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Simulation of the CR acceleration with Non-resonant hybrid instability

Cosmic rays (CRs) up to are believed to be
accelerated by shock wave in CR spectrum around the shock front
. 12
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Purpose of this research 12 125 13 135 14 145 15 ,155, 16
Theoretically study whether observational

verification of such an acceleration is possible
through gamma-ray observations
by Cerenkov Telescope Array (CTA). 2
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Overview: Observational prediction of gamma-rays emitted from SNR

From gamma-ray generation to their observation (This research)
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Gamma-rays produced by CRs

* Before SN explosion + After SN explosion 10 eV|(. CR collision
Supernova CR_ W p(CR) + p(CSM)
explosion >p+p+a’

proton * Decay of x
. 0
Red super giant T = 2}/
Dense
Circumstellar 2 10 ~ 10" em 100 TeV
Medium Q.(1,7) gamma-ray

* Intrinsic gamma-ray flux

f O.(t,r)dr
shell =7’ _ 3
F}/, intr(t’ r) = > Qy(ta r) = q, n(t, r) ECR(t’ r) [cm S ]
4D
Q,: Emissivity of gamma-ray radiation * q(E,) [s—l erg™! Cm3] : y-ray emissivity normalized + Eqp(r) [erg cm_3] . CR energy density

from shocked CSM to the CR energy density (cf. Drury + 94)

Ecg(r) = J4ﬂp2fo(r,p)pc dp
E, [eV]:y-ray energy (where E, > 100 TeV )
D : Distance to the SNR fo(r,p) [Cm_6 g_3 S3] : CR distribution function

* n(r) [cm_3] : Number density of CSM Inoue et al. (2021)
Inoue et al. (2021)

| Gamma-ray fluxes emitted from CRs can be calculated. | 4

t : Time after core collapse



Overview: Observational prediction of gamma-rays emitted from SNR

From gamma-ray generation to their observation (This research)
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Gamma-rays attenuation

* Model of supernova remnants (SNRs)

Gamma-ray emitting region
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SNR model: Cristofari et al. 2020 improvement
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CTA

- Target:

Core-collapse Supernova
(type II-P SN)

- Gamma-ray:

Energy: E = 100 TeV
Emitting region: shocked CSM

* Detector:

Cherenkov Telescope Array

* Observable gamma-ray fluxes : F, bs [
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* Numerical integration method: Gaussian quadrature
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 Attenuation by Photosphere

t : Time since SN explosion E: y-ray energy e: soft photon energy

Ly (t’ \PO’ E) Evolution of photosphere and shock radius
+00 1 27 + 00 3x 107
= J d/ J dcosd J dg j de ned},},(l —ey-e*)
0 Cmin 0 €min o 2x107F
O @ € g
(M Number density of soft photons emitted on the photosphere surface ”
(@ Cross section of electron-positron pair production (;/y — e+e_) E
1x 10 F
@ Angular dependence of a gamma-ray direction (e,) and a photometric j |
Liu et al. 2018
photon (e, ) E 2 25 30

Integral section: Time since core collapse [day]

€...,- Photon energy threshold of soft photon

c...: Gamma-ray shading by the photosphere Evolution of photometric temperature

: 6% 10°
Time lag: -
The emission time difference between gamma-ray and soft photons. 7 sl
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* Numerical integration method: Gaussian quadrature Time since core collapse [day]



- Attenuation by or CBR

t : Time since SN explosion E: y-ray energy e: soft photon energy

TCRR (t, VY, E )
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€., - Photon energy threshold at which gamma-ray annihilation occurs
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Overview: Observational prediction of gamma-rays emitted from SNR

From gamma-ray generation to their observation (This research)
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Time evolution of gamma-ray flux above 100 TeV

~ Calculation Setup ~

Distance to the target object: D = 1 Mpc
CR injection rate: n°. = 6 x 10~

1n]

Mass loss rate of RSG: MRSG

Conventional model (Cristofari et al. 2020)

MRSG — 10_5 M@ yI‘_l

Conventional mass loss rate values created
by the stellar winds of red supergiants.

Photometric CBR

photon
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Time evolution of gamma-ray flux above 100 TeV
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The gamma-ray flux is attenuated to ~ or less by

14 days after the core collapse.
It is further attenuated to ~ by . 10




Time evolution of gamma-ray flux above 100 TeV

~ Calculation Setup ~ Time evolution of gamma-ray flux above 100 TeV

-8
Modern model

10
—_———————

Distance to the target object: D = 1 Mpc
CR injection rate: n°. = 6 x 10~

1n]

