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     Nonthermal emission
             Rapid variability

Defining characteristics of blazers

         High efficiency M87

 PKS 2155-304

Nemmen+ 2012  



VHE from misaligned blazars

Some are also TeV sources

Rapid variability occasionally seen 
Emission region:  Accretion disk? magnetosphere ?  inner jet ?  



Accreting BH  

   → relativistic outflow  

        → dissipation  

               →  emission

General scheme

(Buckley, Science, 1998)



Accretion 

Particle 
acceleration

Instabilities ?

Shocks ? 
Reconnection ? 
turbulence ? 
Shear flow?

Radiation 

BH magnetosphere and jet are multi-scale systems

HE emissionGlobal scales 
formation and dynamics 

Radiation scales
Sync,  IC,  pp

Dissipation scales
shocks, reconnection, turbulence

How are they connected?



Modern approach to HE astrophysics
• Extensive numerical simulations to study macro and 

micro physics (combined with analytic calculations) 

     e.g., GRMHD, GRFFE, PIC, Monte-Carlo, etc. 

• Use insights from modern analyses to constraint models.  
                beyond phenomenological approach 

• Global: use microphysics results as sub-grid models ?

→

Important:  limitations of numerical 
methods   must be well recognized

piecing the puzzle



                              Illustration  
MAD accretion:  High res 2D GRMHD simulations 

Initial state

  This simulation doesn’t tell us: 

▪ How is plasma supplied to the      
magnetosphere ? composition? 

▪ How does magnetic energy dissipate? 

▪ How do particles accelerate? 

▪ Other accretion regimes (missing physics)

→

Chashkina, Bromberg, AL 21



This talk focuses on

• Flares in MAD accretion  

• Plasma injection and GRPIC simulations 

• Jet acceleration and dissipation channels. 



Characteristic parameters

• BH angular velocity:   Hz 

• Magnetic field:     G 

• GJ density:      cm  

     minimum density required for BH activation    

      multiplicity:  

ΩH = ac/2rH ≈ 10−4 M−1
9

B = 104ℒ−1/2
j M−1/2

9 r̃−1

nGJ = Ω B
2πec ≈ 10−2 B4 M−1

9
−3

κ = n /nGJ

μ = m /mp, rg = GM/c2, ℒj = Lj /LEdd



Magnetization parameter 

• Magnetic extraction (BZ process):   

• Effective dissipation in shocks:   
    Requires gradual MHD acceleration,  

• Efficient shock acceleration:   
   At higher values in non-or-mildly relativistic shocks  

• Relativistic reconnection & turbulence:   

    semirelativistic:  

σ ≫ 1

σ < 0.1
σ → Γ

σ < 10−3 (10−5)

σ > 1
σi < 1, σe ≫ 1



microscopic scales   
Collisionless plasma: 

• Skin depth:   

• Larmor  radius:      

• scale separation:   

             

Note: for ,  

l = c/ωp

rL = mc2

eB = l / σ

rg /l = 106.5 κM9B4

μ < γ >

B ∝ r−1 l /r ∝ r−1

Radiation: 

Scattering:   

Pair production: 

τ = σTκnGJrg < < 1

τpp = σTnphrg

reconnection 

shocks

Sironi+2015

Mahlmann +2022



I. Accretion dynamics: HE emission from 
equatorial current sheets

• Accretion flow during MAD states exhibits cyclic behavior. 
• During low accretion states current sheet forms 
• Rapid reconnection ensues and the cycle repeats

2D Ripperda + 20,  Chashkina + 21 
Extreme resolution 3D, Ripperda + 22

Chashkina + 21



• Available energy per particle: 

•  Synchrotron cooling limit: 

  peak at burn-off limit ~ 200 MeV 

  efficiency:  Lrad ~ 0.1 Ljet  (Bransgrove+ 21, Ripperda +22) 

• IC energies: 

       In M87  
    

Emission from current sheet

Above estimates hold if the multiplicity   κ < 109 B4
3/2  



II. Plasma injection in magnetosphere

• plasma source between inner and outer Alfven surfaces 
• escape time ≈ few rg/c   

Globus+AL 2014

Mass flux not conserved !   

