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High-energy non-thermal emission
= Fast-and-furious particles

SNR of SN 1006

vvvvvvvvvvvvvvvvvvvvvvv

Synchrotron X-rays at SNR collisionless shock
— >100 TeV electrons

Sometimes accompanied by Y-rays
— There are high-energy particles

Declination (2000)

- SNRs are cosmic particle accelerators

(Ney accelerated, and now mucn



Particle acceleration at fast collision-less shock
“Diffusive Shock Acceleration (DSA)”

' @gf&-(ﬁg V) Particles scattered by magnetic
_~7~5,000 km/s
turbulence near shock

E=1TeV (elastic pitch-angle scattering)

, E=1.01TeV
Real story = hard problem Particles cross shock repeatedly

* DSA is nonlinear M Each crossing, gain energy from
* Coupled to hydrodynamics shock kinetic energy

* B-field geometry (shock obliquity) AE/E ~ vsk/c ~ 1% (young SNR)
* CR amplifies magnetic turbulence

* Amplified B-field supports DSA e.g. 1000 shock crossings

* CR escapes into ISM Energy gain ~ 20,000 times

* Wave-particle interactions — D(x,p) 1 GeV CR becomes 20 TeV

* CR e~ vs ion injection/acceleration

ISM: n<lom™3 Strong shocks — universal power-law

CR spectrum N(E) ~ E-2
Courtesy: Y. Uchiyama & (E)



Y-ray emission mechanism_

HL+ (2013) on Vela Jr.
Radio X-ray GeV TeV

n 0 decay
CR ion + gas — 70

“hadronic”

Flat'ish spectrum
Requires: high <n> (target)

Inverse-Compton scatterings
CR electron + photon fields — y-ray
Hard spectrum
Requires: low <B> (synch loss)

low <n> (7t 9 production)
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Non-thermal bremsstrahlung
CR electron + gas — r-ray
Same spectral index as CR
Requires: low <B> (synch loss)
high <n> (target)
low Kep (71° production)

log,, ( E [GeV])




Origin of y-rays from observation

Supernova W44 & IC 443 Neutral Pion Decay Spectral Fit

Image data from ESA Herschel and XMM-Newton
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Funk, Tanaka, Uchiyama+
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Characteristic shape of y-ray spectrum

GeV and radio bright

No synchrotron X-ray

| 720MHz OH masers and IR lines

Shocks in molecular and atomic clouds

Tt%-decay origin of y-rays

CR ion acceleration confirmed!

Center-filled thermal X-ray not related

to non-thermal emission from shell

Mechanism of CR ion acceleration unclear
® Slow cloud shock

® Fast Coulomb energy loss

® Oirrigin of energy break of CR spectra
y



Origin of y-rays from observation

SNR RX J1713.7-3946

=V, ’T&\S(S_ TeV-bright young SNRs

P ® Matching shape of X-ray and TeV Yy-ray
q ® Same origin of Y-ray and X-ray (from CR e)?

X-ray

Suzaku

T Taralat 2008 ® Hard Y-ray spectrum — inverse Compton!

® Non-detected thermal X-ray — low density

® ‘Leptonic’ scenario for Y-ray origin is natural

...but, not so fast
IR HL+ 2012




Reality: often not black or white

A similar SNR RX ]0852.0-4622 (Vela r.)
Sign of shock-cloud interaction!

Suzaku X-ray : o . HI St
(Y. Uchiyama) s ” /@/ 7" » (A

Regions of contrast seen between X and TeV Nagoya Univ. radio astro group

Space-resolved spectral model needed to
disentangle leptonic and hadronic components



Time evolution of y-ray
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- Different progenitors and CSM involved
- Unified evolution picture requires careful
modeling of each type of SNR!



CR Acceleration at SNRs

Numerical Approaches
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1-D Model Infrastructure
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Non-linear Diffusive Shock Acceleration

e.g. HL, Ellison & Nagataki (2012)

P-Distribution of Accelerated Particles

m—— Protons
—— Electrons

CR spectrum at forward shock

Thermal distribution

Spectra at different
locations in precursor

Pmax
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Application to young SNRs

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

Size and Expansion Rate

H.E.S.S. (TeV) »
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Application to Middle-aged SNRs with
Radiative Shocks
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Nonlinear Diffusive Shock Acceleration
with wave-particle interactions

Bykov, Ellison+ 2014 CR spectrum
(V) red: with cos.

Monte—CarIO COde — (W) block: no cas.

@ Nonlinear CR acceleration
@ Shock structure
@ CR-driven magnetic turbulence

° Resonant, Bell’s, Long-A Fover gpes of JiE

° Cascading

° Couple with hydrodynamics

° Heavy ion acceleration —

: .. Magnetic field
° Multi-A emission e
_ amplification N

@ Bridge the gap between PIC and

semi-analytic models!




@ Thermal X-rays of young SNRs tell us
many things

@ Ejecta and CSM chemical composition

@ Temperatures and motions of ions, e-

log(Temperature [K])

@ lonization history
@ Constrain non-thermal emission origin

@ Non-equilibrium ionization (NEI) and
temperature evolution of 152 ion

species with hydrodynamics S'X

-

@ Predict detailed thermal X-ray spectrum
(self-consistently with non-thermal)
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Powerful constraint of y-ray origin
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Synthesis of detailed X-ray spectra

DDT Type la 500 yr

Fe-L
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Multi-D Hydro-NEI Simulation of SNRs
Path towards connecting SNe and SNRs!

*|2-D slice. @500 yr -
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Synthesized thermal X-ray spectrum

for a DDT Type-la ejecta (Maeda+ 10) N OHO, HL in prep
:

energy E [eV]
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Ultimate Research Goal
“From engine to remnant, and back”

- Cas A, LAT, Chandra
3 ™ ; " I T I = :




Roadmap

ms-6 Towards true picture of CC and la SNe

Progenitor star properties
. Explosion mechanism
4 4 Nucleosynthesis, matter mixing

[ >V ., Shock breakout to early SNR phase
2~ T. Takiwaki, A. Wongwathanarat, M. Ono, K. Maeda, A. Tolstov
y X

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

CR-driven magnetic turbulence
Hydro/MHD instabilities T
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Summary

@ SNRs never end to challenge us with puzzling phenomena
@ Massive astrophysical significance

@ Origin of CRs, SN geometry, nucleosynthesis, etc--
@ Treasure trove of fundamental physics

@ Collisionless shocks and plasma, NL-DSA, wave-particle interactions, etc---
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