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The Supernova of a lifetime

SN 1987A

SN 1987A 

Sanduleak -69 202 

23rd Feb 1987 in the LMC

Progenitor identified in pre-
explosion images

HST revealed triple-ring 
nebula, ejected 20,000 years 
before explosion. Binary 
merger?

Neutrinos detected

Inclination 45 degrees
Radius of inner ring ~ 
0.6 ly (0.8’’)

The evolution from SN to SNR has 
been monitored regularly at all 
wavelengths…
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A new window on SN 1987A with JWST

✧MIRI MRS  
(Jones et al., 2023)   

Cycle 1 GTO observations

✧ MIRI Imager 
(Bouchet et al., 2024)

✧NIRSpec IFU 
(Larsson et al. 2023)

Cycle 1 GO observations 

✧ NIRCam ( Arendt et al., 
2023, Matsuura et al. 2024)

Cycle 2 GTO observations 
with MRS and GO 

observations with NIRSpec
Work in progress…

See talk by Mikako!

ejecta only. Moreover, fitting a blackbody model to the mid-IR
observations is not justified as the mid-IR fluxes are dominated
by optically thin emission from silicate dust grains in the ER
(Arendt et al. 2016; Jones et al. 2023).

For an optically thin point source, the flux density, Fν(λ) at
wavelength λ is given by Hildebrand (1983) and Bouchet et al.
(2006)
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where Md is the dust mass, κ(λ) is the dust mass absorption
coefficient at wavelength λ, Bν(λ, T) is the Planck function, and
D is the distance to the supernova, taken to be D = 51.4 kpc
(Panagia et al. 1991).

We first fitted the integrated MIRI flux densities with a
population of dust particles consisting of a single population of
silicate and amorphous carbon grains to account for the shorter
wavelengths emission as explained in Bouchet et al. (2006) and
Arendt et al. (2016). We used carbon and silicate dust mass
absorption coefficients from Draine & Lee (1984); see
Figure 6), with results shown in Figures 7 and 8 (the four
filters have been used to generate these maps). The temperature
computed from this model varies from 120 to 165 K and the
mass varies from 0.2 to 1.5 10−8 Me pixel−1. The total mass,
that is the sum of the pixels enclosed by the contours
(equatorial ring) is then 1.3 ± 0.5 10−5 Me, similar to the
mass reported by Jones et al. (2023) for the same day (1.5 ±
0.3 10−5 Me). It is striking to note that although the
temperature is similar, the total mass of the dust is ∼10 times
greater than those reported by Bouchet et al. (2006). It should
be emphasized that the essential difference between these two
dates is the amount of material that interacts with the ER.
Bouchet et al. (2006) report masses of 0.1 − 0.2 ± 0.03 10−5

Me at days 6070 and 6190 and 0.3 ± 0.1 10−5 Me at day 6525,
which approximately marks the onset of the interaction of the
ejecta with the equatorial ring and the dust mass in the ER.
Jones et al. (2023) report that this mass was already 0.85 ±
0.15 10−5 Me at day 6805, then increased linearly until day

Figure 3. Final processed images at 5.6, 10, 18, and 25.5 μm, on which we superimpose the MRS [Ar II] 6.985 μm contours in white. Contours levels: [90, 100, 200,
600, 1000 MJy sr−1]. The corresponding clean beams (Gaussian fit of the actual PSF) for each wavelength are shown in the lower left corners.

Table 1
Filter Fluxes for SN 1987A from the MIRIM and Equivalent Fluxes from the

MRS Spectrophotometry (See Text)

Flus (mJy) F560W F1000W F1800W F2550W

Imager 1.8 ± 0.1 29.3 ± 0.1 105.9 ± 0.3 110.2 ± 1.4
MRS 2.4 ± 0.6 31.1 ± 0.3 106.2 ± 0.5 118.3 ± 5.0
Line Contribution 1.9% 0.1% 0.1% 2.9%
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✧Compact object 
(Fransson et al. 2024)



THE ASYMMETRIC INNER EJECTA

OUTER EJECTA & CSM INTERACTION

THE INNERMOST EJECTA &  
COMPACT OBJECT



OUTER EJECTA & CSM INTERACTION



The rise and fall of the ring

Updated from Larsson+19b

Interaction with ring, 
hot spots appear

the blast wave 
has left the ringflash-ionisation 

of the rings Interaction with H II region 
inside ring (radio and X-rays)

1987 1990

1994

2000 2009

2021
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Tracking the hotspots over decades
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Figure 2. Left panel: ACS/F625W image from 7226 days after the explosion (2006 December 6) showing all the identified
hotspots in the ER as dots. The numbering of the spots is done anti-clockwise from north. Spot 5 is the one spot detected from
residual image at the second iteration. The center of the ER is marked by a black cross. The FOV is 2.0010⇥ 1.0073. Right panel:
WFC3/F625W residual image from 10698 days (2016 June 8) after the subtraction of all 26 fitted spots from the original image.
The black dots represent the centroids of the 26 hotspots while the black crosses correspond to the 3 additional spots detected
at the second iteration that were not included in our analysis. Red means brighter. Note the additional emission in the west
which becomes increasingly brighter in all residual images after 2015. The FOV is 2.0030⇥ 2.0013

