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The M87 Jet

Astrophysical Jets
+ Astrophysical jets aretremendous, elongated, T —
and collimated outflows of plasma - .—
+Astrophysical jets can be observemn a huge
spatial and energetic scale reaching from stellar o A" cccccccc "
size to galaxy size awn-smons / -
+ There are many sourcesof jets
+ Jets (Outflows) area commonfeature In the "
universe

0.001 arcsecon ds

0.3 light years

+ The astrophysical jets seen iIn AGNs, BHBs, and
GRBs have a relativistic speed xelativistic jets v

0.00001 arcseconds
0.003 light years




Source of Jets

Stellar Objects

Physical System

Young Stellar Objects

25—

HXRBs/LXRBs
(microguasars)

jet with a

. Pulsars
relativistic speed

GammaRay Bursts

Protostars accreting from disks

NS/BH accreting from disks

Rotating Neutron Star

Merging NSs or BH forming inside collapsing star

Extragalactic

Active Galactic Nuclel

N e—————————————

Accreting supermassive BH in the core of galaxies




Relativistic Jets- Properties

+ Highly relativistic jets are lunching from accreting compact objects (BHS/NSSs,
~central engine?)

+ Jets transport energy and angular momentum from central engine to remote
locations and provide feedback to ISM/IGM

+ They arefast: Lorentz factors ~ a few to a few tens in AGNs anhicroquasars
(BHBs), and >100 in GRBs

+ High Lorentz factors mean thaspecial relativistic effectsare 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 1010 rg




Relativistic Jets- Radiation

+ Synchrotron radiation? Non-thermal electron + magnetic field
+ X-rays/Gammarays:

T+ Inverse Compton scattering? non-thermal electrons + photon field
+ Hadronic emission proces$?) 2 relativistic protons
+ Very high luminosities (10*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
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Relativistic Jets iIn AGNSs

Narrow Line + Jet launched fromthe vicinity of a suppermassive
Region BH (105_9 Msun)

Sl + ~10 % of AGN areradio-loud, i.e., have prominent
= jets

+ AGN jets can extend from ~ 1€ pc to several
Disk hundred kpc In size

Accretion

+ Jet composition iIsunknown (electron-ions or pair

e ., plasma)

Obscuring
Torus . + Jet powers: 104347 erg/s

+ Jet power integrated over radio source lifetime:

Urry & Padovani (1995)
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Blazars

+ AGN with relativistic jets seeralmost poleon

+ Two sub-category: Flatspectrum radio quasars
and BL Lac objects

+ Jet emission enhanced due to relativistic effects
by a factor of thousands

+ Broad-band SED dominated by northermal
emission from jets (Synchrotron + Inverse
Compton)

+ Emission from radio up tofeV gammarays

Log vL, [erg s-!]

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)Zd¢rmation mechanismn)
+ How are the jets accelerated up to relativistic speed?aceleration mechanisn)

+ How the collimated jet structure make?collimation mechanisn)

+ How the Jets remain stable over large distance?Jgt stability mechanisny

+ How to emit the radiation In the relativistic jets”NHadiation mechanism and
particle acceleration mechanisny
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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 jeltke outflows

+ Ingredients rotation, accretion disk, magnetic fields

+ Jet base: rotating disk or compact objects (BHS/NSs)

+The J et formation/ accel erati on mechar

+ The most promising mechanism Is the acceleration/formation bwytating, twisting
magnetic flelds(magnetohydrodynamic (MHD) proces$

+Ot her possibili1tires: gas pressur e, o

19



Acceleration & Collimation in MHD model

+ Assume: In an ideal MHD, Magnetic
plasma Is attached to magnetic field line
fields >/ Centrifugal J
+ Acceleration Accretiom disk_ force
- N > . qﬁtﬂg@v (-]94)7'
+ Magneto-centrifugal force /
+ Magnetic pressure ~__ accretion
(Like the expansion of spring) .
+ Extraction from BH energy Magnetic _,
+ Collimation Magnetic el ines
P field lines
+Magnetic pinch force @.35

(Like shrink lubber band
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Jet Formation / aceeleration Mechanism

+In 1deal 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 intotoroidal components

Pulsar
magnetosphere

Magnetized
accretion disk
around NSs and BHs
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Jet Formation & Acceleration from GRMHD Simulations

+Many GRMHD simulations of jet formation suggest that

+ a jet spine/funnel(Poyntingflux jet) driven by the magnetic fields threading the ergosphere via MHD
process or BlandfordZnajek process

+ may be surrounded bya broad sheath winddriven by the magnetic fields anchored in the accretion disk
(mildly-relativistic wind).
+HIigh magnetized flow accelerate$s | 1, but most of the energy remains in magnetic field.
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GRMHD Simulations of Jet Formation

+ Model the accretion flow (RIAF) onto a black hole
+ Torus In hydrodynamical equilibrium with weak poloidal-teld
+ Monitor accretion rate and evolve until quassteady state

Kerr black hole with a=0.94, SANE
model

Credit: L.Welh, L. Rezzolla,
Frankfurt BHCam team



MAD vs SANE (GRMHD Simulations)

RIAF model, two extreme situation
Magnetically Arrested Disk(MAD)
Standard And Normal Evolutio(SANE) .

