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Early full spectrum - Fosbury, Lucy etc.
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Early spectra with spectrum
modelling — line identification.

Lucy, Fosbury etc.
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Some well established properties?

. Neutrino luminosity 2x10°3; KE ~2x10°"; radiative 2x10%° ergs.
. Exploding star B supergiant; mass ~ 16Msun.

. Mass of Fe (56,57) (0.075 Msun: IR lines, g -rays, Bol.LC)

. Mass of Oxygen (~1.5Msun) - indirect

. Mixing in envelope (line profiles, Bol.LC)

. Ring origin, age (20000 years) and enriched abundances (N).
. Nature of ring excitation: aspects of shock physics (Xray,

Optical, radio, reverse shock).
Mass of dust in ejecta (~3x10*Msun).
Silicates a major component of ring dust.

10. Mass of visible dust in rings (~ 10°°Msun).
11. Intrinsically faint radio burst during first few days.
12. Plus more!



The Remnant and Rings around SN1987A

Two progenitor theories
Binary star coalescence
Model Podsiadlowski et al.
Single rotating star
Model Langer et al.




One theory of the evolution of
Supernova 1987A (SN 1987A)

A binary stellar system. The more
massive (primary) star evolves first.

p

As the primary star becomes a giant,
it engulfs its companion. The core of
the primary and the companion
are in a “common envelope.”

.

As the companion spirals in, it ejects

the envelope, mostly in the orbital plane.

The companion merges with the core.

4 Bipolar

outflows
of gas

A fast wind from the core interacts
with the torus around it, forming a
ring of denser material.
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The primary star explodes as a
supernova, causing the inner
edge of the ring to glow.

T

Ejecta from the explosion start
to move outward.

e

The bubble of'ejecta grows,
approaching the inner edge
of the disk.

The ejecta strike and shock the
inner ring at an increasing number
of spots, which light up on impact.

Podsiadlowski et al.

Binary — primary engulfs
secondary -common envelope
- secondary spirals in, merges -
ejects common envelope -
torus forms — merged star
explodes.

Note elongation along
axis perpendicular to
plane.



Example next

v~

Langer et al. 12Msun
single rotating star not
for SN1987A

3 Winds

1. Blue Main Seq.: hot wind bubble
2. Red Supergiant: slow wind
stalled by pressure of hot wind,
creates stationary RSG shell.

3. Again blue SG: BSG wind creates
a BSG shell hitting the RSG

shell first at the poles and inner
part of equatorial plane.

Polar caps form rings moving
towards plane, central ring fades



The Hourglass

A well known PN
imaged by HST.
rings apparent.




Kinetic Energy to Radiative by Shock Interaction in CSM

Light Curves at Various

Frequencies Note rapid rise in luminosity
at Xray, mid-IR, radio starting

199(? 1?95 21000 21905 i
[ gmee i e ] nearday 2000. Another increase
3 g 2 **w _- In tempo at ~ 6000days.
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3 Note also big gap in mid-IR
g e | observations between ~2000
ks = and 6000 days.
e bl GEMINI and VLT effect
1000 104 . .
Days after explosion Flux INncreasing at all

wavelengths until now!



Temporal evolution at different wavelengths

CHANDRA GEMINI
12 uym




IMAGES at Comparable Epochs
X-rays Chandra Visible HSF 11.25um VISIRAVLT
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K NACO/VLT
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SUPERNOVA SN 1987A in the Large Magellanic Cloud




CHANDRA HST/HRC/F250W HST/HRC/F625W

HST/NIC1/F160W Gemini+T—-ReCS 11.7um ATCA



Hard & Soft Xrays, ATCA Soft Xrays, MOST low freq.Radio
Radio
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Thus Light curves for radio, hard
: Xrays, and soft Xrays all differ from
] {’H - each other implying different

5 L e T T | mecanisms and/or places of origin.

£op R T : Hard X and radio synchrotron

= . o ' associated with reverse shock, or
H e high velocity forward blast pene-

0 ™™o trating through ring between clumps?

time (days)

Also Chandra hard & soft Xray images clearly differ. Next.



Comparisons of soft Xrays with hard Xrays, HST, ATCA radio

SN 1987A: 2000 Dec. 7 .
AR . Hard X and soft X differ

o Soft and HST similar
«Hard X and ATCA similar

(a) 0.3-0.8 keV

’

(b) 1.2-8.0 keV

’

Park et al. 2002

Park et al. 2006




A comparison of images at
Different wavelengths.

