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Earliest portrait of SN 1987A
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Before February 1987 ~24 February 1987



Introducing SN 1987A



Uniqueness of SN 1987A
Neutrino detection 

direct evidence of core collapse
and formation of a neutron 
star (or black hole)

Naked-eye supernova after >350 years
detection of X-rays and γ-rays very early

mixing and direct nucleosynthetic products

monitoring with HST, VLT, Gemini, Chandra, 
XMM, ATCA, Herschel, Spitzer, ALMA

Progenitor star observed before explosion
insight into stellar evolutionary channel leading 

to a supernova surprise à blue supergiant!
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Properties of Sk -69 202

• Luminosity ~ 105 L¤

• Temperature ~ 15 000 K

• Radius ~ 40 R¤

• About 6 M¤ in the core 
(He and beyond)

• Main sequence mass 
~20 M¤

à early B/late O star



Uniqueness of SN 1987A
Spatially resolved

separate circumstellar
environment (rings) from 
the ashes of the explosion 
(ejecta)

Signatures of an asymmetric 
explosion
polarimetry, ‘mystery spot’, 

spectral line evolution 
(‘Bochum event’)

Nisenson et al. 1987

Hanuschik & Thimm 1988



The exciting SN 1987A today
(11216 days since explosion – 29 years old)

Fluorescing rings

Shocks

outer ejecta reached
the inner ring 

Radioactively heated 
material

inner ejecta

Dust 

in and around the supernova



Energy escape from 
a (core-collapse) 
supernova

SN 1987A
the best observed 
supernova ever

Suntzeff (2003)
(also Fransson et al. 2007)



What can drive SN emission 
at late phases?

Freeze-out

recombination of atoms at long time-scales



Park et al
Manchester et al

Optical, X-rays and Radio



SN 1987A brightening at all 
wavelengths

Zanardo et al. 2010

Larsson et al. 2011



Exciting developments

• Detections by Spitzer and Herschel

• Detection at mm wavelengths

• Start to resolve the radio image

Matsuura et al. 2011

Lakićević et al. 2011

0.87mm - APEX

Lakićević et al. 2012

Lakićević et al. 2012

3mm
3cm (contours)



Dust in SN 1987A

• Synchrotron emission from the ring

• Thermal dust in the inner ejecta
The Astrophysical Journal Letters, 782:L2 (6pp), 2014 February 10 Indebetouw et al.

Figure 1. Top row: continuum images of SN 1987A in ALMA Bands 3, 6, 7, and 9 (2.8 mm, 1.4 mm, 870 µm and 450 µm respectively). The spatial resolution is
marked by dark blue ovals. In Band 9 it is 0.33 × 0.′′25, 15% of the diameter of the equatorial ring. At Bands 7, 6, and 3 the beams are 0.69 × 0.′′42, 0.83 × 0.′′61, and
1.56 × 1.′′12, respectively. At long wavelengths, the emission is a torus associated with the supernova shock wave; shorter wavelengths are dominated by the inner
supernova ejecta. The bottom row shows images of the continuum at 6.8 mm imaged with the Australia Telescope Compact Array (ATCA; Zanardo et al. 2013, 0.′′25
beam), the hydrogen Hα line imaged with the Hubble Space Telescope (HST; Image courtesy of R. Kirshner and the SAINTS collaboration; see also Larsson et al.
2013), and the soft X-ray emission imaged with the Chandra X-Ray Observatory (Helder et al. 2013).

Table 1
Flux Densities

Component ν λ Fν Epoch Telescope Angular Ref.
(GHz) (mJy) Res.