. _ L
Mass loss rate of RSG: My 10 " F - UAttenuation by Photosphere |
. — B BN , g 5 IDEEEE N
Conventional model My of most RSG winds %‘
M — 10> M vr—! are enhanced by CTA
RSG o4 ) of magnitude sensitivity

inafewyears = ===Z02Z2@ @ | T T T e e - ] |1 -3 NOUTS

—HAttenuation by Photospherel— 10 hours
% 50 hours

Modern model

. _ _ before explosion
M = 10°M . yr!
RSG 0 oM Forster et al. (2018)
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Taking into account magnetic field amplification (NRHI)

in the very early stage of supernova remnants.
Inoue et al. (2021)
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Photometric CBR 10 12 14 16 18 20
photon . .
- OFF OFF Time since core collapse [days]
. OFF Modern CSM model with high mass-loss-rate
enhances gamma-ray flux to of
— magnitude that is ! 1




Time evolution of gamma-ray flux above 100 TeV

~ Calculation Setup ~ Time evolution of gamma-ray flux above 100 TeV

10 °

CR spectrum around the shock front
Modern model

t=13.6 day

t=15.6 day \ ~10 | -
— 17.6 day 10 > ‘ ‘Attenuatlon by Photosphere‘

H BNy , ppaaas § IS R
= 19.6 day .
t=21.6 day

- ={==23=6 day

- 12 by CBR . CIA
= 25.6 day 10 ‘ ‘ Conventional model| ||sensitivity

—HAttenuation by Photospherel— 10 hours
Inoue et al. (2021) mod. \ \\ 14 ~ . — _
SR I RN TT| M ||||||I L n||I | 10 %SOIMUIS

The CR distribution function:

10" 10"
by CBR
CR momentum: loglo pC [eV] ‘ 4 ‘
Photometric CBR 12 14 16 18 20
photon . .
- OFF OFF Time since core collapse [days]

. OFF Modern CSM model with high mass-loss-rate

enhances gamma-ray flux to of
magnitude that is | 12




Probability of detection by CTA

Condition

( ) Distance to galaxy and star formation rate
* Gamma-ray detector:

Cherenkov Telescope Array (Northern Array)

- Observation time: 1.3 hours 40
\_ W, I;—i
e
Vv s |

Observable up to the distance of!7.17 Mpc 20

| o S
Star formation rate of galaxies within D, Eé
7

) —

Assume that stars with become o1y

core collapse SNe. 2

8L~ 17.17Mpc Galaxy Catalog “NEARGALCAT"
0 S 10

Detection frequency by CTA becomes 0.250 yr~!

| Onceevery 4 yoartt |

Distance [Mpc]



Summary

(D We calculated the flux of 100TeV gamma-rays from
the very early phase of a supernova remnant,
taking into account magnetic field amplification

by

and attenuation by and

The gamma-ray flux is attenuated to ~ by photosphere
14 days after the explosion.

It is further attenuated to ~ by cosmic background
radiation.

(@ Taking into account the the enhanced mass loss rate of the RSG

immediately before the explosion, the flux increases by

of magnitude compared to the estimation by the previous study
(Christofari et al.2020).

@ CTA can detect 100 TeV gamma-rays

from very young supernova remnants

* Model of super nova remnants (SNRs)

Gamma-ray emitting region

+o—
fi“?q/ Gamma-ray [W —o

d¢

P—

Shock front CTA

Photosphere

mass loss rate of RSG detection

Conventional model: 107> M yr™! X
Modern model: 107> M yr™! ©
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Cosmic Rays

High energy particle that move through space

: * Power-law spectrum in energy
Energy spectrum of cosmic rays

* The power exponent varies at 101> eV;

)

. are believed

S dF/deqp o €730
dF/deqg 651%7 CR ** *CR

SNR Cassiopeia A

< 10P>2eV
SNR Origin 7?

10°

~ ¥ Ohira, Yamazaki, Terasawa 2012

E o0 GRaeri am Ao A L 2e SR ET L SN g Aee )

10 15

Energy: log,, (GCR [eV]) ONASA/CXC/SAC
Chandra X-ray Observatory

Flux: €5, X dF/decg [eV m~Zsr~ls7! ]

to be accelerators of CRs up to Knee energy.

17



Fermi Acceleration

* SNR : Objects left after a supernova explosion

BDowmnstr“eam] Ehoc':ky Ffo‘nts FLUpsfrea m}
O~ CR Gain energy
4p

Ap ~ A 3cVup

Lose energy

4 p S,
Ap ~ Vdown
3c

O

Scatter

(Alfven waves) Scatter

iin Shock framel

Energy spectrum of cosmic rays

O

(D CRs can be accelerated during “round-trip”.

—2.7
X €CR

Energy: €cn

(@ Fermi Acceleration is a good theory to
explain the origin of the "Power-law spectrum”
and “lts exponent”

Flux: €2g X dF/decg

18



Maximum Energy by Fermi Acceleration

* CRs’ Maximum energy accelerated by Fermi Acceleration

r

v V.: Shock speed

2
B [
o 13 sh ISM age o
face: Age of SNR

< 10> eV (knee energy) )

CRs cannot reach the knee energy in typical magnetic field. Energy spectrum of CRs

Magnetic field amplification is necessary.

