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Supernova 1987A

observer
Inclination ~ 45o

Radius of inner ring ~ 0.6 ly (0.8’’)

HST Images in F625W+F439W



Inner ejecta

Ring

The ring is fading and new hot-
spots are appearing outside. 

The blast wave has passed the main 
ring. 

See poster by Katia Migotto. 

Still in homologous expansion phase 
(not interacting with ring).

Directly probes the explosion 
geometry. 

(Fransson, Larsson, Migotto+ 2015)



Mapping the ejecta in 3D
The freely expanding ejecta are described by a simple “Hubble law”: v = r/t

The combination of imaging and spectra therefore gives 3D information. 
(For previous studies see Kjaer at al. 2010; Larsson et al. 2013)

New observations at ~10 000 days (Larsson et al., submitted)

HST images (WFC3/F625W) and 
spectra (STIS/G750L, 0.1” slits)  

VLT/SINFONI IFU observations 
(H & K bands).

H-band 1.644 m[Si I] + [Fe II]

[Si I] + [Fe II]

λ



Total spectra

STIS

SINFONI



Energy sources

No significant changes 
in flux, line profiles or 
morphology in the last 
10  years. 

Brightening and change 
to edge-brightened 
morphology after 
~5000 days. 

Powered by X-rays 
from ring.

Powered by 44Ti

Updated from 
Larsson et al. 2011



Hα

Dotted line shows spectrum 
before correcting for ring.

4 Larsson et al.

Figure 2. Two-dimensional STIS G750L spectra. Upper panel: spectrum from the central slit position in Fig. 1 with all emission lines
identified. The dashed lines show the region used to extract the ejecta spectrum in Fig. 3. Significant emission from the ejecta is detected
in Na I ��5890, 5896, [O I] ��6300, 6364, H↵, [Ca II] ��7292, 7324, as well as Mg II ��9218, 9244. The latter lines are outside the plotted
region but shown in Fig. 3. Bottom panels: emission from H↵ for all five slit positions in Fig. 1, with the leftmost panel corresponding to
the position furthest to the east, etc. The main emission components are indicated in the left panel: the ring (R), the inner ejecta (E) and
the reverse shock (RS).

Figure 3. Upper panel: Total STIS G750L spectrum of the ejecta
obtained by summing all five slits. The extraction region is indi-
cated in Fig. 2. The spectrum has been corrected for scattered
light from the ring. Lower panel: Total ejecta spectrum in the
SINFONI H and K bands. The data have been binned by a factor
of three and corrected for scattered light from the ring.

not been investigated in previous observations. This im-
age shows a low-surface brightness region in the middle,
which coincides with the “hole” in the H↵-dominated
HST image. The image of the Br� line also has a signifi-
cant contribution from the continuum emission from the

Figure 4. Comparison of the velocity profiles of the three
strongest lines from the ejecta; H↵, [Si I]+[Fe II] 1.644 µm and
He I 2.058 µm. The lines have been normalized to the same maxi-
mum value after subtracting the continuum. The SINFONI spectra
have been binned by a factor of three.

ejecta (see Fig. 3).
In the freely expanding ejecta, an angle of 0.001 cor-

responds to 866 km s�1 at the distance of 50 kpc and
10,000 days since the explosion. This means that the in-
ner ejecta (defined by the red contours in Fig. 5) extend
in the range ⇠ [�2000,+2300] km s�1 along the east-
west direction and ⇠ [�4000,+2800] km s�1 along the
south-north direction. The extent of the ejecta to the
south is more uncertain than the other directions due to
the overlap with the ring.
In order to construct a 3D view of the ejecta we ex-

tracted STIS and SINFONI spectra from small spatial
regions. In the case of H↵, which has the best signal, we
used the 0.001⇥ 0.001 regions shown in the bottom panel of
Fig. 6. The resulting line profiles are also shown in Fig. 6.
The original line profiles, shown as dotted lines, are con-

2D spectrum, central slit



Velocity slices: Hα & [Si I]+[Fe II] 
[Si I] + [Fe II] Hα

Blueshifted Redshifted

Observer



“Sideview”: Hα & [Si I]+[Fe II]
Hα[Si I] + [Fe II]



[Si I]+[Fe II] 3D emissivity

The emission is shown out to 3 500 km/s. 

