Deciphering
Multi-wavelength Phenomena
of Supernova Remnants
through Numerical Modeling




This talk

@ What's hot about SNRs

@ Numerical modeling of SNR emission




Supernova Remnants
Exciting retirement life for stars

(but typical retirement age is quite high)
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Supernova Remnants (SNR)

N | b e |
+ Age from ~100 (“historic”) to >50,000 vigkelle

+ Much fainter than SNe, only detectable from nearby
+ Resolved objects = fun to look at!

+ Many different shapes (morphological types)

+ Mostly multi-wavelength (radio, IR, optical, X, gamma)
+ Release heavy elements into ISM (r-process?)

+ Compress ISM, trigger star formation, metallicity

+ Cosmic-ray factories!?
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Non-thermal X-ray
| Synchrotron radiation
AUltra-relativistic electrons

Gamma-ray emission
4 Sites of particle acceleration

| Diffusive Shock Acceleration (DSA)
' Cosmic rays factory!

Radio emission
Synchrotron radiation §
‘IMildly relativistic electrons

Shocked debrls of exploded starf -
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Non-thermal emission at young SNRs
= presence of fast-and-furious particles

—SNR of SN1006 (S. Fujiwara, BB iC, | 180-1235)

vvvvvvvvvvvvvvvvvvvvvvvvv

Discovery of synchrotron X-rays
at young shell-type SNR
— local >100 TeV electrons

Declination (2000)

Usually accompanied by Y-rays
~ Thereare high-energy particles

J. YV ihnat are these particies, hnow are

4 A - 1| AS e | ARAY| 'Lg}") 11UNC 1

\

Chandra



Synchrotron X-ray from SNRs
Not so trivial

g Vela Jr, X filaments Tycho, X-ray stripes
NW rim Leading Rim < . o

Leading Shock

b

0  8:50:000 300
RA (J2000.0)

Uchiyama+ 2007 Bamba+ (2005), Pannuti+ (2010)  Eriksen+ 201 |

B-fields play a central role in high-energy phenomena in SNRs and other accelerators

Time variability and spatial structures (dots, filaments, stripes) tied to B-field
distribution

These B-fields must be self-generated (via CR-induced instabilities), plus MHD
turbulence 3



Mysterious radio and X-ray structures

Chandra

/ »
- »
:

Tycho’s SNR

. 0 . ".
L_‘ gy

- X-ray filaments = fast synchrotron loss of e*!?
* But why in radio too!
» Decay of 0B behind shock?

» Periodic stripes: dominant length scales of OB?

VLA (1.42GHz)

.Mno‘sg+ (2009)

Reynolds (2011)




B-field geometry and DSA
From radio polarization

ey Bo seems parallel to shock
AN normal at synch-bright rims

DSA preferred at quasi-parallel
shock !?
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B-field sgeometry and DSA
| =

/)7‘?/ X | to shock
«* 5 ++ bright rims
t quasi-parallel

- =Polarization degree

DECLINATION (J2000)

orientation of Bo
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Particle acceleration at non-relativistic

collisionless shock
Multi-D hybrid sim.

(particle 1on, fluid electron)

Caprioli & Spitkovsky 2014

DSA at parallel vs
obligue shocks
Self-generation of 0B
by CR-Iinduced instability
Indicates efficient DSA




Origin of VHE Y-ray

X-ray (image) vs TeV (contour)
of SNR RX 1713

*'

b,

~ Non-thermal SNRs (e.g. RX J1713, Vela Jr.)
Solort s (%ﬁ.zélg.us.))(ls) ® Amazing match of X-ray and TeV Y-ray

® Hard y-ray spectrum — inverse Compton!
® Same origin for Y-ray and X-ray?
® So-called ‘leptonic’ scenario

8 HL+ 2012

| Non-detected thermal X-ray supports leptonic origin

5 3 3
U‘LU

E2 dN/JE [MeV/(cm?®*~sec)]
5 3




Origin of VHE Y-ray

X-ray (image) vs TeV (contour)
of SNR RX J1713

& 9

L Non-thermal SNRs (e.g. RX J1713, Vela Jr.)

Color: X-ray (Suzaku XIS) ® Amazing match of X-ray and TeV Y-ray
Contour: TeV (H.E.S.S)) 3
® Hard y-ray spectrum — inverse Compton!

® Same origin for Y-ray and X-ray?
® So-called ‘leptonic’ scenario

f HL+ 2012

| Non-detected thermal X-ray supports leptonic origin

...but!

