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Emission lines due to ionizing radiation from a compact
object in the remnant of Supernova 1987A
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The nearby Supernova 1987A was accompanied by a burst of neutrino emis-
sion, which indicates that a compact object (a neutron star or black hole) was
formed in the explosion. There has been no direct observation of this compact
object. In this work, we observe the supernova remnant with JWST spec-
troscopy finding narrow infrared emission lines of argon and sulphur. The
line emission is spatially unresolved and blueshifted in velocity relative to the
supernova rest frame. We interpret the lines as gas illuminated by a source
of ionizing photons located close to the center of the expanding ejecta. Pho-
toionization models show that the line ratios are consistent with ionization by
a cooling neutron star or pulsar wind nebula. The velocity shift could be evi-

dence for a neutron star natal kick.

Supernova 1987A (SN 1987A) in the Large Magellanic Cloud is the most recent supernova
(SN) in the Local Group of galaxies, so it has been extensively studied. It originated from
the collapse of a blue supergiant star of 15 to 20 solar masses ( M). Observations taken 35
years after the explosion show that the remnant of SN 1987A contains several distinct compo-
nents (Fig.[I) (Z). The inner ejecta containing the synthesized heavy elements produced in the
explosion, are now interacting with an equatorial ring (ER) and the surrounding circumstellar
medium (2). The ER is thought to have originated ~ 20, 000 years before the explosion, prob-
ably from a binary merger experienced by the progenitor star (3, 4). The inner ejecta produce
broad emission lines with velocities of 2000 to 4000 km s~!, powered by radioactive decay of
4Ti nuclei and x-rays generated by the interaction with the ER (/).

A compact object, such as a neutron star (NS) or black hole (BH), is expected to be located
in the central region, but has not been observed. A neutrino burst was detected coinciding with
SN 1987A (5-7); its duration indicates that the compact object is a NS (8). Ionizing photons

emitted by such a NS have been predicted to excite emission lines from heavy elements in the
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ejecta with velocities 100 to 1000 km s~! (9). In this study we searched for those emission

lines.

Infrared spectroscopy of SN1987A

We observed the SN 1987A remnant on 16 July 2022 (day 12,927 after the SN explosion) using
the JWST with the Mid-Infrared Instrument/Medium Resolution Spectrometer

(MIRI/MRS) and the Near-Infrared Spectrograph/Integral Field Unit (NIRSpec/IFU). Both in-
struments produce data cubes, which contain a spectrum for each spatial pixel (10).

The data cubes exhibited an excess of emission in the central pixels of the ejecta (Fig. 2)
at observed peak wavelengths of 4.5293 4+ 0.0003 um in the NIRSpec data and at 6.98606 =+
0.00003 um in the MRS data, with the latter line being much brighter. We identify these lines as
due to [Ar VI] and [Ar 11], which have rest wavelengths 4.52922 and 6.985274 um, respectively.
Figure 2, A to P shows velocity slices of the MRS data cube centered on the wavelength of the
[Ar 11] line and Fig. 2, Q to R shows slices of the NIRSpec cube, containing the [Ar VI] line.
The [Ar 11] line in SN 1987A has been observed previously (/1), but the spatial and spectral
resolution were insufficient to separate the emission from the ejecta and the ER. The JWST
observations show it arises from a central source, separated from the ER.

Fig. [3JA shows the [Ar 11] line profile from the central source, which has a narrow strong
peak and a weaker broad extension to the red. We fitted this asymmetric line profile with two
Gaussian functions. Fig. [S2|compares the line from the center of the ejecta with the correspond-
ing [Ar 11] line from the ER. The narrow emission line component in the center is displaced by
—259.6 km s~! with respect to the rest frame of SN 1987A, which has a heliocentric velocity
+286.5 km s~! (12), whereas in the spectrum of the entire ER the [Ar II] line shows a much
smaller blueshift of —12.2 4+ 1.6 km s™! (10). The velocity difference and spatial distribution

indicate that the emission line from the central source is not scattered light from the ER.



The spectral resolution at the [Ar 1T] wavelength corresponds to a full-width at half-maximum
(FWHM) of 87.7 £ 1.1 km s~! (13). We measure that the narrower ejecta line component has a
FWHM = 121.941.3 km s}, so it is marginally spectrally resolved. The emission from the en-
tire ER has a FWHM= 286 km s~!, and the broader component has a value of = 362.4 km s~!.
Table (1] lists the velocity offsets, FWHMs and luminosities that we measured for the emission

lines from the central ejecta.