Torus 36.2 8.3 mm 27 ± 6 2008 ATCA 0.′′3 Potter et al. (2009)
Torus 44 6.8 mm 40 ± 2 2011 ATCA 0.′′3 Zanardo et al. (2013)
Torus 90 3.2 mm 23.7 ± 2.6 2011 ATCA 0.′′7 Lakićević et al. (2012b)
Both 110 2.8 mm 27 ± 3 2012 ALMA 1.′′3 This Letter
Torus 215 1.4 mm 17 ± 3 2012 ALMA 0.′′7 This Letter
Ejecta 215 1.4 mm <2 2012 ALMA 0.′′7 This Letter
Torus 345 870 µm 10 ± 1.5 2012 ALMA 0.′′5 This Letter
Ejecta 345 870 µm 5 ± 1 2012 ALMA 0.′′5 This Letter
Torus 680 440 µm <7 2012 ALMA 0.′′3 This Letter
Ejecta 680 440 µm 50 ± 15 2012 ALMA 0.′′3 This Letter
Both 860 350 µm 54 ± 18 2010 Herschel 24′′ Matsuura et al. (2011)
Both 860 350 µm 44 ± 7 2011 APEX 8′′ Lakićević et al. (2012a)
Both 1200 250 µm 123 ± 13 2010 Herschel 18′′ Matsuura et al. (2011)
Both 1900 160 µm 125 ± 42 2010 Herschel 9.′′5 Matsuura et al. (2011)
Both 3000 100 µm 54 ± 18 2010 Herschel 13.′′5 Matsuura et al. (2011)

(Figure 3). This implies that that the carbon dust mass is much
higher today than the 5 × 10−4 M⊙ measured two years after the
explosion (Wooden et al. 1993; Ercolano et al. 2007), and that
within uncertainties nearly all of the 0.23 ± 0.1 M⊙ of carbon
(Thielemann et al. 1990; Woosley & Heger 2007) released in
the explosion is now in dust. The dust mass depends on opacity,
temperature, and optical depth but is quite robustly constrained
by the data. We use amorphous carbon opacity κ = 10 and
3 cm2 g−1 at 450 and 870 µm, respectively (Rouleau & Martin
1991). Values in the literature range from 2 to 10 cm2 g−1 at
450 µm (e.g., Planck Collaboration et al. 2013; Jager et al.
1998); using a lower value would only raise the dust mass. Our

analysis of CO emission observed with ALMA and Herschel
finds >0.01 M⊙ of CO in SN 1987A (Kamenetzky et al. 2013).
Within uncertainties, the carbon in dust and CO does not yet
exceed the nucleosynthetic yield, but as future observations
refine the CO and dust masses, strong constraints may be placed
on nucleosynthesis, chemistry, dust coagulation, or all three.

The temperature is quite well constrained by these data, and
theoretical models predict a similar temperature. Cooling by
adiabatic expansion and radiation is offset by heating from
44Ti decay and by external X-ray heating from the shocks.
The current gas temperature in the absence of X-ray heating is
modeled to be 20–100 K (Fransson et al. 2013). Models predict
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Figure 2. Emission from the synchrotron torus of SN 1987A as a function of wavelength, on the same intensity color scale. Emission from the inner ejecta has been
subtracted to isolate the torus. The 6.8 mm ATCA image (Zanardo et al. 2013) has been smoothed to 0.′′55 beam similar to the ATCA 3.2 mm (0.′′7; Lakićević et al.
2012b) and ALMA images.

Figure 3. Spatially separated ALMA flux densities of the torus (green) and inner ejecta (red). Previous measurements are marked in black (Potter et al. 2009; Zanardo
et al. 2013; Lakićević et al. 2012a, 2012b; Matsuura et al. 2011). Measurements at longer wavelengths dominated by shock emission have been scaled to the epoch
of the ALMA observations according to the light curve Fν ∝e((t−5000)/2231) at 44 GHz (Zanardo et al. 2010); the original flux densities at their epochs of observation
are shown as open circles. The spectral energy distribution (SED) of the torus is a power law Fν ∝ να with a single index α = −0.8 ± 0.1 (green dashed line). The
SED of the inner ejecta is fit well by a model of dust emission—shown here is 0.23 M⊙ of amorphous carbon dust at 26 K (red dashed line), and a combination of
amorphous carbon and silicate dust (0.24 M⊙ and 0.39 M⊙ respectively, both at 22 K, two lower magenta dotted lines sum to the upper dotted line).

