Basic reviews on
Galactic cosmic-ray origin

B M ARR

cf.) Hayakawa et al. 1958 ({=itHY - EEAERY L FE7R)
Gabici et al. 2019 (FEHEER ORI DEERE)

1, ZHEKRF
B DOF1’%2020,8826H, 2EMIRE




FHEE (Cosmic Rays)
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FHEE (Cosmic Rays)
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From Nishimura 2015
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FE#R (Cosmic Rays)

The energy spectrum of CRs
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#2  (Cosmic Rays)

The energy spectrum of CRs

Terasawa (2012)
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1. ISM®D T 3 IV F — 4 (KIFEE)

CR ~ turbulence ~ B-field ~ thermal ~ 1 eV/cc
S>HROEBHEESE5Z 5:

e.g. SRR B D FXENJR (Breitschwerdt+ 1991)

2. P FEDERIE

BEEN X FHIGEHEE L TWD,

Wilm 13 7 7 A<IRREBICIRTE L TEORT 5,
> BB DR & AEFE DHEDE (cf Inutsuka 2012).
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The energy spectrum of CRs

> ECR ~1 eV CIIl'3 ( mostly reserved in ~GeV CRs)
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Boron to Carbon ratio
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Boron to Carbon ratio
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11B production : ?C +pgyq — ''B
FREK (s1) 1 g ~n(12C) nygy oc

WER(Y) : ~n("B) /7
FEPREE ¢ n('B)/r=g¢q

7~ {n(*'B) / n(**C) } / (6 nigy ©)

*A = pum, ngy 7c is usually used in CR community.

- n(1'B) / n(?C) ~ o4 | pm,,

t~A/ pm, nigy c
~10 Myr (4 /10 g cm™@) (nyq / 1 cm3)!
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» CRIFFICHETTHAIND

T~A/ pumy ngy ¢
~ 10 Myr. (4 /10 g cm™) (nyqy / 1 cm3)!
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> Vv A OFEDTFTHEEROESDR/NRT — L.
< 1,~R/B, R=pc/Ze “rigidity”.
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FEHRDOERIZCDOWNTO
> CRISFEICHGFTERIND

T~A/ pmy gy ¢
~ 10 Myr. (4/10 g em™) (ngy / 1 em™)!

FHEIRH IR Z 8] B BFR: (10 kpe) / ¢ ~ 0.01 Myr <<t
Finally escaping
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vV IxIF-EE
(C)CRN 1 GV Cm_3

v et B A
T~ A/ pum, ngy ¢
~10 Myr (4/ 10 g cm™?) (nyqy / 1 cm)!

vV LB FEAZE (Required Power)
Per~ecp VIt ~ecpMc/ A
~10* erg/s (ecr/ 1 eV cm™)
( M/ 109 Msolar)
( A4/10gcm?)!

* p = pumnigy ~ M [V is used.



FHEEORBIZDOWLWTO

‘Required power: P-p ~ 10* erg/s ‘

» Supernova

v' Energy per event : Eqy = 107! erg

v Event rate: g~ (Number of SNR) / (life time)
~300/104 yr
~1/30yr

- Available power: ~ 10°! erg / 30 yr ~ 10%* erg/s

> B EBREHROEHITALF—D~10%IFEHN
FHROEMRITTBEINTULNITREWL (Y, A
Wz D78 B IEKRERH) |
Other advantages:

1. Chemical composition of CRs (enhanced population of heavy elements)
2. Plausible CR acceleration mechanism was proposed (DSA)




FHEEORBIZDWLWT®

“‘quasi—equilibrium” & “uniform ¢qp”” are OK?

7~ 10 Myr. (4 /10 g cm™) (nigy / 1 cm3)!
Peg ~ 104 erg/s (ecg/ 1 eV em3) (M /10° My,,) (4 /10 g cm2 )!

v R ERRO R T —IVISERAI DR R T — L ICEEAN
TIEBITNE W,

e.g. E}—BE\A_’—I— ~1 Alsolar/yr
ISMABRADEEM~10°M
TIEE LB,

I3 ~10 Myr

solar
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“‘quasi—equilibrium” & “uniform eq;” are OK? ‘

Per ~10%erg/s (ecp/ 1eVem=) (M/10° M,,,) (4/10 g cm™? )]

Number of stars
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OB association

