Current trends in SNR research

Broadband SNR Models
Current Status and Prospects




The Art of
Broadband Modeling

Nowadays, broadband models must satisfy zillion constraints from observations
% Multi-wavelength spectra

* Multi-wavelength morphology

% Time evolution, dynamical information




Common Ingredients of a
SNR Broadband Model

% (Magneto-) hydrodynamics
% Progenitor, supernova explosive nucleosynthesis models
% (Observation-motivated) picture for the surrounding environment

* Various implementations of Diffusive Shock Acceleration (DSA)

% Time and space-dependent micro-physical processes




Computational cost
Limited dynamical ranges
Difficult for multi-A model
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Radio emission
Synchrotron radiation
Mildly relativistic electrons
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SNRs as origin of
cosmic rays In galaxies
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SNRs as origin of
cosmic rays In galaxies

(C) SClenge o Famaenicn s ta_cot
Some incomplete puzzles

® Smoking gun evidence of SNRs as ‘PeVatron’ still missing

® CR acceleration mechanism at collisionless shocks

® CR escape mechanism
®CR elemental composition in different energies

)

Scaled flux E°° J(E) (m?s'srieV"

@ Variety of SNRs, evolution stage, diversity of environment

~ N\ SNKS
InterplanetarySpace

Galactic Halo
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Galactic CR energy content 1AU
~10% of Esn—> Ecr (~0.03 SN/yr) [EgEeRagte size R
seems sufficient! .
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1st alternatuve gamma rays
i They don’t bend much’

‘? e Not so rﬁﬁéh“’"fé?ac*tuon in Galactlc scale.
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Origins of y-ray emission

HL, Slane+ 2013 on SNR Vela Jr.
Radio X-ray GeV TeV 0 decay

. Ri 0
Leptonic c ,'_on roas TR
Flat'ish spectrum
Requires dense gas

Inverse-Compton scatterings
CR electron + seed photons — y-ray
Hard spectrum
Requires: low B-field (avoid synch loss)

low density (suppress 7 °)
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Non-thermal bremsstrahlung
CR electron + gas — r-ray
Same spectral index as CR
Requires: low B-field (synch loss)
dense gas (target)
log,, ( E [GeV]) high e/p (suppress m0)




Origins of y-ray emission
HL, Slane+ 2013 on SNR Vela Jr.
Radio X-ray GeV TeV

n 0 decay
CRion + gas — no

" Caution
‘Leptonic” ¥ -rays does NOT mean no proton acceleration!

% Slmply no target (dense gas) for nO productlon
% K '
O Hard spectrum &
w Requires: low B-field (avoid synch loss) '\C)
B low density (suppress 7 °) §
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= Non-thermal bremsstrahlung Q')Q
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Same spectral index as CR

Requires: low B-field (synch loss)
dense gas (target)

log,, ( E [GeV]) high e/p (suppress m0)



Origins of y-ray emission
HL, Slane+ 2013 on SNR Vela Jr.
Radio X-ray GeV TeV

n 0 decay
CRion + gas — no

" Caution
‘Leptonic” ¥ -rays does NOT mean no proton acceleration!
Slmply no target (dense gas) for nO productlon

Theory requ1res BOTH proton & electron acceleratlon
Need CR protons to generate/amplify magnetic turbulence

log,, ( E? F(E) [GeV/cm? /s])

Non-thermal bremsstrahlung
CR electron + gas — r-ray
Same spectral index as CR
Requires: low B-field (synch loss)
dense gas (target)
log,, ( E [GeV]) high e/p (suppress m0)




particles get accelerated

(Younger) SNRs have strong non-relativistic collisionless shocks

> Diffusive Shock Acceleration (DSA) [aka Fermi 15t order acceleration]
‘Diffuse’ by elastic scattering w/ magnetic turbulence on both sides of shock
Particles repeatedly crossing the shock front
Each time, fractional momentum gain Ap/p ~ (velocity difference)/(speed of light)