Table 2. Geometry of the ER

Parameters Ellipsea Di↵use Annulus b

Inclination (deg) 43.51 ± 0.38 42.85 ± 0.50

Orientation (deg) -7.84 ± 0.19 -6.24 ± 0.31

Avg. Axis ratio 0.725 ± 0.005 0.732 ± 0.006

Major semiaxis (mas) 813.96 ± 8.55 821.98 ± 20.48

Minor semiaxis (mas) 589.42 ± 6.15 592.48 ± 23.75

Axis ratio 0.724 ± 0.001 0.721 ± 0.023

Note—The values used in the analysis are indicated with bold.
The angles are measured counterclockwise from west. The first
3 rows, the inclination, orientation and axis ratio, are averages
of all the epochs fitted: 6122-12598 days for the Ellipse method
and 5796-12978 days for the Di↵use Annulus method. The
last 3 rows were measured from the latest observation only,
WFC3/F625W 2022 September 5, with uncertainties taken
from the covariance matrix.

aEllipse fitted to the 26 hotspot centroids.

b Elliptical annulus with a Gaussian radial profile (Apendix A).

atic nature of the evolution of the positions at these in-338

stances. Following the interaction with the blast wave,339

the clumps are activated and increase their optical emis-340

sion. The activation time varies for each spot, manifest-341

ing as a radial drop between 4000 and 6000 days. We342

deem a spot to be fully emerged once its radial distance343

reaches a local minimum and starts to systematically344

increase thereafter. Figure 4 illustrates the radial and345

flux evolution of all hotspots after their activation. No-346

tably, spots in the northeast part of the ER (spots 26,347

2, 3, 4, 12) are activated first, occurring before 5500348

days, while spots in the south and west parts of the ER349

(spots 14-18, 20, 22) are the last to emerge after 6000350

days. The remaining spots appear at around 6000 days.351

The emergence time (tstart) of all the spots is listed in352

Table 3.353

The evolution of the position angles (PA) of the354

hotspots, measured anti-clockwise from the west, was355

also investigated to ensure the validity of the results.356

Similar to the radial evolution, the PA exhibit less sys-357

tematic behavior at early times, followed by a sudden358

change after the activation time for the majority of the359

spots. A closer examination revealed that most spots360

maintained an overall constant angle at post-activation361

times, with only a few exceptions exhibiting a system-362

atic increase or decrease at a very slow rate (spots 2, 7,363

12, 20, 21). This rate of change ranged between 1� and364

5� within a time span of 7000 days. We therefore only365

consider the radial evolution in the following analysis.366

We provide the time average of the PA for all spots ob-367

served from day 5796 and beyond in Table 3, along with368

the standard deviations of their respective samples.369

3.4. Flux Evolution370

The flux densities of the hotspots were obtained from371

the best-fitting elliptical Gaussians (the “Flux” param-372

eter in Equation A1). In this process, we also multiplied373

the counts per second units in the images by the inverse374

sensitivity of the detectors. To be able to analyze the375

light curves of the spots, we addressed the variations in-376

troduced by using three di↵erent instruments (WFPC2,377

ACS and WFC3), each with di↵erent filters in terms378

of wavelength coverage and throughput. To correct for379

these di↵erences, we calculated total fluxes based on the380

filter profiles and subsequently normalized everything381

with respect to the WFPC2 filter by using the correc-382
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where1144
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Here,  0 is the initial phase of the sinusoidal component , x0, y0 is the centroid of the ring, ✓ is the position angle of1148

the major axis measured from the image +y axis, �r is the width of the Gaussian profile and ✏ is the ellipticity.1149

B. INCLINATION CORRECTION1150

In this appendix, we describe the inclination correction that was applied to all of the hotspot positions. The analysis1151

is based on orthographic projection (viewing from an infinite distance), meaning that the major axis of the apparent1152

ellipse will be equal to the diameter of the ER and the center of the ellipse will coincide with the center of the ER.1153

This approximation is su�cient since the radius of the ER is of order 0.2 pc while the distance to the ER is ⇠ 50 kpc.1154

In reality, the relative di↵erence between the semimajor axis and the radius of the ER will be of order 10�11, while the1155

o↵set between the apparent center and the center of the ER will be of order 10�6 pc. The deprojection is performed1156

by rotating an ellipse by the inclination angle i about its major axis. The corrected coordinates of the spots are given1157

by:1158 "
xtrue

ytrue

#
= M

"
xobs

yobs

#
, (B9)1159

1160

M =
1

cos i

"
cos i cos2 ↵+ sin2 ↵ sin↵ cos↵(1� cos i)

sin↵ cos↵(1� cos i) cos2 ↵+ cos i sin2 ↵

#
(B10)1161

where xobs, yobs is the observed estimated centroid, i is the inclination angle and ↵ is the orientatrion angle.1162

C. FITS TO THE RADIAL MOVEMENT OF INDIVIDUAL HOTSPOTS.1163

In this appendix, we provide the plots with the time evolution of the radial distances of the hotspots, starting from1164

the time of their emergence (as defined in Section 3). These distances were corrected for the inclination of the ER.1165

The plots also include the best-fit model that describes them.1166

Spot 2

Most hotspots show: 

-high initial velocities (median 960 km s-1)

-breaks around 8000 days (similar to the light curve 
peak)

-lower final velocities, median 260 km s-1

23

Figure 10. Weighted least square fits of the radial distances of all spots. The residuals shown in the figure are calculated as
the weighted di↵erence between the data and the fit, normalized by the uncertainties.

Spot 21

Likely explanation: each hotspot 
comprises dense substructures 
embedded in less dense gas. phase velocities

blast wave leaves the ring

velocities of the dense, optically 
emitting clumps. Tegkelidis et al, submitted



The ring with JWST NIRSpec + MIRI MRS

9

(Larsson+23) (Jones+23)

Shocked gas + dust in the ring



The reverse shock

Emission from fast ejecta excited by the reverse shock — 
strong H and He lines with very broad profiles

Reconstruct 3D emissivity using NIRSpec IFU data, assuming 
freely expanding ejecta

- Distance from centre = velocity × time since explosion

- Images give 2D, Doppler shifts give third dimension

- For reference, velocity of ejecta reaching the ring in July 2022 is 
~5400 km s-1

Reverse shock

Narrow lines 
from the ring

He I 1.083 μm



The reverse shock in 3D

Sky projection of He I Note similarity with the diffuse 
emission in H𝛼!