VIFER - ZEICFEHER
0 1 @D F AZ(by supernova) &
5 - N 3 R
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#2  (Cosmic Rays)

The energy spectrum of CRs
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Injection Power [erg s]
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FUEWNT RILE —
DFERR (<MeV) TE
AlfB~4 x 10160 g1 % it
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NTFEOFEHIRBEER | D8] vs I3

» Cooling time of ~MeV CRs
Tioss.p(E) ~ 6 Eﬁe/g, yr for Ein 1 keV-1 MeV
Tloss.e(E) =~ 3 X 10°Eyey yr  for Ein 1keV-1 MeV

~ ! = A(E)Evdisc
Assumed spectrum f(E) = AS(E — E), Required power P(E)= —F
BEIRXLVX—FHRIIISMOTENFE DI —AEEL

2N S
1112.5.
SERINBDFAIRILF—DIEZ 3,

D ZRFDBELH D DTIZA D 7

(Yang+14; Recchia+19)




N EDFHIREHEE
7 L UVAITE & DEESE by VLT X-shooter
107+ —— CR (1-0)0(2)
---- CR (1-0)Q(2)

—— CR (1-0)5(0)
106 4 === CR (1-0)0(4)

formation

Bialy 2020

H, line intensity in ~um bands
Iy (erg cm=2 s71 str™1)
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Supernova Remnant (SNR)

y-ray: electron or proton?

i X-ray: ~TeV CR electrons
| Supernova ejecta

8 Hou: useful tracer of shock
condition & physics.

5 " Y .o

From Chandra archival image

SNR 0509-67.5 (Chandra & HST)

Blue: 1.5-7.0 keV : s
Green: 0.2 — 1.5 keV SNR shock (& 2[5 D 55— &

Red: Ha T%%



Supernova Remnant (SNR)

y-ray: electron or proton? dF  p/dE ~ EP e t/Fmax

/

Inverse Compton Per + Pism = T > 2y
vF d(log v) ~ v GP)2 vF d(log v) ~v!?

A

p=2

F, : photon energy flux
per frequency

Uniform nq,, is assumed

log v



Supernova Remnant (SNR)

y-ray: electron or proton? dF /dE ~ E” o-E/Emax

T TERDARYT FILH 5.,

1. XEBENILEFEGFORENETE CZ B,

2. AR MILDEAD OINRESHHIREIND (XY
NLEEMpEEIAINF—E )

B )

p=2

F, : photon energy flux
per frequency

Uniform nq,, is assumed

log v



Supernova Remnant (SNR)

y-ray: electron or proton?

Abd% RX J1713.7-3946 D &A1

s 1]

E2dN/dE [ MeV cm2

BT AXENBEEZ L TWD.
SHEFIFIMERL THEW? ? 72

NN Il \\\HH‘
10° 10* 10 10 10

Ellison et al. 2010 minated
irakashvili & Aharonian 2010 (10 dom
irakashvili & Aharonian 2010 (IC/n0 mixe
Lol Lol Lol Lol O
5 6 7 08 n
ey (M R+ Pism = > 2

1

R—1T I\U)ijJé‘ ‘2 RIS
7&?7/3 7w_:|, Fﬁ?a)i (‘.'.ﬂélt.ﬁ/
L—ti") %t_tﬁ %D’O*LTL\

(Inoue+12; Inoue 19).

E2dN/dE [ MeV cm2s-1]




Supernova Remnant (SNR)

y-ray: electron or proton?

"I RABEDZERBEIC DK
79 2.

s 1]

E2dN/dE [ MeV cm2

E2dN/dE [ MeV cm2s-1]

> MRS OFIR ICIIREEDTF
T9 2.

Pcr + Pism = T° > 2y
R — '7/#10)777\%‘ VIO fE S
050, BFDGEE -
‘\-&U?%%L_tﬁ %D’O*LTL\

(Inoue+12; Inoue 19).




Supernova Remnant (SNR)

y-ray: electron or proton?

Per + Pigm = T > 2V
> Zx e

L,.o~F, X4nd’ ~0.1 ecg V nigy oc

"IERETR BEBE d & BE n D ETZH .
e.g.) RXJ1713.7-3946

1. Caswelletal. 1975 :d ~ 10 kpc (H, absorption)
2. Fukuietal.2003: d~ 1kpc (CO emission)

3. Wangetal. 2020: d ~ 5 kpc (red crump stars)
(arXiv2005.08270)



Supernova Remnant (SNR)

y-ray: electron or proton?