that significant X-rays do not yet penetrate inward as far as the
2 × 1017 cm radius of the ALMA 450 µm emission (Fransson
et al. 2013). The compact and centrally peaked 450 µm emission
supports this interpretation, since external heating would likely
result in more limb-brightened or extended dust emission. Since
the ionization fraction is below 1% (Larsson et al. 2013), less
than ∼40% of the X-ray flux will go into heating (Xu & McCray
1991), and <5% of the observed total flux 4.7 × 1036 erg s−1

(Helder et al. 2013) is intercepted by the ejecta. Even if it
did reach the dusty inner core, the energy deposition would be
<10% of the heating from 44Ti decay (Jerkstrand et al. 2011).
The best-fit dust mass Md scales approximately as T −2

d , and
Md > 0.1 M⊙ for Td < 50 K.

The emission is optically thin at 450 µm, and Md is insensitive
to unresolved clumpiness: If 0.23 M⊙ of dust uniformly filled a
region the size of the ALMA emission, the peak surface density

would be 0.02 g cm−2, with an optical depth τ450 <0.2. If the
dust is clumpy, each clump remains optically thin unless the
filling fraction is less than ∼2%; a filling fraction of 10%–20%
was fitted to the infrared spectrum (Lucy et al. 1991; Ercolano
et al. 2007) and consistent with the CO clump filling factor
of 0.14 fitted to ALMA CO emission (Kamenetzky et al.
2013). Analytical formulae for radiative transfer in dense clumps
(Városi & Dwek 1999) indicate that the effective optical depth
of the ensemble of clumps remains low over a very wide range
of clump filling fraction and number.

The data can also be fit by a combination of carbona-
ceous and silicate (Mg2SiO4) dust (Figure 3; dotted line), al-
though the mass of carbonaceous dust cannot be significantly
reduced because amorphous carbon has the highest submillime-
ter opacity κ among minerologies similar to the interstellar
medium, and eliminating it would require dust masses of other
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The complex SN 1987A @ 27 years

Combination of several 
emission sites

– inner ejecta

– shocked ejecta

– shocked inner 
ring 

– ionised inner ring

– outer rings

– light echoes

Courtesy P. Challis, CfA



The different emission sites in 
SN 1987A

SN ejecta
– radioactively heated 

material (‘inner ejecta’)
– X-ray heated ejecta
– dust

Rings
– density enhancements in equatorial (?) plane
– shock physics

• forward shock (into the ring)
• reverse shock (into the ejecta)



McCray



The hidden SN 1987A
2001 – 20012002 – 20012003 – 20012004 – 2001

Rest et al. 2006

1 arcmin



The ring collision

Dominating at all wavelengths

shock emission increasing for the past 13 years

Emission from the stationary ring

narrow lines (FWHM ≈ 10 km/s)

known since 1987 - fading

Shocked ring region (forward shock)

intermediate lines (~300 km/s)

Reverse shock

ejecta (>11000 km/s)



The emission line components
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Figure 19. Two-dimensional STIS spectra from 2004 (lower) and 2010 (upper) of the Hα (left strong line) and [Ca ii] (right fainter line) regions from the central slit
in Figure 13. To show the faint [Ca ii] line better, the intensity levels have been shifted compared to Figure 13. Note the absence of any high-velocity reverse shock
component similar to that of Hα for [Ca ii]. We also show the position of the [O i] doublet, which can be seen also in the ejecta with a velocity distribution similar to
the [Ca ii] lines. The velocity scales are in units of 1000 km s−1 from Hα and [Ca ii], respectively.
(A color version of this figure is available in the online journal.)
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Figure 20. Upper panel: evolution of the [Ca ii] λλ7292, 7324 flux with time
with UVES and STIS. The squares are from UVES and the circle point at
6355 days from STIS. The triangles show the flux from the regions of the line
not affected by the narrow lines, multiplied by a factor 2.5. Lower panel: same
for the Mg ii λλ9218, 9244. The fluxes from the unblocked regions of the lines
have in this case been scaled by a factor 1.4.
(A color version of this figure is available in the online journal.)

replaced by spline interpolations. To estimate the uncertainty
introduced by this interpolation, we have also calculated the
flux from the line, omitting these regions. These are shown as
triangles. For a comparison with the interpolated line, we have
multiplied these fluxes by a constant factor 2.5. As an extra
check, we also show the flux from the STIS 2004 observation
measured from the central area shown in Figure 13. This flux
(7.4 × 10−15 erg cm−2 s−1 on day 6355 after the explosion) is
similar to that found from UVES, and well within the error bars.

