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PWN as Particle Accelerator
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Broadband spectrum from sub-µeV through PeV

Tanaka&Asano17

←Synchrotron
↑

Inverse
Compton

• PeV photons from the Crab

Particle accelerator > PeV

• Optical peak ← synchrotron 
from TeV particles.

Relativistic (TPWN~TeV) and 
rarefied (nPWN< 10-6 cm-3) 
magnetized plasma cloud

Closest relativistic object

LHAASO	Collab.	21	Sci

pulsar wind nebula
Crab Pulsar

Crab	(Chandra)

Crab	(HST)

Hard
Low-
energy

Soft
High-energy



Origin of Radio Emission
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• A single power-law particle distribution is 
predicted from particle acceleration theory.

• Low energy component has a harder 
spectrum than diffusive shock acceleration 

• Low energy component is dominant in total 
particle number. (κ-problem)

Tanaka&Asano17
our stochastic accel. 
model

Two different accel. 
mechanisms.

+
Paticles supplied from 

outside PWNe

大平，山崎，寺澤
物理学会誌2013

Cosmic-ray	energy	spectrum	~	single	power-law

Tanaka&Takahara10

Low	energy	
power-law
component

High	energy	
power-law
component

Particle	energy	distribution

?
?

c.f.	Timokhin&Harding15,18
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Injected	by	
DSA	at	TS

Stochastic	
acceleration	
inside	PWN



Injection from Ejecta Filaments
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Hester08

Owen&Barlow15

l ~ 3 pc

d ~ 0.1 pc <latexit sha1_base64="9nWKgL+0emxYSBnuGthvQlC2Pno="></latexit>

(nfil, Tfil) ⇠ (103 cm�3, 103 K)
<latexit sha1_base64="zWYdj9inIyNw8MkEkFCAtMccEhM="></latexit>

Ṅfil . ⇡dlcsnfil

⇡ 1046 s�1

c.f.

Only a tiny (~10-5) fraction to be accelerated.
<latexit sha1_base64="FzbjrSElMNup2eVi5drrY9yIop0="></latexit>

ṄGJ ⇡ 1034 s�1L1/2
spin,38

Photoionization of neutrals in filaments



Model
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Energetics
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One-zone approx. for PWN

• Uniform PWN expanding inside SN 

ejecta. e.g., Gelfand+09, Bandiera+20

• Rela. particles (e±) and B-field supplied 

from PSR e.g., Pacini&Salvati73, Kennel&Coroniti84

• Non-rela. particles supplied from SN 

ejecta (photoionization) Tanaka&Asano17

• Turbulent energy for stochastic accel. is 

supplied from PSR and decreases by 

accelerating particles (backreaction).

SN	ejecta

SN	ejecta
swept-up	
by	PWN

PWN
Porth+14b

<latexit sha1_base64="AMmhDYXKAx4mKWRmhnJg3GGmYbQ="></latexit>
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PWN(t)
B2(t)

8⇡
= ⌘B

Z t

0
Lspin(t

0)dt0

<latexit sha1_base64="++bbLVUfsH0FWdrNE7hb6UR8J+4="></latexit>

Lspin = (⌘e + ⌘B + ⌘turb)Lspin
Tanaka&Takahara10,	Tanaka&Asano17,	Tanaka&Kashiyama23
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Particle Distribution
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cooling effects
stochastic accel.

from pulsar
(shock accel.)

Extra 
injection

• τacc: initial acceleration time

• tacc: accel. time increases 
with decaying of turbulence

• ET(t): energy of turbulence

• finj: injection efficiency 
finj ≪ 1 (O(10-5))

• γinj: injection energy  
γinj ~ 1

<latexit sha1_base64="Qmc8nV4vwYEzpcVR2o0pb/OE9os="></latexit>

Qext(�, t) =finj4⇡R
2
PWN(t)vPWN(t)

nej(RPWN(t))�(� � �inj)

<latexit sha1_base64="ulZKNoDKIAndYI41rD9mFoY6N8U="></latexit>

D�� =
�2

2tacc
, tacc(t) = ⌧acc

⌘TErot

ET(t)

<latexit sha1_base64="WkxDFsAiSWg9eSvbxARUaW1SHuc="></latexit>

dET

dt
= ⌘TLspin � ET

tadi(t)
�
✓
�ET

�t

◆

damp Injection of hadrons!!
decay by
expansion

decay by
particle accel.

Tanaka&Ishizaki24



Neutrino Emission
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target hadrons

ejecta of SN 1054 condensate 
as filaments inside the Crab.

<latexit sha1_base64="ffAuVo2wsVqJDki1IjOLwmW6VCQ="></latexit>

tpp =
1
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⇡ 107yr
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Liu+21
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Owen&Barlow15

Past studies (PSR injection)

<latexit sha1_base64="eMjRC050eq28paa3Jb4IgWvZzgo="></latexit>

Ep,max = 100 PeV

<latexit sha1_base64="amhU66B1XTVqHGHKvvJO3SNxG2k="></latexit>
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Ep

dNp

dEp
dEp = ⌘p

Z
dtL(t)

ηp ~ 20 %
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Results
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Results: Broadband Spectrum
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<latexit sha1_base64="5fIJHfrYspYv1lMdpP1NVK9uDhQ="></latexit>

⌧acc,0 = 10 yr

Tanaka&Ishizaki24

Tanaka&Ishizaki24
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Results
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<latexit sha1_base64="QP13XZNMuL/jpTBl/OsAVLZ6ZGA="></latexit>

⌧acc,0 = 3 yr
<latexit sha1_base64="1BxXNPG42C9DZxYqCXJyVRa9SeE="></latexit>

⌧acc,0 = 30 yr

Tanaka&Ishizaki24

Acceleration time-scale should be < 10 yr
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• A physical model of the 
origin of radio-emitting 
particles (could be a 
solution to κ-problem).

• Neutrino signal which is 
different from previous 
studies is expected from 
our model!

Conclusions
Stochastic accel. model 
including backreaction 
to turbulent energy
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Liu+21

<latexit sha1_base64="eMjRC050eq28paa3Jb4IgWvZzgo="></latexit>

Ep,max = 100 PeV

Tanaka&Ishizaki in	prep.

JSPJ Grant-in-Aid 24H01816, 23K20038
Sumitomo foundation 210629