Flux : €5, X dF/decg

Non-Resonant Hybrid (NRH) instability Xy
(or Bell instability) was proposed. Bell (2004) écr : Energy



Non Resonant Hybrid (NRH) instability

Shock Front - Upstream ; When the motion of cosmic rays (protons)
obB N | generates an electric current J,

B JCR ', a return current (return current) J ...
¥ { is generated to maintain electrical neutrality.

return

AR AN AR s e x 00 e
] CR The return current mduces Lorentz force

7 ]; that inflates magnetized fluid

return '

and amplifies the magnetic field.

Vv V

20



[erg cm™® s

dN
dE dA dt

E2

Gamma-ray observations of SNRs

Gamma-ray energy spectrum of Cassiopeia A - SNR Cas A

ll]]! 1 1 lll]l]! 1 1 III]I]! | 1 lllIIl! 1 P rinn 1 | NN 1 L .
| Cut off energy} Detector: MAGIC & Fermi

Age: ~ 300 yr:
late free-expansion phase or early Sedov-phase

—
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Cut off: 3.5 TeV

|

--------------------------------------------------------------------------------------------------------------------
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<
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< 100 TeV (Derived from Knee energy CR)

| llllllI

R R R .. . e e .. e

~ Other gamma-ray observations ~

-o— MAGIC Statistical uncertainty

. = Fermi Systematic uncertainty : :
IPNE]L A A vty g el * SNR Tycho - SNR W49B

[ Ahnen et al. 2017 . . -
li Ll lllllli Ll lllllli L lllllli 1 1 lllllli | 1 1 T
P 1 ' e ppec ppv Age: ~ 440 yr Age: ~ 1000 — 4000 yr

Gamma-ray energy E [GeV] Cut-off: 6 — 7TeV Cut-off: 8.4GeV £ 2.2GeV

[Observations suggest that young SNRs (. ~ 10° ~ 10°yr)are not PeVatron | s



CR spectrum at shock front
2
P ><f() (Xsh>

Simulation of the Fermi Acceleration with NRH instability

1012 —

—
— — —
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—
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Energy spectrum of protons accelerated
at shock front generated by the simulation

Inoue et al. (2021) performed
direct numerical simulations of the Fermi acceleration
with magnetic field amplification

' Inoue et al. (2021)

by the Non-Resonant Hybrid (NRH) instability

t=2.0 day ——
t=4.0 day — | (or Bell instability).
t=6.0 day .
::=?bo gay | ~Result ~
=10U. day
::=‘1|£21 gay * + Age of SNR:
- fitting Early phase of supernova expansion ( ~ 14 days)

* Circumstellar medium:

Dense gas created by red supergiant
“ (progenitors of type-Il SN) wind ( ~ 1077 M)

12 125 13 13.5

14 145 15 155 16
CR energy: log, (GCR [eV]) I:I
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The usefulness of focusing on gamma rays

O : Cosmic ray proton Magnetic Field * Cosmic ray

Sock front . , . .
J— Fermi Acceleration The direction of motion of cosmic ray protons
(charged particles) can be changed

by magnetic fields.

...................... Observer

Photospere

* Gamma ray

Gamma-ray The direction of motion of gamma rays

produced by cosmic ray protons (e.g. pion decay)
cannot be changed by magnetic fields !

Bt C'rc mste”ar
SNR T

medium

The direction of gamma rays provides information on the direction of the source of CR protons.

23



Purpose of this research

Validate the numerical simulation results

of CR acceleration performed in Inoue+21

(D We focus on gamma-rays produced by collisions
between CR and circumstellar medium.

(@ We calculate the evolution of the gamma-ray flux
based on the time evolution of the CR distribution
performed in Inoue+21.

@ We verify the possibility of observing gamma rays generated
in the SNR immediately after the explosion with
"Cherenkov Telescope Array”.

