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Motivation. AGN with jets/no-jets

| no jets Some but not all AGN have jets —

— Why?

with jets




Radio loud/quiet dichotomy
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Not entirely due to total

luminosity or BH mass! \

(Sikora, Stawarz & Lasota 2007)
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Radio loudness vs Eddington ratio
and BH mass
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Motivation...
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PROBLEMS: * jet composition — leptons/baryons — is unknown
« what switches jets on is unclear
* CR acceleration is discussed

* jet launching mechanism

* jet collimation mechanism

* role of accretion

 role of spin of a SMBH

 role & structure of magnetic field



What powers a jet?
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Blandford-Znajek (1977)

8 spinning BH — poor conductor (r~377 Ohm)
N — in an external B-field — unipolar inductor

Magnetic flux
1
B ® ~B Rs+? (Ren~GM/c?)
/ \ |
~— Electromotive force

U ~ d(flux)/dt ~ B Ren? QgH

Power
P ~ U?/r~ B2 Rgr* QpH? ~ B2 M2 (spin)?
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Jets powered by BH spin

radio power (observed)
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Jets need plasma

plasma flows out (centrifugal)
Energy source of a jet — rotational
energy of a BH

Energy extraction mechanism —
Blandford-Znajek — a /a unipolar
inductor

Need plasma on field lines to
conduct current

{ plasma flows in
No plasma => no power => no " (gravity)

visible jet

Plasma escapes from the system.
Need to produce plasma in situ. Horizon

-
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How? ==
Spin



Basic setup

Jet region (of interest)

Jet region (of interest)

Choose the B to be double-split-monopole
(to exclude near-equatorial region)



Plasma production: Where?

Poisson’s eq. in Kerr geometry

V- E|| = 4n(p, — pgy)

Goldreich-Julian density

B-field line velocity frame dragging magnetic flux

Null surface pgj = 0 is charge-deficient
=> strongest sustained E-field || to B-field

This is the “spark gap” region



Plasma production: How? -- Cascade

E-field accelerates
charges in the gap region

Compton up-scattering of
background photons into
gamma-rays

Mechanism:

gamma-rays +
Beskin, Istomin, Par'ev, 1992 background photons
Hirotani, Okamoto, 1998 produce et*e- pairs

Ptitcina, Neronov, 2015



Cascade in Particle-in-Cell simulations

Photons Plasma
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Electrodynamics

Electric field Ey ~ BrBpué- Bp = (vp/c), &= Hyup/Rpn

I ——

Compton drag in the
. ar 2 « radiation field of soft
MeC = ek r 1)orUy background photons
Eqg. of motion [

N

vanishes in steady state

Terminal , €eBppy 1o BaMgBré r?
I'“ ~ ~ 10
orentz factor orUy, €p

Lgqq ArGMmyc
— Ugdd = -
Up = eUpaa  Upad = 5 or(r? R )

/

energy density in distance to the QM
background photons gap region Rppy = —5 ~ 10" Mg cm
c



Crude estimate of a cascade

€+ — €+Ir

Y+ —ete”

T —

Threshold: v, > (2m,c?)?

Multiplicity: Nyt = Np N4 > 1

. threshold ltiplicit
Photons, which rle/s2° multiplicity 3 »
cascade: ByMgBpr3¢ ~ mec? ™ ByMgBpr6

infrared - microwave

there is critical radiation luminosity fraction,
epsilon _b below which the cascade does
not exist



Crude estimate of a cascade
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Threshold: v up

Multiplicity: Ny,

Photons, which -5 thrf;m'd i 3 »
can yield 1}75 ( €8 > < W < V ( €’ g )
cascade: 34%51?7“2@ ™~ mec? ™ Bﬁ\{zﬁﬁprf"