NIRSpec He I 1.083 μm



The reverse shock in 3D

The bubble is inside the 
outer rings. 

Overall structure is a bubble pinched at 
the “waist” by the dense ring.

Traces CSM between the rings at high 
latitudes. 

NIRSpec He I 1.083 μm

MUSE observations reveal the 
same overall structure in H�.

MUSE H� (preliminary)



THE ASYMMETRIC INNER EJECTA



The asymmetric inner ejecta

Early evidence of asymmetries from wide range of 
observations  
polarimetry,  line profiles, “Bochum event”, light echoes, early emergence of 
hard X-rays/gamma rays etc (e.g., Schwarz+87, Hanuschik+90, Sinnott+13,  Alp+19,  

Jerkstrand+20).

➜ large-scale asymmetry & mixing of ejecta, including radioactive Ni 
mixed to high velocities

X-Rays & Gamma-Rays from Models and SN 1987A 13

Figure 2. Spectra from the B15 and M15-7b models at 300 d (left) and direction-averaged spectra from all SN 1987A models
(right). Observations of SN 1987A (crosses); HEXE at 320 d (black, Syunyaev et al. 1990), Ginga at 300 d (gray, Inoue et al.
1991), MSFC at 248 d (brown, Pendleton et al. 1995), Pulsar X-1 at 320 d (pink, Syunyaev et al. 1990), and GRIP at 268 d
(yellow, Palmer et al. 1993). In the left panel, the solid lines are the spectra averaged over all directions, the semi-transparent
dashed lines are along the directions of minimum flux, and the semi-transparent dash-dotted lines are along the directions of
maximum flux. The envelope metallicity, which sets the low-energy cuto↵, of the 10HMM model is not well-defined because
metals were artificially mixed into parts of the envelope (Sections 2 and 5.6)
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Figure 3. Light curves in the 45–105 keV range from the B15 and M15-7b models (left), direction-averaged 45–105 keV light
curves from all SN 1987A models (right), and HEXE SN 1987A observations (black crosses). The horizontal bars of the data
points at 145 d and 445 d are not visible because of the short exposures. In the left panel, the solid lines are averaged over all
directions, the semi-transparent dashed lines are along the directions of minimum flux, and the semi-transparent dash-dotted
lines are along the directions of maximum flux.

Light curve of hard X-ray continuum compared to 3D 
simulations of neutrino-driven explosions (Alp+19).

A spatially resolved view of the ejecta

All images of atomic lines show a similar elongated 
ejecta morphology, position angle ~15∘ east of north.

(Rosu+24)

2022HST WFC3/F657N

(Arendt+23, Matsuura+24)

2022JWST NIRCAM /F164N



2. X-rays from the interaction with the ring

- Causes brightening of ejecta (Larsson+11) 
- especially important for H lines
- leads to limb-brightened morphology 

(Fransson+13) 

Homologous expansion, but 
brightening on west side due to X-
rays (Rosu+24).

20222009 2022

Energy sources and dust in the ejecta

15

1. Radioactive decay of 44Ti

- Slow decay, dominates for 
Fe and Si lines

3. The compact object

- More later…

 + Dust

- About 0.5 M⨀ of cold dust 
in the ejecta observed by 
Herschel and ALMA 
(Matsuura+11,15, Cigan+19).

southwest. At 315 GHz, the ejecta are moderately resolved and
show a conspicuously separate clump of emission south of the
main body of the ejecta. This clump persists in images
produced with lower robust settings in tclean, where
sensitivity is lower and spatial resolution is higher. Both the
primary ejecta material and the smaller clump as observed in
the 315 GHz image appear to fill in the gaps seen in the Hα
image, like a “lock in the keyhole.” This is shown in Figure 2,
where the 3σ contours highlighting the major continuum
features are overlaid onto the continuum and Hα images. The
alignment accuracy is ∼1 pixel in the images, given the
astrometric uncertainties discussed in Section 2.1 (12 mas for
Band 7 continuum) and Appendix B (6 mas for registration of
the Hubble Space Telescope [HST] image to the 315 GHz
ALMA image).

The 679 GHz image provides the highest-resolution view of
the continuum (top left panel of Figure 3). This figure shows
that the dust is asymmetrically distributed and is composed of
several clumps, with the brightest feature (hereafter the “blob”)
just northeast of the center of the remnant. The beam resolution
provides a limit on the clump size—assuming a distance of
51.4±1.2 kpc (Panagia 1999), the Band 9 beam FWHM of
0 08×0 06 corresponds to a physical scale of 0.020×0.016
pc, or 4125×3230 au. Nevertheless, the resolved 679 GHz
image indicates that dust is not smoothly distributed across the
ejecta, and the locations of dust clumps are not identical to
clumps in the CO or SiO. The S/N in the 679 GHz image is
moderate—the outer cyan contours in Figure 3 and the dust
emission (in red) in Figure 4 have pixel S/N>3, and the
surrounding ejecta area has pixel S/N values of ∼2 in the
679GHz image. The area between the ejecta and the ring—outside

of the outermost ejecta contour in Figure 2—is consistent with
noise.
The molecular images provide a probe of different conditions

