
Magnetic Dissipation in Relativistic Jets

Yosuke Mizuno 
Tsung-Dao Lee Institute, Shanghai Jiao Tong University

1st Plasma Astrophysics School and Workshop (PASW25),Wuhan, China, 27-30 March, 2025
1



Table of Contents

± Introduction of relativistic jets

± The jet formation, acceleration, and collimation mechanism

± Instabilities in relativistic jets

±Current-driven instability (magnetized regime)

± Kelvin-Helmholtz instability (kinetic regime)

± Recollimation shock in relativistic jets

± Summary

2



Astrophysical Jets

±Astrophysical jets are tremendous, elongated, 

and collimated outflows of plasma

±Astrophysical jets can be observed on a huge 

spatial and energetic scale reaching from stellar 

size to galaxy size

±There are many sources of jets

±Jets (Outflows) are a common feature in the 

universe

±The astrophysical jets seen in AGNs, BHBs, and 

GRBs have a relativistic speed = relativistic jets
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Source of Jets

Stellar Objects Physical System

Young Stellar Objects Protostars accreting from disks

HXRBs/LXRBs 

(microquasars)
NS/BH accreting from disks

Pulsars Rotating Neutron Star

Gamma-Ray Bursts Merging NSs or BH forming inside collapsing star 

Extragalactic

Active Galactic Nuclei Accreting supermassive BH in the core of galaxies

jet with a 

relativistic speed
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Relativistic Jets - Properties

±Highly relativistic jets are lunching from accreting compact objects (BHs/NSs, 

¯central engine°) 

±Jets transport energy and angular momentum from central engine to remote 

locations and provide feedback to ISM/IGM

±They are fast: Lorentz factors ~ a few to a few tens in AGNs and microquasars 

(BHBs), and >100 in GRBs

±High Lorentz factors mean that special relativistic effects are important (general 

relativistic effects is also important in the vicinity of compact objects).

±Jet phenomenon bridges many orders of magnitude in size: forming in size scale of 

rg and extending up to 109-10 rg  
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Relativistic Jets - Radiation

±Synchrotron radiation ² Non-thermal electron + magnetic field

±X-rays/Gamma-rays:

±Inverse Compton scattering ² non-thermal electrons + photon field

±Hadronic emission process(?) ² relativistic protons

±Very high luminosities (1044-47 ergs/s in quasars)

±Jets contain highly relativistic charged particles and magnetic field => need efficient 

particle acceleration mechanisms

±Understanding jet emission requires both classical and quantum mechanics as well 

as special and general relativity 

11



Relativistic Jets in AGNs

±Jet launched from the vicinity of a supper-massive 

BH (105-9 Msun)

±~10 % of AGN are radio-loud, i.e., have prominent 

jets

±AGN jets can extend from ~ 10-4 pc to several 

hundred kpc in size

±Jet composition is unknown (electron-ions or pair 

plasma)

±Jet powers: 1043-47 erg/s

±Jet power integrated over radio source lifetime: 

1057-62 erg

Urry & Padovani (1995)
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Blazars

±AGN with relativistic jets seen almost pole-on

±Two sub-category: Flat-spectrum radio quasars 

and BL Lac objects

±Jet emission enhanced due to relativistic effects 

by a factor of thousands

±Broad-band SED dominated by non-thermal 

emission from jets (Synchrotron + Inverse-

Compton)

±Emission from radio up to TeV gamma-rays

Averaged SED of Blazars 

(Fossati et al. 1998)
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Fundamental Problems of Relativistic Jets

±How are the jets formed near the compact objects (BHs)? (formation mechanism)

±How are the jets accelerated up to relativistic speed? (acceleration mechanism)

±How the collimated jet structure make? (collimation mechanism) 

±How the jets remain stable over large distance? (Jet stability mechanism)

±How to emit the radiation in the relativistic jets? (Radiation mechanism and 

particle acceleration mechanism)
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Jet Formation Mechanism

±Jet is formed near the central compact objects (BHs/NSs)

±Some accreting matter is getting some force to make jet-like outflows

±Ingredients: rotation, accretion disk, magnetic fields

±Jet base: rotating disk or compact objects (BHs/NSs)

