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Supernova Remnants:e.g., Tychos SNR (SN 1572, Ia)

X-ray image_(Chandra archive)

Ha: (Winkler#07) -

Gamma-ray (Ferml-l-VERITAS
Archambault+17) -

Declination (°)

- 64.200
- 64.150
- 64.100

- 64.050
. 7.000 6.800 | 6.200

Right Ascension (°)

0 20 40 60 80 100
Gamma-ray excess counts

Supernova Remnant (SNR)

- SupernovadD*F&EL*

KIEHIIC, SN &ESNRAE X RIYT 2 B 72
ERIFEWE NS, REEFOIFHLRE,
KL FhE D IR 5

- R M=2KE - £ DM DERRIZT ?

- ISMOMHER (9FEFERKR) ZRY. B

BE=nTrLE—E (Mckee&Ostriker 77,

Inutsuka+15)



_~ Snowplow phase
(T<0.l keVor . .« :« .
Vsh <300 km/s) e+

Supernova Remnants:Temporal Evolution

G1.9+0.3: Youngest SNR in our Galaxy
(age~140 yr, Bamba & Williams 22) ~ Late Sedov phase

Free Expansion Phase (w/ cleagReverse shock)
. R | : ‘.' ( 3

SNR DEM L71 @LMC
(X-ray), age~a few kyr

SNR-Cygr'l'us'L'oop. .
-~ (UV), age~10-kyr .

L B

% G70.0-21.5
Blue Olll, Red Ha
age ~ 10-100 kyr?
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Diffusive Shock Acceleration (DSA)
—EERZEFEL TRFAIERL T <

BwesZh
DO~PeVFEBEEIEY 55 < b0y, RIS
= VNS YA A

shock (z=0)

upstream  — subscript “0”

downstream— subscript “2”

FHEREN TEHRRBEL LR ?
—Cosmic Ray Modified Shock

"I WIER T D IR ILE — R R R,
NFRIZZE D,
XABEZA
WBINRPFDEITFE L,

I IRIREED N E =AY, FFICERR A E
BEIZITEAEEATULELY,
(cf. Shimoda et al. 2022)
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shock (z=0)

upstream  — subscript “0”

downstream— subscript “2”

FHEREN TEHRRBEL LR ?
—Cosmic Ray Modified Shock

Diffusive Shock Acceleration (DSA)
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Velocity
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E2dN/dE [ MeV cm2s-1]

—m— Fermi LAT (24 months)
— e HESS (Aharonian et al. 2007)
Berezhko & Voelk 2006

Ellison et al. 2010 (rOdominated)
ian 2010 (x0 dominated)

shock (z=0)

upstream  — subscript “0”

downstream— subscript “2”

FHREND TEHREBELEIRA ?
—Cosmic Ray Modified Shock

Zirakashvili & Aharonian 2010 (
Il Il Il

Energy [ MeV ]

" Inverse Compton by e-

E2dN/dE [ MeV cm2s-1]

—a— Fermi LAT (24 months)
—e— HESS (Aharonian et al. 2007)

— — Porter et al. 2006
— — Ellison et al. 2010 (IC dominated)
ian 2010 (IC dominate\d

Energy [ MeV ]

—RX J1713.7 3946 (Abdo+11)

- 2010FERIC (HBFRFEPRE) GeV-
TeV gamma-ray®SEDIZEE T 5 #3EH
RKWITES Y EAv - 7=,

- ZNE TD [CR proton D IHEFHERA
BL, FEBRREADIREROFMD 2N
2] EWHEFEB WY EY) 5 72,

cIRAED, BFLMIMERLTHEWEES
bHAENY 257,

IRE - SEDEIROBIEFTY, HRE
EOREMN,R ERRA BRI {THNTZD,
SRyt XFE SN TULAR L,
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Ha from SNR shock

0509-67.5@L MCx. . B CRINEIRIZ & BhHILBSNR Shock Tl
| ' R, Ha AshocklEm#z® FL—X3 3L 512
Y->TW3