Table 1: Parameters for emission line components from the central ejecta. Luminosities
calculations adopt a distance to SN 1987A of 49.6 kiloparsecs (/4). No broad component was
required for the [Ar 111], [S 1v], and [S 111] lines (fig. [S3). The [Ar V1] lines were measured
in the NIRSpec data; all other lines are from the MIRI data. Uncertainties are 1o errors on the
fitting parameters; upper limits are 30. Dashes indicate not applicable.

Narrrow component Broad component
Line Wavelength | Velocity offset FWHM Luminosity | Velocity offset FWHM Luminosity
um km s—! km s 103 ergs™! | km st km s~ 1039 erg s~ 1

[Ar v1] 4.529 -269+24 <377 3.04+042 |15+ 33 <461 2.884+0.40
[Ar 11 6.985 -259.6+£0.4 121.94+1.3 1429427 | -200.6£3.7 362.4£8.0 104.1£3.0
[Ar 111] 8.991 <35 — — -

[S 1v] 10.510 -234+12 145+£35 2.13+£045 | — — —

[S m] 18.713 -288+13 158439  4.50+0.82 | — — —

The NIRSpec spectral resolution at the [Ar VI] 4.529-um line is ~ 261 km s~'. Fitting
a similar two-component model as for the [Ar 11] line, we found that the peak of the [Ar VI]
line has consistent velocity to that of [Ar 11], but the broad components differ from the narrow
blueshifted component (Table [I). Both the [Ar 1] and [Ar VI] peaks are consistent with being
spatially unresolved [the spatial resolution FWHM is 0.”350 and 0.”212 for [Ar 11] and [Ar V1],
respectively (/0)]. The position of maximum emission in the [Ar I1] and [Ar VI] lines spatially
coincide (within the uncertainties) with each other and with the previously determined center
of the ER (Fig.[I)), which is assumed to be the explosion site (15).

In the MIRI data we also detected lines of [S 1v] 10.51 um and [S 111] 18.71 um (fig.



[S3). Both sulphur lines show weak components from the central ejecta, displaced from the
SN 1987A velocity by a similar amount to the argon lines. We can only place an upper limit on
the luminosity of an [Ar I11] line at 8.991 um line (Table[I). In the NIRSpec data, we detected
the [Ca 1v] line at 3.207 um (fig. [S3) ; however, its velocity is shifted to the red and its maxi-
mum emission is located slightly north of the [Ar VI] peak, so it might be unrelated to the argon

lines (10).

Interpretation of the central emission

The only narrow emission components from the ejecta that we identify are from Ar and S, which
are both produced by the nuclear burning (fusion) of O and Si. This indicates that the emission
arises from the inner core of the ejecta (fig. ). Explosion models of SN 1987A (16) show
that the innermost ~ 0.07 M, of ejecta is dominated by He and *°Ni (the latter decays into
6Fe). The next zone outward, with a mass of ~ 0.3 M, contains material produced by oxygen
burning — Si, S, Ar, Ca, and, in its outer region, also O (10).

The same elements have been observed in young oxygen-rich supernova remnants (SNRs)
from massive star explosions, including Cas A, SNR G54.1+0.3 and SNR 0540-69.3 (17-20)
(supplemenatry text). Both SNR G54.1+0.3 and SNR 0540-69.3 contain pulsar wind nebulae
(PWNe), powered by the spin-down power from a rapidly rotating NS with a strong magnetic
field. By contrast, Cas A contains a central, cooling NS (CNS), with a surface temperature
~ 1.8 x 10® K (21) without a PWN. The emission lines in Cas A are mainly excited by a shock
in the outer parts of the SN ejecta.

The narrow [Ar II], [Ar VI], [S III] and [S 1V] lines that we observe from the center of
SN 1987A must be excited by a source of ionizing photons or a shock wave. Potential sources
include photons from a PWN generated by a NS, photons directly from a CNS, accretion onto

a compact object, or shock excitation by a PWN shock. We also considered five other possibil-



ities (supplementary text): ionization by radioactive *4Ti; excitation produced by x-rays from
the ejecta and circumstellar medium interaction; a surviving companion star; reflection of the
narrow line emission from the ER collision by dust; or emission from an ingoing, reverse shock.
All five possibilities were excluded.