We see in Figure 20 that the flux increased monotonically by
a factor of ∼4–6 up to day ∼7000. At later epochs it is nearly
constant. This increase in flux is an important indication that
there is additional energy input to the inner ejecta in addition to
the radioactive energy source. In L11 these lines were used as
an independent confirmation of the HST photometry, where the
spatial information was combined with the photometry to show
that the increased flux was coming from the inner ejecta, and
not from the reverse shock region.

At these stages, the [Ca ii] λλ7292, 7324 lines are mainly
excited by fluorescence of UV emission through the H&K
lines (Li et al. 1993; Kozma & Fransson 1998b; Jerkstrand
et al. 2011). Therefore, the Ca ii triplet λλ8498, 8542, 8662
is expected to have the same total flux as the λλ7292, 7324
lines, unless collisional de-excitation is important. The STIS
spectrum in Figure 4 shows that there indeed is a line feature
at this wavelength range, and with a flux consistent with that
of the λλ7292, 7324 lines, although it is more smeared out in
wavelength than the λλ7292, 7324 lines.

We also note the presence of an additional broad line with a
peak wavelength close to that of He i λ5876/Na i λλ5890, 5896.
Chugai et al. (1997) claim that this is Na i and based on modeling
by Jerkstrand et al. (2011) this is a likely identification.

3.4. The λ9220 Å Feature

The broad line at ∼9220 Å has no obvious identification. The
full extent is ±3500 km s−1, indicating an origin in the core of
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7. Description of the proposed programme and attachments
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Fig. 1. Left: HST WFC3 F625W image from Feb. 2013, showing the ejecta and the circumstellar ring. The ring
diameter is 1.600. Middle: H↵ profile from FORS from 2006 (red) to 2012 (black). The broad ±11, 000 km s�1

profile is from the reverse shock and the ⇠ ±3, 000 km s�1 component is from the inner ejecta, while the
intermediate and narrow lines originate from the shocked and unshocked ring (Fransson et al. 2013). Right:
The UVES [N II] � 6583 profile from the ring from Dec. 2013, showing the unshocked and shocked components
(Migotto et al., in prep.).

Fig. 2. Left: 3D map of the [Si I] + [Fe II] emission at 1.644 µm from SINFONI in 2011. Darker and bigger
points correspond to brighter emission. The ring and the normal to the ring are shown in black. The blue blob
and line indicate the position of the observer and the line of sight, respectively. (From Larsson et al. 2013,
a movie is available in the online material). Middle: 2D image of the same line. Note the centrally peaked
brightness profile, in contrast to the H↵ image above. (Larsson et al. 2013) Right: SINFONI image overlaid on
the ALMA CO (red) + SINFONI (green) + HST (blue) images. (Indebetouw et al. 2013).
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Fig. 3. Left: Evolution of the H↵ profile from UVES from 2007 to 2013. Note the increase in the maximum
blue velocity of H↵, showing how shocks with increasing velocity cools. Middle: The [Fe XIV] 5303 profile stays
nearly constant, coming from 106 K gas immediately behind the shock, where the high velocity shocks are seen
already at early epochs. Right: Light curves of the H↵, [O III] 5007 and [Fe XIV] 5303 lines. Upper panel shows
the fluxes of the narrow, un-shocked component and the lower the intermediate width shocked component. It
is clear that they are all decaying, signaling the last phase of the ring destruction. (Migotto et al, in prep.)
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Day 7976
26 Dec 2008