1 1

infrared - microwave

there is critical radiation luminosity fraction,

epsilon b below which the cascade does
not exist



Lepton and photon fluxes

Gamma-ray o . )
production t o F(26y) = Ne(ey, T())n™ () |1+ T2(0) Mp(€y) F= (2, €5)
Compton redistribution angle-averaged pair
function production function
B max st , zl 1 €max %
n. = J;mi,. de d_es oxn(€; D)o(e, — I'%€y) ny(€,) = > f_ldﬂL/[(l _ﬂ)ey]des de. op

Compton scattering cross-

section with Klein-Nishina pair production cross-section
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Results:



Lorentz factor
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Lorentz factor

start
movie

lllustration: photon flux

end
movie
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Build-up of photon fluxes
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Spectral dependence

Nice similarity of quantities normalizedto 1at8 =20

spectrum of soft background photons
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Outgoing gamma-ray flux

Seed photons:
index-2 power-law,
4 eV< E <100 keV
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Normalized Gap Half Width
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Nice similarity of quantities normalizedto 1 at8 =0

This allows to factor out other parameters -- next slide
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Parameter scalings

Log[*/*min] Log[*/*min]

1.5F 2_5,3
R

‘ l Log([spin]

Gap width H ~ (10" cm) M? g 1/3 Bi/A U—1/4
Lorentz factor Tmax ~ 10% M /2 q1/4 p/4 U—9/10
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Parameter scalings

Gap width
Lorentz factor

Gamma-ray
luminosity

Log[*/*min]

3% 10° cm

B (9 o) N 0

1
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Drax ~ 103 Mz V2 a4 B/ U, Y
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AGN: H/RgH ratio

Cascade should be efficient if H/Rgn « 1

AGN Spin | Mass Energy Density
MS87 0.65 | 10°°Mg |  0.33 ergs/cm?
Sgr A* 0.65 | 10%° M 2.1 ergs/cm?®
MCG-6-30-15 0.98 [10%%° M |3.8 x 107 ergs/cm?®
Fairall 9 0.65 [10%*' M |8.2 x 10* ergs/cm?®

SWIFT J2127.4+5654 || 0.65 | 107" M,

5.0 x 10° ergs/cm?

1HO0707-495 0.98 | 10%7 Mg |8.4 x 107 ergs/cm®
Mrk 79 0.7 {1072 My|4.0 x 10° ergs/cm?
Mrk 335 0.7 [10715 M| 7.5 x 10° ergs/cm?
NGC 7469 0.69 [107%° M |3.8 x 107 ergs/cm?®
NGC 3783 0.98 [107*" M |8.5 x 10* ergs/cm?®

H/RBH = 9.4 x 10875 a3 x
Mg Gauss ergs/cm?
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Sgr A*, M87 gaps to scale
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Figure 16. The BH radius of a maximumly spinning BH has
been set to one and the gap widths have been left to scale.
M87 has a luminosity of 2.7 x 10*? ergs/s, mass of 10°° M,
a spin of 0.65, and a magnetic field of 15 G. Sgr A* has a
luminosity of 1037 ergs/s, mass of 10%°Mg, a spin of 0.65,
and a magnetic field of 30 G.




Puzzle: jet in 3C120
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(1) Simulations yield n, ~ 103cm™  hence n, ~ nech ~ 10¥s7! <« 10%

(2) Maximum estimated yield assumes that all gamma-ray flux is converted into pairs

L,~3X 10%%rg/s is equivalent to n, ~ 10%s71 «< 10%

Why the discrepancy?
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Conclusions

jet composition

jet’s “electric switch”
gap structure

gap emission

Sgr A*, M87

3C120

beware

— leptons

— cascade (photon SED, B, a)

— interesting & useful scalings obtained

— nsAGN are observable™ ("not-so-ActiveGN")
— near-threshold gaps --> affect jet formation
— obs. vs theor. lepton production too large?

— 1D, fixed B, fluid e+e-, approx Compt, pair prod.

*Fermi can see ~ 103° erg/s at 1 Mpc at 100 MeV,
Can see nsAGN: M ~ 106 , B ~ 104, Up <~10 at 10 Mpc



