pro-
duction due to interactions with low-energy thermal
photons from the plasma accreted by the black hole
lead to the observed gamma rays.
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Mesoscopic Reconnection 
 
 

• Involves a reconnecting layer which remains significant even when the 
macroscopic scale distances characterizing the problem become very large. 
 

• This is the case for the so-called internal kink mode (m0=1) that involves 
reconnection and can develop in a cylindrical or toroidal geometry.  But 
this is not the case for the so-called tearing modes. 

 
• The mesoscopic modes we consider involve the effects of the plasma 

density and temperature gradients and depend on the relevant finite 
inductivity that make the reconnection layer larger than the ion gyro-
radius. Unlike tearing modes these modes are not driven by the plasma 
current density gradient and are localized with in the reconnection layer. 

 
• When considering a plane symmetric plasma current sheet we may classify 

the resulting process as a “lateral reconnection” taking place away from 
the central plane. 
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Electron Thermal Energy Balance Equation 
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Introducing the variables 
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where  kyδ I ≪1 , Eq. (1) becomes 
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It is evident that for,  x ∼1 and  !τ ∼ !b , 
 

 

!Te
′Te
∼
!Bx

′By

1
k yδ I( ) ≫

!Bx

′By

          (4) 

 
and we may argue that relatively large electron fluctuations can be associated 
with significant reconnection fields. 
 
The Fourier transform of Eq. (2) can be written as 
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where ΔT ≡ δT δ I ,  k 2 ≡ kx

2δ I
2  and δ I   is the width of the (inductive) layer over 

which the mode is localized. 
 
This is to be coupled to the following equation derived from the longitudinal 
electron momentum conservation equation 
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where ,  ,  is the magnetic (resistive diffusion  Dm ≡ Dm δ I

2 Dn ≡ Dn δ I
2 Dm



 4 

coefficient) and Dn  the particle diffusion coefficient. 
Note that, for ΔT = 0  , Eq. (6) reduces to a 2nd order equation that does not 
contain ω∗T . 
 
Relevant quadratic form, used to evaluate the mode real frequency, for  ω !ω∗e , 
 

 

Λ
!b2

ℓ2
+ d !b

dℓ
⎛
⎝⎜

⎞
⎠⎟

2

#η∗
d !τ
dℓ

⎛
⎝⎜

⎞
⎠⎟
2

+α∗ ℓ !τ( )2 − !τ 2

+ ℓ !b( )2 + !b2 − ℓ d !bdℓ
⎛
⎝⎜

⎞
⎠⎟

2

   

(7) 

 

where  ℓ∝ k ,  α∗ ∝ ΔT
4 ,  η∗ ∝

d lnTe
d lnn

  and  Λ ≡ω ω∗e −1. 
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Other Definitions 
 

Perturbed B-field 
 

 

 B̂x = !Bx x( )exp −iωt + ikyy + ikzz( ) . 
 

Field from which modes can emerge 
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Ê!L = L

∂Ĵ!
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Basic Equations for Modes localized Over δ I ≡ SL
1 2   

 
The four equations in coordinate space are: 
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The corresponding equations in Fourier space are, for: 
 

 
!!Bk ≡ ky ( !Bk / ′By )  and    

!!Tk ≡ ky ( !Tek / ′Te ), 
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Let us now introduce: l2 ≡ kx

2SL . Thus, (d / dkx ) = SL
1/2 (d / dl) and Eq. (8) can be 

rewritten as 
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and Eq. (9) can be rewritten as 
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where Dn ≡ Dn / SL . 
 
Ordering of maximum information: 
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Modes with phase velocities in the electron diamagnetic velocity direction 
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we finally arrive at the following two coupled equations 
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