- Young SNRs: cosmic ray energy easily > 10% of Esn (e.g. Ellison+ 05)

high p
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CRs ‘diffuse’ by scattering with
magnetic turbulence
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Compression at
forward shock
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Gas flow direction
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diffusive shock acceleration

Efficient particle acceleration leads to funny consequences, e.g.,
highly modified shock flow, ‘concave’ spectrum, lower shocked temp

94 ——1—
test particle shock <> Y,

Flow speedU(x) - |

: subshock
Incoming gas

log [p* #(p)]

> | Ellison, SSI 2011 88

P-Distribution of Accelerated Particles
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T T ]
= Protons

log,,(p* f(p)) [relative]
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e.g., HL+ 2012 11
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The CR-hydro-NEI (ChN) Code

Nonlinear DSA physics (HL, Ellison & Nagataki 2012)
CR back-pressure - feedback to shock structure, vice versa
Particle escape
Magnetic turbulence generation + wave damping
- Magnetic field amplification (MFA)
- D(x,p,t) calculated from self-generated B-field

Y/ Y/ 7/
%S 00 o0
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The CR-hydro-NEI (ChN) Code

Nonlinear DSA physics (HL, Ellison & Nagataki 2012)
CR back-pressure - feedback to shock structure, vice versa
Particle escape
Magnetic turbulence generation + wave damping
- Magnetic field amplification (MFA)
- D(x,p,t) calculated from self-generated B-field
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Non-thermal radio-TeV emission in (E,X,t) (HL, Slane+ 2013, Slane, HL+ 2014)
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The CR-hydro-NEI (ChN) Code

Nonlinear DSA physics (HL, Ellison & Nagataki 2012)
% CR back-pressure - feedback to shock structure, vice versa
< Particle escape
<% Magnetic turbulence generation + wave damping
- Magnetic field amplification (MFA)
- D(x,p,t) calculated from self-generated B-field

Non-thermal radio-TeV emission in (E,X,t) (HL, Slane+ 2013, Slane, HL+ 2014)

Self-consistent calculation of thermal X-ray line emission (patnaude+ 2009)
<+ NEI code, with heavy element ionization/recombination (APEC v3 NEI, up to Ni)
<+ Temperature equilibration determines T.(x,t) and Ti(x,t) (HL, Patnaude+ 2014)
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The CR-hydro-NEI (ChN) Code

Nonlinear DSA physics (HL, Ellison & Nagataki 2012)
% CR back-pressure - feedback to shock structure, vice versa
< Particle escape
<% Magnetic turbulence generation + wave damping
- Magnetic field amplification (MFA)
- D(x,p,t) calculated from self-generated B-field

Non-thermal radio-TeV emission in (E,X,t) (HL, Slane+ 2013, Slane, HL+ 2014)

Self-consistent calculation of thermal X-ray line emission (patnaude+ 2009)
<+ NEI code, with heavy element ionization/recombination (APEC v3 NEI, up to Ni)
<+ Temperature equilibration determines T.(x,t) and Ti(x,t) (HL, Patnaude+ 2014)

Propagation of escaping CRs and interaction w/ clouds (HL+ 2008, Euison+ 2012)
(Re-)acceleration of pre-existing non-thermal particles
Fast radiative shocks in dense medium (HL, Patnaude, Raymond+ 2015)

(HL, Patnaude+ 2014)



CR-hydro-NEIJ— R & ZERT—4 TiES
ZERIGEBMERBRD A > VIRER
e.qg., Lee+ 2008, 2012-2015, Castro+ 2012, Slane, Lee+ 2014
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CR-hydro-NEIO— R & ZRRT—4 TiES
ZERIGEBMERBRD A > VIRER
e.qg., Lee+ 2008, 2012-2015, Castro+ 2012, Slane, Lee+ 2014
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CR-hydro-NEIO— R & ZRRT—4 TiES
ZERIGEBMERBRD A > VIRER
e.qg., Lee+ 2008, 2012-2015, Castro+ 2012, Slane, Lee+ 2014
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(c) A. Wongwathanarat EjeCta model
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First step
Get the size right (dynamics)

Vary DSA efficiency vs no Vary distance vs ho

Slane, HL et al. (2014)
on Tycho’s SNR

15



Then, the all important non-thermal spectrum

In some cases, things
HL, Slane+ 2013 on SNR Vela Jr. are not so conclusive...
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Hadronic vs leptonic has impact: big difference in Ecr and temperature 16




Brightness profiles are helpful too

Slane, HL+ (2014) on Tycho’s SNR
file

FS

Surface Brightness (Arbitrary Units)

Must be done in
multi-wavelengthl!