3D GRMHD simulations with

a=0.94 =
Kerr BH a=0.9375
101 E
100 _ ]
E . 10
107 ;
10_2 I | 1 1
60 4 MAD 10
—— SANE
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Black Hole Shadows by EHT observations

+ EHT has observedasymmetric ring M8 7~
morphology of the central compact radio . (2 — 20) X 10~*Mnyr~1i ~ 163degree
source In M87 Mgy ~ 6.5 X 107 Mg

+ 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 1sveakly polarized
fractional pol. ~15%

+ Helical EVPA pattern suggests the existence of
a significant component of poloidal (radial,
and/or vertical) magnetic field

+ Model comparison suggestsMAD Is favored
than SANE

EHT M87 Paper I, V, VI 29



Jet Energetics

+ Gravity, Rotational energy (BH or accretion disk)

* Efficient conversion to EM energy

+ Poynting flux (magnetic energy)
easy to get ~ equipartition,
hard to get full conversion
+ Jet kinetic energy

Magnetic field Is media for a transmission not a source
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Jet Collimation

+ Jet Is produced byMHD processnear the central

magnetic hoop stress

objects and a magnetic field igightly tied (toroidal field “ ™ Ij r N

IS dominated)

: : B
+ Lorentz forcel plasma pressure & inertia F=1lijxB
t huge tension force of wound up magnetic field T
(hoop stress) compresses the flow towards the axis A § I
. . n r > T
Can jetmake self-collimatior? ~ S0 v
J A
t Answer: No! *
+ In the current closure region, the force acts to de <)
collimation L " <
+ Need external confinement )y
A ST ¥
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External Confinement

+|n 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 windrom the
outer parts of the disk.

+ N GRBSs, a relativistic jet from the
collapsing core pushes its way through
the stellar envelope ¢onfinemeni)

Jet

Poynting flux

L.

ergosphere

ST

Jet formation

- disk wind component
- ergospheric component

accretion disk

40



Collimation vs Acceleration

+ For jet collimation, external confinement Is necessary

+ Without external confinement, the flow Is nearadial and acceleration stops at an early
Stage (Tomimatsu1994; Beskinet al. 1998)

+ The gas pressure profile of the external confinement medium Is an Iimportant parameter

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

boundary, magnetic field configuration, and acceleration rat@chekovskoyet al. 2009, 2010;
Komissarovet al. 2009; Lyubarsky 2009, 2010).

+ Optimal collimationy pressure decrease slowly along jets
+ Optimal accelerations pressure decreases rapidly along jets
+ + Collimation and acceleration of jet are related (poloidal) magnetic field configuration

41



Effect of External Confinement

2D RMHD simulations Komissarov et al. 2009

+ S0me part of Jets can convert parabolic (z o< 74 conical (z X 1)
Poynting flux to Kinetic Energy acceleration: slow, acceleration: fast,

b Ut mo S t can®t . collimation: OK collimation: No

3000 -

+ Energy conversion 1900 slowto
become kinetic energy
dominated, It Is unreasonably
long distance =inconsistent of
observations

2000

| D00

(0 - : v t
0 w0 100 6O

+ We need to consider some sort of
dissipation(rapid energy
conversion)

Lorentz factor
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Jet Collimation Profile

+ The parabolic structure(z o« r-7)

maintains over 10 rs, external
conflnement Is achieved.

+ The transition of streamlines
presumably occurs beyond the
gravitational influence of the SMBH (=
Bondi radius)

+ Stationary feature HST1 is a
consequence ofthe jet recollimation
due to the pressure imbalance at the
transition

+ In the far region, the jet stream line Is
conical (z < r)
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=
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Jet Collimation Profile
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Jet Acceleration Profile

Transition of Sub to super-luminal motion

+In M87 Jet, the asymptotic accelerationfrom non In M87 jet
relativistic (0.01c) to relativistic speed (0.99c) Deprojected distance from the nuclevs: z (pe)
_ 1073 102 10! 1 101 10° 10° 10%
occurs over 10°°rs A B e ey es
+This isvery slow acceleration= consistent with 10" b it 99, 5
theoretical results? lm E}f 1
F 1 o om o H q ‘-
+The absence of bulkComptonization spectral 2
signatures In blazarsimplies that Lorentz 210t __ F
factors >10 must be attained at least ~1000 4 1 ;1
(Sikora et al. 05). < . P g
; . Bondi
+But according to spectral fitting, jets are already : ) - radius
matter-dominated at ~1000 ry (Ghisellini et al 10). N T AN
10! 102 10° 104 10° 10° 107

Distance from the nucleus: z (r.)