The remaining potential explanations all include the presence of a young NS or a BH in the
center. We consider a BH unlikely because the progenitor star of SN 1987A 1s thought to have
had a total mass of < 20 M, and an Fe core mass of < 2 My, (22). The explosion ejected at
least 0.07 M, of *Ni (23). That leaves less core mass remaining than is required to form a
BH, which is 2 2.2 M, (24). Accretion of ejecta bound to the NS could be a possibility. The
estimated luminosity from this, ~ 2 x 10%? erg s~ at 35 years (25), is too low compared with
the observed luminosity (Table([I]), but the relevant physical parameters are uncertain.

A hot CNS would have a temperature of > 10% K and luminosity > 103 erg s=! (26),
which is sufficient to ionize part of the inner ejecta (/0). An analogous case is the NS in Cas A,
although it is older and fainter than what is expected for SN 1987A.

The energy loss from a pulsar is in the form of electrons, positrons and magnetic fields,
which produce an expanding high-pressure PWN. High-frequency synchrotron radiation from
the relativistic particles can ionize the ejecta (9). The luminosities and spectra of the PWNs
discussed above are not consistent with the bolometric and monochromatic luminosity in SN
1987A, whereas a slowly rotating and/or weakly magnetized NS is compatible with the observa-
tions (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 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 to 300 km s~! and a PWN shock velocity of 30 to 50
km s~! (10).



Photoionization models

To investigate these scenarios in more detail, we have updated a modelling code (9) and applied
it to model the photoionization from a PWN and from a CNS (/0). The resulting emission line
spectrum is primarily determined by the ionization parameter, £ = Li,,/ NionT>, Where Ly, is
the ionizing luminosity, n;,, is the number density of ions and r is the distance to the ionizing
source; it is affected to a lesser extent by the spectral form, L(v), where v is the frequency (10).
For the ionizing spectrum of a PWN we assume a power law, L(v) oc v, with & = 1.1. This
matches the ultraviolet—to—x-ray spectrum of the Crab Nebula (27), and is within the range of
0.5 < a < 1.1 previously found for x-rays in young PWNs (28, 29). We also investigated using
steeper power laws and found that it has little effect (supplementary text). Previous work has
constrained Lo, < 1030 erg s—! at energies above 13.6 eV (15).

For the young CNS scenario, previous models have found an upper limit to the thermal

! and a surface temperature of ~ (1.5 to 3) x 10° K at

luminosity of < 4 x 10% erg s~
35 years after the explosion (26, 30, 31). Central compact objects, like the NS in Cas A, are
thought to have carbon-dominated atmospheres (27), although alternative models producing a
hard spectrum have been discussed (32). We adopted a carbon-dominated CNS spectrum (27)
with Lig, = 3 x 10%° erg s~

The models depend on the density in the ejecta core, which is uncertain. After explosion,
the mass inside the oxygen core of a 19 M, progenitor is ~ 3.0 M, excluding the material
that forms the NS (/6). The line profiles indicate a core velocity of ~ 2200 km s~! (10). For
a uniform core density n,, =~ 2.6 x 103(A/22)~1 c¢cm™3 after 35 years , where A is the mean
atomic weight in the O-Si-S-Ar core. However, both observations (33—36) and simulations (37),

indicate that clumping and filaments produce regions with higher densities in this zone, whereas

the Fe-rich regions can have lower density as a result of early heating by decay of *Ni (10). If



a PWN is present it produces a dense shell (as discussed above), which is likely to be unstable
and clumpy (9, 38). We therefore assume a density of n;,, = 2.6 x 10* cm ™2, which is 10 times
the average estimated above, in both models.

Figure [ shows the lines predicted by the models of the PWN and CNS scenarios for an
ejecta composition (fig. typical of explosive oxygen burning in a SN with a 19 — Mg
progenitor star (/0, 16). The blueshifted line velocities and dust effects indicate that only a frac-
tion of the total ionizing luminosity is converted to the observed emission lines (supplementary
text). We therefore normalize the [Ar 1I] luminosity by a covering factor, chosen to match the
observed luminosity, and scale the other lines to their relative model luminosities (/0). For
consistency, we include only the luminosities of the blueshifted narrow component.