in the ejecta, where lower transitions probe lower-temperature
gas (if optically thin, see Section 5). One prominent feature is the
central hole seen in the CO J=2  1 and SiO J=5  4
images (middle left and bottom left panels of Figure 3). This was
first reported by Abellán et al. (2017) and was seen in both the
integrated 2D spatial maps and the 3D data cubes. Although the
integrated SiO J=6 5 map (middle panel of Figure 3) does
not show the hole clearly in the same manner as SiO J=5 4
and CO J=2  1, the hole is also visible in the central
channels (v=0–300 km s−1) of the velocity map (Figure 17).
Because of the additional −600–0km s−1 components located
within the same line of sight as the hole (Figure 17) in the
integrated maps, the hole is not clear in the SiO J=6 5 map.
The CO and SiO molecular hole is just to the south of the
“keyhole” that is seen in Hα (Figure 8 of Fransson et al. 2015;
top right panel of our Figure 3), though the molecular hole
appears to be slightly smaller in scale and located on the
southern edge of the hole in Hα emission. The centers of
the holes are offset by ∼50 mas, or ∼4× the astrometric and
alignment errors.
CO J=2 1 and SiO J=5 4 have similar structures in

the integrated images; however, the spatial distributions of the
higher transitions of each species have some differences. SiO
J=6  5 is more evenly distributed in a shell pattern, while
the lower-S/N image of CO J=6  5 appears clumpy
(Figure 3), though this is likely affected by the noise.
CO J=6  5 has emission coincident with the CO J=

2 1 hole, in that its channel maps (Figure 16) show emission

Figure 2. ALMA 315 GHz (with beam) and 2014 HST F625W band image (Fransson et al. 2015), which includes Hα. The yellow contours display 315 GHz emission
at 0.2 mJy beam–1. The 315 GHz continuum in the inner ejecta originates from thermal dust emission, while in the ring it is due to synchrotron emission. The 18 mas
uncertainty on the relative alignment due to Band 7 astrometric error (12 mas) and HST image registration based on fitting the ring (6 mas) is of order 1 pixel in these
images.
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JWST NIRSpec ejecta spectrum

[Fe I] 1.443 μm line good probe of Fe distribution. Minimal blending with other lines. Not observed since 1995!

(Larsson+23)



“Doppler slices” of the [Fe I] 
emission

Integrated image before removal of 
other emission components

(Larsson+23)



Only Doppler shifts > 1000 km s-1 

‣Distribution dominated by two clumps centred at velocities of 
~2300 km s-1 , but not along the same axis (offset by ~45∘)

‣Ring/torus structure with radius ~1700 km s-1.

‣ Similar overall geometry as previously observed in other lines.

(Larsson+23)

Integrated Fe line 
profiles

(Jones+23)



Only Doppler shifts > 1000 km s-1 

‣Distribution dominated by two clumps centred at velocities of 
~2300 km s-1 , but not along the same axis (offset by ~45∘)

‣Ring/torus structure with radius ~1700 km s-1.

‣ Similar overall geometry as previously observed in other lines.

(Larsson+23)

Comparison with NIRCam/
F164N
[Fe II] + [Si I] 1.64 μm 
blend (-2000—1300 kms-1)
Better spatial resolution

One more ring (Arendt+23, Matsuura+23)



The “broken dipole” in other lines/elements

20

21

Figure 15. Left: Comparison of the [Fe ii] 25.99 µm line profiles from the inner ejecta and the total line profile including the
ring. The spike at -1150 km s�1 is the narrow [O iv] 25.91 µm line from the ER. Middle: Comparison of the line profiles of the
[Fe ii] 5.340 µm and [Fe ii] 25.99 µm lines. Note the lack of emission between ±1500 km s�1 in the 5.34 µm profile. Right: The
same for the [Ne ii] 12.81 µm line.

Figure 16. Same as Fig.6 but for high-velocity line components and without the FWHM maps.

.

(Jones+23)

H𝛼

H2 Fe+Si

Larsson+16, 19

Similar global large-scale 
asymmetry in all atomic lines:

 “broken dipole” with brightest ejecta 
close to the ring plane in the north 
and closer to the sky plane in the 
south (Kjaer+10, Larsson+13,16,19,  

Kangas+22).



The Astrophysical Journal, 772:134 (15pp), 2013 August 1 Milisavljevic & Fesen

Figure 6. Various perspectives of the Cas A reconstruction illustrating the ubiquity of large ejecta rings. Only ejecta knots in the main shell are shown. Top left panel
shows some of the more prominent ejecta structures. Noticeable rings of ejecta include the blueshifted ring in the north, and the much larger neighboring redshifted
ring. Also seen is the extent to which the rings are extended radially and hence more crown-like than simple flat rings. The top right panel shows a better perspective
of the large northern redshifted ring. Bottom left panel shows a side profile viewing toward the base of the NE jet, while the bottom right panel shows Cas A from
below where a southwestern ring can be seen as well as a number of partial or broken ring structures. Refer to Movie 1 for an animation of these data.

(An animation of this figure are available in the online journal.)

north–south and east–west axes, with and without the outer
high-velocity ejecta knots (Movie 1).

Below we discuss some specific properties of Cas A high-
lighting our high-resolution 3D reconstructions of the remnant’s
kinematic structure.

5.1. Kinematic Properties of the Main Shell

The large-scale distribution of Cas A’s main shell of ejecta
is shown in Figure 6 where knots having an expansion velocity
outside a 6000 km s−1 sphere have been excluded. Consistent
with the recent 3D models presented in DeLaney et al. (2010)
based on infrared data, we find the main shell to be dominated
by morphological structures in the form of partial or complete
rings. The main difference of our 3D reconstructions shown here
to those of DeLaney et al. (2010) is increased spatial resolution
(by a factor of ≈4) and more precise radial velocity data (by a
factor of ≈5).