±The jet formation/acceleration mechanism is still under debate but ¤

±The most promising mechanism is the acceleration/formation by rotating, twisting 

magnetic fields (magnetohydrodynamic (MHD) process)

±Other possibilities: gas pressure, radiation pressure, ¤ 
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Acceleration & Collimation in MHD model

±Assume: in an ideal MHD, 

plasma is attached to magnetic 

fields

±Acceleration

±Magneto-centrifugal force

±Magnetic pressure

(Like the expansion of spring)

±Extraction from BH energy

±Collimation

±Magnetic pinch force

(Like shrink lubber band)
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Jet Formation / aceeleration Mechanism

Pulsar 

magnetosphere

Magnetized 

accretion disk 

around NSs and BHs

Magnetized 

collapsing star 

(GRBs) 

Magnetosphere of 

rotiating BH

±In ideal MHD limit (infinite conductivity), plasma flow (motion) is connected with 

magnetic field

±The rotation of accretion disks or compact objects (BHs / NSs) twisted up the 

magnetic field into toroidal components
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Jet Formation & Acceleration from GRMHD Simulations
±Many GRMHD simulations of jet formation suggest that

±a jet spine/funnel (Poynting-flux jet) driven by the magnetic fields threading the ergosphere via MHD 

process or Blandford-Znajek process

±may be surrounded by a broad sheath wind driven by the magnetic fields anchored in the accretion disk 

(mildly-relativistic wind).

±High magnetized flow accelerates ‎ḻ1, but most of the energy remains in magnetic field. 
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red: „=1 blue: Geometric 

Bernoulli criteria (ut=-1)

Porth et al. (2019)



GRMHD Simulations of Jet Formation

±Model the accretion flow (RIAF) onto a black hole

±Torus in hydrodynamical equilibrium with weak poloidal B-field

±Monitor accretion rate and evolve until quasi-steady state

Kerr black hole with a=0.94, SANE 

model

Credit: L.Weih, L. Rezzolla, 

Frankfurt BHCam team 27



MAD vs SANE (GRMHD Simulations)

SANE MAD

plasma betadensity magnetisation

side view

top view

3D GRMHD simulations with 

a=0.94

RIAF model, two extreme situation

Magnetically Arrested Disk (MAD)

Standard And Normal Evolution (SANE) 
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Black Hole Shadows by EHT observations

ὓḐ ς ςπ ρπὓṩώὶ ὭḐρφσὨὩὫὶὩὩ
ὓ ḐφȢυ ρπὓṩ
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±EHT has observed asymmetric ring 

morphology of the central compact radio 

source in M87

±Interpreted as lensed emission from the Kerr 

black hole shadow

±Ring-like emission comes from the accretion 

flows or the jet base

±The emission ring is weakly polarized: 

fractional pol. ~15%

±Helical EVPA pattern suggests the existence of 

a significant component of poloidal (radial, 

and/or vertical) magnetic field

±Model comparison suggests MAD is favored

than SANE

EHT M87 Paper I, V, VIII



Jet Energetics

±Gravity, Rotational energy (BH or accretion disk)

±Poynting flux (magnetic energy)

±Jet kinetic energy

Magnetic field is media for a transmission not a source

Efficient conversion to EM energy

easy to get ~ equipartition,

hard to get full conversion
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Jet Collimation
magnetic hoop stress

±Jet is produced by MHD process near the central 

objects and a magnetic field is tightly tied (toroidal field 

is dominated)

±Lorentz force ḻ plasma pressure & inertia

ᵼ huge tension force of wound up magnetic field 

(hoop stress) compresses the flow towards the axis

Can jet make self-collimation?

ᵼ Answer: No!

±In the current closure region, the force acts to de-

collimation

±Need external confinement
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External Confinement

±In BH-acreretion disk systems, the 

relativistic outflows from the black hole 

and the internal part of the accretion disk 

could be confined by the mildly-

relativistic magnetized wind from the 

outer parts of the disk.