There can be no continuous ideal  
MHD solution that extends from the 
horizon to infinity. 

 γγ → e±  in AGNs 

 νν → e±  in GRBs 

 mass loading ?

Where plasma should be injected?



➢ Protons have to cross magnetic field lines. Diffusion length over 
accretion time extremely small. 

➢ Instabilities or field reversals.  But intermittent spark gaps may 
still form.

• Protons from RIAF ? 
• Protons from n decay ? 
• e± from γγ annihilation ? 
• Other source ?

How to produce the required charge density?



Direct pair injection by γγ → e+ e- 

Requires emission of MeV photons:  

- Low accretion rates: from hot accretion flow  

- High accretion rate: from corona ?

γ γ
e+ e-

Li + 16

Example:  M87

AL & Rieger 11



Activation of a spark gap

•Activated when n < nGJ. 
Expected in M87 when 
accretion rate < 10-4 Edd. 

• Must be intermittent. 
(Segev+AL 17) 

• particle acceleration to 
VHE by potential drop.

AL 00; Neronov + 07, AL + Rieger 11, Broderick + 15; Hirotani+ 16, 17



Gap emission

• Curvature radiation  

• IC emission 

• Regulated by pp 

à Highly nonlinear

Seed photons

AL + Rieger 11



GRPIC Simulations
 Zeltron code (Benoit Cerutti) 
Recent works:  AL & Cerutti, Kisaka + 20,22 
Global 2D: Perfray+19, Crinquand + 20,21, El Mellah+ 22 

•  Fully GR (in Kerr geometry) 

•  Inverse Compton and pair production are treated using 

Monte-Carlo approach. 

• Curvature emission + feedback included 

• Resolves skin depth in 1D



1D simulations - example   
Pair-production opacity across gap

Radiation reaction limit

AL & Cerutti 18



Gap oscillations 

 Kisaka+ 20

Gap dynamics depends on global 
magnetospheric current!  

Chen & Yuan 20 
Kisaka, AL + 20



2D GRPIC with radiation
Crinquand + 20, 21 
El Mellah + 22 Radiation: 

Plasma (skin depth):



III. Dissipation of magnetized jets

     Large scale (ordered) B fields: 

efficient jet production (MAD, MCAF, etc.), but stable! 
• dissipation requires rapid growth of instabilities 

• MHD acceleration (at best ) 

      Small scale B field: 

quasi-striped configuration (good for dissipation)  

but how efficient ?

σ ∼ 1



Gradual MHD acceleration

• Requires differential collimation 
    Tchekhovskoy + 08;  Komissarov + 09; Lyubarsky 09, 11  

• Jet must be causal: 

•  Max Lorentz factor:      

• For strong causality, 

• Even in optimal case 

Γ < ( σ0

sin2 θ )
1/3

Shock acceleration requires further conversion of magnetic field, 
σ ≳ 1 → σ ≪ 1

σ0 ≫ 1 → σ ≳ 1

e.g., Zech & Lemoine 21 in case of extreme TeV blazars 



Kink instability

Mizuno + 14

Bromberg & Tchekhovskoy  16

• Toroidal field is unstable to kink modes 

• Generates helical twist, leads to turbulence and  
reconnection 

• Proper growth rate > 100 a/c (bromberg + 19)

Alves + 18



Simulations of kink instability with rotation

Courtesy Anna chashkina

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

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

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

relativistic reconnection in pair plasmas with strong guide fields
using local PIC simulations, and found a relation between the
strength of the guide field and the power-law index, α, of the DF,
f (γ)∝γ−α. In our work we find α≈3−5, which is in
agreement with their results for comparable strengths of the
reconnecting and guide magnetic field components. At this stage,
we find the maximum energy of accelerated particles to scale as
γmax≈χ rcore/rL0, where �r m c eBeL0