5 3
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E2 dN/JE [MeV/(cm?®*~sec)]




Gas maps imply shock-cloud interaction
SNR RX J1713

CEITC) & - W - LTy
0 ko EENAT FANNTERY @

Y. Fukui+ 2012

Clumpy clouds around shock

CR ions should interact with clouds
Spatial correlation of yY-ray and gas
Hadronic (11° decay) contribution to Y-rays!?

Probably not pure leptonic origin of Y-rays

Hadronic + leptonic: what proportion? 3




Evolved (older) SNRs

‘Old-school’ radiative shocks
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Radiative Shocks at
Evolved SNRs

@ Evolved SNRs often interacting with clouds

l . The Supernova Remnant IC 443

@ Typical properties:

8o
° <ng>~ 100-1000 cm

5
° T~afew 10 K behind shock, molecules

| |ssoC|ated and lomzed fast radlatlve coollng

( _,H W ]




Detection of Bright Radio and y -rays

@ Bright non-thermal emission there
(despite evolution and slow shock
velocities)
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@ Fermi LAT found GeV-bright SNRs
inside our Galaxy
(often ‘'mixed morphology’ mid-ages)

\‘l

@ Luminous GeV Y -ray emission

If all from 7" origin —>

52
<Ngas Wcr> ~ a few 10 to 10 erg/cm
Lots of CR protons!?

-3

Galactic Latitude [degre

Ferm| LAT:

346 2 344

@ Bright non-thermal radio emission s L
—> <B> >> uG (i.e. >> ISM level) SNR w44, Yoshuke+ 201 3

See e.g. review by Slane, Ellison+ SSR 2014 =



Characteristic y -ray spectra

Supernova W44 & IC 443 Neutral Pion Decay Spectral Fit

@ Fermi LAT detects cutoff around
250 MeV —> 1" origin of r

@ Mysteries remain: S
@ Origin of copious energetic proton, : e o ) —
DSA injection and efficiency o : | 4 Ty

@ ‘Weird’ CR spectra with PL break 3

Bright radio shell (despite age B
2.80a SSSRl aoe) 1 Funk, Tanaka, Uchiyama

Fermi LAT, Science '13
ey See Uchiyama-san’s talk

@ Stage of evolution?
Connection with young (ejecta-
dominated and TeV-bright) SNRs

.......

Y

3

Gamma-ray flux E? dN/JE (erg cm™ s)
(6s9) 3p/NP ,3

* Er‘-cr;;y(ov) ° ]7



Y-rays from young to old
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- Different progenitors and environments
* An evolution picture requires systematic
modeling of each type of SNR
Castro, HL+ 2014 (in prep)



Numerical Modeling of
Broadband Emission of SNRs

Shigehiro Nagataki [

------
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Ejecta model

w’1"sji‘?\lucleosyntr.le_sis I te ra t i Ve
Work Flow

....... loss
CR-hydro
Model

number abundance

feedback Cosmic ray
Non- eedback acceleration e EX
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ionization (VH-1 code)
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0 5
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Dynamics, NLDSA,
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CR spectra from non-linear DSA
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
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CR spectra from non-linear DSA
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
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Broadband Model of Young SNRs

e.g. Slane, HL+ (2014) Tycho’s SNR (440 yr old)
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e.g. Slane, HL+ (2014) Tycho’s SNR (440 yr old)
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Broadband Model of Young SNRs

e.g. Slane, HL+ (2014) Tycho’s SNR (440 yr old)

Dynamics

Broadband spectrum
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Broadband Model of Young SNRs

e.g. Slane, HL+ (2014) Tycho’s SNR (440 yr old)

| ] 140

64:10:00

Declination (J2000) |

26:00 40 20 0:25:00 24:40
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Chandra
space resolved
X-ray spectrum
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Broadband Model of Young SNRs

e.g. Slane, HL+ (2014) Tycho’s SNR (440 yr old)

Dynamics
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Broadband Model of Young SNRs

Slane, HL+ (2014) on Tycho’s SNR
Radial brightness profile
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Broadband Model of Young SNRs

Slane, HL+ (2014) on Tycho’s SNR HL+ (2013) on Vela J-

— LEpLonic
==« Hadronic

—
o

data: H.E.S.S.

ot

Radial brightness profile

o

Surface brightness [relative)

“TeV r ray

Surface Brightness (Arbitrary Units)

-15 -10
Distance from FS (arcsec)



How about the thermal X-rays

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

@ Ejecta and CSM chemical composition
@ Temperatures (ions, e-)

@ lonization states

log(Temperature [K])