±In GRBs, a relativistic jet from the 

collapsing core pushes its way through 

the stellar envelope (confinement)
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Collimation vs Acceleration

±For jet collimation, external confinement is necessary

±Without external confinement, the flow is near radial and acceleration stops at an early 

stage (Tomimatsu 1994; Beskin et al. 1998)

±The gas pressure profile of the external confinement medium is an important parameter

±The spatial distribution of confining gas pressure determines the shape of the jet flow 

boundary, magnetic field configuration, and acceleration rate (Tchekovskoy et al. 2009, 2010; 

Komissarov et al. 2009; Lyubarsky 2009, 2010).

±Optimal collimation ᵾ pressure decrease slowly along jets

±Optimal acceleration ᵾ pressure decreases rapidly along jets

±ᵼ Collimation and acceleration of jet are related (poloidal) magnetic field configuration
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Effect of External Confinement

parabolic (ᾀθ ὶ)

acceleration: slow, 

collimation: OK

conical (ᾀθ ὶ)
acceleration: fast, 

collimation: No

Lorentz factor

2D RMHD simulations (Komissarov et al. 2009)

±Some part of jets can convert 

Poynting flux to Kinetic Energy 

but most can®t.

±Energy conversion is too slow to 

become kinetic energy 

dominated, it is unreasonably 

long distance = inconsistent of 

observations. 

±We need to consider some sort of 

dissipation (rapid energy 

conversion)
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Jet Collimation Profile

Parabolic streamline

(confined by ISM?)

Over-collimation at 

HST-1 stationary 

knot (recollimation 

shock?)

HST-1 region

Asada & Nakamura (2012), Hada et al. (2013)

M87

Conical streamline

(unconfined, free 

expansion)
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±The parabolic structure (ᾀθ ὶȢ) 

maintains over 105 rs, external 

confinement is achieved.

±The transition of streamlines 

presumably occurs beyond the 

gravitational influence of the SMBH (= 

Bondi radius)

±Stationary feature HST-1 is a 

consequence of the jet recollimation 

due to the pressure imbalance at the 

transition

±In the far region, the jet stream line is 

conical (ᾀθ ὶ)



Jet Collimation Profile

Asada & Nakamura (2012), Hada et al. (2013)

M87

NLSy1 1H0323+342
Hada et al. (18)

3C273
Akiyama et al. (18)

NGC4261

Nakahara et al. (18)
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Jet Acceleration Profile

±In M87 jet, the asymptotic acceleration from non-

relativistic (0.01c) to relativistic speed (0.99c) 

occurs over 102-5 rs 

±This is very slow acceleration = consistent with 

theoretical results?

±The absence of bulk-Comptonization spectral 

signatures in blazars implies that Lorentz 

factors  >10 must be attained at least ~1000 rg 

(Sikora et al. 05).

±But according to spectral fitting, jets are already 

matter-dominated at ~1000 rg (Ghisellini et al 10).

Transition of Sub- to super-luminal motion 

in M87 jet 

Asada & Nakamura (2014)

Bondi 

radius
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Regions of AGN Jet Propagation

Jet Launching Region

Jet Collimation/Acceleration Region

(10 ï100 ³ Launching Region)

Slow 

MS Point

Alfven Point

Fast MS Point

Modified Fast Point

Collimation 

Shock 
Kinetic Energy Flux Dominated 

with Tangled (?) Field

High speed spine

Sheath

Poynting Flux Dominated

±Jet launching by magnetohydrodynamic (MHD) process ᵼ Poynting flux dominated jet with twisted magnetic 

field

±Need rapid magnetic energy dissipation to make a kinetic energy dominated jet at large scale 

(observationally supported)

±Energy dissipation may related particle acceleration and high-energy emission with short-time variability

Modified from Graphic 

courtesy David Meier
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Dissipation in Jets

±Time-dependent energy injection to the jet

ᵼ Internal shocks in jets

±Sudden change of confined external medium spatial profile 

ᵼ Recollimation shock / rarefaction acceleration

±Magnetic field reversal or deformation of ordered magnetic field

ᵼ Magnetic reconnection

±MHD Instabilities in jets

±Kelvin-Helmholtz instability at jet boundary

±Current-Driven Kink instability at jet interior 

ᵼ Turbulence in the jets and/or magnetic reconnection?
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Key Questions of Jet Stability
±Possibility to grow of two major instabilities when jets propagate outward

²Kelvin-Helmholtz (KH) instability

±Important at the shearing boundary flowing jet and external medium

± In kinetic-flux dominated jet (>103-5 rs)

²Current-Driven (CD) instability

±Important in existence of twisted (helical) magnetic field

±Kink mode (m=1) is most dangerous in such system

±In Poynting-flux dominated jet (<103-5 rs)

Questions:

±How do jets remain sufficiently stable? 

