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Outflows in high energy astrophysics
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Theoretical issues on black hole jets
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GR-MHD simulation

Koide et al. 2000; Komissarov 2001; McKinney & Gammie 2004; Barkov & Komissarov 2008;
Tchekhovskoy et al. 2011; Ruiz et al. 2012; Contopoulos et al. 2013; Takahashi et al. 2016;
Nakamura et al. 2018; Porth et al. 2019

Energy Injection L;
« BH or disk?

Mass injection M;
* Qutflow + inflow structure in funnel
Acceleration
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cf. King & Pringle 2021

B field flux
Collimation
Global/local stability
Dissipation
Emission



Debates on energy injection mechanism
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Vacuum solution of E/B field in
Kerr spacetime
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Force-free solution of E/B/p/J in (fixed) Kerr spacetime:

BH charge Q E - B = 0 by plasma, outward Poynting flux (BZ process)
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BZ process keeps Kerr spacetime

GRS - gt = gRsrTOMAD g gother 4 [0 = 2 terms] + O(a®) + O(8%),
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Wald 1974; Blandford & Znajek 1977; M. Kimura, Harada, Naruko & KT 2021; Komissarov 2021



ldeal MHD steady axisymmetric solutions

Outflow + inflow structure
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Loading zone (v=0) between the
outflow and inflow

Huang, Pan & Yu 2020; Ogihara, Ogawa & KT 2021
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Transverse structure
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E(W),L(P), 0 (W), n(¥) are determined by Znajek condition,
given u, at separation surface, outer fast point, and
transverse force balance for given ¥(r, 8)



Walker et al. 2018
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Jet axial distance (de-projected): z (rg)

Radio jet emission is produced in funnel region(?)
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Funnel wall
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Can these blobs
accelerate to I ~ several?
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Magnetic-Arrested-Disk 2D PIC simulation of shear flow

in 2D GR-resistive MHD simulation with AMR (with thickness A > ¢/w,) 2007100 0 100 200
2D PIC (e+e-) simulation of

: . . magnetic reconnection
Ripperda et al. 2020; Wong et al. 2021; Sironi, Rowan & Narayan 2020; Sironi, Giannios & Petropoulou 2016



Hadronic emission
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« One-zone steady MAD model (n~10°> cm-3,

T,~20 MeV, B~20 G for M87)

« Assume non-thermal p/e by relativistic

magnetic reconnection and/or turbulence

« Bright GeV emission from disk lead to high rate
of yy annihilation in jet: n; ~ 100 ng,

S. S. Kimura & KT 2020
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cf. Levinson & Rieger 2011; Moscibrodzka et al. 2011
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M87: density and B field
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Blazars: jets viewed on-axis
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Magnetospheric gaps
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* Forn ~ng; a pair-creation gap
will open, where E - B # 0

« Explain VHE y-ray flares in M87,
IC3107?

Cooling Acceleration

BH Null charge surface Aleksic+2014; Abramowski+2012; Aharonian+2006



Maxwell equations on fixed Kerr spacetime

ds* = g, dx"dx" = —a*dt* + y;;(B'dt + dx')(B/dt + dx’),

V,2*FHFY =0
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Landau & Lifshitz 1975; Komissarov 2004
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BH magnetospheres
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Blandford & Znajek 1977; Levinson & Segev 2017



1D GR Particle-In-Cell simulations

« Local simulations in Kerr spacetime with a =0.9
* e+, e-, IC photons’ creation & propagation

 Curvature radiation loss E field evolution: Ampere law
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Pair creation, current recovery

Spectra of outgoing particles
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Bright curvature radiation

Curvature photon
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Curvature luminosity (< y*) sensitive to t,
Variation of Ty makes flares at 0.1-1 TeV
Flare rise time ~ gap crossing time
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Summary

» High-resolution radio observations have stimulated simulation studies of
black hole + accretion disk system

« Energy injection of jets is probably the BZ process, but no observational
evidence yet - Emission mechanism of jets?

 Density of funnel (< 100 ng;) seems too low to shine in radio for RIAF

* Funnel wall dissipation is interesting
« Magnetic reconnection, hadronic process
« KH instability
« Superluminal motion?
* Funnel can shine in gamma-ray at magnetospheric gaps
« 1D GR-PIC simulations show periodic opening of a gap at null charge surface
Bright curvature radiation
Reverberation mapping?
Effects of light surfaces, e+e- injection, etc. to be explored
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