46 Asada & Nakamura (2014)



Regions of AGN Jet Propagation

Jet Collimation/Acceleration Region

Jet Launching Region (1071003 Launching Region)
Modified from Graphic
courtesy David Meler
Sheath
el \ P\~ ~ ’ ‘/,/ ///7{‘”/{’/
ST () A G GFAZ AN )
RO e TR I ,;%"m"‘% AALZ 'wfﬁf %W%?
.. L e T AT td (N (/1 9457 72 /X / N 10 2 79% 8
T 0 speed spine |\ | AAIMIIECA 7/ }/’/Mlﬂ%ﬁﬂ/’
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. . s e M= Collimation . .
Poynting Flux Dominated Shock Kinetic Energy-Elux Dominated
with Tangled (?) Field

+ Jet launching by magnetohydrodynamic (MHD) process 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 higanergy emission with shordtime variability
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Dissipation In Jets

+ Time-dependent energy injection to the jet

t Internal shocksin jets

+ Sudden change of confined external medium spatial profile

t Recollimation shock / rarefaction acceleration

+ Magnetic field reversal or deformation of ordered magnetic field
t Magnetic reconnection

+ MHD Instabllitiesin jets

T+ KelvinHelmholtz instability at jet boundary

T+ Current-Driven Kink instability at jet interior

t Turbulencein the jets and/or magnetic reconnection?

49



Key Questions of Jet Stability

+ Possibility to grow of two major instabilities when jets propagate outward

2 KelvinrHelmholtz (KH) instability
+|Important at the shearing boundary flowing jet and external medium

+ |n kinetic-flux dominated jet(>10° ry)

2 Current-Driven (CD) Instabllity
+Important in existence of twisted (helical) magnetic field
+ Kink mode (m=1) Is most dangerous In such system
+|n Poynting-flux dominated jet(<10° r)
Questions:

How do jets remalin sufficiently stable?
What are the Effects & Structure of instabilities in particular jet configuration?

I+ I+
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Ultra-Fast TeV Flare Iin Blazars

PKS2155304 (Aharonian et al. 2007)
AUltra-Fast TeV flares are observed in some Blazars.  See also Mk501, PKS1222+21

AVariation timescale:t,~3min << RJ/c ~ 3My hour o . o ;
AFor the TeV emission to escape pair creation.>50 2 s 4 1§ {#% @ :
IS required (Begelman+ 08) SO LY E
ABut bulk jet speed is not so highr(~ 5-10) = :
AEmitter: compact & extremely fast gy —— — R—— S .
020 60 80 100 120
Time - MJD53944.0 [min]
AN\
AProposed Model: Magnetic Reconnection inside jet e L
(Giannios+ 09) rins*3
. . . . II'IH ~ - I I'r”‘r ‘f r;;u
AQuestions: How to make magnetic reconnection In | = 1/
j e t? ” R em ittirllg hli bs

- Giannios et aI.(2009)



Regions of AGN Jet Propagation

Current-Driven Kink Instability
(strongly magnetized regime)

Jet Launching Region

v

Jet Collimation/Acceleration Region
(1071003 Launching Region)

Modified from Graphic
courtesy David Meler
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CD Kink Instability

Schematic picture of

CD kink instability
L.

Instability for q, .= 2

+ Wellknown instability in laboratory plasma _ an )N
(TOKAMAK), astrophysical plasma (Sun, jet, pulsar - t(% ]
etc). r D)

|

+ In configurations with strongoroidal magnetic fields P w
current-driven (CD) kink mode (m=1) Is unstable LB eTaBILITY

+ This Instability excitedarge-scale helical motionsthat
can be strongly distort or even disrupt the system

+ Distorted magnetic field structure may trigger of

magnetic reconnection.

LINEAR KINK NONLINEAR KINK
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3D RMHD simulation of CD kink
instability in PWNgMizuno+ 11)



CD Kink Instability N Jets - WHTemporal properties
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Magnetic Reconnection

+ |deal MHDgives frozen in magnetic fields.

+ Resistive MHD(non-ideal MHD) allows diffusion of
fields.

+ Magnetic reconnection occurs through diffusion in
narrow current sheets.

+ Magnetic reconnectionis 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.