—IRFE G DOYPERAEE & < KIRT S
EZEZBLNTWD

—EFHE R TOFEHRIERINZEDHETE
Fz 5,

(Helder+09; Morlino+13: Shimoda+15,
18; Shimoda & Laming 191th)

*x X o Y eFEHTHY T4

TFHEE [BHRERE TCOFTERIEERDIEK]

K AR 2025.5, pp286-294,
https://www.asj.or.jp/ip/activities/geppou/2025/entry1028.html

.Fronoq-Chandra archival image


https://www.asj.or.jp/jp/activities/geppou/2025/entry1028.html

Ha from SNR shock
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Ha from SNR shock

@ Shock%#ZERL7-TERF (e,p) PHEF%ML,
@ REHEFHD»S5HaLyB G INS.

@ LyBIIRINEN(1s—3p), REBICHa(Bp—2s)& L T
i ETRY (R

FHFEMEOFY - EL T
(Shimoda &

Laming 2019) .
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o emission from upstream
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o emission from upstream
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o emission from upstream
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.H.. |noCR]
R N\ CR modified shock
..................... d)i

Sup - | precurso Rdown fully ionized

shock (z=0)



o emission from upstream

Velocit
" H_ [noCR] “*="% e
N | EBfaracaxin] # L T,

&R,
NN\
1with CRIN
IEREEEAE
up precursor {down fully ionized
ODUDDUSBUCIE 3 N\ 7

shock (z=0)



o emission from upstream
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Model set up for the shock + Line transfer model

. (a)
VClOClty far upstream outer boundary (2= 2gu0)

s & e

Vo= 4000 km/s

e sl rayein d t 9
S upstream. v RS Shnnmmnninbonnn

o ShOCk (Z
%\\\\\\\\\\\\\\\\\\\\\\\

inner boundary( =Z,)

\

fully ionized

No modification

N\

z (symmetric axis)

(b) umber density
far upstream

////

Modlﬁed
shock
x-i-
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DN ——

\ downstream 7 I e N %\\
precursor front (z=z,,)  shock/subshock (z = 0) e =

Shock FRIEED =&, BEDZFF» - 2d=F

BETER, 7,-0.1 T, 2KET 3.




Results: Polarization of Ho

The sign of degree indicates the polarization angle (Stokes Q).

(polarization degree) |%]|

10 ] | |
narrow Ha polarization
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NO Precursor /\ A
0 /
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5 —
‘\
-10 [~ far upstream precursor CRz L ]
15 | | | |
-50 -40 -30 -20 -10 0
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The energy spectrum of CRs
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Ohira, Yamazaki& Terasawa (2012)
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The long-term SFR is
regulated by the
galactic wind driven
by CRs.

— Galaxy formation




"Puzzling” Star Formation History

S = Heywood 14
) % P Total mass of DM: ~ 102 M
: g r % Total mass of stars: ~4-6 x 101° M.
2 e
: : L - Current SFR: ~ 1 M, /yr
B i el Total :~10°M
otal gas mass: sun
of —HA m N Cf. Bland-Hawthorn & Gerhard 16, the Planck Collaboration 18

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Lookback time [Gyr]

> From the current MW ...

1. The gas should be depleted within ~ 1 Gyr !
2. Replenishment of gas is required.
3. Galactic halo (CGM) may be a dominant gas reservoir.

35



"Puzzling” Star Formation History

(the metal amount)

20

= Hey‘wo;)d 14 @ disk
e S 1 Ny ﬂ SFR ~ 3 Mo/yr
3
% . :”‘—\_ﬂ M Salpeter IMF — Massive Star FR ~ 0.1 Mo/yr
=T U o Total Metal Mass Ejected by SNe
o Hm ] W Iy - — ~ (SFR) x (Massive Star fraction) x (CO core mass fraction) x (14 Gyr)

0 1z s 45 6 7 8 8 0z s ~ (3 Mo/yr) x (0.1) x (3 Mo/8 Mo) x (14 Gyr)