Hydrogen in SN 1987A

Day 7998

Fransson et al. 2013

‘Clean Hα’

Flux increase by 
4 to 6 from 2000 
to 2007

vmax>11000 km/s

larger than possible 
in equatorial ring

anisotropic 
expansion



Hα in SN 1987A

Fransson et al. 2013

7976 days
26 Dec 2008



Evolution of Hα

Combination of FORS, 
UVES and STIS data



Emission outside the ring 5

Figure 4. Upper panel: HST images of SN 1987 with WFC3 in the F625W filter on days 8,717 (2011-01-05), 9,480 (2013-02-06), and 9,975
(2014-06-15). The middle panel shows the di↵erence images of 2013-2011, 2014-2013 and 2014-2011, respectively. Blue means fainter and
red brighter. Inside the ring the asymmetric ejecta of the ejecta can be seen. Note the gradual appearance of several small spots, as well as
di↵use emission, outside the inner ring in the south-east. New spots can also be seen in the north-east, as well as to the north-west. Note
that the two new spots in the north-west do not coincide with the stars labelled in the upper left image. The residuals in the south-east
corner of the di↵erence images are due to a saturated star and the radial streak north-west of the ring in the two first di↵erence panels is
due to a di↵raction spike of a star outside the field shown. The lower panels show the narrow band images in the F502N ([O III]), F658N
([N II]) and F645N (continuum) filters. The field size is 3.000 ⇥ 2.400.

et al. 1997; Pun et al. 2002; Orlando et al. 2005). The
fast decay of the narrow lines from the un-shocked gas
can be explained as a result of the non-radiative shocks,
which traverse lower density gas, replacing the narrow
line emission with soft X-ray emission, in combination
with a decreasing emission measure of the pre-shock gas
in the clumps.
The range of densities in the un-shocked ring has been

estimated to 1 ⇥ 102 cm�3 up to 3 ⇥ 104 cm�3 (Mat-
tila et al. 2010), while the shock speed from the X-ray
imaging is ⇠ 1, 820 km s�1 (Maggi et al. 2012; Helder
et al. 2013), coming from shocks propagating in the low-
density component of the gas. Assuming that the inter-
action with the ring started on day 5,600 (Helder et al.
2013), the blast wave has expanded by ⇠ 7⇥ 1016 cm up
to day 9,975, or ⇠ 10% of the radius of the ring. This
is of the same order as the distance of the new hotspots
outside the ring. It is therefore conceivable that the new
hotspots are a result of either the interaction of the blast
wave with very dense clumps embedded in gas with den-
sity ⇠ 103 cm�3 outside the ring, and close to the equa-
torial plane, or pre-ionization by the X-rays. The fact
that the main part of the ring has faded most in the
south-east, where the majority of the new spots are seen
supports the former interpretation.
The time scale for the complete destruction of the ring

depends on the mass, geometry and density distribution
in the clumps (Pun et al. 2002). The mass estimate for
the ring, 5.8⇥10�2 M� (Mattila et al. 2010), only refers
to the mass ionized by the initial shock breakout, and the

mass of the hotspots and gas outside of the ring could
be considerably larger. However, extrapolating the light
curves in Fig. 2 shows that the ring should fade away
between ⇠ 2020 (based on the individual lines) and ⇠
2030 (based on the HST light curves). The former esti-
mate is likely to be more reliable, as the lines isolate the
emission from the shocked ring component. The hotspots
will be gradually destroyed by instabilities and conduc-
tion by the hot surrounding gas (Borkowski et al. 1997;
Pun et al. 2002; Orlando et al. 2005).
The structure outside the inner ring is complex with a

possible hour-glass shape (Sugerman et al. 2005; France
et al. 2015), which will now be possible to probe. As
the shock progresses beyond the circumstellar ring, it
will trace the history of mass loss from the supernova’s
progenitor, revealing the distribution of gas that is now
unseen, and providing useful information to discriminate
among di↵erent models for the progenitor of SN 1987A.
The lower general density will result in a mainly adia-

batic shock wave, except for clumps with densities com-
parable to the inner ring. However, the new hotspots
we found probably only represent a small fraction of the
mass outside the ring. We expect SN 1987A will be-
come more thoroughly X-ray dominated as the youngest
supernova remnant evolves.