We find at least six well-defined ring-like structures on the
remnant’s main shell with diameters between approximately 30′′

(0.5 pc) and 2′ (2 pc). In Figure 7, a Mercator projection of the
main shell knots is shown to illustrate the relative scale and

distribution of the rings. These rings dominate the large-scale
structure of the main shell and are present on the front, rear, and
both east and west side hemispheres.

The largest ejecta ring is located along the northern limb and
is nearly entirely redshifted (Figure 6, top right). Connected
to it by a small bridge of ejecta knots is a much smaller but
thicker ring in the north that is entirely blueshifted (Figure 6,
top left). These two rings contain nearly all of the optical and
infrared emission along the remnant’s northern limb. A separate
but also very large, outwardly extending broken ring is located
near the base of the NE jet (Figure 6, bottom left). Another
ring of comparable size and radial extension lies immediately
below it.

Five of the six most obvious ejecta rings are actually short
cylinders, giving them a crown-like appearance. The bases of
these crowns are sometimes gently curved upward as seen in
the smaller northern blueshifted ring (Figure 6, top left) and
the large northern ring (Figure 6, top left and bottom left). The
height in velocity space of these crowns that extend radially
away from the COE is up to 1000 km s−1. The radial extent of
the broken ring located near the base of the NE jet is largest
(Figure 6, top right).
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Cas A

Milisavljevic & Fesen (2013)

Origin of the asymmetries?

21

Are the rings intrinsic ejecta structures, or caused by 
the energy sources and/or dust?

Rings and asymmetries everywhere

Can the neutrino-driven mechanism explain the 
large-scale ejecta asymmetries? 

Contribution of magnetorotational effects?

The NIRSpec observations will provide 3D maps of Fe, Si, 
He, H & H2. …..

Detailed 3D Reconstruction of SNR N132D 11

Figure 8. Surface reconstruction process for the oxygen-emitting ejecta in N132D. The three steps shown illustrate the process
from initial point cloud measured spectroscopically to the surface model derived using a Marching Cubes algorithm and then
retopologization with Catmull-Clark smoothing. An animation of this surface reconstruction can be found in the supporting
materials of this paper.

Figure 9. Projections in the VY -VZ (left) and VX -VZ planes (middle). The best-fit torus is overlaid with major and minor
radius shown in black and gray, respectively. Three-dimensional velocity space plot with projections in all three planes (right).

in the plane of the sky oriented from the remnant to the
observer, the normal vector from the torus’ equatorial
plane is inclined 28� ± 5� to the line of sight. Our mea-
surement of the inclination angle is consistent with that
of Vogt & Dopita (2011), who estimated ⇠25� via visual
inspection.
There are notable deviations from a simple torus

model. Perhaps most prominent is that the vertical
structure of N132D varies with azimuthal angle. Specif-
ically, the redshifted material is elevated above the mid-
plane of the torus, while the blue-shifted side is below
the mid-plane. We discuss these deviations further in
Section 5.
We loaded the data into our Virtual Reality Labo-

ratory (VR Lab; McGraw et al., in preparation) and
explored the 3D morphology of N132D for evidence of
ejecta substructure in the form of rings or bubbles.
For instance, multi-wavelength reconstructions of Cas A
have revealed large-scale coherent rings and bubbles of
ejecta substructure, indicative of a bubble-like interior

powered by radioactive 56Ni-rich ejecta (DeLaney et al.
2010; Milisavljevic & Fesen 2013, 2015; Wongwatha-
narat et al. 2017). Other SNRs, including E0102 and
3C58, also exhibit ring-like structures to varying degrees
(Finkelstein et al. 2006; Milisavljevic 2016; Lopez & Fe-
sen 2018). We were unable to conclusively identify any
such substructure in N132D. However, an incomplete
ring is seen toward the blue-shifted side of N132D and
is composed of di↵use O-rich material that deviates from
the larger torus-shaped morphology. This feature has a
radius of 1000 km s�1, which is approximately 60% of
the torus radius and is labeled in the lower left panel of
Figure 7.

4.3.3. Runaway Knot

With respect to a unit normal vector from the torus’
equatorial plane, the RK is inclined by approximately
82� ± 2�. The RK has a median Doppler velocity of
⇠820 km s�1 and a high median total space velocity of

Law+20

N132D

SNR 0540

Larsson+21



Interaction with the Fe-rich inner ejecta

XMM-Newton RGS and EPIC-pn, which show increasing
fluxes and centroid energies of Fe K emission between the
years 2010–2019 (Sun et al. 2021). On the other hand, Maitra
et al. (2022) find constant Fe abundances in an analysis of
XMM-Newton EPIC-pn and eROSITA observations, though
increases of other elements (like O and Si) are suggested to be
due to RS ejecta. At the same time, Chandra HETG observa-
tions at soft X-ray energies are consistent with constant
abundances up until 2018 (Bray et al. 2020; Ravi et al. 2021).
An increasing contribution to the X-ray emission from inner
ejecta interacting with the RS has also been predicted by
models (Orlando et al. 2019, 2020). The somewhat differing
results from the X-ray analyses regarding this suggests that the
contribution is still weak, in line with our finding that only a
small part of the inner ejecta has reached the RS.

