Super high-speed 3-D hydro
simulations of supernova remnants
in the era of
micro-calorimetric X-ray spectroscopy
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1-D hydro modeling has been fruitful
for interpreting SNR emission
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1-D explosive nucleosynthesis + hydro models
work especially well for Type la’'s with relatively less
spatial asymmetries (Lopez+ 2009 etc)

0.6 0.8 1.0 Energyo[ke\/]s.o 40 6.0 80100 BadeneS+ (2006) on Tycho

—_
o

DDTc (p,,=2.0 B=0.03); N, =0.55

@I

X
L
N — —_
OO O OO0OW




End-to-end 1-D model grids

Uncover general trends In bulk properties
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Obs.: Yamaguchi+ (2014)

Fe-K line centroid divides
la and core-collapse SNRs!?
Explained by hydro models

What “end-to-end”?
e g NMESA-SNEC->EhN
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Broadband spectral prediction o
for various type la progenitors
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H-like to He-like Fe ratio vs
ejecta/ZAMS mass ratio from
core-collapse SNR models
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Case of non-thermal”? an example

Diversity of gamma-ray spectra in core-collapse SNRs

¢ CasA:316-352 yr Vela Jr: 2,400-5,100 yr
® G150.3+4.5: >1,000 yr W44: 7,900-8,900 yr
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Tempting to link with an age-sequence (spectral evolution) of CC SNRs
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Gamma-ray diversity not an age-sequence!

Gamma-ray spectra Yasuda, HL & Maeda (2021, 2022)

¢ CasA:316-352yr Vela Jr: 2,400-5,100 yr
B G150.3+4.5: >1,000 yr W44: 7,900-8,900 yr
X RXJ1713:1,630yr % 1C443: 3,000-30,000 yr

= Type Il: 300 yr == Type ll: 10,000 yr

Type Ib/c: 3,000 yr == Type Ib/c: 10,000 yr
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Self-consistent modeling w/ hydro + non-linear DSA + multi-phase CSM

1) Type II's are bright at a few 100 yrs but darken after ~ 1,000 yrs
2) Type Ib/c’s are faint at a few 100 yrs but re-brighten after ~ 1,000 yrs

3) Both types are bright at GeV after ~10,000 yrs
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But now that we can see almost too well---

First-light observation of N132D
by XRISM (2024)

(see Hiroya’s talk)
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1-D model surveys stay meaningful
for gaining general insights

But SNR observations have begun
o to demand fully 3-D models
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Linking 3-D simulations to observations
From pre-SN stages to SNR phase

Complex line profiles in
synthetic spectrum due to
asymmetric CSM shell
AND ejecta

(see also Hiroya’s talk)
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Application for XRISM

Case of SN1987A (see Ono-san’s talk)

Time: 3016.31 sec b18.3-fid
SN ejecta from a e Total
— C'SM
binary merger model AT "+ Synthetic spectum

Ono+ (2020)
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Computation flow

S"’e"qr evolufion (+Particle acceleration)

Y Mass loss > SNR 7 NET
e nnet Te 4
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A Environment &
Observables

,,f---"""""y.l_.igh'l'-curv‘eék
synthesis

Emissivity profiles | A
N Spectra.. 465 gy F(E.r.1)



Super high-speed 3-D hydro simulations
for long-term evolution of SNRs

M a I n fe atu res DB: n100_1000.nc Evolution: 10 to 450 yrs
: Cycle:0 - x=0 slice (Density)
* From SN to SNR: fully 3-D SN ejecta from W
various explosion models [o«» _ e
* Accelerating frame: co-moving mesh with o U

customizable scale factor a(t)

(see e.g., Ferrand+ 2019)

—> long-term evolution possible with low
computational cost
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DB: n100_1000.nc
Cycle: 0

Pseudocolor
Var: Density

lm |so-surfaces: density
1.@0&21W--|mm...”..%

.— 7.6 Iil)e]-23
Evolution: 10 to 450 yrs
[ 3.584e-24 .
1.612e-25
Max: 3.528¢-20
Min: 1.543er25

user: herman
Thu Nov 24 10:04:36 2022

Simulation for a ~1,000 yr old SNR typically takes

less than 1 day on a reasonably powerful PC
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What’s inside the box

