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Open Problems in Blazar Emission

1. Index harder than 2 for the electron 2. Lower maximum energy
injection spectrum,
Mrk 421:
Mrk421 (quiescent state) B=38mG
sl il If n =1,even for gy, = 0.1,
Eoax = 7 TeV.

But actual Max. Energy 50 GeV
: The Bohm factor should be ~ 10*
] Inoue & Takahara 2002

Supernova remnants and
pulsar wind nebulae indicate

log [v F, (erg/s/cm?)]

[ |; Kino, Takahara, "ysunose 2002 n=1
16 10 — 1|5 . 20 | Elﬁ I - a0 .
log [ (Hz)] 3. Too sharp break in the electron

F1G. 4—One-zone SSC model spectra for the steady state emission of
Mrk 421. The thick solid line shows the best-fit spectrum where the spec'h' um,
adopted parameters are = 12, R = 2.8 x 10'°cm, B=0.12G,y_, = 1.5
x 10°% g, =96 x 10"° cm™*s™", s = 1.6, and u,/uy = 5. The dotted line Compared +o the cooling break,
shows the spectrum obtained using the analytic estimates for Mrk 421. The . . o ge
thin solid and dashed lines show the spectra of low and high injection the difference in the indices
models, respectively, to indicate the uncertainty range of the spectral seems large,
fitting.
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Name B Ly 1y, min Vinax b K, P P2 X]id
(0.01G) (10) (10° s) (107) (10" (10%)
00331921 406 +1.24 2431017 248+ 1.21 0.07 £ 0.01 1.62 +0.20 0.12 £ 0.01 1.83+ 008 3204£005 1.14
04144009 1.30 £ 0.58 206+ 1.36 3541431 1.49 +2.70 12.67 £ 1.36 0.04 £ 0.02 1.88+0.10 3824007 396
0447-439 547+ 1.38 3.63+0.08 043 £0.11 0.052 £0.002 3.18+£0.29 0.05 £ 0.02 207+£003 396+£017 070
1013+489 572+ 075 275+047 0551022 0.08 £ 0.04 6.82 £0.74 0.03 £ 0.01 203£0.4 406+019 211
2155304 4.80 + 0.66 1.97 + 0.06 3471052 0.087 £0.004 3571020 0.011 £ 0.002 1.68+002 379+008 248
Mrk 421 4.23 £ 041 2714+027 042+£0.10 373 £ 0381 1843 £0.79 0.012 £0.002 2134£002 504+£018 1.39
Mrk 501 277 £ 063 299+ 0.70 016 +0.11 0.16 £ 0.03 15.81 £3.10 0.007 + 0.006 219009 3124+004 129
RBS 0413 548 £1.57 2.60+£0.55 0231011 1.29 + 042 097+126 00014 £00006 193007 3524+034 191
12154303 3494017 358+0.10 0.22 £0.02 0.27 £ 001 1.13+£0.04 0.0031 £0.0001 1.78+£001 361+004 199
22474381 545+ 1.64 3621005 0.14 £ 0.05 0.10 £ 0.06 887+196 00004 +00002 196006 458+042 054
004800 6.50 £ 5.84 250+£0.28 219+ 1.74 0.10 £ 0.02 0.52+0.04 0.015 £ 0.002 1.42+0.18 372+008 290
07164714 500+£1.23 271 +£047 351121 0.04 £ 0.01 0.92+0.10 0.010 £ 0.002 1.49+0.04 388£007 198
08514202 4.05+241 240+ 1.10 243+334 0.14 £ 045 0.26 £ 0.10 013+ 012 146 £ 040 465+016 149
105845628 220+ 1.14 240+£0.73 1.20 £ 0.72 0.06 £ 0.03 261 £030 0.06 £ 0.03 1.93+005 359+007 136
12464586 8.82+1.89 2341034 3.06 £0.96 0.40 £ 0.02 0.89 + 0.08 0.006 + 0.006 1.43+003 408+008 1.52
W Comae 491 +0.12 270+£0.13 032+ 004 0.06 £ 0.01 1.94 + 0.09 0.046 + 0.002 200+£002 365+004 175
0426-380 1.08 £2.42 353+4.01 0.93 £ 1.31 047 +£002 1.77 £ 0.51 0.36 £0.78 178+ 051 3584093 241
0537—-441 212+ 1.55 3621154 1.51 £ 1.38 0.38 £ 040 0.54 + 0.09 0.20 £ 0.07 1.56 +£0.13 396+006 564
17174177 1.79 £ 0.20 352+ 0.18 0.036 0005 0.013 £0.003 1.79 £ 0.17 0.020 £+ 0.001 212+ 0.4 3534019 397
BL Lac 1.86 £ 1.89 323+ 1.70 0.95 £ 0.90 0.11 £0.09 0.29 £ 0.06 0.24 £ 0.04 1.84 £0.18 3871004 410
OT 081 0.82 £ 9.80 231£5.16 012+ 055 200+£210 0.52 +0.58 0.007 £ 0.022 1.75+ 066 376+£059 1.69
4C01.28 10,56 £19.20 2471342 0.66 + 6.02 0.12 £ 043 0.30+0.18 0.06 £0.13 1.69+ 064 370£032 096