Gamma-rays CTA

o Chy

Circumstellar
Medium

Credit: CTAO

https://www.cta-observatory.org/wp-content/uploads/2023/09/Chile_V04_Final-scaled.jpeg
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Overview: Observational prediction of gamma-rays emitted from SNR

0 : CRs acceleration
in SNR

From gamma-ray generation to their observation (This research)

1 : Gamma-rays
produced by CRs

& Gamma-rays
Photosphere 7

!

y Photometric
photons

Shock

2 : Gamma-ray

attenuation

Cosmic
background
radiation

Remaining
gamma-rays

{:} W\

Pair annihilation

3 : Survived gamma-rays
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Gamma-rays produced by CRs

Proton (CR) Proton

Q\ (Circumstellar ? STEP 1 : Generation of neutral pion: 7V |
O Medium; CSM) |
— . p(CR)+p(CSM) = p+p+ 7’ |

Threshold: (Kinetic energy of CR proton) > 1.2 GeV

\O CYV i in lab system ( p (CSM) static system)

Neutral pion: 7

\

0

STEP 2 : Decay of neutral pion

7’ — 2y

' |
Gamma-ray 5 Gamma-rays with energy above Em ()C ~ 67.5MeV are emitted.

in lab system ; in ¥ static system 57



Gamma-rays produced by CRs

* Before SN explosion + After SN explosion
, P , P 1 PeV][ - CR collision
Dense gas ejected by the stellar winds CR
of a red supergiant star SU pern ova P (CR) + D (CSM)
(o) (o .
o explosion >p+p+a’

proton * Decay of x

7’ — 2y

Red super giant

100 TeV

gamma-ray

> 10 ~ 10P cm
Forster et al. (2018)
p(r) = Mygo/(4nr*u,) (assumption)

Circumstellar
Medium (CSM)

* Unabsorbed gamma-ray flux
x (Number of cosmic rays accelerated) « (Number of protons collided)

s M —1 M 1
F, . (>100TeV)~2x10"%cm=2s! J RSG Uy, RSG U,
: 104 J \ 1073 Mg/yr J \ 10km/s 10-3 M /yr ) \ 10km/s

-2 -1
o D t X t_l
1 Mpc days (Tatischeff 2009) r
.: CRinjection rate y,unabs

Mo
My oG : Mass loss rate of RSG u,, : Stellar wind velocity of RSG
D : Distance to the target object t : Time after SN explosion [

[Gammaray fluxes emitted from CRs canbecalcuiated.] 1M



Gamma-rays produced by CRs

* Before SN explosion + After SN explosion 10 eV|(. CR collision
Supernova CR_ W p(CR) + p(CSM)
explosion >p+p+a’

proton * Decay of x
. 0
Red super giant T = 2}/
Dense
Circumstellar 2 10 ~ 10" em 100 TeV
Medium Q.(1,7) gamma-ray

* Intrinsic gamma-ray flux

f O.(t,r)dr
shell =7’ _ 3
F}/, intr(t’ r) = > Qy(ta r) = q, n(t, r) ECR(t’ r) [cm S ]
4D
Q,: Emissivity of gamma-ray radiation * q(E,) [s—l erg™! Cm3] : y-ray emissivity normalized + Eqp(r) [erg cm_3] . CR energy density

from shocked CSM to the CR energy density (cf. Drury + 94)

Ecg(r) = J4ﬂp2fo(r,p)pc dp
E, [eV]:y-ray energy (where E, > 100 TeV )
D : Distance to the target object fo(r,p) [Cm_6 g3 S3] : CR distribution function

* n(r) [cm_3] : Number density of CSM Inoue et al. (2021)
Inoue et al. (2021)

[Gammaray fues emitted from CRs canbe calcuared.] |l

t : Time after core collapse



KIBIRD TV RIRE, nans D

IRIRD ST RHMRT Z v T R

2
in D\’ M o\
7,unabs( > 1TeV) ~ 2 x 10712 J < R5G A cm%s”! ,
104 3.63 Mpc 3.8 X 107> M /yr 10km/s days (Tatischeff 2009)
ﬂf:lj : FEHIREGFDEAEK D : @&HERE CHIRETOHERE u, : TEEEEDERDES
Misi : REBEEDEEIBKRE t: SN IRFERDL S DFBRA .
RSG DERICK>TIEEHUAH R (CSM)

O

q}/( > 1 T€V) ECR target/ H
4rD?

F(>1TeV) =

g > 1TeV) =10~ P photons™!erg™! cm? : HY VIRDBET%HER (SEER(E) (Drury et al. 1994)

erg |
L Cm -

e

Mt

KR TOFHEREGEFOIXRILF—E

Moo || : EBREZFLBFOBEE 4 g : PN THE

il




KIFIRD TV RIRE, | ans @

RIRD VIR TSv I R

Mg D\’ M 2 e\
F, .+ (>1TeV)~2x10712 - < RSG < em—2 !
" 104 3.63 Mpc 3.8 X 107> M/yr 10km/s days

Qy( > 1 TeV) ECR target/ H
47D?