The relative luminosities of the [Ar 1I] 6.985-um and the [Ar VI] 4.529-um lines are re-
produced in both models (Fig. M), with this assumed density and { ~ 0.3 (10). Both models
predict other high-ionization lines, including [Ca 1V] 3.207-um, [Ca V] 4.159-um, [Ar V] 7.902-
pm, [Ar 111] 8.991-um, [S 1v] 10.51-um, [Ar V] 13.10-um, [S 111] 18.71-um, [Ar 111] 21.83-um,
[O 1v] 25.89-um and [Fe 11] 25.99-um (Fig. ). Most of these lines have previously been ob-
served in young, oxygen-rich SNRs (supplementary text). However, in SN 1987A the lines at
wavelengths higher than ~ 8 um are much weaker than predicted (relative to the [Ar 11] line) or

absent entirely, although we do detect faint emission for [S 1v] 10.51-pm, [S 111] 18.71-um (fig.
S3).

Dust effects and the observed emission

Infrared observations have shown that a large amount of dust was formed in the ejecta of
SN1987A (39, 40), consisting of a mixture of silicates and graphite grains (41, 42). How-
ever, the composition of the dust close to the center is likely to differ from that of the outer

regions (/0). Dust nucleation models have predicted that silicates dominate over carbon-rich



dust in the central regions, (43—46), of which Mg,Si0, (forsterite) is expected to have the high-
est abundance. Observations of dust in young SNRs have shown that silicates are the dominant
type of dust (/0).

Silicate dust grains strongly absorb wavelengths longer than ~ 8 um (fig. [S8)). This is a
potential explanation for why we do not detect the long-wavelength lines at the luminosities
predicted by the photoionization models.

We are unable to estimate the optical depth 7., at those wavelengths, because of the un-
known composition, grain size, and clumping. However, 7, is likely to be large (47). Figure
also shows the dust absorption expected for an assumed optical depth 7, = 6.5 at 10 um and
amorphous forsterite composition (48) and the line luminosities after including this dust absorp-
tion. Althopugh the predicted luminosities of lines shorter than 8 um are only slightly affected,
those at longer wavelengths are substantially suppressed. For [S 1v] 10.51-um and [S 111] 18.71-
um lines, this correction brings the model predictions close to the observed line luminosities.
The observed upper limit on the [Ar 111] 8.991-um line is consistent with the model.

The CNS model (Fig. f]A) predicts strong [Si 1] lines at 1.607 and 1.645 um. These are not
detected in our observations, perhaps because they are blended with broad lines from the ejecta.
Dust scattering, dust depletion and ionization 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 from a PWN shock (/0). Most of
the observed lines are well reproduced (supplementary text) (fig. [S12)), without requiring dust

effects. However, the [S 111] 18.71-um line is underproduced by a factor ~ 25.

The nature of the compact object

Given the uncertain model 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 photoionization models. Both require the presence of a NS. Because thermal
emission from the CNS should always be present at some level, a combination of both models
is also possible. For the model parameters adopted above, the PWN shock model is less likely
but not excluded (/0).

There have been previous indications of emission from a central object in SN 1987A. Sub-
millimeter 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 temperature posi-
tion does not coincide with the location of maximum [Ar VI] emission in our observations (/0);
however, this does not rule out additional heating from a compact object (37). X-ray obser-
vations of SN 1987A have detected 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 emission lines constrain any natal NS kick velocity -
a velocity imparted on the NS during its formation by anisotropies in the explosion mechanism.
The offset in position of the narrow emission components corresponds to a velocity 416 £
206 km s~! 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 centre of the SN 1987A remnant
indicate the presence of a source of ionizing photons, probably a NS. We cannot determine

which scenario is more likely — young CNS or PWN — but both require the presence of a NS.
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equatorial ring s

Count rate (counts s—1)

Figure 1: Optical image of SN 1987A taken in 2022, 35 years after explosion. Hubble
Space Telescope (HST) in the F625W filter (/0), which is dominated by Ha emission. The
freely expanding inner ejecta and ER are labelled. White contours mark the [Ar VI] 4.529-um
emission observed with NIRSpec (40 and 70% of the maximal surface brightness in Fig. [2fS).
The white star denotes the center of the ER (15).
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Figure 2: JWST observations of the [Ar 11] and [Ar VI] lines in SN 1987A. (A to O) Velocity
slices of the MIRI/MRS data cube around the [Ar 1] line at 6.985 um. Labels in each panel
indicate the corresponding velocity range, 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~!. The white circle in (F) indicates the region
used to extract the spectrum in Fig. BJA. (P) Residuals between (F) and (A). (Q) NIRSpec
observations of the [Ar VI] 4.529-um line, combining all velocity slices between —450 and
+380 km s~!. (R) The NIRSpec data stacked outside that velocity range. (S) Residuals between
panels (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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Figure 3: Velocity profiles of the [Ar 11] 6.985-pym and [Ar VI] 4.529-pum lines from the cen-
tral source. (A) The [Ar 11] line in the MRS data (black histogram), extracted from the region
indicated in Fig. 2F. The orange curve is a model fitted to the data, consisting of two Gaussian
components (blue and grey dashed curves). (B) The same [Ar 11] data (black histogram), com-
pared to the [Ar VI] line from the NIRSpec data (red histogram). The [Ar VI] data have a lower
spectral resolution and have been scaled by a factor of 76 for display.
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Figure 4: Photoionization models compared to 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 Mg,Si0,4 composition and 7,5 = 6.5 at 10 pm 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 labelled near each red
circle. Black stars are the observed luminosities (Table [I) for the [S 111], [S 1V], [Ar 11] and
[Ar vI] lines, with error bars showing 1o uncertainties, which are mostly smaller than the
symbol size. The upper limit for the [Ar 111] line (black triangle) is 30.
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1 Materials and methods