2
0 is a nominal cold

relativistic gyroradius, and χ≈1/6.6

Figure 1. From left to right: decreasing pitch (DP), increasing pitch (IP), and embedded pitch (EP) cases. In the top row, thick green lines show magnetic field lines.
Subsampled distribution of energetic particles is visualized as dots color-coded by their Lorentz factors. Plots are computed at t=60, 110, 90 rcore/VA
correspondingly, the onset times of the acceleration episode in each configuration (see the bottom panel). The middle row shows distribution functions (DFs) for all
three setups, each set of two plots shows DFs at the end of the simulation on the left for all three σ0=10, 20, 40 values, and the time evolution of the spectrum of the
σ0=40 run on the right. Panel (b) also includes Maxwellians fitted to the DFs; panels (e) and (h) show power laws fitted to the DFs. The bottom row shows statistics
of the acceleration events as a function of simulation time and particle energy. For a given particle at a particular energy, we classify the acceleration episode based on
if parallel or perpendicular electric field dominates particle energization. NP and N⊥ are the numbers of parallel and perpendicular acceleration events, respectively.
Initial particle distribution is a Maxwellian with a low temperature, � m c k10 e

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

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

3
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No hard component of particle  
DF due to: 

1. strong guid field 
2. low amplitude turbulence

PIC simulations, Davelaar + 20

Kink saturates at σ ∼ 1

Bart Ripperda, Anna Chashkina, Alexander Chernoglazov, Sasha 
Philippov, Jordy Davelaar, Omer Bromberg and Lorenzo Sironi 



Relativistic turbulence & reconnection
Comisso, Sironi 19,20,21

• Leads to reconnecting current sheets 
    But are they important?  

• Efficient particle acceleration ? 
      depends on various factors 

• Strong cooling has a dramatic effect 

• Anisotropic pitch angle distribution 
affects emission properties

Wan + 15 

Zhdankin + 17,19,20 

Demidem + 20

turbulent fluctuations dominates the energy gain of non-
thermal particles. High-energy particles cease to be effi-
ciently scattered by turbulent fluctuations when their
gyroradius exceeds the energy-carrying scale l ¼ 2π=kN ,
implying an upper limit to their Lorentz factor of
γc ∼ e

ffiffiffiffiffiffiffiffiffi
hB2i

p
l=mc2 ∼ ffiffiffiffiffi

σz
p

γth0ðl=de0Þ, which successfully
matches the scaling of γc on system size in the inset of
Fig. 2(b) (this argument assumes that turbulence survives
long enough to allow the particles to reach this upper limit).
By varying l=L, we have explicitly verified that γc ∝ l,
rather than γc ∝ L.
We have confirmed our main results with large-scale 3D

simulations, since several properties of the turbulence itself,
as the energy decay rate and the degree of intermittency, are
known to be sensitive to dimensionality [53]. Results from
our largest 3D simulation are presented in Fig. 3. The plot

of Jz in the fully developed turbulent state (top) shows the
presence of a multitude of current sheets, as found in 2D.
The particle energy spectrum evolution is presented in
Fig. 3(b). A pronounced nonthermal tail develops, whose
power-law slope and high-energy cutoff are remarkably
identical to its 2D counterpart (in the inset, we compare the
time-saturated spectra of 2D and 3D simulations for two
different box sizes, which nearly overlap).
To unveil the particle acceleration mechanisms, we have

tracked the trajectories of a random sample of∼106 particles
from a 2D simulation with σ0 ¼ 10, δBrms0=B0 ¼ 1, and
L=de0 ¼ 1640. In Fig. 4(a) we show the Lorentz factor
evolution of 10 particles that eventually populate the non-
thermal tail [i.e., with γ > 30 at ct=l ¼ 12, comparewith the
cyan line in Fig. 2(b)]. A common feature of these tracks is
the rapid energy increase from γ ∼ γth0 up to γ ∼ 10–100.
Indeed, we have verified that the overwhelming majority
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FIG. 2. Top: Particle spectrum evolution for the simulation in
Fig. 1. At late times, the spectrum displays an extended power-
law tail with slope p ¼ −d logN=d logðγ − 1Þ ∼ 2.9. The inset
shows the dependence of p on δB2

rms0=B
2
0 and σ0. Bottom:

Particle spectra at late times (ct=l ¼ 12) for simulations with
fixed σ0 ¼ 10, δBrms0=B0 ¼ 1, and l ¼ L=8, but different system
sizes L=de0 ∈ f410; 820; 1640; 3280; 6560g. The insets show the
dependence of p (dashed line is the asymptotic slope p ¼ 2.9)
and the cutoff Lorentz factor γc [dashed line is the predicted
scaling γc ∼

ffiffiffiffiffi
σz

p
γth0ðl=de0Þ] on the system size.
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FIG. 3. Top: Current density Jz at ct=l ¼ 4 from a 3D
simulation with σ0 ¼ 10, δBrms0=B0 ¼ 1, L=de0 ¼ 820, and
l ¼ L=4, showing the copious presence of current sheets.
Bottom: Time evolution of the corresponding particle spectrum.
The inset shows for two different box sizes that the time-saturated
particle spectra are almost identical between 2D (blue) and
3D (red).
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Note also that in the 3D case the magnetic energy decays faster
than in the 2D case (compare insets of Figures 3 and 4). We will
show that this leads to a reduced particle acceleration rate at late
times.

3.2. Particle Spectrum

The most interesting outcome of the turbulent cascade is the
generation of a large population of nonthermal particles. This is
shown in Figure 5 (for the 2D setup), where the time evolution
of the particle energy spectrum ( )H �dN d ln 1 is presented
(H � � E mc1 k

2 is the normalized particle kinetic energy).
As a result of turbulent field dissipation, the spectrum shifts to
energies much larger than the initial Maxwellian, which is

shown by the blue line peaking at �H H� _ �1 1 0.6th0 . At
late times, when most of the turbulent energy has decayed, the
spectrum stops evolving (orange and red lines): it peaks at
γ−1∼5 and extends well beyond the peak into a nonthermal
tail of ultrarelativistic particles that can be described by a power
law

⎛
⎝⎜

⎞
⎠⎟ ( )

H
H
H

H H H�
�
�

� �
�

dN
d

N
1
1

, for , 7
st

p

st c0

and a sharp cutoff for γ�γc. Here N0 is the normalization of
the power law and p is the power-law index, which is about 2.8
for the simulation results presented in the main panel of
Figure 5 (note that in our figures we plot dN/dln(γ−1) to

Figure 2. 3D plots of different fluid structures in fully developed 3D turbulence (at ct/l=2.7) with σ0=10, δBrms0/B0=1, and L/de0=820 (with l=L/4). The
displayed quantities are (from left to right, top to bottom) the fluctuation magnetic energy density in units of B0

2/8π, the current density Jz along the mean magnetic
field in units of en0c, the bulk dimensionless four-velocity Γβ, and the particle density ratio n/n0. Note that the color bars for Γβ and n/n0 are in logarithmic scale. An
animation showing the current density Jz in different x-y slices can be found at https://doi.org/10.7916/d8-prt9-kn88.
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see previous talk by Martin Lemoine



When is Kink instability generated?

Bromberg & Tchekhovskoy  16

3D simulations of a magnetic jet propagating in a star 

• kink instability requires strong collimation, .   
Develops fastest  in a collimation nozzle. 
(Bromberg&Tchehovskoy 16, Lyubarsky 12, Sobacchi + 17)  

• Saturates at equipartition, 

Γθ < 1

σ ∼ 1



Mertens + 16

rj ∝ z
0.56

rj ∝ z
0.8

Hada + 13

Naive estimate



quasi-striped jet

Reconnection of non-symmetric component

Romanova + Lovelace 92 
AL + Van Putten 97 
Drenkhahn + Spruit ’02 
AL+Globus ‘16

Can a jet form upon advection of 
small scale field?   

• Can lead to effective dissipation 

• Can alleviate the loading problem 



Accretion of magnetic loops

3D FF simulations, Mhalmann, AL, Alloy 21

Kadowaki, de Gouveia Dal Pino + 15

Reconnection can lead to electron acceleration in the jet + 
sheath. Potential site of VHE emission.