±What are the Effects & Structure of instabilities in particular jet configuration?
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Ultra-Fast TeV Flare in Blazars
PKS2155-304 (Aharonian et al. 2007)

See also Mrk501, PKS1222+21

Giannios et al.(2009)

Å Ultra-Fast TeV flares are observed in some Blazars.

Å Variation timescale: tv~3min << Rs/c ~ 3M9 hour

Å For the TeV emission to escape pair creation ‎em>50 

is required (Begelman+ 08)

Å But bulk jet speed is not so high (‎~ 5-10)

Å Emitter: compact & extremely fast 

Å Proposed Model: Magnetic Reconnection inside jet 
(Giannios+ 09)

Å Questions: How to make magnetic reconnection in 

jet?
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Regions of AGN Jet Propagation

Jet Launching Region

Jet Collimation/Acceleration Region

(10 ï100 ³ Launching Region)

Slow 

MS Point

Alfven Point

Fast MS Point

Modified Fast Point

Collimation 

Shock 
Kinetic Energy Flux Dominated 

with Tangled (?) Field

High speed spine

Sheath

Poynting Flux Dominated

Modified from Graphic 

courtesy David Meier
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Current-Driven Kink Instability

(strongly magnetized regime)



CD Kink Instability Schematic picture of 

CD kink instability

±Well-known instability in laboratory plasma 
(TOKAMAK), astrophysical plasma (Sun, jet, pulsar 
etc).

±In configurations with strong toroidal magnetic fields, 
current-driven (CD) kink mode (m=1) is unstable.

±This instability excites large-scale helical motions that 
can be strongly distort or even disrupt the system

±Distorted magnetic field structure may trigger of 
magnetic reconnection.

3D RMHD simulation of CD kink 

instability in PWNe (Mizuno+ 11)54



CD Kink Instability in Jets

Density 

+ B-field

jet

jet

Density 

+ B-field

Temporal properties

Spatial properties

Å Helical structure is developed by CD kink instability. 

Å Magnetic energy in the jets converts thermal & kinetic energies by 

development of instability (via turbulence)

Å Jet structure is strongly deformed but may be not disrupted 

entirely (depends on magnetic pitch, density, & flow profiles).

± Instability is trigger of magnetic 
dissipation through magnetic 
reconnection & turbulence 

ᵼ rapid magnetic dissipation

YM+ (09, 11b, 12, 14b), Singh, YM+ (15), Kadowaki, YM+ (20)
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Magnetic Reconnection

±Ideal MHD gives frozen in magnetic fields.

±Resistive MHD (non-ideal MHD) allows diffusion of 

fields.

±Magnetic reconnection occurs through diffusion in 

narrow current sheets.

±Magnetic reconnection is the process of a rapid 

rearrangement of magnetic field topology.

±Magnetic energy could be converted to thermal and 

kinetic energies

±Problem: How can differently oriented magnetic field 

lines come close each other?

±Global MHD instability

±Alternating B-field formed at jet begins.
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Magnetic Reconnection
Dissipation of alternating magnetic fields in the jet 
(e.g., Giannios & Spruit 05,07; Giannios 06,08; McKinney & Uzdensky 2012)

alternative polarity 

by misaligned dipole 

field

multipolar 

field (local 

closed field)

Ordered field 

broken by 

instability

McKinney & Uzdensky (2012)58



Searching of Magnetic Reconnection Site

±Using data from 3D RMHD simulations of CD kink instability based on Mizuno+ (12)

±using periodic boundary along jet direction and follows growth of a few wavelength of CD kink 

instability

±Using magnetic reconnection search algorithm to find the local reconnection site

±Evaluate magnetic reconnection rate 

Kadowaki, YM+ (2021)
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Magnetic Reconnection in Jets

Magnetic reconnection rate

color: current

color:density±Looking for magnetic reconnection site (opposite 

field topology) in helically twisted jets by CD kink 

instability

±Calculate reconnection rate, <vrec> ~ 0.05

±In agreement with relativistic turbulent 

reconnection simulation (Takamoto+ 15) 

Kadowaki, YM+ (2021)
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Particle Acceleration in Jets

±Local magnetic reconnection in jets will heat the plasma and accelerates particles to 

relativistic velocities by1st-order Fermi acceleration process.

