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1937,1939

Detection of Cosmic Rays Muons

Since the discovery in 1912 by Victor Hess, cosmic rays served as a natural accelerator,
and promoted the study of elementary particle physics worldwide. In this attempt, the genuine
Japanese leader was Yoshio Nishina of RIKEN. Trying to understand the composition of
cosmic rays at sea level, he and his co-workers placed a Wilson cloud chamber in strong
magnetic fields which bend charged particles. Then, as shown in the figure, they discovered
new particles of both plus and minus charges, with a mass of 223 £40 times that of electrons.
These new particles were muons, which are known today to dominate secondary cosmic rays.

To our regret, their discovery, published in August 1937, was preceded by only 5 months by
Neddermeyer and Anderson, to whom the muon discovery is usually attributed. However, the
muon’s mass estimated as above by Nishina et
al. is very close to the current value of 206.7,
much more accurate than that of their rivals who
only wrote that the new particles are lighter than
protons and heavier than electrons.

Muons were once identified with “mesons”
which Hideki Yukawa (the first Japanese Nobel
laureate) had predicted two years before.
However, muons were later confirmed to be a
different particle, to be called “heavy electrons”. Yoshio Nishina and a track of a muon

detected in his Wilson chamber.

Investigators: Y. Nishina, M. Takeuchi and T. Ichimiya
Reference: “On the Nature of Cosmic-Ray Particles”, Phys. Rev. 52, 1198 (1937)
“On the Mass of the Mesotron”, Phys. Rev. 55, 585 (1939)
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Bell 1978; Blandford & Ostriker 1978

Diffusive shock acc. (Fermi acc.)

| shock front

upstream O, downstream

(M. Scholer)

SNR 1006
By Chandra




More!

Our SNR Collaborations

- I_.' -.I

S.H. Lee M.Ono D. Warren
(RIKEN-> JAXA) (RIKEN=>Kyushu U.) (NCSU—RIKEN)

D. Ellison (NCSU)  P. Slane (Harvard) D. Patnaude F. Reopke
(Harvard) (Wurzburg Univ.)



Current activities

1-D Models Multi-D Models

Self-consistent CR acceleration Global MHD/hydro
Sophisticated micro-physics Instabilities, turbulence
Detailed broadband emission ds==sS=dp Detailed morphology

This talk P See talk by M. Ono

S.H. Lee M.Ono
(RIKEN— JAXA) . (RIKEN—>Kyushu U.)




1-D Model Infrastructure

Cosmic ray
Noris feedbal:kl Sccelamtion éeedhack
equilibrium -~ 7  (NL-DSA) i 4 Hydrodynamicsk
ionization (VH-1 code) "«
(NED

Ejecta
model |
(SNe sim.) /

CR-hydro-NEI

Cosmic ray Code Time
spectrum - evolution of
primary and photon
secondary emission

CR escape/
propagation
(Monte Carlo)

consistent
thermal X-
ray lines




Nucleosynt;j:Eﬂ;“ Ite rative

Element i
g

/j—‘ff'% R Work Flow

(1-D)
QE“W

B\ Multi- A
Data

CR-hydro-NE|
Code

IV
-
(&
=
L
=
fad
©
=
=
*
-
BL
&

& Dynamics, DSA,
== Constraints! B-field, ionization, radiation 8




A recipe to model SNR emission properly

Any serious broadband emission model of SNRs
must overcome a humber of
observational hurdles

Matchlng FS, CD and RS radu
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Non-thermal spectrum (radlo TeV)
Thermal spectrum (ionization, composition)

Spectral distribution




Code runs fast
Perfect for parameter search

Slane, HL+ in prepig
shell radius
First, we |
search for
parameter
space
consistent with
observational
facts

(<
CnPep P bbb
O DANPOD

proper
motion

e ("/yr)
o
o

gamma-ray
X-ray
radio
fluxes

(Arbitrary Units)

fixed inputs




: BYEC
High-energy gamma-ray $3ammes

Emission mechanism j-iswonem
ZHRIZHRIVT =Ly !

Synchrotron = Meson production
radiation & Decay
H|gh energy Magnetic-lield lines \ 2 . i e ngh eﬂergy
electron + 3 ® o proton +

magnetic field S matter

(3) Meson decays into o
gamma rays \‘[‘\5\
™

’ Elec -/ F High energy
High energy e ! Ny electron +
% Gamma ray i e
electron + 23 \ ' /‘.’:::i:ﬁ?" A photon field
atomic Foutcaed L
electric field Inverse Compton

Bremsstrahlung ., scattering



HL+ 2013 A
Broadband = + 2013 Ap)
Spectrum [t

The |st hurdle any model | ynch
must pass through
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Thermal X-ray constrains HL+ 2013 Ap]

Gamma-ray origin

Hurdle #1.5
In SNRs, thermal X-ray

flux is coupled to
broadband emission!

Ty Impor tant:
Predlcted thermal flux

must not violate X-ray
observations

-Iog“, ( E* F(E) [keV/cm*® /s] )

Leptonic |

SNR Vela jr.

T"]T d

Synch

B

ASCA
Thermal lings |

' Hadronic |

nstant Eq
Need updats
Suzaku
mal cont .