F(>1TeV) =

* Y NEROBHRR (A Y VRO TRV —I[TRTF) (RER(E)

q(> 1TeV) = 10! photons~! erg~! cm?

p(r) = Myoo/(4rriu,) (IRTE)

- BERZERITCGTFOES (CRHBERT DXR) - FERFEE

5

Mtarget(t) = J dr’ 4ﬂRsh(t,)2p (Rsh(f’)> Vi, () H [g]
0

- FRTOF

Mt

- BER TR COFEREGFOIXILT—&

¢ t / / 1 / /
QR=;GJ$h@ﬂQﬂ§pQ%U»KyU

V(?) f—R3 f filling factor

HixkmF D 5 S8

RSG DERICK>TIEZEHULIAH X (CSM)

O

O: [&r

EFER
O
s TRILF—HHE
B TRILF—DN, CRNEZ5NnBEE

<=
i

31



ARBRRDAVNVIRE, naps 1

X t_2

. F(>1TeV) « Ecg Mo x

q ( > 1T€V) ECR target/ H 17%/]\'5#'35 dr i
F(>1TeV) = yprs R EE T B
%Y
5
- FERERITICBFOES (CRHMERT H5IR) Jm%ﬂ%wy%ﬂq
ot 0
Moo = | dt' 47R, (1) p (Ry(t)) Ve (t')
o | DIGEN =
, MRSG
= | dr'4zV5ir* X X Vi
Jo AxV3itiu,
X I
- FER TR COFHRGTFOIXRILF—EE
¢ t / 2 (4 1 / 3 (4
ECR — ﬁ dr 4-7Z'I€Sh(lL ) 5,0 (Rsh(t )) Vsh(t)
’ ) HICDWTBICRT
t 1 M
) ? dr' 4zV2 2 x RV x V3
f ” ht3 2 47TV82hf 2l/tw

N
A

HUTe AR

p(r)
RSG DERIC K >TIEEL
~RE ~
- EEAABE
p(r) = Myoe/(4rriu,,)
* ‘@I /&'——'f:t
sh(t) — sht
- PIRCOFERETFDHDSFE
4r
Vit =f —R3h, f: filling factor
4
_f _ﬂVSht3

32




Overview: Observational prediction of gamma-rays emitted from SNR

From gamma-ray generation to their observation (This research)

0 : CRs acceleration / 1 : Gamma-rays
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Gamma-rays attenuation

Photon pair annihilation:
Process by which an electron-positron pair is produced from two photons.

Before

Gamma-ray photon

/ Photon

e.g. Photometric photon of SNR
Cosmic Background Radiation (CMB, CIR)

Energy threshold of lights <:> 2m 2 o I MeV
|:| 34
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QX HBDEIE ¢, ;, DEH

o BF - BEFHEEZLHD, AST ZHFOSEDTRILF—I,
CMS THTW ETF - BEFHAT D H#IEETRILF — (B* = 2mc?) BERT 210 QBB & 2

¢ CMS (center-of-momentum system) : BHFHIENY NLDFH 0 &85 %

=

p;+p; =0 p : three-momentum AFERL  ERERTOYE
*:CMS TOYEE

il

oUTEEFIED Lorentz A E 2 5 &,

1o, ] 2
— (B = (ex +e)

o2 o2 b
1 2 2 . : :
=— <€a n €b) _ (Pa +Pb) " Lorentz invariant of
C2 four-rmomentum (CMS -> lab.frame)
— Z%% —2p, Py . € = pc for photons

b
2 (mecz)2
fah = (1 — €, eb)
[%b in laboratory frame

cf. Fulvio Melia, HIGH-ENRGY ASTROPHYSICS, 11.2.2 Gamma-ray Burst Theory, p.248 -249
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Photoelectric effect Pair production
dominant | dominant

Z of absorber
)
-

40 A
Compton effect
20 dominant
0 .
0.01 0.1 1 10 100

Gamma ray energy (MeV)

G.F. Knoll, Radiation Detection and Measurement,
2nd Edn, New York: John Wiley & Sons Inc, 1989, pp. 54.
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R. J. Protheroe et al. 2000
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HERBHICKDA Y VRBE

- 100 TeV AV VEOFEHEESERHICXY I 2 FHERBTTE

.a:.

HO

dz 1 0.4
T =x,, (E,) = 107" Mpc = 2.5 Mpc

L

T = xy_yl(E},) J d/

0

=x_'(E)L L =3.6Mpc:SN1993J X TOERE £T 3

=1 . Xe "~ 0.2371I_ .

