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What do we want to learn about

supernovag?
e \Vhat explodes”? e \What is left behind?
— progenitors, evolution — remnants
towards explosion — compact remnants
e How does it — chemical enrichment
explode? e Other uses of the
— explosion explosions
mechanisms — light beacons
e \Where does it — distance indicators
explode? — chemical factories
— environment

¢ |ocal and global

— feedback



Early

Spectra: Iylydrogen Hydrogen S N
syl ke Classification
Si/ pveak Si Nebular spectra
\ He dominant/H dominant
SN Ia| He poor/He rich
¥ GRBs!!
SN Ic SN Ib |SN HEl SN II
19831 :
1983V / losar 1oy Light Curve decay
after maximum:
Linear / Plateau
Core collapse.
Believed to originate Most (NOT all)

H is removed during

from deflagration or
the evolution

detonation of an
accreting white dwarf.

SN IIL | | SN IIP

Cere Collapse. h
: 1980K 1987A
Outer Layers stripped
; 1979¢ 1988A
by winds (Wolf-Rayet Stars) 1999em
or binary interactions SN 1In(1995G)
Ib: H mantle removed!
Core Cellapse of
\Jc: H & He removed! 3 a massive progenitor
with plenty of H .




The expectations ...
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Difficulties

Supernovae are brlght (~10%3 erg/s at peak)

Neutron
~103° erg
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Detecting neutron stars in SNe

e \Wait until remnant phase
— patience - SN 1987A, Cas A, Crab

® | 0Ok for signatures in explosion
— magnetar SNe?

e [rust explosion models
— still many fundamental uncertainties

e Search for ensemble properties
— neutron star kicks



Lick Observatory Supernova Search

¢ \/olume-limited sample in the local
universe (out to 60 Mpc)

All SNe la SNe Ibc SNe I

b
21%

Ibc-pec
25%

Leaman et al. 2010; Li et al. 2010



Type Il SNe —
Variable appearance

SN1986L
SN1999em
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Very different explosions

Yet similar
neutrons stars?

_ SE— 76 SNe Il from PanSTARRS-1
R S o R " Sanders et al. (2014)



Superluminous SNe

Very energetic 23 . . . . . .
explosions with ol A e
>10% erg/s at 21— — 4 — — — — SLSN threshold — — <’£] i_tlsﬂ‘ﬂ g
peak 'g’ ool A SN la
|deas: g 19 Conm
» pair-instability % tef "N
SNe E A7 F
e circumstellar g el
interaction < Ll |
e massive winds v
‘bloated stars’ | = Gal-Yam (2011) |
e ‘Internal 300 0 100 200 300 400 500 600

engine’ Days from peak



Magnetar-driven SNe

® Highly magnetic neutron star with high
initial spin period
- B=10"" G
~- P=2-20 ms
— enerqgy release

over days to

weeks

Kasen & Bildsten (2010)
Woosley (2010)

Dessart et al. (2012) : \
0 100 200 300 400 500 600
Inserra et al. (2013) restframe days since explosion

Kasen & Bildsten (2010)

absolute magnitude




Determine the ne
paramete

Utron star
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Further evidence

45-0 T T T T T T
— . PTF 12dam + Magnetar fit
aSt rse 130M,, He core PISN (ref. 7)
445+ 100M, He core PISN (ref. 7) 1

olue colours
Nigh temperatures o}

80M, He core PISN (ref. 7)
100M, He core PISN (ref. 8)
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/N Nicholl et al. (2013) , ,
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Neutron star “tug boat”

e Asymmetries in explosion models

Wongwathanarat et al. (2013)



Dependence on Ni distribution

Wls5-1

Wongwathanarat et al. (2013)



IS this observed?

e Resolved ejecta observations so far
limited
— SN 1987A

e Ni (Fe) distribution in SN remnants often
difficult
— stable Fe
— pre-explosion Fe

e Other elements more easily accessible



Cassiopela A

e Asymmetry in gjecta

— #4Ti distributed
differently from
Si and Mg

— ‘opposite’ to the

motion of the
compact object

Grefenstette et al. (2014)
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The inner gjecta

Comparison optical vs. IR

optical HST F675W 2005 SINFONI H
heated by X-rays -

IR
radioactive heating

ST



Flux

Asymmetry in the gjecta
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The next surprise
X-raying the gjecta of SN 1987A

1994 1999 2003 2009

 [OEeNe.

Larsson et al. 2011

flux of the Inner
ejecta has increased
again (starting at
about 13.5 years)

sign of additional :
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What's happening”

The outer gjec

'a has reached the equatorial

ring and creates shocks in the dense material

X-rays are emitted in all directions
heat the inner ejecta

Other possibilities excluded
— reverse shock in HIl region = no increase in

(loroad) Lyo

or Hx observed

— pulsar = no trace so far (e.g. in radio or X-rays)

— transition from optically thick to optically thin dust
- unlikely to occur at this point



Transition to SN remnant

SN 1987A no longer powered by radioactive
decays, but the kinetic energy from the
shocks

Heating on the outskirts
- shell-like structure

Different from the Fe-core
still heated by 44Ti
— Kleer et al. 2010;
— SINFONI observations




Evolution of the inner ejecta

1994 1998 2000
2770d 4001d  5012d

Clear change in
morphology at
optical
wavelengths

Larsson et al. 2013
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IR observations -,
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Complementary optical and IR

observations

Optical emission clearly different from the IR

— [Si ]+[Fe ll]
concentrated
towards the center

— Optical (Ho) in a
‘shell’

» Different energy
sources




3-dimensional picture

Derived from
[Si []+[Fe ll] 1.644um
emission

Emission in the plane of
the equatorial ring

Clumpy distribution

Extending out to
~4500 km s

Larsson et al. 2013



No sign yet of a neutron star




Dust in SN 1987A

e Synchrotron emission from the ring
e Thermal dust in the inner ejecta

Indebetouw et al. 2014



Summary

Connection between SN explosion and neutron
star difficult
time scales

Isolating explosion material from SN shocks in the
interstellar

Some SNe may be powered by the neutron

star formed in the explosion
“fast” rise time + high luminosity

can be provided by the spin down energy of a
magnetar



Summary

Cas A

indications of asymmetric distribution of #4Ti
opposite compact remnant

SN 1987A

first direct look at an explosion

resolved inner ejecta (iron core) are the immediate
reflection of the explosion mechanism

confirmation asymmetries in the explosion
possibly best chance to look for a neutron star in
the coming years
llumination by external sources?
dust”?