-0.5 0.5
Iog,(, ( E [keV])




Radial emission profile probes

Gamma-ray origin & CR accel efficiency
HudI H2

[

Radio, X-ray and TeV — Leptonic
morphology === Hadronic 4

constrain CR accel. ‘Models & H.E.S.

and E loss history (no fitting)
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X-ray synchrotron index distribution
constrains gamma-ray origin
Hurdle #3
Hadronic and leptonic ‘Wi S — P
models often predict | — ;Z':;’:E: SNR Vela )r.
very different synch -

index distributions _XMM Newton -
(e.g. CSM, B-field)

o Best-fi__’g___..le'ﬁto nic|

Kishishita & Uchiyama 2013 s ~2 few |..| G?_ Fl Iaments}

X M M-Newton

Unsettled mystery
Best-fit hadronic

Radius [Rrs]”
HL+ 2013 Ap)




What do we learn?

® A best-fit broadband model passing all the
observation hurdles tells us the gamma-ray
origin of a SNR (i.e. CR ion or e, or both)

The ultimate goal though is to constrali

energy In CR different types O f‘-!“-|5 \ Can
produce in its lifetin (hadronlc and leptonic

models often predlct very different values)
Note: Leptonic does NOT mean there is no CR ion

Sometimes though, we don’t even know
much about the progenitor stars! (next part)




8 Hydro + Spectra
S.H. Lee (RIKEN—JAXA) of Young SN

e.g. HL+ (2013) Vela Jr.
Slane, HL+ (2014) Tycho’s SNR
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Thermal X—r

@ Thermal X-rays of young SNRs tell us
many things
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@ Ejecta and CSM chemical composition
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@ Temperatures and motions (ions, e-)

@ l|onization states
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@ Even CR acceleration history

@ Non-equilibrium ionization and L™
- . . log,,(Time) [yr]
temperature evolution of 152 ion species S:"'XIII '
in ejecta and CSM i

@ Detailed thermal X-ray spectrum
(self-consistently with non-thermal)

log(lon fraction)

i —_— Si[XIi]

HL, Patnaude+ (2014) = TR




Synthesis of detalled X-ray spectra
. . mm H|_ Patnaude+
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Synthesis of detalled X-ray spectra
DDT Type la 500 yr . . mm HL, Patnaude+ (2014)
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Future X-ray spectroscopy by Astro-H

Our broadband models make robust predictions for Astro-H

RX J1713 § o
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Left: S.H. Lee (RIKEN—>JAXA
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Synergy of future super telescopes
for SNR research

Hi-res X-ray spectroscopy

® Ejecta/CSM composition from faint lines

® Unveil progenitor properties of la and
core-collapse SNRs

* SN explosion mechanisms, matter
mixing and nucleosynthesis

* Broadened line profiles:
gas dynamics, temperature equilibration

Hi-sensitivity, hi-res imaging

® Many new gamma-ray SNR discoveries
* Low-noise spectrum measurement
from ~20GeV to >100 TeV
® Measure roll-over region of CR spectra!
e 3x better TeV morphology measurement
to contrast with radio/IR/X-ray images




Non-thermal Emission of Middle-aged SNRs

. Radio Synch- 70 Gamma INE
S.H. Lee (RIKEN—JAXA) ) - Z

=\ LAT

SNRW44 . . .
IR (Spitzer)s
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Our Big Challenge:

From (Takiwaki & Wongwathanarat) To (Lee, Ono, Warren)
Ono+14, in prep.

Psaudocalor

7777777

e S.H. Lee
(RIKEN— JAXA)

T. Takiwaki
(RIKEN) il s

time: 9003 s

How do they
Evolve?

o M.Ono
Origin of (RIKEN->Kyushu U.)

Asymmetries?

Legacy of
Supernovae?

A. Wongwathanarat

(RIKEN) _

Warren & Blondin 13 D. Warren
(NCSU—RIKEN)
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Roadmap

... Towards true picture of SNe

Progenitor star properties

Explosion mechanism

Nucleosynthesis, matter mixing

Shock breakout to early SNR phase

T. Takiwaki, A. Wongwathanarat, M. Ono, T. Tolstov
. K. Maeda (Type la’'s), and more friends

Deeper understanding of SNRs and collisionless shocks
Diffusive shock acceleration (DSA) of CR e and ions
CR-driven magnetic turbulence
Hydro/MHD instabilities
Ejecta and CSM structure
H. Lee, M. Ono, M. Barkov
D. Warren D. Ellison, P. Slane, D. Patnaude, C. Badenes, D. Warren, A. Bykov, -

Confront multi-A data with state-of-the-art model
Future and current observations of SNe and SNRs young to old
Astro-H, NuStar, Suzaku, Chandra, LAT, IACTs, VLA, Nanten-ll, etc

Y 4 In close future: CTA, SKA, and more ALIGO/AVIRGO/KAGRA/SK
Chandra, G1.9+0.3




Roadmap

Towards true picture of SNe

Progenitor star properties

Explosion mechanism

Nucleosynthesis, matter mixing

Shock breakout to early SNR phase

T. Takiwaki, A. Wongwathanarat, M. Ono, T. Tolstov
. K. Maeda (Type la’s), and more friends

Deeper understanding of SNRs and collisionless shocks
Diffusive shock acceleration (DSA) of CR e and ions

CR-driven magnetic turbulence

Hydro/MHD instabilities

Ejecta and CSM structure

H. Lee, M. Ono, M. Barkov

D. Ellison, P. Slane, D. Patnaude, C. Badenes, D. Warren, A. Bykov, -

"1 % Confront multi-A data with state-of-the-art model
J 3 " Future and current observations of SNe and SNRs young to old

: Astro-H, NuStar, Suzaku, Chandra, LAT, |IACTs, VLA, Nanten-Il, etc
o In close future: CTA, SKA, and more

Chandle’ G1040.3 ALIGO/AVIRGO/KAGRA/SK