Initialization from age ~ 1 yr by homologous expansion from SN model
Typical resolution ~ 2563 cells
Spatial-dependent chemical abundances from Z = 1 to 30 (Zn)

- Space-time-resolved non-equilibrium ionization (NEI) for all ion species
Temperatures for all elements allowed to evolve and equilibrate
Tracer particles keep track of these good stuff anywhere, anytime
Others processes e.g., radiative cooling, ionization cooling

Seamlessly linked to an observation simulation package (such as SOXS)

M\ DB: sn1987a_hires_ejecta_part_1000.dat.okc
CB snlgﬁ?’c:_abund_lOUC.nc ’ \-. -
ycle:! Y

Cycl Scaler . . .
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Lagrangian particle propagation

Shocked particles in ejecta
(Nparticle = 100,000 in shown example)

DB: n100_2p0_part_1001.dat.okc DB: n100_2p0_part_1001.dat.okc
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Divide and conquer

- We can put particles in different regions in separate simulations
and then merge them later —> save memory

Example: 1987A

shocked ring shocked ejecta shocked HIl region

DB: sn19870_cb;|nd_pan‘_lOOS.dol.okc DB: sn1987a_ejecta_part_1001.dat.okc DB: sn1987a_HIl_part_1001.dat.okc
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Temperature per element followed in real-time

Realistic prediction for thermal broadening of lines
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Now simulate spectrum to your heart’s content
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Be (line-of-sight) specific
Probing dynamic structures in SNRs

Doppler-shifted line profiles
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Importance of solving NEI in 3-D hydro

Not just spectral, effect on predicted SNR morphology can be profound

Simulated X-ray images of a young type la SNR model

CIE model NEI model
w/ spatially dependent w/ spatially dependent

elemental abundance - . ion abundance

log(count/pix)
L —————

3.30e+02 9.87e+02 2.31e+03 4.93e+03 1.02e+04 2.07e+04 4.15e+04 8.36e+04 1.67e+05




Internal absorption by cold (unshocked) ejecta

Column density log1o(nH)

—— None
—— Absorbed
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Photoionization cross secti
per ion species (APED)

X-ray of very young SNRs
can be prone to absorption
by the cold & dense
unshocked ejecta

e.g., much of red-shifted
component can be

suppressed by internal
absorption

Can be additional probe of
mass and distribution of
nucleosynthesis products
In Inner ejecta
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But, 1S 1t useful?

-+ Generally: 3-D model surveys tell us what to look for
In observation data when we try to single out things like

- Progenitor type

- Explosion channel




Example

-+ Q: how do we discriminate Type la explosion models from SNR X-ray
observation? (see also Gilles’s talk

- Start from gathering a collection of SN ejecta models from different
explosion channels

-+ e.g., SD vs DD, single vs double detonation, DDT vs pure
deflagration, WD ignition pattern, WD type and so on




Example: diversity of la SNRs

(see Yusei’s poster for model details & spectral calculations)

. SD: DDT vs pure deflagration p= de
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Example: diversity of la SNRs

1l. Environment: uniform ISM vs wind cavity [J p=d¢
uniform
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Example: diversity of la SNRs

V. DD: single vs double WD explosion (Pakmor+ 2022)

Only primary explodes .
yxp y p onewdexp”
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Tracing abundance pattern in the
shocked plasma in real time

Shock dynamics taken into account
= a better test against observed values than SN model yields
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Tracing plasma state of the
shocked materials in real time

3-D distributions of ion states, emission measures, temperatures and velocities
allow direct comparison with (LOS-specific) spectra @ XRISM resolution

nl00ddt

nsdt Plasma diagnosis

nl00def

nSdef lonization time | nedt vs Te

v onewdexp

Significant difference in towdexp
lon fractions for different
la explosion models
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Future works
(a.k.a. projects for graduate students)
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