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History of late-time SN observations

Baade 1945: Exponential tails!
1.4 mag/100d

Borst 1950: Radioactivity!
Colgate & McKee 1969: 56Co!

Filippenko+1986: First good-

quality nebular spectrum of a SN.

Tycho’s SN

Kepler’s SN

SN 1937C

• From ∼ 100− 1000d post explosion.

• Powering by 56Ni→56Co→56Fe.

100d 200d
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Late-time spectral modelling : 40 years of progress

Axelrod 1980:

pure Fe balls

Fransson 1989:

Real SN ejecta

Jerkstrand 2011 (SUMO code):

With transfer + generally improved physics

physics

- Radioactive deposition

- Non-thermal electrons

- NLTE ionization and excitation

- Temperature

- Atomic data

- Mixing treatment

- Radiate transfer

- Molecules and dust
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Towards 3D models for UVOIR
spectra

Nebular phase analysis - pros and cons

Photospheric phase → Nebular phase → Remnant phase

Pros:

• Probes the core of the exploded star - SN
nucleosynthesis can be inferred.

• Line profiles diagnose the 3D structure
and link to explosion physics.

• Less line blending than photospheric
phase (lower v and T for emitting gas).

• Limited radiative transfer effects →
relatively “clean view”.
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Towards 3D models for UVOIR
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Results examples

1) Explosive nucleosynthesis

2) Hydrostatic nucleosynthesis

3) Hydrodynamics of expansion
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Towards 3D models for UVOIR
spectra

1) Explosive nucleosynthesis : Stable nickel production
Jerkstrand+2015
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• The Ni/Fe ratio (=58−60Ni/56Ni at explosion) can be quite robustly
inferred from [Ni II] 7378 / [Fe II] 7155. Also [Ni II] 1.9 µm useful.
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1) Explosive nucleosynthesis : Stable nickel production
Jerkstrand+2015

SN Ni/Fe (×solar) Reference
1987A 0.5− 1.5 Wooden+1993, AJ+2015
2004et ∼1 Jerkstrand+2012
2012A ∼ 0.5 Jerkstrand+2015
2012aw ∼ 1.5 Jerkstrand+2015

2006aj 2− 5 Maeda+2007, Mazzali+2007
2012ec 2.2− 4.6 Jerkstrand+2015

Crab 60− 75 Macalpine+1989, 2007

Solar

Super-
solar

Extreme

• CCSNe make solar or somewhat supersolar Ni/Fe.
• This constrains Ye of the layer experiencing explosive oxygen burning

(Jerkstrand+2016c).
• We do not see the high 58−60Ni production expected in ECSNe in any

low-velocity SNe (Jerkstrand+2018).
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2)Hydrostatic nucleosynthesis : Oxygen

Jerkstrand+2012,2014,2015
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2)Hydrostatic nucleosynthesis : Oxygen

Jerkstrand+2012,2014,2015
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• No sign of stars with He cores & 6− 7 M� exploding as Type IIP, IIb,
or Ib SNe (consistent with latest hydromodelling, Melina’s talk).
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3)Hydrodynamics
Jerkstrand+2012
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• The MIR lines are optically thick, in LTE, and have E � kT → (at ∼ 1y) robust to infer
volume of emission.
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3)Hydrodynamics

Jerkstrand+2012
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• We can use MIR lines to determine the 56Ni bubble expansion. SN 1987A and SN 2004et
both give volume filling factor f & 0.2.
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3)Hydrodynamics

Direct comparison to hydromodels (Gabler+2021):
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Elements we can diagnose from SN nebular phase spectra

H He

C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb
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3D effects

Line luminosities:

• Distribution relative to the 56Ni
→ illumination.

• Variation in density →
ionization balance.

Line profiles:

• Test the bulk velocities and
degree of asymmetry.

• Fine-structure → clumping
diagnostic.
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Towards 3D models for UVOIR
spectra

* periodic plot: markera in olika förbränningsprocesser
* 87A : starta med quasi-bol LC
* ref ono arbete etc.
* nämn sofies arbete..ta med mol och stoft i ”40 yrs of progress”.
* förklara utmaningar med 3D modellerningen
* tiden
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How SUMO consider multi-D effects (until now)
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Representation in SUMO : virtual blobs
of different composition.