Only emission brighter than 3 times the continuum level is shown. 

The narrow line from the ring has been removed.
Day 8717

Position of observer

(Larsson et al. 2013)



Dust
Hershel and ALMA have revealed a large amount of dust in the ejecta, estimated 
to ~0.5 M⦿ (Matsuura et al. 2011; Indebetouw et al. 2014; Matsuura et al. 2015).

[Si I] + [Fe II] Hα Br ɣ

• The hole is a natural consequence of the external X-ray illumination. It appears 
at the same time as the ejecta start brightening.

• If due to dust, the hole should become less prominent with time as the optical 
depth decreases. 

• Brɣ also has a low surface-brightness region at the centre.

Different amounts of extinction by dust is unlikely to be the main reason 
for the different morphologies of Hα and [Si I]+[Fe II]! 

The dust may be in optically thick clumps that affect the optical and NIR in 
the same way. 



Large-scale structure

This symmetry axis is 
also consistent with 
polarimetry (Jeffery 
1991) and first hot-spot 
in the ring.

All emission lines show a similar global structure.

N

E

N

To Earth

L30 BRIGHT SOURCE DETECTED NEAR SN 1987A Vol. 518

Fig. 1.—New reconstructed image (left) and contour plot (right) of a 300 mas field around SN 1987A, from speckle data recorded with a 10 nm–wide filter
centered at 653.6 nm. Note that two of the noise spikes (in the lower left and right) do not show up in the contour plot because their intensity falls below the
lowest contour level (1%).

the present, we have implemented a new image reconstruction
algorithm that does not require masking the data with a Gaus-
sian. Instead, we generate the speckle autocorrelation using the
unmasked data and then apply a modified version of an iterative
transform algorithm (ITA; Fienup 1984) in order to find the
phase in the Fourier transform and produce an image. Themajor
drawback in the ITA method is that there is a 180! ambiguity
in the orientation of the reconstruction. However, the masked
KT reconstructions clearly show BS1, allowing a determination
of the orientation and eliminating the ambiguity, despite their
poorer S/N.
The results of this processing on the SN data are consistent

with our earlier KT results but give cleaner reconstructions of
BS1. In addition, the cleaner images reveal a new feature that
we believe could play an important role in understanding not
only BS1 but also the geometry of the whole SN system. Fig-
ure 1 shows our new reconstruction from the data set taken
with a 10 nm–wide filter centered on 654 nm (10 nm bandpass)
from day 38. On the left of Figure 1, we show a false color
image, and on the right, we show a contour plot with plate
scale and orientation on it. The 654 nm data were far and away
the best for S/Ns of all our observations since they were ac-
quired with the smallest zenith angle; therefore, the atmospheric
dispersion was small, the seeing was the best, and the signal
levels were the greatest (the peak sensitivity of the detector is
in the red). The plot shows the lowest 1% contours with a
linear display up to 10%, and it has contours at 20%, 40%,
60%, and 80%. It very clearly shows BS1 separated by 4 pixels
from the SN, corresponding to a mas angular separa-60" 8
tion, with a magnitude difference from the SN of 2.7" 0.2
mag. It also reveals a second feature, in line with BS1, on the
opposite side of the SN, separated by mas and some-160" 8
what fainter than BS1 (a mag difference from the4.2" 0.2
SN). We refer to this feature as BS2. While BS2 is substantially
fainter than BS1, it is well above the noise floor in the new
image (but not in the original KT reconstructions). BS2 is

9.5 j above the background, where j is the standard deviation
calculated from regions adjacent to the images.
There are a few additional pointlike peaks in the image that

are almost certainly reconstruction noise. These peaks have a
different character from BS1 and BS2 since they do not show
the roughly east-west elongation that is seen in the SN, BS1,
and BS2 features. This elongation is due to imperfectly cor-
rected atmospheric dispersion. The brightest of these other
peaks (northeast of the SN) is 0.7 mag fainter than BS2, and
the other peaks are more than 1 mag fainter (so they fall below
the 1% contour level in the plot). These noise peaks are intro-
duced when we deconvolve the SN image with data recorded
on a nearby bright, unresolved star, using a Wiener filter. This
deconvolution is critical in correcting the speckle interferom-
etry transfer function (Nisenson 1989). Adjusting the Wiener
filter smooths the image and changes the noise characteristics.
For the image in Figure 1, the filter was adjusted to separate
BS1 from the SN cleanly. If the filter is set so that the high
frequencies in the image are reduced, the noise peaks are elim-
inated. BS1 and BS2 remain but have a broader shape, and
BS1 starts to merge with the SN image.
Three other data sets were processed in the same way: the