S>FHERBAHZZEYT 5 &,

Z 2T, HYNHRD Intensity [FZFANTH DI EZIRELTWS T,

100 TeV H > YH#RD Intensity (&, 3.6 Mpc DIFEEDE IC
W 1/4 [CBRSI NS

Flux HRRIC, 9 1/4 ICBRRSENS.
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I Cosmic ray injection rate: "

 PEEAE P T (250N B3R (EFME)
 @ERZZTIRASNICAT (BF) DA,
R TN L RBHTORS RERROT XY

X 20 (Maxwell 73%0)

A 290 + B0 () —>

[
G
—_—,

- EEREFEDIGS

TROT7ZAIYH MRS,

DD Maxwell BT D E RS ALY,

ULH UL, BEDS I ZTIE Maxwell BZ{RET 5

nP DHETE
(Blasi et al. 2005)
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Overview: Observational prediction of gamma-rays emitted from SNR

From gamma-ray generation to their observation (This research)

0 : CRs acceleration
in SNR

—

Photosphere

1 : Gamma-rays
produced by CRs

Shock

k Gamma-rays

!

y Photometric
photons

2 . Gamma-ray 3 : Survived gamma-rays

attenuation

Cosmic
background
radiation

Remaining
gamma-rays

{:} W\

Pair annihilation
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Time evolution of gamma-ray flux above 100 TeV

~ Calculation Setup ~

Distance to the target object: D = 1 Mpc
CR injection rate: n°. = 6 x 10~

1n]

Mass loss rate of RSG: MRSG

Conventional model (Cristofari et al. 2020)

MRSG — 10_5 M@ yI‘_l

Conventional mass loss rate values created
by the stellar winds of red supergiants.

Photometric CBR

photon
e OFF OFF
— OFF

Time evolution of gamma-ray flux above 100 TeV

10°

CTA sensitivity
: 1.3 hours

—: 10 hours

|
e
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Time since core collapse [days]

The gamma-ray flux is attenuated to ~ or less by

14 days after the core collapse.
It is further attenuated to ~ by . L4




Time evolution of gamma-ray flux using different mass loss rates of RSG

~ Calculation Setup ~

Distance to the target object: D = 1 Mpc
CR injection rate: n?. = 10~

in]

Mass loss rate of RSG: My

Conventional Myyg = 107> M yr~!

Modern My = 107 M yr™!

My o of most RSG winds are enhanced

by two orders of magnitude a few years
Forster et al. (2018)

Photometric

ohoton CMB, CIB
—— | OFF OFF
— OFF

\

Time evolution of gamma-ray flux above 100 TeV
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< I
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=15

—
-
I

|
~J

=
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~~-
—
.

Modern Mgqc

— ;
T — —— 50 hours

Conventional Mgqq

by CBR

. -2 —1
Gamma-ray flux: F, lcm S ]

p—
-

The

the gamma-ray flux of

Time since supernova explosion [days]

of magnitude.
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Time evolution of gamma-ray flux using different cosmic ray injection rates

~ Calculation Setup ~ Time evolution of gamma-ray flux above 100 TeV

Distance to the target object: D = 1 Mpc : n
4 3 : Cfm 10 "'k I Modern My
TaY I ® p p— T A - o — =3 ~ —4
: =
Mass loss rate of RSG: Myqc : é
X LL‘& 10 °F CTA 2.7 hours
Conventional Myos = 107> M yr! : 3 10 hours
° >
: o o 50 hours : ‘
Modern My, = 10_3M® yr-! : H; » Conventional Mig
. C 10 F I e T—
Photometric| v B : -
photon © 17
o O 10 | 1 1 1 L1 1 1 | | |
. 0 l
— . 10 10
: Time since supernova explosion [days]
: The flux increases by of magnitude

when accounting for . L6



C.C.SNe number rate

+ C.C.SN (core collapse supernova) DRIRRAEDEBE TR ~8M, £T5¢&,

HEUTcEDN, C.C.SNe DHIBMADE &R B EIT : fy = 0.205 %

~ (0.00205 = 0.205 %

20 7 0.018 — 21.544

dN
+ XZEFED IMF (initial mass function) T x MB ZFEWS
- EDH
" A
N=A|MBdM = MBHL(if B # — 1)
| B+1
* SN numberrate = (M > 8 M, DEDE)/(ETDEDE)
20M B
- numberof SNe ISMQQM dM
~ numberof stars JzOMe MB dM
0.1 M,
20
A B+1 _ 20
M 4/3
B g MU 00180063
— =
A AfB+1 M‘4/3‘
B+1 o 0.1

Nishikawa Tomotaka
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CLNe DEEDLHHBET

LTCHOEBEDA, C.C.SNe DRIRAFEDEE L RS EIT :

. =7.3768 %
\ . . AN
« NXZEFED IMF (initial mass function) T x MB ZFRAW3S B=-7/3%ZRE

" A
(B N=A | MBAM = o 1MB+1 (if B # — 1))

20 M 20

o o M x M-73dM M—1/3‘

. ©)
Ju = 20 M,
0.1 M,

8

MXMT7B3dM  pp-1/3 ‘ 20
0.1

~ 0.07368 = 7.3768 %

iPad [ICXTEAD
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http://star-www.st-and.ac.uk/~kdh1/ce/ce09.pdf