Van Putten + AL 03

Spruit, uzdenski, goodman

8 J. F. Mahlmann, A. Levinson and M. A. Aloy
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Figure 3. E�ciency of the BZ process ✏ (eq. 40) during the evolution of selected models of counter-rotating discs (cf. Table 1). The process e�ciency depends
on the structure of the magnetic loops in the AD, specifically on the chosen loop scale height and length, in a complex and non-linear way. The average
e�ciency ✏̄ of each model over the entire simulation period �ttot is indicated by a gray dashed line.

0.8) with duration �t ⇠ 100 rg follow each other in model C-
H4-L1, while only two peaks with ✏P > 0.8 and duration �t ⇠
100 rg are irregularly distributed in�ttot for model C-H2-L1. In both410

cases, e�cient episodes are followed by less powerful cycles. During
the absence of powerful outflows, we observe that the structure of
wound up field lines threading the BH horizon fails to open up to
high vertical extensions (see discussion in section 4.2). The rapid
release of flux tubes of shorter length is also imprinted onto the415

shown e�ciency curves by an increased small-scale variability due
to more incoherent flux structures arriving at the BH horizon.

For series A, average e�ciencies during the accretion of one
(or two, in case of the models of loop length l = 1rg) magnetic
loops are shown in Figure 4 (black symbols) as a function of the
logarithm of l ⇥ h, which is proportional to the cross-sectional area
(in the poloidal plane) of the magnetic flux tubes setup in the AD. In
this representation, one can identify a range of optimal loop cross-
section areas for which the average e�ciency is nearly maximal,
h✏i ⇡ 0.36 � 0.43. This range is rather broad and corresponds to
models with very similar loop cross-sectional area, namely, C-H2-
L2 and C-H4-L1 as well as C-H2-L4 and C-H4-L2. For very small
and very large loop areas, h✏i drops to lower values. We stress that

h✏i cannot be interpreted using independently l or h as parameters.
Only the combination of both (in the form h ⇥ l) permits finding
some empirical correlation between the geometrical properties of
the loops and the process e�ciency. After testing many di�erent
possibilities, we find that the average process e�ciency can be fit
by (see black line in Figure 4)

h✏i ' �0.21 [ln(h ⇥ l)]2 + 0.82 ln(h ⇥ l) � 0.29 . (41)

We also display the average e�ciency over the whole computed
time, ✏̄ , in Figure 4 (magenta symbols). The dependence on the
surface area of the loops found for h✏i is much less evident for ✏̄ .420

This is due to the fact that during the accretion of the first loop
the dynamics in the BH magnetosphere is still rather violent and
an approximately steady state has not been formed. We note that a
qualitatively similar di�erence between the first loop of the series
and the subsequent ones was also found by Parfrey et al. (2015). This425

behavior justifies our choice of measuring the average e�ciency
over the last loop accreted during �ttot, h✏i. It provides a cleaner
interpretation of the dependence of results on the model parameters.

MNRAS 000, 1–23 (2019)

2D FF simulations: Parfrey + 15
10 J. F. Mahlmann, A. Levinson and M. A. Aloy

Figure 7. The Br and B✓ components in the equatorial plane (model C-H4-
L2) show periodic in-spiraling of magnetic flux onto the central BH during
two subsequent episodes of e�cient energy extraction. The shown data has
a grid resolution of �x,y,z  0.25rg . The emerging spiral patterns show
3D e�ects in the plunging region, which break the axial symmetry.

of structures resembling a hairpin (using the naming convention of
Beckwith et al. 2009) in the plunging region, e�ectively connecting
the BH horizon with the AD by twisted magnetic field lines (see
panels a and d of Figure 6). The emerging field structure shows a
well ordered dipole component, the growth and decrease of which430

is linked to the energy pulses as depicted in Figure 3. At the same
time, the action of strong di�erential shear in the plunging region
(between the ISCO and the BH horizon) opens up magnetic field
lines of the previously accreted loop, forming an ordered magnetic
field of a parabola-like shape in the jet launching regions above435

the poles of the central BH (panel d). Though the accretion system
supplies tubes of zero net magnetic flux, this structure of ordered
magnetic fields is maintained over significant lengths compared
both to the loop size and the plunging time scale induced by rISCO.