images taken on day 38, with filters centered on 533 and
450 nm, and the image taken on day 30, with the filter centered
at 654 nm (all filters had a 10 nm bandpass). The 533 nm image
from day 38 and the 654 nm image from day 30 image show
the BS1 feature more clearly than the KT reconstructions, but
the reconstruction noise does not allow a reliable identification
of a feature corresponding to BS2. There is a feature in the
day 30 image that is separated from the SN by 130 mas, the
separation predicted for linear motion from the date of the
explosion. However, this image is noisier than the 654 nm, day
38 image, and the second spot is at the same level as the
reconstruction noise. The day 30 image also shows that the
separation of the centroid of BS1 and the SN appears to be
about 1 pixel less than the separation in the day 38 image,

(Meikle et al. 1987, Nisenson 
et al. 1987, Nisenson & 
Papaliolios 1999)

Mystery spots  

The Astrophysical Journal, 767:45 (18pp), 2013 April 10 Sinnott et al.

Figure 20. Left: P.A.s on the sky of the three dominant LE viewing angles LE016, LE113, and LE186. The central gray region denotes the orientation on the sky of
the elongated remnant ejecta (P.A. = 16◦) from Kjær et al. (2010). The green wedges illustrate the proposed two-sided distribution of 56Ni, most dominant in the
southern hemisphere. White circles illustrate the locations of the two mystery spots as identified by Nisenson & Papaliolios (1999), with radius proportional to relative
brightness in magnitudes of the two sources. Only the relative distance from the center of the SNR to the mystery spots is to scale in the image. Right: schematic with
viewing angle perpendicular to Earth’s line of sight. The inclination of the inner circumstellar ring is shown along with the proposed two-sided distribution of 56Ni in
green. Note that the green wedges are to highlight the proposed geometry (not absolute velocity) of the 56Ni asymmetry probed by the LE spectra, illustrating that the
southern overabundance is most dominant.
(A color version of this figure is available in the online journal.)

modeling of the LE lines may aid in an explanation of the
mystery spots.

If in fact the blue fine structure of the “Bochum event” is due
to an asymmetrical 56Ni feature in the northern hemisphere, as
the LE spectra here suggest, 56Ni is transported to even higher
velocities than previously considered. The blue feature emerges
after 20 days at a radial velocity of −5000 km s−1 in the Hα
profile. Since the blue fine structure is most dominant in LE016
at a scattering angle of 17◦, the lower limit of the absolute ve-
locity of the 56Ni cloud in the near hemisphere is 5200 km s−1, a
velocity difficult to explain in current neutrino-driven explosion
models. Absolute velocities of >7000 km s−1 are required if the
cloud is inclined within 45◦ to the plane of the sky and upward of
10,000 km s−1 if within 30◦. Assuming that the dominant south-
ern 56Ni overabundance (and change in Hα peak velocity) is
correlated to the red emission feature observed in the “Bochum
event” requires absolute velocities of ∼10,000 km s−1 for that
feature for an inclination of 20◦ out of the plane of the sky.
For the case of SN 2000cb, Utrobin & Chugai (2011) required
radial mixing 56Ni to velocities of 8400 km s−1 to reproduce
the observed light curve of SN 2000cb, although it was a more
energetic Type IIP than SN 1987A. Therefore, these unreal-
istically high velocities of 56Ni for current neutrino-powered
core-collapse explosion models require us to step back and
view the asymmetries in Figure 15 at their most basic level:
a non-spherical excitation structure in the early ejecta. Dessart
& Hillier (2011) demonstrated that the P Cygni line profiles from
non-spherical Type II ejecta can be altered significantly depend-
ing on viewing angle. Only future modeling of the LE spectra,
taking into account the effects of time-integration, will allow
the ejecta geometry to be determined or further constrained.