Lookback time [Gyr]

oF : H ~99 % of metals from the disk!
I | — Persistent Outflow is required!
N e _ 2/ (8J & Inutsuka 22, SJ, Inutsuka, & Nagashima 24,
o SR il | SJ & Asano 24)

15
7 (Gyn) Xing & Rix (2022, by Gaia) "



Circum-Galactic Medium (CGM)
] Gl | LT S . : : .
S /e | “Discovery” of hot, highly ionized
Sample: |+ b 27N, A A . .
Lo rmm s | (v medium around galaxies
'\\ \\\ p s 0O :; Map '\‘ \\\ o /50' 2 ,:' .
5? kpc| '€, e (Tumlinson+11, 17).
B “huer__us B o _us
StarFormling . IPassive _ > OV| absorptlon ||ne
55 8- | HIEQIGEAIGG . 9 Tionized ~3X 105 K: NOVI ~ 1014 Cm-z
= = 0.82 :
£e Z;;,S:N % 1 > Estimated total gas mass
B ' ~ 1010_1012
e, | 101°-10%~ M,
2 1 \ 1 Missing Metals may be in the
S Galactic halo.
0 R o .
--------------------------------------------- . . T The Outtlow is required.
| G2: z,y = 0.2520;‘..I;.;—.".é.él‘(pc_
— ——

1202 1204 1206 1208 1210 1212 1292 1294 1296 1298 1300
Observed Wavelength (A)



Outflow Model (SJ & Inutsuka 2022)
w/ Radiative cooling & CR diffusion

L 4
flo l% % ?CR ) ? ‘Essence ‘ (Shapiro & Field 76)
\\\}‘/ '? Radiative cooling — I'< T vir — wind never launching
/:; \\\" "\, l/\ - ‘ I > . . . . !
[ ,‘/ \TQ\\'}%‘ogj Heating by CRs— Comparable with Radiative cooling!
AW RN CRs scattered by 0 B
1/ =. TALD
//'/s l% \ \\\ } CR‘A —Momentum transferred to 0 B

/ ER L ."-.‘CR /\/ — 0B Srows
0B —dissipation of 0B

B'ﬁ?IdA %\ : S —Thermal gas heated
A AUAN S 1'—C-R ----- . e—‘Y’V;- I' = |VAVP.| (erg/cc/s) (e.g., Kulsrud 2005)

’ _______________ ‘_“___jf*_‘ai“‘z)__
; {\ ~ I ‘ *Breitschwerdt+91 extended the pioneering work by Ipavich 75, and

Ie | vre  estimated that the mass loss rate due to the wind is ~ 1 Mg,/yr.



Outflow Model (SJ & Inutsuka 2022)
w/ Radiative cooling & CR diffusion

flow’ Lo ‘ Essence ‘

(Shapiro & Field 76)

% é P I . : : : :
\'\. ‘-:,»}.i ; } /- Radiative cooling — I'< T vir — wind never launching
; "j A ' Heating by CRs— Comparable with Radiative cooling!

o~
[ ‘/ v:\f‘/ d{{l
IS N
//{/ % \ \\\ | n2_A 0 91( B \! P, -1
;o l \\ ‘ O 10—3 cm—3 1 uG 0.3 eV cm—3
R \ CR o H (20)
B fiald 10 kpc 02 erg cm3 s~ 1 )
|%§ A+ U
%\ °r‘%°R”g::ut‘ZZs‘1‘;Tov‘3 The reasonable physical parameters result
S Ra”S:;“m“';Zi":’::t.zL:A in the comparable heating rate!

Closed field » disk

estimated that the mass loss rate due to the wind is ~ 1 Mg,/yr.

e Ny /—_ _“___j"_*alnlzt_
\ ; <\' K I ‘ *Breitschwerdt+91 extended the pioneering work by Ipavich 75, and
| YA+ U
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Cosmological accretion flow (IGM)

~4 M,/yr by SNe & CRs o _®
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~7 M,/yr
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Galactic disk | 7./ °
(~ 10 kpc)

‘Consequent star formation at the |1|isk

Virial radius*,

Cooked) v" Almost constant SFR
— quasi steady-state

CRit — SFR~7M_/yr—4 M_/yr~3 M, /yr
o & - = CROEWNE, |
1) BEREDL [RELABYBELW] &S5 ICHET 3. 1) ha|;@jjx75\ %‘Bfg’ciﬁ/}ﬁbi< ,
2) ABMoOEED [BEoALWV] L5 ICHAET S, WER D HEHRE A~ 1005 123X 5., £y ?
2) RE - & @%t&%iing‘ 2%, A
E b\/ﬁm%?