HEIWE SNDEE

- BEEDOHRI(E

M =713 _
1 ISAZ MXxM~"dM M5 - 0.500 M3

2 [P Mx M-T3dM  (-0.368 — 0.500) Mg!/3

Mgy = 12.216 M

- EEOTIE

20
1 _
<M> — Jzo M@ M_7/3 dM p— 1 0
A 1—4/3
Mo M 8

(M) = 11.9417 M,

Nishikawa Tomotaka



Evolution of CR spectrum

CR spectrum around the shock front
12

10
.o — t=13.6 day
o g
t=15.6
= 10" ay
g — t=17.6 day
-
“— — t=19.6 day
™ = 10
O = — t=21.6 day
) ~—"
é’ 2 6 ~ t=23.6 day
e X 10 [~ t=25.6 day
.(L’NQ.‘ \
5
o ) \
@, 10
Q
|£ Inoue et al. (2021) mod.
10212 L] ||||||I1 L] ||||||I14 L] ||||||I1 L\ L1
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CR momentum: log;, (pC [€V])



number density: n [cm™]

10

[—
-

10

Evolution of number density and CR energy density
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Evolution of number density
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5% 1014

1x 101
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1.5x 101

2x 101

11.6 day
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t=19.6 day
t=21.6 day
t=23.6 day
t=25.6 day

Evolution of CR energy density
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5% 10
radius: r—ro [cm]

1 x 101

1.5x 101

2x 101

t=13.6 day
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t=17.6 day
t=19.6 day
t=21.6 day
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CSM number density & CR energy density

Number density of CSM

©
x
-
o
©
|

8x10° |-
7x10° ﬁ

6x10° |-

I

5x10° |-
4x10° |-
3x10° |-

2x10° \\

1x10° |-

Number density: n [Cm_3]

T | T T T T T T
initial
t=1.0 day
t = 2.0 day
t = 3.0 day
t =4.0 day
t=5.0 day
t = 6.0 day
t=7.0 day
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t =9.0 day
t=10.0 day
t=11.0 day
t=12.0 day

4x10" 6x10' 8x10' 1x10"° 1.2x10" 1.4x10" 1.6x10" 1.8x10"° 2x10"°

Radius: r — ry [cm]

CR energy density:

Ecr [erg cm‘3]

25 |-

Energy density of CR(E,;, = 1 PeV)

t ='1.0 day |
t=2.0day
t = 3.0 day
t =4.0 day
t = 5.0 day
t = 6.0 day
t =7.0 day
t = 8.0 day
t = 9.0 day
t=10.0 day
v = 11.0 day
| t=120day

‘l t=13.0 day

&' t = 14.0 day

Radius: r — ry [cm]
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- Gamma-ray interaction process

Z of absorber

120

100

oo
-

N
-

Photoelectric effect

Pair production

dominant | dominant

0.1

Compﬂton effect
dominant

1 10 100
Gamma ray energy (MeV)

G.F. Knoll, Radiation Detection and Measurement,
2nd Edn, New York: John Wiley & Sons Inc, 1989, pp. 54.

54



Cross section: yy — et + €~

1 1+
— 2 2 4 2
O = ST (1-p%) [(3—ﬁ ) In - -26(2-p )]
101 :
/\N :
&O
= I
Q\
: 10° |
N— i
\ L
S
C
0 '
O
Q 107 F
n [
7)) I
N I
O
et I
O
10—2 I I I I
0.0 0.2 0.4 0.6 0.8 1.0

E, e: Gamma-ray, soft photon energy

ry: classical electron radius

* maximum of o

When = 0.8, Ec/(m.c?)” ~ 2.78

e ~ (500 GeV/E,)eV

* When Ey = 1TeV,

e =0.5eV
. Infrared region

* When E}, = 100TeV,
e = 0.005eV

: Microwave region

Scattered most efficiently in this region

Nishikawa Tomotaka
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HORRDEBETIL EERESIEIN GFHD 6C ver.

\ = i FE AN
® KRt ICEUIIRIVF—EZHD y-ray DAERE ¢ WORR oLy
2m6264 4 @IE%Z}EZE %
» 400 ] Y s » 400 €min = L WA DEIE m
Tw(t,‘PO,E) = O d/ dcosé O dg deneaw(l—ey-e*) E<1—€y°€*) RSh(t)=R0X<%>
Cmin €min ® @ @

2
R h(t) 2T N2 4
Crnin = \1 — ( & )  BATOREEROTR ¢ HERFRE

t: SN R DOZBEEFEE : y -ray energye : soft photon energy R, (1) : BHAIE

_ ¢ JEIRRENRE
D HREED 54 U BA T OREFRATOREE (RAES %) = RAO+ = 2Ryl cos ¥y M
2 2 1 ph . In
e = em ™ erg ™ sr7| W — aresin [ 0 y-ray DREFRO TR
h>c? exp (e/kBT(t)) — 1 0,min R, (1) i
2@ BFEET R OLELERE

I I
%=57ng(1 - p*) [(3 — %) In 1+ﬂ - 24 (2 - p?)