5. CONCLUSIONS

We have obtained optical spectra from the LE system of
SN 1987A, allowing time-integrated spectra of the first few
hundred days of the original explosion to be viewed from
multiple lines of sight. We have modeled the LE spectra using
the original photometry and spectroscopy of SN 1987A using
the model of Rest et al. (2011b). Using specific examples we

have showed the model correctly interprets LE flux profiles and
spectra when both scattering dust properties and observational
properties are taken into consideration.

Each P.A. on the LE system represents a unique viewing angle
onto the photosphere which can be spectroscopically compared
to the isotropic spectrum calculated from the original outburst
of SN 1987A. The LE spectra show evidence for asymmetry,
demonstrating the technique of targeted LE spectroscopy as
a useful probe for observing SN asymmetries. The observed
asymmetries can be summarized as follows.

1. Fine structure in the Hα line stronger than the original
“Bochum event” is observed most strongly at P.A.s 16◦ and
186◦, with the Hα profiles showing opposite asymmetry
features in the north and south viewing angles.

2. At P.A. 16◦ we observed an excess in redshifted Hα
emission and a blueshifted knee. At P.A. 186◦ we observed
an excess of blueshifted Hα emission and a red knee.
This fine structure diminishes slowly as the P.A. increases
from 16◦ to 16◦ + 90◦, with the LEs perpendicular to the
symmetry axis showing no evidence for asymmetry.

3. At P.A. 16◦ we observe a velocity shift in the Fe ii λ5018
line of the same magnitude and direction as the velocity
shift in the Hα emission peak at the same viewing angle.
As with the Hα fine structure, this velocity shift appears to
diminish as P.A. increases from 16◦.

4. At P.A. ∼ 115◦ (roughly perpendicular to symmetry axis
defined by 16◦/186◦ viewing angles) we observed an
unidentified feature near λ5265 Å not observed in any other
viewing angle.

This symmetry axis defined by the 16◦/186◦ viewing angles
is in excellent agreement with the current axis of symmetry
in the ejecta geometry, the initial polarization and speckle
observations, as well as the location of the “mystery spot.”
The Hα lines at P.A.s 16◦ and 186◦ are very similar to the
Hα lines observed in SN 2004dj and modeled as a two-sided
56Ni distribution by Chugai et al. (2005). This same model
could describe a two-sided ejection of 56Ni in SN 1987A as
probed by the LE Hα lines. The 56Ni is blueshifted in the north
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Light echo (Sinnot et al. 2012)

Seems that there is a global asymmetry that extends from 
the inner metal core to the outermost hydrogen layer. 



Smaller-scale structures

[Si I] + [Fe II]

Hα

Velocity (1000 km/s)

[Si I] + [Fe II]
Hα

Velocity (1000 km/s)

[Si I] + [Fe II]
Hα

See “clumps” in both images and spectra. Typical size ~1000 km/s. 
Differences between different emission lines. 



Comparison with explosion models

3D isosurfaces (3%) of Fe/Ni-rich ejecta ~16 hours after 
explosion for different progenitor models (Wongwathanarat 
et al. 2015. See also poster by Gabler et al.)

The observations have a more prominent large-scale asymmetry than the models. 
But the models not homologous and not necessarily showing where most Ni is. 

Observations

A. Wongwathanarat et al.: 3D CCSN simulations

Fig. 9. Same as Fig. 7, but for models W15-1-cw, L15-2-cw,
B15-1-cw, and B15-3-pw at the shock breakout time.

Fig. 10. Same as Fig. 7, but for models N20-4-cw and B15-1-pw
at 56870 s and 60918 s, respectively.

Fig. 11. Same as Fig. 7, but for the additional 3D models W15-
2-B, L15-1-B, and N20-4-B, discussed in Sect. 5.4.

does not imply, however, a restriction concerning our discussion
of the iron/nickel-rich ejecta morphology, because the explosion
energy is not responsible for the di↵erences we described above.
To prove this statement, we show in Fig. 9 the morphology of the
iron/nickel-rich ejecta of models W15-1-cw, L15-2-cw, B15-1-

cw, and B15-3-pw at the time of shock breakout. Despite hav-
ing the highest explosion energy of all calculated models the
iron/nickel-rich ejecta in model L15-2-cw are still trapped com-
pletely by the reverse shock. Moreover, model B15-3-pw, which
possesses the lowest explosion energy of all models, yields the
same type of morphology of the iron/nickel-rich ejecta as model
B15-1-pw, because the fast iron/nickel-rich RT filaments avoid a
strong deceleration by the reverse shock in both models.