Fermi Bubble & eROSITA Bubble

\ 4CR

Predehl+20 o ¢\ \ S~ "* =

Breitschwerdt+91

Outflow:
T ~ 0.1 keV (~virial temp. of the MW)
—eROSITA bubble is consistent with this expectation.



Galactic Wind Scenario (SJ&Asano 24)
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JWST bubbles: Hints for 10 pc-1 kpc physics/phenomena?
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*Local bubble* around the solar system
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Star formation near the Sun is driven example

by expansion of the Local Bubble 20 ————————
UCL born (d)
UCL = Upper Centaurus Lug L Upper Scorpius |
LCC = Lower Centaurus C
= OB association
Taurus ‘Young’, ;;10 [ ]
” 2 | Palla &Stahler 2000
5 - |
L
0 | | | |
0 2 4 6 8 10
Age t (108 yr)

Salpeter IMF7: &, ~50-100f@IC12< b W KREEE

SNein
UCL/LCC
make bubble

Taurus ‘Old’Elgle]

Corona Australis
born

BE~10 MyrlAIC, EFFERIERER > -F%2 KT 5.
EFERIIKEEEDEKICEVIRT T S?
(c.f. Hosokawa & Inutsuka 07, Inutsuka+12)

Upper Scorpius and
p Ophiuchus ‘Old’
born



@The Earth

Hint 1: 58H a5 1#%F%Fe (half-life, 2.6 Myr) @Pacific Ocean crust
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Wallner+21
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Cosmic Rays CALET collabo.

10°

Hint 2: FHIGEF % FOFe (half-life, 2.6 Myr) 5 1
H 102
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104_é ] i _: g 1(_)0
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Cosmic Rays r

https://matisse.web.cern.ch/science.html
——

Heliosphere

Heliopause

Jor m?2s!sr! Gev!]

terstellar space

Hint 3: Low-Energy CR (| protons)
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Cosmic Ray Hydrodynamics

Hydrodynamics (thermal plasma)

op 1 0

Bt 75 (7pete) = 0, e
Ovg dvg | O

pg|:E+UgaT]— 87“(P +Pcr)7 (2)

o (1 10 [[1
ot \ oPel% T € +r_2ﬁ oPels t+ Pyt eg | vg

1 0 0T,
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r2 or
OP., dp Oscr
— ), oy + /p’Uf (a)c ’VA (3)
5
Py = (7g — 1)eg = ngkTy = ;_ngga Vg = 3’ (4)

Cosmic Ray Transport

210 (g0
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19 [rovg\of 0 dp ('9f
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pU pe
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CR Pressure [eV/cc]

Gas Temperature [K]
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Affects the CR spectra
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TeV halo: PWNe & DHLEREUN S W 7 B

Dec. [deg]

Surface Brightness [10712 TeV cm~2 s~ deg™2]
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Fig. 2. Energy density within TeV sources associated with pulsars as a function of pulsar £ and 7. under different assumptions. Top panels: energy
density calculated as &, = Et./V, described in Sect. 3.1. Bottom panels: energy density calculated using the electron spectrum derived from TeV
y-ray measurements, described in Sect. 3.2. The shaded regions correspond to an energy density lower than that of the ISM under any reasonable
assumption. Systems for which measured properties are taken from the HGPS are indicated by circles, whereas stars indicate the systems where
HAWC data is used (see also Table 2).