Once a magnetic flux tube fully disconnects from the AD,440

several events occur in order to rearrange the magnetic field con-
figuration with the accretion of a new magnetic tube of opposite
polarity. During these processes, there is no e�cient Poynting in-
duced energy extraction across the BH horizon:

i) Establishment of quadrupole and higher multipoles (i.e. emer-445

gence of closed loops on either side of the equator, cf. Beckwith et al.
2008) small-scale structures resembling turbulence in the boundary
between regions of di�erent magnetic polarity (see Figure 6b and
c). This process comes along with the relaxation of the parabola-
like shape in the jet launching region, i.e. a biconic region with an450

approximate half-opening angle ⇠ 30� � 45� (see Figure 6a and d).
ii) Expelling of large-scale flux structures from the jet launching

region and replacing by the opposite polarity fields of the newly
accreting tube opening up from the AD (see Figure 6c).
iii) Evacuation of plasmoids with strong toroidal field dominance455

Figure 8. 3D impression of the accretion of one magnetic flux tube onto
a rapidly spinning BH (a⇤ = 0.9) in the C-L4-L2 model. The (outgo-
ing) Poynting flux emerging from the BH horizon is visualized by ribbons
coloured according to the strength of the associated radial energy flow (CGS
units; see the colour scale). The radial magnetic flux (absolute value) is de-
picted by the density plot, indicating 3D non-axisymmetric e�ects in the
plunging region. During peak outflow, extended helical structures of en-
ergy flow build up above the polar regions. Their confinement and strength
decreases after peak e�ciency. Click for animation (only Adobe Reader).

along the interface of opposite polarities into the jet launching region
and away from the central object (see Figure 6c).

During the phase of continuous accretion, the magnetic flux
through the equatorial plane builds up significant spiral modes (Fig-
ure 7). These structures are maintained throughout the entire evolu-460

tion of the accretion models. Similar 3D e�ects have been observed
by (Beckwith et al. 2009, cf. Figure 15) in the context of disconnect-
ing magnetic loops in the accretion funnel of a large-scale magnetic
flux system. During phases of e�cient energy extraction from the
central object (Figure 3), extended helical structures of (outgoing)465

Poynting flux are formed in the polar regions. Figure 8 shows such
structures for the C-H4-L2 model at the moment of peak e�ciency.

3.3.2 Co-rotating accretion disk

A stationary, axisymmetric force-free magnetospheres of a rotating
BH including both open and closed (co-rotating) fieldlines anchored470

in a thin disk was discussed, e.g. by Uzdensky (2005); Mahlmann
et al. (2018); Yuan et al. (2019a,b). In their equilibrium solutions all
closed fieldlines connect the BH horizon to the inner regions of an
equatorial (thin) disk up to a cylindrical radius rclose > rISCO. The
disc also supports open field lines beyond rclose. The foot points of475

both open and closed field lines anchored in the disc rotate with
the corresponding Keplerian angular velocity (see equation 30).
Closed fieldlines in this kind of magnetosperic topology allow for
the exchange of angular momentum between the BH and the AD.
Uzdensky (2005) further identifies the possibility of a combination480

of these closed fieldlines and open fieldlines extending to a region
far away from the central object in BH/AD systems, e�ectively ex-
tracting part of the energy by the BZ process (see also Contopoulos
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Example: 2D & 3D GRMHD simulations
Chashkina, Bromberg, AL 21

• Initial state: 3 magnetic loops with 
opposite polarity 

• Striped jet forms, but with lower 
efficiency 

• Can power corona (lamppost models)

3 loops
1 loop

plasmoids



Summary 
• Current sheets formed during MAD states may produce 

HE emission. 
      depending on multiplicity which is unknown 

• Nature of plasma source in the inner magnetosphere 
and polar jet is yet unresolved.   Do spark gaps form? 

      spark gaps are natural TeV emitters. 

• How jet magnetic field dissipates ? kink instability 
seems ineffective. 

• Can powerful striped jets form via accretion of small 
scale field?  


