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Wakefield Acceleration in a Jet
a NDAF around a BH

NDAF = Neutrino Driven Accretion Flow
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Astrophysical Wakefield Acceleration

Ebisuzaki & Tajima 2014; Tajima, Nakajima, and Mourou 2017; Ebisuzaki & Tajima 2019
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i Wake acceleration
\ % Prof. Tajima’s lecture “Plasma Accelerator Physics” (PHY249) at UCI

Yuan+2021
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Wake

Kelvin’s Ship Wake

kg

x =X, cosé?(l—%cos2 9)

y =X, cos’ @sinf
-n/2<0<m/2

Laser Plasma Wake

a=1.25

5 10 15 20 25

A,=2xlk, kv, =
1/2

o, = (47rne2 /me)
Snapshots of Laser Wake Waves

i Laser wakefield acceleration
il Prof. Tajima’s lecture “Plasma Accelerator Physics” (PHY249) at UCI
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Astrophysical Wakefield Acceleration

Ebisuzaki & Tajima 2014; Tajima, Nakajima, and Mourou 2017; Ebisuzaki & Tajima 2019
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NDAF = Neutrino Driven Accretlon Fibw
Disks |
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Analytical Solution of NDAF disks

Previous studies: Popham+1999; Di Matteo+2002; Kawanaka+2013

» Standard Accretion Disk Model (Shakura & Sunyaev1973)

M = —21w¥(w)vy(w) = const., Quis(w) = %Q%(w).
_ ) " 3M 3 F,(w)
M@ Qk (@) = 27w Sxy + const.,  Fu(@w) =Qu(@)/2 = —Ok(w). (@)= 1 . v (@)X (@)

* Energy density and temperature (Di Matteo+ 2002)
eo(w) = (11/4)aT(w) + (7/8)aTy (w) = (29/8)aTy ()

 Rosseland mean opacity of neutrino (Di Matteo+ 2002)

kT ’
& 0(;3)) where k,0 = 5.03 x 1072 cm?g~! for kgTy(w) > mec?

Fu(@) = Kuo (

 Magnetic field strength is determined by plasma-[3
6 = pO(w)/pO,mag(w)
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Properties of NDAFs

- Magnetic field strength
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Neutrino spectra of NDAF disks

4e3 /h3c?
exp (e — pw) [ksTy (@) + 1
L,(s,) =4r%B,(e,,T,(w))wdw  F,(w) = (7/8)aT*(w)
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Magnetic tower
Lynden-Bell 1996; Kato, Mineshige, and Shibata 2004
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Properties of jets at the base

Magnetic field strength at the base

8\ /2 58m3amict? 1/6 1/3
poe = (55) (Cemig) W'

B » 6 —1/2 a \—1/3 M —-1/3 - —1/2

Neutrino luminosity
L, :/ 2F, (w)2rwdw =

SMGM 1.
o — ~Mc?

Win 4

M
= 4.47 x 10> [ =— | [ergs™!].
Mg

Ebisuzaki & Tajima 2014

- Luminosity of EM wave pulses A7 Fvave ()
o0 A/ 2\ /2 GM 1 /2 ) Eo(?ﬂ) _ \/ wave .
Love = /Win 2F wave(w)2nwdw = ™ <@> <wm ) = (1804—253) Mce C
=3/2 1y the amplitude of the vector potential
— 1.33 x 10 (1%) (o5 (%) lergs—1]. p p

Ag = cEy(w)/w
The wakefield strength parameter q ag = eAg /mec2

BN an-us (N o which is equivalent to
ap(w) =5.19 x 10'7 | = — (—) — = .
i <10> (0'1) Mg, <M®) (1"> the Lorentz factor
P of accelerated electrons
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Properties of jets

Radius of the jet has either a parabolic-
shape or a conical-shape
R(wo,2) = @o |1+ (2/w0)° |
Area of the jet
A(z) = mR?(wy, 2)

Magnetic field strength

Lkmetlc — NpmpC 3F2 ( ) fL £ = 0.1.

we set I' = 200 is the jet bulk Lorentz factor (Ghirlanda et al. 2018)

The Wakefield strength parameter
= ag+/A(0) ) > 1.
Dispersron relation for EI\/I wave pulses