Increasing the explosion energy results in a faster propaga-
tion of the iron/nickel-rich ejecta, but also gives rise to a faster
SN shock, i.e., the relative velocity between the shock and the
iron/nickel-rich ejecta, which is the most crucial factor determin-
ing whether or not the iron/nickel-rich ejecta will be strongly de-
celerated by the reverse shock, does not change. We further note
that although the iron/nickel-rich ejecta show a lesser degree of
global asymmetry in model L15-2-cw than in model L15-1-cw,
they evolve in a very similar manner. The asymmetry is less in
model L15-2-cw because it explodes faster, which results in a
more spherically symmetric distribution of iron/nickel-rich hot
bubbles. We also tested whether the fundamental features of ra-
dial mixing depend on the seed perturbation pattern imposed
during the explosion phase. A comparison of the results of mod-
els W15-1-cw and W15-2-cw shows that this is not the case (see
Figs. 7 and 9). However, we find interesting di↵erences: vmax(Ni)
varies by up to 20% among the models, while hvi1%(Ni) is simi-
lar for all models.

5.3.5. Dependence on progenitor star

To be able to discuss possible di↵erences between the morphol-
ogy of the iron/nickel-rich ejecta of the RSG and BSG mod-
els at the time of shock breakout in the RSG progenitors, we
had to evolve the BSG models until approximately 60000 s,
which is about a factor of ten beyond the time of shock break-
out in the BSG models. Fig. 10 displays the morphology of the
iron/nickel-rich ejecta of the BSG models N20-4-cw and B15-
1-pw at 56870 s and 60918 s, respectively. After the SN shock
has crossed the surface of the progenitor star, instabilities con-
tinue to grow in model N20-4-cw and the morphology of the
iron/nickel-rich ejecta remains no longer smooth and roundish.
Narrow spikes/walls of iron/nickel-rich matter stretch in radial
direction and further fragmentation of the overall ejecta struc-
ture occurs. On the other hand, in our second BSG model B15-1-
pw the elongated fingers containing iron/nickel-rich matter grow
significantly in length. They even reaccelerate from 3300 km s�1

at shock breakout to 3700 km s�1 at 61 000 s, but the angular ex-
tent and the orientation of these fingers remain unchanged.

5.4. Additional 3D models

We have seen that the structure of the B15 progenitor provides
favorable conditions for the iron/nickel-rich ejecta to escape a
deceleration by the reverse shock at the He/H interface. The shal-
low density gradient (steep rise of ⇢r3) inside the He layer and
the large width of the He layer of the B15 progenitor cause a
strong deceleration of the SN shock while it propagates through
the layer. This reduces the velocity di↵erence between the shock
and the iron-group ejecta allowing the latter to stay close behind
the shock. Moreover, the shallow density gradient encountered at
the He/H interface results only in brief and slight acceleration of
the SN shock, i.e., the relative velocity between shock and ejecta
does not increase by much.
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15 M⦿ BSG20 M⦿ BSG (~like 87A)
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Figure 1. Compilation of K band ejecta spectra from 2005, 2007,
2011 and 2014 extracted from the elliptical region in Fig. 2. Each
spectrum is shifted by 5× 10−18erg cm−2 s−1 Å−1 relative to the
previous. The upper spectrum shows the 2005 spectrum before
(black) and after subtraction of the scattered ring emission. Note
the strong narrow components from this for the He I and Brγ lines,
while there are no such components in the H2 lines.

(2013, 2016). The 2007 and 2014 observations
have not been shown before.
The Q-branch of H2 at ∼ 2.4 µm is awkwardly lo-

cated near the end of the K-band atmospheric window
and also near the rise of the thermal background from
the telescope, which could give rise to the appearance
of features in the spectra. We have therefore examined
individually all frames to ensure that the residual ther-
mal and atmospheric backgrounds do not create artefacts
that would mimic the Q-branch emission from the SN.