5. CONCLUSIONS

Needed?

This work was supported by the Swedish Research
Council and the Swedish National Space Board, NASA

Fransson et al. 2015



Destruction of the ring

• Ring emission has 
peaked

• Shock is 
dissolving the ring 
between 2020 
and 2030

seen in the final image from 2014, but with hindsight, some of
these are faintly visible in the 2013 image. The new hotspots
are a factor of 10–20 fainter than the old hotspots. The new
spots, as well as diffuse emission outside the ring, can also be
seen in the narrow-band images in Figure 4. It is interesting that
most of the new spots are in the same region as where the
faintest hotspots in the ring are present. The diffuse emission is
likely to be a combination of Hα from the reverse shock region
(France et al. 2015) and gas producing line emission outside
the ring. The latter may be a result of photoionization of the
wind from the red supergiant stage of the progenitor by X-rays
from the shock.

4. DISCUSSION

To interpret these observations we consider the ram pressure
acting on the clumps, given by P V V tn

ejecta
2 2 3rµ µ µ- + -

t n 5- , where n is the power-law index of the ejecta density
profile, V n

ejectar µ - , V is the ejecta velocity at the reverse
shock, assumed to be at a constant radius, and t is the time since
explosion. The pressure will increase with time as long as the
reverse shock is in the steep part of the ejecta density profile.
This pressure drives transmitted shocks into clumps of gas in
the circumstellar ring.

If the density of a clump is sufficiently high, radiative
cooling will cause the clump to collapse to an even higher
density. The result will be an optically emitting hotspot (Pun
et al. 2002). If instead, the density of a clump falls below the

Figure 2. Upper panel: R- and B-band light curves of the full ring from HST
photometry. Middle panel: light curve in individual emission lines from the
shocked ring from spectroscopy with VLT/UVES, using a 0″. 8 slit. Note the
different scales on the vertical axis in the panels and the scaling factors for the
B light curve and the lines. Bottom panel: the same for the narrow Hα, [N II]
λ6583 and [O III] λ5007 lines from the unshocked clumps.

Figure 3. Upper panel: F625W, HST/ACS image from 2006 December 6.
Boxed regions indicate where 2D Gaussian fits were applied, and the
corresponding hotspot locations are identified with black dots. Middle panels:
evolution of the fluxes from the individual hotspots in the R band for the north–
east (NE), north–west (NW), south–east (SE), and south–west (SW) quadrants
of the ring numbered as in the image above. Lower panels: evolution of radii
from the center (in arcseconds) of the different spots as a function of time for
the different quadrants. The radial positions are calculated with respect to the
average positions of the ring before the impact of the shock, seen as a drop at
5000–6000 days in the radial positions. The dashed lines give a linear least
square fit to the data after the impacts of the different spots used for the velocity
determinations.
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How this could look like



Summary
SN 1987A is as interesting as ever

ring collision is in full swing
forward shocks in the ring

reverse shock in the debris (outer ejecta)

shocked material can be analyzed through the 
X-rays and the coronal lines

now heating the inner ejecta as well

first direct look at an explosion
resolved inner ejecta (iron core) are the immediate 

reflection of the explosion mechanism

confirmation of the standing accretion shock instability 
(SASI) à neutrino convection in the explosion



More to come
Complete destruction of the ring
Illuminating the outside

beyond the inner ring

Detailed mapping of the inner ejecta
details on explosion mechanics and distribution of 

synthesized material
dust formation 

where is the dust that formed early on?
what is the dust composition?

what will be lost due to the external illumination?

Where is the neutron star? 
limits uncomfortable for the theory



No sign yet of a neutron star

Collapse to a black hole?



SN 1987A will be the first supernova that 
we can observe forever.

L. Woltjer