RX J1713.7-3946 D781
(one of the brightest SNR?)

- Abdo+2011

.1]

E2dN/dE [ MeV cm2s

For ~ GeV CRs (Abdo+11)

Lmmimmeeten] o0 V<03 X 105 erg
e e (ng/ 0.1 cm3)1 (d/ 1 kpe)?

>¢Proton origin is assumed.

E2dN/dE [ MeV cm2s-1]




Cosmic Rays

The energy spectrum of CRs
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1. ISM®D T 3 IV F — 4 (KIFEE)

CR ~ turbulence ~ B-field ~ thermal ~ 1 eV/cc
S>HROEBHEESE5Z 5:

e.g. SRR B D FXENJR (Breitschwerdt+ 1991)

2. P FEDERIE

BEEN X FHIGEHEE L TWD,

Wilm 13 7 7 A<IRREBICIRTE L TEORT 5,
> BB DR & AEFE DHEDE (cf Inutsuka 2012).
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L /4 Lo .

| | l 1 || N \
I = b i TH 225 == A = o S 1 JE

> ecp~1eVem?(~GeV CRsHHE D)
Supernova D ExB JJ“I&E".
NFEOEHEIFIZEFHNETHHETESZDON?
CR ~ turbulence ~ B-field ~ thermal ~ 1 eV/cc
IXERAI(ISM)D E ZTHR Y II>DH ?

> SNROD S ITHIIT
FEIROE KK & IR (LR ERRE.

SNRTOILEREE 2RI 5 - DR
HaDRALERAUHLEETH 5.

Cf. Shimoda et al. 2018
Shimoda & Laming 2019 a3, b
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Diffusive Shock Acceleration; DSA

Assumption .
i Tz QO EFEEHEER TH 5.

(A) -
/\A;[ QERFEFETIBIH
Alfven wave ~o IWE—RFHFEIET S,
/\/ A~a(B)
X “power-law” 7311 %
(€) o= =9 5.

SS
D I dF CR/ dE ~ EP e_E/Emax
_—) ;.

U

Sa
R » p=1+3u, / (up-uy)
U,




Diffusive Shock Acceleration; DSA

iR D R AE
< 81; Drury &

O S=0FEBRBE (u)(r) & uzr) ) C
MRICK > TZEHFHT 5 (e.g. Drury & Vol
Falle 86).
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FHEAR & B i%_

Velocity HIEE AKX <
’ @U RO EN %

I:I Cosmlc Ray Modified Shock (CRMS) & L\ 5 |

J__. 0) uhui‘

" precursor|d YEEEE TH AL

=5 (eg. G

o rEEzw
1 ?Ez.t_\.\

navamian+00, Medina+14).
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Cosmic-Ray I\/Iodlfled Shock (CRIVIS)

pipo, 10P:jpoR?, 10P/p o 12
6= u, 103 km s—t, 107, keV

upstream downstream downstream pstream 0.1

0.01

0.001

0.01

For RXJ1713.7-3946

» Zirakashvili & Aharonian 2010
SATHEDH > TRARY |k
IVOBIRTIE, FEEEDD
FERBICKZTWGEEZEZLTL
2




Suzaku
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Cosmic-Ray Modified Shock (CRMS)
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HESS (Aharonian et al. 2007)
Berezhko & Voelk 2006

For RXJ1713.7-3946

10°

Ellison et al. 2010 (tOdominated)

Zirakashvili & Aharonian 2010 (nodominated)
Zirakashvili & Aharonian 2010 (IC/nOmixed)
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Cosmic-Ray Modified Shock (CRMS)

e KBBREO [ DB

- H|| CTHERER M.

PN

-V, ~ 100 km/s

- Ecg 10 keV - MeV

"B~ 10 uG (M, ~ 5)

| Age ~day

1T FEULsNR

bV, >~1000 km/s

' Eg ~ 1GeV—3PpeV?
"B ~1-100uG?

Terasawa 2006 (M, ~ 1—-100 ?)
~20 % of shock energy (flux) A |

converted to non-thermal particles Age ~ 100-1000yr.