Model with many parameters,

Mrk 421 Spectral Fit

10 i ET rrr r 7 7T 1T 117 1T T T T T T T 1T
107 E
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o 10 10 3 yl, \ & Parameter Symbol Red Curve Green Curve
5 : 0/ . "¢+Y$“\ Variability timescale (s)? tymin 5.64 x 10* 3.6 x10°
o 11 - '_ ﬁ¢ ¢ © Doppler factor 5 21 ) 50
en 10 3 | 1‘. Magnetic field (G) B 38x 1072 8.2 x 1072
D F Comoving blob radius (cm) R 5.2% 10 53 % 10P
0”12 [ . Low-energy electron spectral index 1 22 2.2
> 10 :E Medium-energy electron spectral index P2 2.7 2.7
C H High-energy electron spectral index 73 4.7 4.7
.13 i Minimum electron Lorentz factor Ymin 8.0 x 102 4 x 10%
10 Breakl clectron Lorentz factor Ybrkl 50x 104 2.2x 104
Break2 electron Lorentz factor Vbrk2 3.9 x 107 1.7 x 10°
-1 L L Lt 1 L1t 1L 1 1 1 (. Maximumeclectron Lorentz factor Ymax 1.0 x 108 1.0 x 108
10 108 101? 1020 1023 1026 | Jet power in magnetic field (erg s=1)°x Pip 1.3x 108 3.6 x 10%
v IHZI Jet power in electrons (erg s~1) Pje 1.3x 10" 1.0x 10"

Jet power in photons (erg s=1)P Pipn 63X 102 1.1 x 10"

Phenomenological model requires many parameters.



Difficulties in Shock Acceleration
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Alternative: Magnetic Recconection

Sironi+ 2015

But in Mrk 421,

Magnetic Energy is 3-10% of Electrons’

In 1ES 0229+200, only 0.3%.
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Very Hard Spectrum in 3C 279

Broken power-law

mm um keV MeV GeV Parameters
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Very hard electron spectrum, but very low magnetic field.



Alternative: stochastic acceleration by turbulece

Py

g2 No(eo)

p+dp

Pz

100 10t 102
Energy-=const. g, [€V]

Outer: larger volume — Higher acceleration

ONe(e,t) _ 0 ON.(E,t)] d [(2D . |
eat = 3E [ EE ;E — 3F EEE — (Ecool) Ne(E' t) + Ne,inj(E; t)

Diffusion Acceleration Cooling Injection




Excitation of Turbulence
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Instability 2
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Reconfinement induced one e 1 e p
. Star-jet interaction
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Gourgouliatos & Komissarov 2018 Perucho+ 2017



Our Model

Steady outflow

Continuous shell ejection with a width of R,/ I in commoving frame
Electron injection from R=R, to 2R, with stochastic acceleration
Both injection and acceleration stop at R=2R,

Physical Processes Main Parameters:

Electron injection Ry, T, By, K

Stochastic acceleration

Svynchrotron emission and cooling

Inverse Compton emission and cooling The others are q,viy;,
Adiabatic cooling (Vo R2) and injection rate
Photon escape '
No electron escape!



Mrk421+Kolmogorov
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Drr x VE? o E4 Kolmogorov case g = 5/3

f /cm?/
10 . n(8) I[Ielzlrlg/clmf’]m 107 ef(e) [erg/lcm?/s]
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The spectrum becomes 100 hard, Asano+ 14



Hard-sphere

Scattering frequency is
independent of energy.

D(¢e) = K&?

.‘ ) R
“ITALF

Typical eddy size may
correspond 1o the sphere
radius.



Mrk421+Hard Sphere
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3C 279 +tHard Sphere

Asano & Havyashida 2015

Model for the Steady State Hayashida+2012
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Other Blazars

1ES 19594-650.

ef(e) [erg/cmz/’ s] 10° ef(e) [erg/cm?/s]