Zucker et al. 2022

Y (pc)

300

*Local bubble* around the solar system
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The energy spectrum of CRs
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Highest Energy Cosmic Rays (>100 EeV)

The energy spectrum of CRs

TA collaboration (2023)
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The Origin & Acceleration Mechanism
Remain a BIG MYSTERY. 58




Observations of ~100 EeV Cosmic Rays
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Recent News: KM3Net ~100 PeV Neutrino

10 a s
----- Upper limits w9 o . 12 — 1,800
sl KM3-230213A o H . s
23 20 2 22
-7 o 24 s P 28 [ | 1.600
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0

However, the energy of this eventis much larger than that of any neutrino detected

so far. This suggests that the neutrino may have originated in a different cosmic b
accelerator than the lower-energy neutrinos, or this may be the first detection of a
cosmogenic neutrino®, resulting from the interactions of ultra-high-energy cosmic
rays with background photonsin the Universe.
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Neutron Stars (Magnetars) as a candidate of source

"Hillas diagram"

Ecr/qB ~ ObJ@CT Size—Confine the CRs

1p 1kp 1Mp

10"°[

Neutron Stars w/ B ~ 101> G are one of
1 the candidates.

| How accelerates *huclel™ in a
- Neutron Star Transient Event is the
1 main problem.

@ (see, also Arons 04, Kotera 11,
4y Asano+06)

*PEFEORAY ICIE [BEF - BETF]
37K SABEET. *BKF*I5ETT.




New Scenario for *Trigger* Mechanism of NS-transients

t=0 t=1.4x 10°P t=2.8x10°P 7

Known as the Dzhanibekov effect
as a solution of the Euler equation.

[HiRY ] L=-EFEDE
B (Fe+te) HEMICHHZA Zh
TEND, HHEPEWEILT
Fexz—SXUCHET 3,
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What happens in the NS under the Dzhanibekov effect?

The waiting time for “flip"
¢ ~ 200 yr K7157_9_1P70,

I3 > I, > I, where I, = (2/5)M*R*2, I = (1 — 5)]2, and I3 = (1 + 5)]2

Q; (normalized)

Euler force appears
— 2 L
*Work™ by Euler force V =7l"H, AP = MFgaAT

0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
/ Ve Ate =15 X 10_37'f
AP? MR,2QYW2AT?

FEul — "I‘XQ’ ~ R*Q25 Wgu ~ IM 9

Elastic Potential Energy (*stiffness™ of the crust material)

2y, m/p=10"em? s72(A4/56)4/5(2/26)%p {"
Uelae = o™V "0 oo '

27\ 5/2
A (—) H = -p(di/dp)



What happens in the NS under the Dzhanibekov effect?

Euler vs. Stiffness

Non-relativistic =
Fermi energy

1026 Relativistic
Fermi energy

Wew(p), Uela.c(p) (/10% cm)? (erg)

—

S
(S
[
T

[

(=
[}
&

(o)
<
oc

107 107 107 104
1/p(g' em?)

Fig. 2 Comparison of the total work of the Euler force (solid line) and the critical
elastic energy (broken line). The hatched region indicates the region where the Fermi energy
of electrons is relativistic (p > 105 g em™3). We adopt R, = 10° cm, Ar = 1.5 x 10737,
oc=0.01, 1 = 10* cm, and M = pV.

Euler force can deform the NS surface at
p <1.0eb g/cc (r< 60 cm)

(Outer crust)

The crust will be

significantly atfected within
ATf ~ 10_3 T~ 3 months 6_9_1

Cracks reaches at H ~ 63 cm

outer crust (nuclei, eloclro,,,)

: o { (nuclei b
e u_\{s\ ( ', eloctron,)
Gupertiuid neutrony

super {luid neu lro";

Suouconducting Proton,

Electrons
Density

(g/em™¥)

Radius (km)
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At a Moment of Phenomenon (Shimoda&Wada 2025)

Cluster of ions due to Ions populated at a high-energy tail are
the Coulomb collisions injected into the acceleration

B-field nuclear spallation — low-E light-nuclei and “neutron”