Green: HST optical
Blue: Chandra all energies
Orange-yellow: ATCA 36.2 GHz

Extension of radio above and
below ring caused by radio
extending polar-wise out of
plane of the ring

Figure 9. Overlay of the combined HST 2006 December 6 optical (green),
Chandra 2008 January 9-11 X-ray (blue). and ATCA 2008 October 36.2 GHz
radio images (orange-yellow contours) formed by shifting the optical and X-ray
coordinate systems to center on the radio ring from the 2008 October 36.2 GHz
radio image at robust = 0.5 weighting. Radio contours are at 14 (orange), 30, 40,
60. 70. and 85% (yellow) of the maximum at 2.4 mJy beam™". The outermost
contour and the contour within the optical ring are at the same 14% level.



WFPC2 1994 WFPC2 1999 ACS/HRC 2003 ACS/HRC 2006 WFC3/UVIS 2011

Increasing elongation of asymmetric debris in
Plane of ring, orthogonal, or some other inclination.
Kjaer et al. favour plane or near plane.(collision pending?)

Dark patches dust?



L I L L HST Light curves

SN 1987A Light Curves 3 for ring and
5 2 s = .
« Ring in R * Debris in R d debris.
: R A : See next for IR
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Years after explosion

Slope 5-15 years too steep to mimic 44Ti decay.



Magnitudes

MidIR Light Curves Only
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Days after explosion in optical (previous).
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R and B bands shown.
Squares are [Call]lines
near 7300A.

Is the debris dust also
heated?



Mid IR imaging
Gemini & VLT.

Brightening on NE
side first, then SW
side later.

Day 7241/Day 6067

10 and 18micron images give T~165K varying over ring.



Overlay of HST (Dec2006)
(black) with VISIR (red-yellow)
shows correlation far from

100 percent!




Enter SPITZER

| SN 1987A - Spitzer 01/2008
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400K Carbon

Two T components not easy to understand.
Possibly a signature of binary coalescence?



Silicates + Carbon

Flux(Jy)

Flux(Jy)

Attempts to fit 2" component
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E MIPS (24 pm)
45 RS (5-30 wm)
- T-ReCS (10.4 um)

6000 6500 7000 7500 8000
time (day)

Signature of dust grain
destruction in ring?

If grain destruction is
occurring IR/Xray ratio
should decrease.

It does not!



Inner debris of the &5 relr
gas and

Supernova 1987A outer_y
(SN 1987A) ring

ring

Inner bipolar
outflow
of debris

Hot fingers
of gas

Ring——>»

Blast
wave

Supernova
debris

Hidden
neutron star
or black hole
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Probably not actual motion but change of position
of maximum excitation of cylindrical shaped spots.



Light curves of 3 spots indicated.
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Light curva ol 3 Hotspols
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Some spot brightnesses seem to have reached
a maximum, others not.



Spot Development

HST difference image
Jan.,2010 - July,2004.

White - brightening
Black - fading

Systematic effect not
explained but also occurs
for mid-IR. (see earlier).




Recent STIS Spectra

6200 6300 6400 6500 6600 6700 6800
Wavelength (A)

Spectral region around Halpha.
RS marks reverse shock extending to 20000km sec™’
Maximum brightness just inside ring.

Reverse shock extends out of equatorial plane of ring.
French et al.

Central emission extends to blue (near side) but not to
red (far side) obscured by dust.



UNFINISHED BUSINESS

« Dust composition in debris and rings: JWST
 Relation of dust to gas in rings and debris

« Why ring gas clumped in cylindrical form

« Improved location of soft and hard Xrays

o Location of radio emission: ALMA

« Nature of progenitor — single or double

« Nature of debris: HST, VLT, JWST

« Where is the dust located in debris

« Where is the reverse shock propagating

. Late time excitation of debris by soft Xrays from ring?
« Compact object formed at time of neutrino emission
« Mass of radioactive 44Ti

. Mass of non-radioactive elements: Modelling



Flux (W/m?/um/sr)

otal error

A future development in SN1987A7
N132D young O-rich SNR in LMC
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VLT NACO  QOct.2006

adaptive optics

HST

Ejecta:Note shape, intensity, some
real hot spots?
Where is the ejecta dust located? Diameter 0.3 arcsec?