: i
- =
ot < i3
,-——4—‘[" Vn
> 2L
Vin :
<= R e 25
Vout Vin

3 2L
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Magnetic Reconnection

Dissipation of alternating magnetic fields in the jet
(e.g., Glannios& Spruit 05,07; Glannios06,08; McKinney &Uzdensky2012) “@‘
A;

’ “. ) Type D
AL _ IS=—>»

===

b Type C
= % -
> =
>

A Type B(detail)

%‘%

Type A(detail)
TypeA TypeB&TypeC TypeD
o Dk alternative polarity multipolar Ordered field
N by misaligned dipole field (local broken by Type Aand Type B

field closed field) instability

58 McKinney &Uzdensky(2012)



Searching of Magnetic Reconnection Site

Observer Frame (primed variables) Jet Frame Reconnection Frame (tilded variables)

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

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

+ Using magnetic reconnection search algorithm to find thécal reconnection site
+ Evaluate magnetic reconnection rate

Kadowaki, YM+ (2021)
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Magnetic Reconnection In Jets

+ Looking formagnetic reconnection site(opposite color:density
field topology) in helically twisted jets by CD kink &'/ Y R
instability oo : .

+ Calculate reconnection rate, <vrec> ~ 0.05 oo jet 92"49

+ In agreement with relativistic turbulent - :Eé&‘g
reconnection simulation (Takamoto+ 15) . <ZJFsP

.di)
2
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Particle Acceleration In Jets

+ Local magnetic reconnection In jets wilheat the plasmaand accelerates particlesto
relativistic velocities by st-order Fermi acceleration process

+ Performed testparticle simulations of Fermi acceleration in turbulent fields developed
by CD kink instability in relativistic jets

on Particle Kinetic Energy Distribution Evolution

10" E

o'l Periodic in all directions
(test p1)

......
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1[) | | § 1 0
10° 10! 102 10° 10° the box

Time [A)

~ Particles free to
in all

64 Medina-Torrejon, YM+ (2020)



Particle Acceleration

+ Injected 10,000 patrticles (initially Maxwellian with 8 K and meanExin ~ 1MeV (~10° mpc?))

for backgroundB ~ 0.1G

+ Particles are mainly accelerated along wiggling jet spirwhich has large distortion by CD Kkink
Instability and development of turbulence.

+ Particle accelerated larger thanl00 MeV (~0.1mxc?)
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Particle Acceleration

max energy growth (saturation)

~ Larmor radius E/qB)= jet diameter number of
particles
109 Particgle Mean Gyroradius . l 150
L =™ :
107 ] | Il
106 | 3 12 i -
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1072 _
- exponential growth due
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ST PN e, , acceleration in current
10° 10! ik 103 104
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Particle Spectrum

+ Particles haveMaxwellian distribution
initially (red)

+ AS particles accelerate, populatenigher
energy tail,spectrum becomesflatter.

+ In late acceleration time, distribution has
very flat powerlaw profile Due to no
escape from acceleration zone (particles
are re-enter) & radiative loss (nature
should have p>1)
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Regions of AGN Jet Propagation

KelvinHelmholtz Instability
(weakly magnetized regime)

Jet Collimation/Acceleration Region

Jet Launching Region (10710023 Launching Region)
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Stability of Magnetized Jet by KHI

+ |n previous works, KH instabllity istable In sub-Alfvenic jet regime(the magnetic
field Is strong).

+ But observed jet iskinetic energy I1s dominatedmagnetic energy Is weak) and jet IS
super-Alfvenic

+ |s relativistic jet unstable for KH mode everywhere?

+ New idea: spine-sheath configuration (tweflow components)Y supported from
GRMHD simulations of jet formation (fast jet spine + slow sheath wind)
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KH Instability

3D isovolume density N0 WInd (single jet) case External wind (spinesheath) case |
RHD, no wind, w=0.93, time=60.0 RHD, wind, w=0.93, time=60.0 Weaklymagnetized

— ]

+ |nitial: Cylindrical superAlfvenic jet (w/w.o. wind)with a parallel magnetic fieldstable against CD
Instabilities)

+ The precession perturbation from jet inlet leads tgrow of KH instabilityand it disrupts jet structure Iin
non-linear phase

+ Growth/damp of KH instability and jet structure are different in each cases. YM+ (2007)
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Effect of Magnetic Field and Sheath Wind

1D radial velocity profile along jet
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+ The sheath flowreduces the growth rate of KH modes
+ The magnetized sheatireduces growth rate relative to the weakly magnetized case
+ The magnetized sheath flondamped growth of KH modes =stabllize

Criterion for damped KH modes:
(linear stability analysis)

2
7?72 (uj ~ ue) < Vjs
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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

make turbulence at jet spine and sheath

Jet shear region Is potential particle acceleration site
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Osclillation of M87 Jet

Relative Dec (mas)
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AQuasiperiodic oscillation of jet: 11 years
APrecession angle: ~1 degree

Ro et al. (2023)

ARidge lines exhibit transverse oscillations
Aaverage period: ~ 0.94:0.12 year
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