(Jerkstrand+2011)

Let blob type i be characterised by number of
blobs Ni and filling factor fi. The blob radius

is then found from Vexpfi = Ni
4π
3 R3

i (Vexp

known from line widths). Upon exiting one
blob, probability of entering type i is

proportional to its surface area, or

pi =
NiR

2
i∑

NR2
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3D hydrosimulations to late times
• Neutrino-driven 3D models evolved to late (=homologous) times have

been produced by the Garching group Wongwathanarat+2013,2015,2017,

Gabler+2021 MNRAS, Stockinger+2020, ApJ

Wongwatharanat+2015

• Opportunity to put explosion
models to the test
• Fastest 56Ni?
• Bulk velocity of 56Ni?
• Degree of asymmetry?
• Composition of Si-burn

ashes?
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3D modelling: radiative transfer method Jerkstrand+2020

• Monte Carlo transport in spherical
coordinate system
• Avoid remapping.
• Avoid expensive small-cell transport in

outer regions, while resolving the
small-scale structure in the metal core.

• More expensive geometry calculations
to zone boundaries. Tests show factor
few penalty but can be offset by more
efficient gridding.
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3D hydrodynamic model set explored
MZAMS = 15− 20 M� progenitors exploded with ∼1.5 Bethe.

Model Prog. E Mejecta
56Ni bulk speed 56Ni asymmetry

(1051 erg) (M�) (km/s) (km/s)

B15 BSG 1.4 14 1130 145
L15 RSG 1.7 14 1160 398
M15 RSG 1.4 19 1490 473
W15 RSG 1.5 14 1170 517

Wongwatharanat+2015, 2017, Gabler+2021

∑
cells |v |∆m56Ni/M56Ni

Imprint on line widths

= p56Ni/M56Ni

Imprint on line asymmetries
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Example gamma lines (model L15)

−6000 −4000 −2000 0 2000 4000 6000
Shift (km s−1)

Fl
ux

t=1500d
(opticall  thin)

t=600d

t=300d

RedshiftBlueshift

Angle 1

• Lines can have multiple peaks and are generally not “Gaussian”.
• Compton scattering eats away preferentially the red side of the line for

several years.
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SN 1987A : 56Co decay lines show redshifts from ∼400d

−7500−5000−2500 0 2500 5000 7500
Shift (km (−1)

−0.00004

.0.00002

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010
Co

un
ts

 ((
−1
 k
eV

−1
 c
m

−2
)

Re
d(
 i
f)

Bl
ue
( 
if)

B15-1L 56Co

Min c i2 (16.1) view. dir (36 deg)
Ma- red( if) view dir. (68 deg)
SN 1987A, 847 keV, +613d

• Models struggle to reproduce emission from receding ejecta with radial
velocities up to ∼ 5000 km s−1 observed (models reach max ∼3000
km s−1).
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• Models struggle to reproduce emission from receding ejecta with radial
velocities up to ∼ 5000 km s−1 observed (models reach max ∼3000
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Viewing angle variations

Define shift and width of line:

Vshift =
∫
CEV (E)dE∫

CEdE

Vwidth =
∫

(V (E)−Vshift)
2CEdE∫

CEdE
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B15-1L
400 days, 56Co SN 1987A

• Shift and width can vary with several
1000 km/s depending on viewing angle.
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Infrared iron lines in SN 1987
• Observed NIR lines of Fe/Co/Ni also show redshifts.
• Compared to decay line analysis: better data and optically thin, but

more uncertainty for the emissivity (here : j = dγ × xFe).
• Only one model (L15) gives enough width and asymmetry of the IR

lines.

Spyromilio+1990
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Too slow 56Ni Ok!
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Summary, comparison of current 3D models to SN 1987A

SN 1987A is more extreme in its
observed properties of the 56Ni

asymmetry and bulk speed than any
of the current models.

But - the best models, at the most
favorable viewing angles (NS

approaching us) are not too far off
maybe ∼ 25% too slow 56Ni.

Larsson+2016
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Towards 3D models for optical and IR spectra

Next steps:

• Solve for NLTE gas state in each cell. (van Baal, step 1)

• Couple in radiation field. (van Baal, step 2)

• The chemistry. (Cherchneff, Sarangi, Liljegren groundworks)

Discussion points:

• Nebular spectra are sensitive to microscopic composition and clumpiness
: to what extent are current Eulerian hydromodels predicting these
properties?

• Neutrino-driven models seem quite close to matching SN 1987A : but
not quite. What’s missing?

• Can we come up with a way to overview and track how each 3D model
compares with observations with respect to different observables?
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Chemistry
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