3. RESULTS

In Fig. 1 we show a compilation of the K-band spec-
tra of the ejecta from 2005 to 2014, days 6832, 7606,
8694 and 10,120. In order to minimise the contamina-
tion from the ring and to compare the fluxes from the
same co-moving region we use an expanding elliptical
aperture enclosing the emitting H2 region, shown in Fig.
2. Scattered light from the ring was removed as in Lars-
son et al. (2016), using the fact that lines from the ring
are much narrower (FWHM ∼ 300 km s−1) compared to
the ejecta lines (FWHM ∼ 2300 km s−1). This subtrac-
tion is illustrated in the upper spectrum in Fig. 1. The
spectra were binned by a factor three.
The strongest line at all these epochs is the He I 2.058

µm line. We also see a faint Brγ line at 2.166 µm. In

Figure 2. Contour maps from 2005 of the spatial intensity dis-
tribution of Hα (HST), the H2 2.12 µm, the H2 2.40 µm band, the
H2 2.40 µm band, d:o continuum subtracted, He I 2.058 µm, and
[Si I]/[Fe II] 1.644 µm (from SINFONI within ±3000 km s−1 for
each line). The major axis of the circumstellar ring is 1.6′′ and
inclined by ∼ 43◦ to the line-of-sight. The contours are lineariliy
spaced between the maximum (red) and minimum (blue) ejecta re-
gion for each image. The star marks the center of the ring and the
white ellipse in the H2 panel the extraction region for the spectra
in Fig. 1.

addition to these, there is a clear line at 2.12 µm and
a strong, broad feature at 2.40 µm. Based on the ab-
sence of other natural candidates we identify the 2.12 µm
line as the (1,0) S(1) transition in H2 and the feature at
2.40 µm as a blend of the (1,0) Q(1 – 3) transitions at
2.406, 2.413, 2.423 µm. We do not detect any emission
from the overtone CO band, which would peak between
2.30-2.35 µm.
In Fig. 2 we show the spatial distribution in 2005 of

the 2.40 µm feature together with Hα from HST (Lars-
son et al. 2013), He I 2.058 µm, and [Si I]/[Fe II] from
SINFONI (Kjær et al. 2010). The emission from the cir-
cumstellar ring in the 2.40 µm image is a result of con-
tinuum emission, as well as contributions from H I (19-5
and 20-5).
From the figure we note that the 2.40 µm emission

has a markedly different distribution compared to Hα.
Most of the emission is concentrated to the center, which
indicates that it is not affected by the X-ray heating from
the ring collision, which dominates the Hα morphology
(Larsson et al. 2011).

4. ORIGIN OF THE H2 EMISSION

4.1. Spectral modeling

To check that the identification of the lines with H2 is
consistent with wavelengths and expected relative fluxes,
as well as the presence of other lines in this spectral win-
dow, we have calculated synthetic spectra for different
assumptions for the H2 excitation. Because the temper-
ature in the H rich gas in the SN core is ! 200 K (Jerk-

Rovibrational transitions from H2:
2.12 μm (1,0)S(1)
2.406, 2.413, 2.423 μm (1,0)Q(1-3) 

No significant flux evolution 
2005-2014. Likely powered by 44Ti.

Predicted to form ~600-1000 years 
after explosion. ~1% of total H 
abundance (Culhane & McCray 1995).

(Fransson et al. 2016)



Spatial distribution 

The H2 is concentrated to the core, where it is shielded from X-ray 
emission from the ring. Mixing of H to < 500 km s-1 

Images from 2005

Spectral modelling suggests excitation by UV fluorescence (but non-
thermal electrons also a possibility). 

(Fransson, Larsson et al. 2016)



Conclusions
• The [Si I]+[Fe II] emission is consistent with staying constant in both flux 

and morphology over the last 10 years. Powered by 44Ti. 

• Hα (and many other lines) powered by X-ray emission from the ring. 

• The ejecta exhibit a large-scale broken dipole structure that extends from 
the inner metal core to the outermost hydrogen layer.  The distribution is 
close to the plane of the ring in the north and close to the plane of the sky 
in the south. 

• The ejecta distribution is inhomogeneous, with a number of bright 
clumps appearing on a scale of ∼ 1000 km s−1. On these scales there are 
also clear differences between different emission lines. 

• There is H2 in the core of the ejecta. This is the first detection of H2 in a 
young supernova. The spatial distribution implies mixing of H to low 
velocities. 