-
-

@ Even CR acceleration history - Thermonuclear

e — 3 TiIME mp
@ We follow non-equilibrium ionization and N TIUNE

. : | log,,(Time) [yr]
temperature evolution of 140 ion species

In ejecta/CSM

@ We then synthesize detailed thermal X-ray
spectrum, together with non-thermal

log(lon fraction)

— Si[XII)
—_— Si[XI)

HL, Patnaude+ (2014) R 1.02 1.04 1.06 1.08 s
RS



Synthesis of detailed X-ray spectra

DDT Typela AE=7eV

4 Fe-L »

v
~
£
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\
>
w
Y
LLJ
e
o™
LLJ

Ly

HL, Patnaude+ (2014)
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-
e . —— -
| 1 1

0.3 keV

1 keV

E [keV]




: ————— ] , , Patnaude 014
DDT Type la AE=7eV ____c___¢
<Fe—L>
S Cq —L _Si|

° |

E? F(E) [keV/cm? /s]

Bl /\ /_N
A U 1 1 L

0.3keV 1 keV

10 keV
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Future X-ray spectroscopy by Astro-H

—— Thermal
— — Synch(FS)
—4 ¢ Suzaku

0.3keV

=
S~
s
9
>
(O]
Y4
L
L
(o]

=

()

<
E

HL+ 2013 |§ |
E [keV] | 2keV

Our model predicts detection of resolved thermal lines from non-thermal

SNRs by SXS to reveal progenitors and CSM properties
XMM Newton etc. may detect thermal bump (see work by S. Katsuda+)
But only SXS can extract detailed info



Synergy of next-generation telescopes
for SNR studies




Synergy of next-generation telescopes
for SNR studies

Best X-ray spectroscopy
* Chemical composition
* Progenitor
* SN explosion properties
* Nucleosynthesis
e Matter mixing
* Line profiles: gas dynamics,
temperatures
e Hard X-ray imaging
* [njection of CR electrons
e Secondary emission

28



Synergy of next-generation telescopes
for SNR studies

Best X-ray spectroscopy
* Chemical composition

Best VHE Y-ray imaging

* Progenitor * New Y-ray SNRs

e SN explosion properties e Spectrum 20GeV to >100 TeV

e Nucleosynthesis ® Measure max E of CRs

e Matter mixing * 3x better imaging to contrast

* Line profiles: gas dynamics, radio/|IR/X-ray images
temperatures

e Hard X-ray imaging
* [njection of CR electrons
e Secondary emission

28



Synergy of next-generation telescopes
for SNR studies

l‘- ol (.l. ')FBV“:JE.V
ASTRO-H

.

Best X-ray spectroscopy

e Chemical composition Best VHE Y-ray imaging Next-gen IR weaponry
e Progenitor * New Y-ray SNRs * MIR a.nd FIR mapping of CSM
e SN explosion properties e Spectrum 20GeV to >100 TeV and e]ecta,.mc?lecules and dust
e Nucleosynthesis e Measure max E of CRs * NIR atomic lines (e.g. Fe )

e Matter mixing * 3x better imaging to contrast e Dust formation/destruction
e Line profiles: gas dynamics, radio/IR/X-ray images and SNR environment

temperatures
e Hard X-ray imaging
* [njection of CR electrons
e Secondary emission
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Synergy of next-generation telescopes
for SNR studies
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Best X-ray spectroscopy

e Next-gen IR weaponry
* Chemical composition Best VHE Y-ray imaging S — o
e Progenitor e New Y-ray SNRs * MIR and FIR mapping of CSM
e SN explosion properties e Spectrum 20GeV to >100 TeV and ejecta, molecules and dust
e Nucleosynthesis e Measure max E of CRs * NIR atomic lines (e.g. Fe Il)
o Matter mixing * 3x better imaging to contrast ® Dust formation/destruction
e Line profiles: gas dynamics, radio/IR/X-ray images and SNR environment

temperatures

HARbAS L EciniEIESS s d(GRID)
* [njection of CR electrons ,
e Secondary emission Suzaku, Chandra, -+ (CR e, B, plasma, gas motion)

Nanten-2, Mopra, AKARI, ALMA, --- (gas & dust)
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Summary

@ SNRs never end to challenge us with its many puzzling phenomena

@ Multi-fold astrophysical importance, e.g. origin of CRs, chemical
enrichment and turbulence in ISM, late evolution of massive stars,
SN explosion mechanism, nucleosynthesis, etc:--

@ Treasure troves of fundamental physics, e.g. collisionless shocks,
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