- overdense - P
wp /w > 1 w? = w? + k2
wp/w < 1

- under-dense

the generation of wakefield
by EM wave pluses
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Wakefield acceleration ™
in the jets from NDAF disks =%
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Onset of the wakefield acceleration in the jets
Kato, Ebisuzaki, & Tajima 2022 ApdJ In press
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Maximum energy gained for a proton

a=0.1, p=10
- The wakefield force (Tajima+2017) log1o Acceleration time duration [s]

Fy = ZI'mea(2)wp(2)c. -10 -5 0 5
- . FEEEEE
- Maximum energy of a proton

Zw+Azy Zw+Azy
Winax = / Fydz = ZFmec/ wp(2)a(z)dz.
Fw Zw 52— —
the acceleration distance Az, = lpq/2 = v/2¢ [w§ /w3 (2w)] alzw)
where zw is the acceleration point on which the plasma becomes
the underdense condition (w > wy,) from the overdense condition
(W < wp)

-1]

C2

¢o+1
Winax = Wodg ' [(Zw + Azy) ™ — zﬁ@o] (E) M3/ (G )~ Po2/3),

Relation between neutrino luminosity
and maximum energy of a proton

N
(0 0]

log1o Neutrino luminosity [erg s

L, = iMc2 Wihax = 1018 eV
I 1 1/2 , 46
wave — (18a2ﬁ3> Mc
0.0 0.5 1.0 1.5 2.0
P log10 Mass of the central object [Mg]
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Observational signatures

which could have been detected in the future
a=0.1, p=10

log10 Acceleration time duration [s]

 Charged particles < 1014 eV can
be generated less than a pico- : w
second (< 1012 s) C |
» A plausible source of gamma-

ray emissions ~ 1 MeV via
synchrotron radiation

* Protons of 1016-20 ¢V can be
generated less than a micro-
second (< 106 s)

log1o Neutrino luminosity [erg s-1]

» A possible source of 1014 eV
neutrinos via pion-production
though photo-meson interaction
(Waxman & Bahcall 1997)
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P log10 Mass of the central object [Mg]
&

18 /20

RIKEH



2022.02.22 the CTA-Japan WS: “Wakefield Acceleration in Jets from NDAFs” Yoshiaki Kato (RIKEN)

Summary of the wakefield acceleration in the jets
Kato, Ebisuzaki, & Tajima 2022 ApdJ In press

The detection of the extremely high energy
cosmic rays (EHECRs) of 102122 ¢V and
super-EHECRs of 102223 ¢V within several
hours after both gamma-ray emissions and
neutrino bursts could be a smoking gun for
the astrophysical wakefield acceleration.

The tracing of gamma-ray emissions from
high energy electrons and subsequent burst
of ~ 1014 eV neutrinos may disclose the
onset of the wakefield acceleration.

The time-variability of neutrino emissions <
100 MeV (peak ~ 20 MeV) from NDAF disks
may discriminate the nature of generation
of EM wave pulse.

[

RIKEH

19/20

Relativistic jet

clouds

Proton
a clouds
Electromagnetic
wave pulse

“if->

“if->

Electromagnetic wave pulses

L

»

Accretion

s— W
Wl

g
S

—

z
T /
Electron|

» wakefield

wp / ® < 1: underdense

, p/w>1:overdense



2022.02.22 the CTA-Japan WS: “Wakefield Acceleration in Jets from NDAFs” Yoshiaki Kato (RIKEN)

Summary

 We have demonstrated that the waketfield acceleration in the jets
from NDAF as a model of GRBs for the first time.

 The wakefield acceleration postulates various observational
sighatures:

v The time-variability of neutrino emissions < 100 MeV (peak ~ 20 MeV) from NDAF disks
may discriminate the nature of generation of EM wave pulse,

v The tracing of gamma-ray emissions from high energy electrons and subsequent burst
of ~ 1014 eV neutrinos may disclose the onset of the wakefield acceleration,

v The detection of the extremely high energy cosmic rays (EHECRSs) of 102122 ¢V and
super-EHECRs of 102223 eV within several hours after both gamma-ray emissions and

neutrino bursts could be a smoking gun for the astrophysical wakefield
acceleration.

 The wakefield acceleration will be a key player for the multi-
messenger astronomy.
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