Brightness profiles are helpful too

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

file o g | e
. F'S - gl T o data: HE.S.S.

| TeV Yy -ray

Theta [deg']

Surface Brightness (Arbitrary Units)

Must be done in
multi-wavelengthl!




One step further
Using "spectral images”

Spectral index vs radius
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Thermal X-ray Slanet+ 2013 &

can constrain :
Gamma-ray origin

In young SNRs, thermal
X-ray emission coupled
to broadband emission!

Predicted thermal flux
must NOT exceed
observed X-ray flux

0

Mostly leptonic SNR \
Ecr=0.15 Esn 05 05
I o, E [keV])

SNR Vela Jr. *
Synch - /Total
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Powerful constraint of non-thermal origin
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Detailed thermal models for

Mass fractions

future X-ray spectroscopy

CR-hydro-NEI code
+ SN Ejecta model
+ APEC v3.0.2 (NEI)

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

Lee 2016 2



Contour
Var: sil4

mal

Contour
Var: sil0

(x10718)

Y-Axis

[ 0.0005019
0.0003764

—0.0002509

—0.0001255

—0.000
Max: 0.0005019

Min: 0.000

1.0 .
X-Axis (x107°18)

Spatial distribution of ions important tool

0.5 1 E (keV)

Lee 2016
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Thermal line broadening
Progenitor, equilibration and particle acceleration

—— |nefficient DSA
—— Efficient DSA

—— Coulomb Equil.

— Instant Equil.

-1 0
log,,(Time) [yr]

HL, Patnaude+ (2014)
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Radiative shock hydrodynamics

with full non-equilibrium ionization (NEI)
and cosmic-ray re-acceleration

-C olloli i-ng f u-n citii on

* Follow NEI of 12 elements:
- H, He, CNO, Ne, Mg, Si, S, Ar, Ca, Fe
* UV/optical continua and lines

% Cooling is fast, close to isochoric




Radiative shock hydrodynamics

with full non-equilibrium ionization (NEI)
and cosmic-ray re-acceleration

7 7 RS Ea 3 ~
S ? W44 ‘ - Molecular Cloud

Co¢ .. TSR
* Follow NE N .
H, He, CN F?rmj LAT;-"
% UV/optical continua and lines
% Cooling is fast, close to isochoric

Supernova | | Ongu| C!lon.

Remnant

Radiatively-compressed Yy K = T K spitzer
filament of CRs & B-field ollisionless

plasma, hindrance by B-
field

* Absorption, photoionization
* Heating by photoelectrons (e.g. Zakamska & Narayan ‘03,
Bale+ '13)

(e.g. Gnat & Steinberg 2009)

HL, Pathaude, Raymond+ 2015
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An Important Application
Q: Are current SN models consistent with
SNR observations?

Basic method:
Evolve an SN ejecta to its SNR phase
Calculate the emission properties self-consistently with evolution!

SN1987A

Observed X-ray properties

Charge number

KG1.9+0.3

(Chandra)
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Suzaku/Chandra, Yamaguchi+ 2014




Separation of Fe-K line centroid between la & CC
Broad consistency between SN model and SNR data

COlOI" bands = our deels @D Key is general difference in

circumstellar environmentl!
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Conclusions

' \We have reviewed on the general methodology and
capabilities of modern broadband models for SNRs

Current limitations from yet incompletely
understood physics

& Rely on rich MW observational data and breakthroughs from

R RRa el i S e 2