1\ 2 cE
ﬁ=<1__> s = (l—ey-e*)

2mzc*

cf. Gould & Schréder (1967)

Q@ WiEE
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iR 7 B D BF R TF GC ver

Rt lCm [ TR SN AV NIRICDWT S FRELMTER : 0,
+00 1 27 +00 dTV}’
t, E,V,) = dl/ dcosé d de
TYV( 0) J;) J;min J;) ¢ ngin dedQd] 0, = %ﬂ-rg (1 _ﬂZ) [(3 _ﬁ4) In 1 iﬁ — 2,5 (2 — 'B2)
dz, =(1—e, - de dQ dl 1\ 7? eE
K ( g; e*);‘?g € P= (1_?> S:2m§c4(1_e7°e*)
@ R P TCORKTFHEE : n, 1 —e -e, RIS D
2¢? 1
1) = 3 =1 o1
e, 1) h3c3 exp (e/kBT(t)) -1 [cm we ]
NV — 1 > RS PRI .
- JEERFRERE : T(¢ dW. / | ' lyy > e"e
ml= : 1() 0 A<

dgp' 7 z

l-e,-e, =1+cos¥cost+sin¥cosgsind

¥ = tan™! ( Rin(®)stn ¥ ) for | < dycos ¥,
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R (t)cos Wy — [
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© e, & e, h Parallel
e,-e,=1&RRD ¢ HFE
— XEUHB IR 2 5780
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w\aRXE c,,;,

0, (EW)=| di| deoso| dp| de(1-¢,-e)no0

Y YvY
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v

max °

B FINEEERRR PN
ZET S 0 DEK(E

.. = cos(0_. ) :cos O Dix/IME
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Womin: Y VIEDHIRICEHRE T, R P ICRIETED Y, DR/IME
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max (Rph (t))
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| Rsh (t)
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AERET A METEGR

5 HEEELE R, THRES LAY VROTERE ¢
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1

— I FANEERFER
—  Fe1THAEE (G. Dubus 2006)
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s

7
S

- FEIK=

R, = 3.8064 x 10! x < > + R,cm

1 day
V

S

h=440x10"kms™"

R, =1x 10" cm (cf. Ry in Liu et al. 2018)

. HEREE

213 — 7 (D)
Xoh=Xg |1 — totout eq.(37)
Tiot,in(?)

R = [R(®) — Ruyin()] X, + Riyin(?) €9.(19)

Liu et al. 2018

sample72.c
-> N_typical_72.dat (N_typical_71.dat T% 1)

sample71_R.plt
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Rabinak I., Waxman E., 2011
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FHBEAZE 7

P FTEEEAR 7 7t (2 H0vEl) 7t (2 AMED)

 EERES MBI NIET (BF) O,
BOEER LA SR RFORE BEHRRD T ST P = Pin

X #4n (Maxwell 53%0)

A 2575 + B GER) —>

[
G
—_—,

- EEREHEZDERS

TROTZAIHMEE N,

DD Maxwell BT D E RS ALY,
LD, BEDIH I ZTIE Maxwell B2 {RET S

A= 2l -7 A I
o0 2 Ei ._=_§\
|~ exp <——2> p-dp H] = /Rl’
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inj o 5 ,
Jo exp (== ) p*dp
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1nj

(Blasi et al. 2005)
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107 3 : Unabsorbed : IRz ZE U 7 L)
GC:RINZZEET S
107
102 /‘\—L—/\ | - STEEM (SN1993J Z18F)
' D = 3.63 Mpc
: - _
| / oy = 107
] no mark : Mpqg = 3.8 X 107> M yr~!
107 3 enhanced mass loss rate Mg = 107> M yr™!
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RSG (D3R HI I35

NTILF I X (aori)

CR

RSG

B, [Gauss] . ¥EBR 7 M DMIZ (longitudinal magnetic field) ~ 1 G

b |

- B, DFEZEIL

Table 1. Log of observations of Betelgeuse (for details, see Sect. 2).

Date HID Tot exp. By o
(2 450 000+) S G G
14 March 2010 5270.397 320 049 0.16
15 March 2010 5271.372 320 0.89 0.15
17 March 2010 5273.311 256 0.74 0.21
22 March 2010 5278.362 316 1.07 0.15
09 April 2010 5296.318 320 1.58 0.14
17 April 2010 5304.336 272 1.61 0.19
- BUHITT A
Télescope Bernard Lyot (@7 T > X) 58D NARVAL
Zeeman MRIC K B &L
1t

M. Auriére et al. 2010
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B. Tessore et al. 2017

https://www.aanda.org/articles/aa/pdf/2017/07/aa30473-17 .pdf
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