±Performed test-particle simulations of Fermi acceleration in turbulent fields developed 

by CD kink instability in relativistic jets

Medina-Torrejon, YM+ (2020) 64



Particle Acceleration

xy-plane xz-plane yz-plane

±Injected 10,000 particles (initially Maxwellian with 1010 K and mean Ekin ~ 1MeV (~10-3 mpc2)) 

for background B ~ 0.1G

±Particles are mainly accelerated along wiggling jet spine which has large distortion by CD kink 

instability and development of turbulence.

±Particle accelerated larger than 100 MeV (~0.1mpc2)

t=50 c.u.
histogram of particles larger than 100 MeV

yellow color: current
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Particle Acceleration

t=50

number of 

particles

initial slow drift

exponential growth due 

to stochastic Fermi-like 

acceleration in current 

sheet

max energy growth (saturation)

~ Larmor radius (E/qB)= jet diameter
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Particle Spectrum

±Particles have Maxwellian distribution 

initially (red)

±As particles accelerate, populate higher 

energy tail, spectrum becomes flatter.

±In late acceleration time, distribution has 

very flat power-law profile. Due to no 

escape from acceleration zone (particles 

are re-enter) & radiative loss (nature 

should have p>1)

initial
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Regions of AGN Jet Propagation

Jet Launching Region

Jet Collimation/Acceleration Region

(10 ï100 ³ Launching Region)

Slow 

MS Point

Alfven Point

Fast MS Point

Modified Fast Point

Collimation 

Shock 
Kinetic Energy Flux Dominated 

with Tangled (?) Field

High speed spine

Sheath

Poynting Flux Dominated
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Kelvin-Helmholtz Instability

(weakly magnetized regime)



Stability of Magnetized Jet by KHI

±In previous works, KH instability is stable in sub-Alfvenic jet regime (the magnetic 

field is strong).

±But observed jet is kinetic energy is dominated (magnetic energy is weak) and jet is 

super-Alfvenic.

±Is relativistic jet unstable for KH mode everywhere?

±New idea: spine-sheath configuration (two-flow components) Ŷsupported from 

GRMHD simulations of jet formation (fast jet spine + slow sheath wind)
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KH Instability

±Initial: Cylindrical super-Alfvenic jet (w/w.o. wind) with a parallel magnetic field (stable against CD 

instabilities)

±The precession perturbation from jet inlet leads to grow of KH instability and it disrupts jet structure in 

non-linear phase.

± Growth/damp of KH instability and jet structure are different in each cases. 

3D isovolume density
No wind (single jet) case External wind (spine-sheath) case

jet

Weakly-magnetized

Strongly-magnetized

YM+ (2007)

72



Effect of Magnetic Field and Sheath Wind
1D radial velocity profile along jet

Criterion for damped KH modes:

(linear stability analysis) 

±The sheath flow reduces the growth rate of KH modes 

±The magnetized sheath reduces growth rate relative to the weakly magnetized case 

±The magnetized sheath flow damped growth of KH modes = stabilize.
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Particle Acceleration at Jet Shear Region

±Simulation: 3DRMHD Jet propagation with magnetic field

±Excite KH Instability at jet shear region with external medium ᵼ 

make turbulence at jet spine and sheath

±Jet shear region is potential particle acceleration site 

Wang, Reville, YM et al. (2022)

Kolmogolov

Spectrum of turbulent 

(velocity & B-field)

spectral index of shear-

accelerated particle distribution

spectral 

index

jet velocity
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Oscillation of M87 Jet

75

EAVN VLBI:

43 & 22 GHz

Cui et al. (2023)

ÅQuasi-periodic oscillation of jet: 11 years

ÅPrecession angle: ~1 degree

Ro et al. (2023)

ÅRidge lines exhibit transverse oscillations

Åaverage period: ~ 0.94±0.12 year 