PKS 1510-089
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10710:_ | 10" = “
0L 107"
10*12 :_ 10_]‘_ E_
1073 10° 10° 10° 10° 102 [eV] 10 10 10 10 10 10" ¢ [eV]
Vin Ro Rowt/Ro I Bo K N’ Lp UV/IR
cm G s 1 s—1 erg s 1
Mrk 421 A 10 1.5 x 1017 30 15 0.18 48 x 1075 2.4 x 1077 - -
B 100 1.5 x 107 30 15 0.16 3.7x107% 9.8 x 1046 — —
1ES 19594650 A 100 1.6 x 1017 30 20 0.18 5.0x 106 3.7 x 1046 . -
B 100 1.6 x 107 10 20 0.18 5.0x10=% 3.7 x 1046 - -
C 10 4.0 x 106 30 40 0.5 4.3 x10=5 1.5 x 1047 - -
PKS 2155-304 10 6.0 x 1016 30 20 1.2 12x107° 1.5 x 1048 — —
3C 279 10 7.1 x 1016 30 15 80 95x107% 73x10% 6.0 x 10% UV
PKS 1510089 10 6.0 x 1017 30 20 0.38 9.0x10—7 7.3x10% 5.0 x 1045 IR




Evolution of Energy Densities
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0.01




Flare Model

The same radius, Lorentz factor, and UV field as those in the steady model.
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N/ =25 % 1091 (3! = 0.85(R/Ry) 2 em3s71),



Light curve

Photon Flux [Phs/cmzls] (>O lGeV)
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Diffusion Coefficient

Mrk 421
By, = 0.16G - r, = 2.1 X 10°cm@TeV

D =KE?  K=37x10"%"1
For v=5/3
—1

K = ov 2 K 2 kmaX s
= c c maX3 kmin
we need a kmin

shorter than Ry/I" = 10'° cm. Those conditions imply
Emax /kmin < 4.8 X 10°. With a conservative assumption
of kmin = F/Rﬂn C/lfmax(/lfma.x//lf-min)_zx3 <23x107* s
The turbulence velocity at the injection would be slower
then the sound speed in relativistic plasma: (vg/c)? <
1/3. Finally, the maximum value of ¢! is estimated as
7.8 x 107" s~ 1, which is much larger than K ~ 107° s=!
required in the model.



Summary

 The turbulence acceleration is an
alternative model for the electron
acceleration in blazars.

e However, the gyro-resonant-like
acceleration in Kolmogorov turbulence
seems not adequate,

e Particles interacting compressible waves
are accelerated via TTD resonance.

 Hard-sphere-like acceleration in this case
agree with the observed spectra of blazars.
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Energy Density

Energy Densityferg/cm’] _  yepy Weak Magnetic Field

Negative for

the magnetic reconnection,

and

the jet acceleration by magnetic
field,

1 2 3 4 5 6 7 8910
RIR,

Assumed Values

Alfven wave seems not responsible for the acceleration,
Fast wave (Kinetic> >magnetic) can be the energy source,
There may be the shortest scale of turbulence, which is the dominant scatterer,



Suppresion of Turbulence in the upstream

Reflected particles

Shock wave rest frame
Reflected Ishs Ny /sh Ub/sh = Fshnb/shmpcz

Precursor Scale in the upstream

C T Mpc?

2 cls, TspeBy

Al = (c — vsh)Atret =

P »
< »

Precursor Scal

Plasma frequency in the upstream

: |4y ue? |4mnge? npp 12
Incoming Ty, s, = Ty O | Thme | Tmy T2y §H
Ush = Tgnympc?
£ = Up/sh Nb/sh b /u <1 should be larger than c/Al
=~ Uy nush | Tmg to induce turbulence,
Magnetization parameter
_ B 5
4’77:nu7npc2 Then, o< grsh
Turbulence is required to scatter

Only for low magnetized case,

particles, the particle acceleration is possible.



Hard-Sphere Model

Supposing the compressional waves D.. = K&?
are responsible, we model as following,

Parameters are
10° T T T T Ry, T, By, N, K

~  Kinetic Energy B_p <R >_1
. 'n.‘ e 0 —_—
Ro

Required for any model

—h
o

:‘.I'k T T 11T
]

102 - Only one peculiar parameters

1072 E
: Parameters are constant during the dynamical

4
\ 1 time scale R,/(cT"), and injection and acceleration

3 Y 7 suddenly shutdown after that.
f =eee--e- 144 A (hyperviscosity) ! ]

F ——— 96A (v=n=0.0043) ‘ :
[ ---o-B4A(vm=0007H L 7Y,

10°

1 10 100
K

Cho & Vishniac 2000



05

00

Test particle simulation in pure linear Waves
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a =10k =10-20, 10 mode

Kolmogorov



Enrgy diffusion

Energy gain by the TTD resonance

10 YDz

S

S5 0

-10



Dependence on Parameters
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Energy Diffusion

94 96 9.8 10 10.2 104 10.6

v

Significant fraction of particles diffuses in the energy space,



Diffusion coefficient

5B_(k) = \/knPB(k'T_J
Diffusion by mirror force

Ap  prvg 0B (k)
— ~ Vil Byl ~ pvpik,
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5t o 1 ¥y ; 5t
Ul |
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Hard Sphere-like diffusion
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