Q

jret — Zeriniﬁic — _je

Outside /

Je = —el'enefec
The degenerate Electron streaming along the B-field

Z?e? T\ 32
Iinigi B ~ —mil“iniﬁicﬂc,ii as (Ohm’s law) chii ~ 47TF17”LiC ( > ( : >

m; m;c? m;c?
Eres ~ _?ﬂiCQC,ii
1

ZeFres ~ 5.6 x 1022 eV cm™! p43 (Z/26)13/3 (A/56)7%/6 (T;/0.3 keV)~3/ 2|

Very strong Electric field is induced.
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At a Moment of Phenomenon (Shimoda&Wada 2025)

Cluster of ions due to Ions populated at a high-energy tail are
the Coulomb collisions injected info the acceleration R . R
, Injection of Cold ions
[ \ B-field nuclear spallation — low-E light-nuclei and “neufr'on' . .
, — kinetic energy of Ty; ~ nT;
E-field escaping (=5 i d) e !
N~ 1S suppose
e 2 o~ niexp(-n)
nj 1
e Effective Energy Loss Process
Outside /| — Nuclear spallation reactions
2 1/3
H ~ ~~ -
The degenerate Electron s’rr'eaming along the B-field OATTAA™ » 34 4.59%¢-13 em (A/56)

Estimated Maximum Energy of accelerated ions

7 13/3 A _1/2 T —3/2
i.max Z Ereslm ~ 12 Z V C1/3 —_— - 1
€, e fp evp (26) (56) (O.S keV)

Imtp/C ~ 7.0 x 10713 s = 0.7 ps

Tons can be accelerated up to ~ ZeV=10%! eV scale
within a time of ~ 1ps. 66



At a Moment of Phenomenon (Shimoda&Wada 2025)

Cluster of ions due to Ions populated at a high-energy tail are
the Coulomb collisions injected info the acceleration

[ e\f \ B-field nuclear spallation — low-E light-nuclei and “neutron
il Or=z)
E g@ e

Outside

3\

/

The degenerate Electron s‘rr'eaming along the B-field

Injection of Cold ions

— kinetic energy of T;,; ~nT;
(n~5 1s supposed)

— nan nieXp('n)

Effective Energy Loss Process

— Nuclear spallation reactions

— o4~ 2 , ay~4.59¢e-13 cm (A/56)13

Estimated Maximum Energy of accelerated ions

€imax ~ Z€Ereslmep ~ 1.2 ZeVp /3 (

Imtp/C ~ 7.0 x 10713 s = 0.7 ps

Z
26

A

K

56

—1/2 T —3/2
) (3ev)

Instant ZeV-10on-acceleration in Upset Magnetar Origin Bursts
— [ZUMO Bursts 67




vtz = -0.249

Summary

Cluster of ions due to Tons populated at a high-energy tail are
the Coulomb collisions injected into the acceleration

Preliminary

B-field nuclear spallation — low-E light-nuclei and “neu'l'ron'

Outside
\ J

g 3
2 2

g
%

wi(p) (10% cm)? (erg)

E
g

g

dF/dE [eV /m?2ssr]

1028

i
&
101 1012 101t 100 ewy® 10% 107 100 10° 10
1/ cm? )

(| Molecular

\ coud >

Instant ZeV-10on-acceleration in Upset Magnetar Origin Bursts . —_— . .
— [ZUMO Bursts Y il

The *cracked* Area is ~ ml2~ 3.0e8 cm?2.
AQang~ml2/(4mR«2)~1.0e-6, H ~ 100 m/R«~1.0e-2 (R+/10 km)-!
For the Earth...

AAEar1h~41rREa,.fh2A_Qang~510 km? (ng—l—~624 kmz)

PR

HEar"rh ~ REarﬁ‘h (H/R*) ~ 63.71 km | n‘:‘“;ﬁf 5
HER (~624 km?) DIRERA TEE~60 kmDREES < L, oy
(Not So Drastic) AT 4




SIALLCBBEWNL S

=g

Z2T I
FiE - F

5 BA

B R BT

RArm I ¥ —RET IV —THEBZ

The energy spectrum of CRs
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