Further analysis of other emission lines in these NIRSpec
observations, including the time evolution compared to
previous SINFONI observations, is expected to make it
possible to determine the effects of the energy sources on the
observed 3D emissivities. Observational constraints on the 3D
distribution of ejecta are important for assessing models for the
explosion mechanism, which is a long-standing problem for
core-collapse SNe. The leading model for “ordinary” explo-
sions like SN 1987A is the neutrino-driven mechanism (see
Janka 2017 for a review), while alternatives include explosions
powered by jets and/or magnetars (e.g., Piran et al. 2019;
Obergaulinger & Aloy 2020). The latter are likely more
relevant for the most energetic SN types, though models
involving jets have been proposed also for SN 1987A (e.g.,
Wang et al. 2002; Bear & Soker 2018).

Numerical 3D simulations of neutrino-driven explosions
evolved into the remnant stage have shown that the ejecta
distribution at late times still retains the imprint of the
asymmetries at the time of the explosion (Gabler et al. 2021;
Orlando et al. 2021). Previous comparisons of SN 1987A with
neutrino-driven explosions have shown that the models can
explain the key observables and produce sufficient asymmetries
(Abellán et al. 2017; Alp et al. 2019; Jerkstrand et al. 2020;
Ono et al. 2020; Gabler et al. 2021; Utrobin et al. 2021).

However, to date there is no model that also accounts for the
complexities of the energy sources and radiative transfer to
produce predictions for the optical/NIR emission. It should
also be noted that the ejecta asymmetries do not only depend on
the explosion mechanism, but are also affected by the structure
of the progenitor star, with most studies of SN 1987A favoring
a progenitor that was produced as a result of a binary merger
(Menon & Heger 2017; Menon et al. 2019; Ono et al. 2020;
Orlando et al. 2020; Utrobin et al. 2021; Nakamura et al. 2022).
The CSM geometry as traced by the RS discussed below can
give further insight into the evolution of the progenitor of
SN 1987A.

5.2. The CSM Traced by the He I 1.083 μm Line from the RS

The bright He I 1.083 μm emission resulting from the
interaction between high-velocity ejecta and the RS probes
the 3D geometry of the CSM surrounding SN 1987A. The flux
depends on the number density of He atoms crossing the shock,
so the fact that the emission is strongest in the NE and SW
(Figure 8) provides further evidence that the outer ejecta have
the same overall distribution as the dense metal core of the
ejecta discussed above.
The spatial distribution of the emission in 3D (Figure 6)

follows a surface, which confirms that the shock region is
narrow. The innermost part of the RS is in the plane of the ER,
where the lowest velocity of the emission (∼4500 km s−1,
Figure 9) corresponds to ∼80% of the ER radius. This position
agrees with analytical estimates of ejecta with a steep power-
law density profile interacting with a constant-density shell
(Chevalier & Liang 1989). Tracing the surface of the RS to
higher latitudes shows that the strongest emission is confined to
a region with half-opening angle  45° around the ER. This is
compatible with the thickness of the emission region inferred
from HST/Space Telescope Imaging Spectrograph (STIS)
observations of Lyα (Michael et al. 2003) and radio
observations (Ng et al. 2013; Cendes et al. 2018).
While the overall geometry of the RS is similar all around

the ER, there is evidence for asymmetries on a more detailed
level. In particular, the SE region displays interaction at higher

Figure 10. Emission from the [Fe II] 1.644 μm line from the ejecta at Doppler shifts Vz > 1500 km s−1. The left panel shows an integrated image of this emission,
while the middle and right panels show 3D volume renderings from two different viewing angles. The viewing angle of the middle panel is the same as that shown for
[Fe I] in the left panel of Figure 4. The color scale in the image to the left spans the full range of flux values (blue is 0 and red is the maximal flux), while the faintest
emission included in the volume rendering (blue) corresponds to 15% of the peak value (red). The white dashed (left) and gray (middle and right) circles show the
location of the ER. Note the strong emission located close to the ER in the south, indicating that the dense Fe-rich ejecta are now affected by the shock interaction. An
animated version of the 3D rendering is available. The video shows one rotation, starting from the viewing angle in the middle panel. The real-time duration of the
animation is 7 s.

(An animation of this figure is available.)
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Figure 15. Left: Comparison of the [Fe ii] 25.99 µm line profiles from the inner ejecta and the total line profile including the
ring. The spike at -1150 km s�1 is the narrow [O iv] 25.91 µm line from the ER. Middle: Comparison of the line profiles of the
[Fe ii] 5.340 µm and [Fe ii] 25.99 µm lines. Note the lack of emission between ±1500 km s�1 in the 5.34 µm profile. Right: The
same for the [Ne ii] 12.81 µm line.

Figure 16. Same as Fig.6 but for high-velocity line components and without the FWHM maps.

.

[Fe II] 5.340 μm,  day 12927

(Jones+23)

Increase between 
Cycles 1 & 2!

[Fe II] 1.644 μm,  day 13511

SN1987A MIR ER and surrounds line emission

Lines in ring appear to be increasing/decreasing depending on origin: 

Ejecta/ER interaction Recombination

[Fe II] 5.340 μm,  south
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A bright, narrow [Ar II] 6.985 µm line from the central ejecta
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Credit: P. Kavanagh