1.1 Analysis of the narrow emission lines from the ejecta

Detailed descriptions of the MIRI/MRS and NIRSpec/IFU observations (Proposal ID 1232,
Principal Investigator: G. Wright) and data reduction can be found in sect. 2 of (58) and sect. 2
of (2), respectively. The MRS observations were obtained on 2022 July 16 and the IFUs pro-
vided complete spectral coverage from 4.9 to 27.9 pm at medium spectral resolving powers
R = X\/AX ~ 4000-1500 (/3). Here A\ is the FWHM of of a spectral line at wavelength \.
The MRS fields of view range from 3.”2 x 3.”7 in channel 1, the shortest wavelength channel, to
6.”6 x 7.”7 in the long wavelength channel 4 (59). The total MRS integration time was 9396 s,
corresponding to approximately 3.75 hr when including all overheads. The NIRSpec/IFU ob-
servations were obtained on the same date, using the G140M/F100LP, G235M/F170LP, and
G395M/F290LP grating/filter combinations. The gratings covered the wavelength ranges 0.97—
1.88 um (G140M), 1.66-3.15 um (G235M), and 2.87-5.20 pum (G235M), with a spectral re-
solving power that increased from R ~ 700 at the shortest wavelengths to R ~ 1300 at the
longest wavelengths in each grating (60). The total exposure times were 1751 s for each of
G140M and G235M, and 1225 s for G395M. The NIRSpec/IFU field of view was 3.”1 x 3.”2
at all wavelengths. The fields of view of both instruments covered both the ER and the ejecta.
We used a recent HST Wide Field Camera 3 (WFC3) observation in the F657N filter (ob-
tained on 2022 September 6, program ID 16789) to perform the alignment between the MRS
and NIRSpec data. Another HST WFC3 image from this program taken in the F625W filter
(obtained on 2022 September 5) was used for illustrating the main emission components of
the system in Fig. Both observations consisted of four dithered exposures, with total ex-
posure times of 2600 s (F657N) and 1080 s (F625W). The exposures were combined using

DrizzlePac (61), which also applies distortion corrections and removes cosmic rays. The result-



ing images were subsequently aligned with Gaia data release 3 (62) to improve the astrometry.
1.1.1 Spatial distribution of the Ar emission

Astrometric uncertainties can be introduced into JWST data by guide star catalogue errors and
roll uncertainty (63). Therefore, the MRS and NIRSpec data had to be spatially aligned to
extract spectra from identical regions and compare the spatial distribution of the emission. For
this we used the HST WFC3 obseervations above.

For NIRSpec, two stars within the field of view (FOV), as well as several hotspots in the ER,
were used to perform the alignment with HST (2). However, no suitable stars were available
within the FOV of MRS. The ER of SN 1987A was therefore used to perform the alignment for
MRS. We produced a continuum-subtracted image of the H 1 7.460 um line, which we expect to
originate from the same hotspots in the ER as the Ha emission in the HST F657N image (64).
The limited spatial resolution of the MRS means that most of the hotspots are blended into a
diffuse structure. We fitted three bright hotspots with Gaussians, from which we determined
the offset of their centroids from the corresponding hotspots in the HST image. In addition,
we fitted the whole ER with an elliptical model with diffuse emission (described in (/5)) and
compared the offsets of the centers of the ellipses, which gave consistent results for the offset.
The uncertainty in the alignment between MRS and HST estimated from the hotspot fits was
~ 0.”03, which dominates the uncertainty in the comparison between MRS and NIRSpec.