Cosmic-Ray Modified Shock (CRI\/IS)

Fy,p 0

18I /8,
T ™
1 L
S6000 56800 57600
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28400 59200
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50000
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55000
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:Tﬂ%’é“ % SNREZ;
1 Dhybrid simulation
1(Ohira 16).

Age ~ 1 day



Cosmic-Ray Modified Shock (CRMS)

SEELS

800 T 1 Pp ! Poo ’ 'F
2 ~ _ <7 0.8 |
."_,_ ~— - ». <
- - 10 0.6 |-

0 : : 0
, 0.4

R X *L% | REZE ﬂﬁ

[~1 0 %.

FIER, INZzBrlT 208D H S,

SNR(~#kpc)lcHB T F7AXTD~10%D
REZ%=FRE X |

Challenging!

vV, [km/s] E/Eg




Supernova Remnant (SNR)

y-ray: electron or proton?

i X-ray: ~TeV CR electrons
Supernova ejecta

8 Hou: useful tracer of shock
condition & physics.

A
‘e

From Chandra archival image

HoSEE K ELD 7 7 A< IRREZ IR L
Tt % (e.g. Raymond 91 for review).

Red: Ha TZF%



Ha emission from upstream

Tycho S SNR (Lee+2010)

precursor III postshock
i <Shock Direction

LR 7

H, Surface Brightness

Distance from the peak [”]



Ha emission from upstream

Tycho S SNR (Lee+2010)

precursor III postshock

LR 7

face Brightness

Shock Direction

RESOLVED SHOCK STRUCTURE OF THE BALMER-DOMINATED FILAMENTS IN TYCHO’S SUPERNOVA

REMNANT: COSMIC-RAY PRECURSOR?

JAE-JoON LEE', JouN C. RAYMOND?, SANGWOOK PARK!, WILLIAM P. BLAIR?, PARVIZ GHAVAMIANY, P. F. WINKLER?,

AND KELLY KORRECK?>

-

—4 —2 0 2 4 §
Distance from the peak [”]



Ha emission from upstream

2x104

1.5x10%

104

Ho flux

5000

4. Shoclerectlon (c)

H Narrow ]
Broad

1 Photoionization precursor |

20 40
Position (arcsec)

1SNR Cygnus Loop
| (Katsuda+2016)



Ha emission from upstream

210 | 4 shock Direction (c) { SNR Cygnus Loop
; 3 | (Katsuda+2016)
st L | Narrow ]
' : [ Broad :

SPATIALLY RESOLVED SPECTROSCOPY OF A BALMER-DOMINATED SHOCK IN THE CYGNUS LOQOP:
AN EXTREMELY THIN COSMIC-RAY PRECURSOR?

SATORU KATSUDA KEIICHI MAEDA , YUTAKA OHIRA YOICHI YATSU Kot MORI6, WAKO A0K17, KuMiko MORIHANAS,
JOHN C. RAYMOND PARVIZ GHAVAMIAN'O JAE-JoON LEg' , JIRO SHIMODA4, AND RYO YaMAzAkT

I W Photoionization precursor

i

Position (arcsec)




Ha emission from upstream

2x10¢ - 4

Shock Dlrectlon (c) 1SNR Cygnus Loop
| (Katsuda+2016)

Narrow ]
Broad

1.5x10* - |

O HolX EARTH-o>TW5S,
O [ RXEZ{] hdH 5 EDHHILCRMS.

u Ha@fE_nHﬂE’]foLﬁﬁR $7?

0 20 40
Position (arcsec)



Ha emission from upstream

Velocit H |LshockE % =8
..... H.. IHHIIHI Y WEE]

| ‘
e H+p/e > H* + p/e
\\ T emits LyB

________ /e |XshockBLi%k 7z
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Polarization angle for LyB—>Ha
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Ha emission from upstream
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Polarization angle for LyB—>Ha
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Model set up for the shock
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Model set up for the shock

Velocity

V.. = 4000 km/s
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We solve 3 cases:
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Line Transfer Model
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Results: lonization Structure of H
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Results: Polarization of Ho

The sign of degree indicates the polarization angle (Stokes Q).
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Discovery of polarized Ha emission

@ bright filament of SN 1006 (Sparks+ 15)
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Discovery of polarized Ha emission
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Outcome
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SN 1006

~ 0.1 ? (this work)

v' density ~ 0.3 cm™3
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SN 1006
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Summary

> ecr~1eVem3 (~GeV CRsHHE D)
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