(9). The luminosities and spectra of the PWNs
discussed above are not consistent with the
bolometric and monochromatic luminosity
of the SN 1987A remnant, whereas a slowly
rotating and/or weakly magnetized NS is

compatible with the observations (15). We
expect an expanding PWN bubble to sweep
up a dense shell of ejecta, separated from the
PWN by a shock, which could also excite
the lines that we observed. The velocity of the

dense shell would depend on the energy input
from the pulsar along with the density and
expansion velocity of the ejecta (9). These
parameters are all uncertain, but estimates
for SN 1987A produce a shell velocity of 150
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Fig. 2. JWST observations of the [Ar II] and [Ar VI] lines in SN 1987A.
(A to O) Velocity slices of the MIRI/MRS data cube around the [Ar II] line at
6.985 mm. Labels in each panel indicate the corresponding velocity ranges,
measured with respect to the systemic velocity of SN 1987A (12). Emission is
apparent from a central source, which has its maximum intensity offset in
velocity from the ER by ~−250 km s−1. The white circle in (F) indicates the region

used to extract the spectrum in Fig. 3A. (P) Residuals between (F) and (A).
(Q) NIRSpec observations of the [Ar VI] 4.529-mm line, combining all velocity
slices between −450 and +380 km s−1. (R) The NIRSpec data stacked outside that
velocity range. (S) Residuals between (Q) and (R), separating the emission from
the central source. The bright point in the lower left areas of (Q) and (R) is an
unrelated star. Color bars are in units of megajansky (MJy) per steradian.
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(9). The luminosities and spectra of the PWNs
discussed above are not consistent with the
bolometric and monochromatic luminosity
of the SN 1987A remnant, whereas a slowly
rotating and/or weakly magnetized NS is

compatible with the observations (15). We
expect an expanding PWN bubble to sweep
up a dense shell of ejecta, separated from the
PWN by a shock, which could also excite
the lines that we observed. The velocity of the

dense shell would depend on the energy input
from the pulsar along with the density and
expansion velocity of the ejecta (9). These
parameters are all uncertain, but estimates
for SN 1987A produce a shell velocity of 150
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Fig. 2. JWST observations of the [Ar II] and [Ar VI] lines in SN 1987A.
(A to O) Velocity slices of the MIRI/MRS data cube around the [Ar II] line at
6.985 mm. Labels in each panel indicate the corresponding velocity ranges,
measured with respect to the systemic velocity of SN 1987A (12). Emission is
apparent from a central source, which has its maximum intensity offset in
velocity from the ER by ~−250 km s−1. The white circle in (F) indicates the region

used to extract the spectrum in Fig. 3A. (P) Residuals between (F) and (A).
(Q) NIRSpec observations of the [Ar VI] 4.529-mm line, combining all velocity
slices between −450 and +380 km s−1. (R) The NIRSpec data stacked outside that
velocity range. (S) Residuals between (Q) and (R), separating the emission from
the central source. The bright point in the lower left areas of (Q) and (R) is an
unrelated star. Color bars are in units of megajansky (MJy) per steradian.
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(9). The luminosities and spectra of the PWNs
discussed above are not consistent with the
bolometric and monochromatic luminosity
of the SN 1987A remnant, whereas a slowly
rotating and/or weakly magnetized NS is

compatible with the observations (15). We
expect an expanding PWN bubble to sweep
up a dense shell of ejecta, separated from the
PWN by a shock, which could also excite
the lines that we observed. The velocity of the

dense shell would depend on the energy input
from the pulsar along with the density and
expansion velocity of the ejecta (9). These
parameters are all uncertain, but estimates
for SN 1987A produce a shell velocity of 150
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Fig. 2. JWST observations of the [Ar II] and [Ar VI] lines in SN 1987A.
(A to O) Velocity slices of the MIRI/MRS data cube around the [Ar II] line at
6.985 mm. Labels in each panel indicate the corresponding velocity ranges,
measured with respect to the systemic velocity of SN 1987A (12). Emission is
apparent from a central source, which has its maximum intensity offset in
velocity from the ER by ~−250 km s−1. The white circle in (F) indicates the region

used to extract the spectrum in Fig. 3A. (P) Residuals between (F) and (A).
(Q) NIRSpec observations of the [Ar VI] 4.529-mm line, combining all velocity
slices between −450 and +380 km s−1. (R) The NIRSpec data stacked outside that
velocity range. (S) Residuals between (Q) and (R), separating the emission from
the central source. The bright point in the lower left areas of (Q) and (R) is an
unrelated star. Color bars are in units of megajansky (MJy) per steradian.
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[Ar VI] 4.529 μm , [Ar III] 8.991 μm , [S IV] 10.51 μm, [S III] 18.71 μm.

Other lines lines with similar 
properties detected at the centre

Focus on [Ar II] (brightest, best spectral resolution) and [Ar VI] (best spatial 
resolution).

(Fransson+24)



- Lines blueshifted by ~260 km s-1.

- Narrow widths (FWHM ~100 km s-1).

- Spatial position consistent with the centre of the ring.

- Emission region spatially unresolved.

✓Small, highly ionised emission region at the centre. 

✓Ar and S expected at the core of the exploded star. 

✓Other explanations ruled out (excitation by reverse shock,  X-rays, 44Ti, dust 
reflection).

Strong indication of ionisation of the central ejecta 
by a compact object

HST/F625W + [Ar VI] contours
Properties of the emission lines

(Fransson+24)



What kind of compact object?

Shock models underpredict the 
high ionisation lines compared to 
[Ar II], but cannot be completely 
ruled out. 

Black hole unlikely based on 
progenitor properties.  Core mass 
too low. 

Low luminosityCompact object

Black hole

Neutron star Pulsar + Pulsar Wind Nebula (PWN)

Thermal emission from 
cooling surface (soft X-rays)

Non-thermal emission Shocks

Emission from fallback accretion

A “mini-Crab”?Similar to Cas A?

Observations affected by dust
- Dust is known to exist in the ejecta 
(Wooden+93, Matsuura+11, 15, Cigan+19).

- Silicates likely dominate in the central regions.

- Sharp rise in absorption longwards of ~ 8 μm.



Photoionisation models
Photoionisation modelling based on major update of code in Chevalier & Fransson (1992)

Model results assuming abundances typical of explosive O-burning and density nion = 2.6 × 104 cm-3.

Line ratios sensitive to the ionisation parameter ξ = Lion/nionr2 ~ 0.3.

Covering factor of ~0.5-2%, strong asymmetry/clumping and dust.luminosities. The observed upper limit on
the [Ar III] 8.991-mm line is consistent with
the model.
The CNS model (Fig. 4A) predicts strong

[Si I] lines at 1.607 and 1.645 mm. These are not
detected in our observations, perhaps because
they are blended with broad lines from the
ejecta. Dust scattering, dust depletion, and ioni-
zation of silicon by the ultraviolet flux from the
ejecta and ring could all reduce the predicted
luminosities of these lines (10).
We have also modeled the expected line

luminosities fromaPWNshock (10).Most of the
observed lines are reproduced (supplementary
text) (fig. S12) without requiring dust absorp-
tion. However, the [S III] 18.71-mm line is under-
produced by a factor of ~25.

The nature of the compact object

Given the uncertainmodel assumptions about
the ionizing spectrum, density, elemental abun-
dances, and dust properties, we conclude that
the observed lines can be explained by either
the CNS or PWN photoionizationmodels. Both
require the presence of a NS. Because thermal
emission from the CNS should always be pres-
ent at some level, a combination of bothmodels is
also possible. For the model parameters adopted
above, the PWN shock scenario is less likely but
not excluded (10).
There have been previous indications of

emission from a central object in SN 1987A.
Submillimeter dust maps of the ejecta show a
peak in the temperature close to the central
region, which might be due to extra energy
input from a central source (47). The peak tem-
perature position does not coincide with the
location of maximum [Ar VI] emission in our
observations (10); however, this does not rule
out additional heating from a compact object
(31). X-ray observations of SN 1987A have de-

tected nonthermal emission at energies above
10 keV, which has been interpreted as being
due to a central source (49, 50); this would
support the PWN scenario. However, the same
observations have alternatively been interpreted
as thermal emission from the shocks in the
ER (51).
The position and velocity of the argon emis-

sion lines constrain any natal kick—a velocity
imparted on the NS during its formation by
anisotropies in the explosion mechanism. The
offset in position of the narrow emission com-
ponents corresponds to a velocity 416± 206kms−1

given the time since the explosion (supplementary
text). However, converting this to a kick velocity
depends on the separation between the NS and
the line-emitting region, which differs between
the CNS and PWN models.
Our observations of high-ionization emission

lines in the center of the SN 1987A remnant
indicate the presence of a source of ionizing
photons, probably aNS. We cannot determine
which scenario is more likely—young CNS or
PWN—but both require the presence of a NS.
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Fig. 4. Photoionization models compared with observed lines. (A) Model of the
oxygen-burning layers expected in a SN ionized by a young CNS. (B) Model of
the same material ionized by a PWN. The optical depth due to silicate dust
(magenta curve, on the right axis) assumes Mg2SiO4 composition and tabs =
6.5 at 10 mm in both cases. Circles show the model-predicted line luminosities (left

axis) before (red) and after (blue) including dust absorption, which are connected
by dashed vertical lines. Line identifications are labeled near each red circle.
Black stars are the observed luminosities (Table 1) for the [S III], [S IV], [Ar II], and
[Ar VI] lines, with error bars showing 1s uncertainties, which are mostly smaller
than the symbol size. The upper limit for the [Ar III] line (black triangle) is 3s.
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Lion ~ 3 ×1035 erg s-1 Lion ~ 5 ×1034 erg s-1



Conclusions and open questions 
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✦Both a cooling neutron star and a PWN (and combinations) can explain the line emission. 

✦Blueshift and position may imply a kick of ~400±200 km s-1 (especially if just a neutron star).

Physical properties of the 
compact object? 

Abundances and physical 
conditions in the line 
emitting ejecta?

What about other 
emission lines?

Properties of dust in the central 
ejecta? How are the lines 
affected by absorption and 
scattering?

Connection with other 
multiwavelength observations 
(sub-mm & X-rays)? 

Time evolution?
?

Non-detection of [O III] in 
HST imaging (Rosu+24).

➡ Dust scattering/absorption 
important. 

➡Ejecta region with low O 
abundance (inner part of S- 
and Ar-rich zone).



A preview of JWST Cycle 2 data
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Clear diffuse component at ~0 km s-1, 
similar to other high-ionisation lines 
seen with MRS. 

Surrounding gas flash-ionised by the 
SN and/or ring? 

Blue component consistent 
with [Ar II] line.

NIRSpec data with higher 
spectral resolution.

a) line b) continuum a-b

MRS cycle 2 data of [Ar II] line 
shows no significant change. 

Cycle 2 work: 
• Appears to be little change in [Ar II] line

Old New

SN1987A MRS ejecta/compact object

[Ar VI]  13500 days



Summary

I. Outer ejecta interacting with the 
reverse shock - bubble-like CSM.

II. Highly asymmetric Fe-rich inner 
ejecta.

III.  A small clump of ejecta 
ionised by the compact object.
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One hundred years of Supernova Science 
Celebrating the discovery of SNe by Knut Lundmark in 1925 August 18-22 2025 

Stockholm, Sweden

Chairs: Anders Jerkstrand & Josefin Larsson

Core-collapse supernovae
Thermonuclear supernovae
Exotic supernovae

Supernova remnants
Instrumentation and surveys 
Simulations & RT modelling

Landmark events in the field 
and how they lead the way into 
the future!

 