To assess the spatial distribution of the [Ar I11] narrow component and whether it is spatially
resolved, we compared the radial profile to an empirical MRS PSF. While Star 3 (RA=05:35:28.26,
Dec=-69:16:11.89) is seen in the MRS spectral band 1C datacube, its location of at the very edge
makes it unsuitable for such a comparison. Instead we made use of a JWST calibration observa-
tion of a spatially unresolved source, the O-star 10 Lac (RA=22:39:15.67, Dec=+39:03:00.97).

We reprocessed these data (PID 1524, PI: D. Law) following the same method described in (58)



to produce an MRS band 1C datacube. To enable a direct comparison between the two, we
constructed datacubes for both 10 Lac and SN1987A in the MRS IFU coordinate system so the
broadening in the along-slice direction is in the same dimension (65).

From the 10 Lac data, we isolated and summed the velocity slices around the [Ar 11] line
and determined the source centroid by fitting a two-dimensional Gaussian model to the PSF
peak. We defined annular bins of 1 pixel width centered on the centroid and determined the
surface brightness in each bin before normalising by the innermost bin. The resulting 10 Lac
radial profile is shown in Fig.[STB.

To extract the radial profile of the [Ar I1] narrow component we isolated the narrow com-
ponent from the [Ar 11] broad component, the [Ar 11] ER emission, and the dust continuum in
the ring. This was performed by first producing a datacube in a narrow velocity range around
the [Ar 11] line. Datacubes were also produced from narrow velocity ranges to the low and
high end of the [Ar 11] line and used to measure and subtract the continuum in the [Ar 11] dat-
acube, removing the dust continuum. We fitted the spectra extracted from each pixel of the
continuum-subtracted datacube with a multi-component Gaussian model. The central wave-
lengths and widths of the two components representing the broad and narrow [Ar I1] line were
fixed to the best fitting values in Table. [T} which were determined from the spectrum extracted
from the entire ejecta region. Additional Gaussian components were included to account for
the [Ar 11] emission from the ER. The resulting models were subtracted to leave only the [Ar 11]
narrow component in the datacube. As with the 10 Lac cubes, the frames were then summed,
the centroid determined, and the radial profile extracted using annular bins of 1 pixel width.
The resulting radial profile and comparison with 10 Lac is shown in Fig. [STB. We fitted the
profiles with Gaussian models to determine the FWHMs of the [Ar 11] narrow component and
10 Lac to be 0.”353 (£0.”7006) and 0.”350 (£0.”005), respectively. The best fits are shown in

Fig. [ST}right. We therefore conclude that the [Ar I1] narrow component is spatially unresolved.
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Figure S1: Radial profiles of the [Ar VI] and [Ar I1] lines. (A) Profile of the [Ar VI] line

(blue circles) and ‘Star 3’ (orange stars). The enhanced emission in the [Ar VI] profile compared
to Star 3 outside 0.”2 may be due to residual continuum emission from the ejecta. (B) Profile
of the narrow component of the [Ar 11] line (blue circles). The flux profile of 10 Lac (orange
stars) is included as a comparison of an unresolved points source in MRS band 1C. The best-fit
Gaussian models are shown by the overlapping dashed blue and solid orange lines for the [Ar 11]

source and 10 Lac, respectively.

We performed an equivalent analysis of the radial profile of the [Ar VI] emission compared
with the radial profile of Star 3 (Fig.[STJA), which represents an unresolved point source. The
radial profile of the [Ar VI] source was obtained from the continuum subtracted image (Fig.[2IS),
while that of the star was obtained from the original image at the same wavelength (Fig. 2)Q).
The lower signal and lower spectral resolution in the [Ar VI] line compared to [Ar II] makes
the separation of the line emission into two components uncertain, so we show the profile of
the full line in Fig. @A We find that the peak of the emission is unresolved, while there is
some evidence of more extended emission outside 0.”2. However this could be due to imperfect
continuum subtraction.

The centroid of the [Ar VI] source in the background-subtracted image is located 38+22 mil-
liarcseconds (mas) east and 31 £ 22 mas south of the geometric center of the ER determined

from HST optical images (/5). For comparison, the centroid of the blue component of the



[Ar 11] emission is located 65 4- 26 mas east and 51 & 30 mas south of the geometric center. The
[Ar 11] and [Ar VI] positions are consistent with each other and within 3 sigma of the geometric
center. The uncertainty in the [Ar VI] position is dominated by statistical uncertainties, while

that of [Ar 11] is dominated by the systematic astrometric uncertainties (see above).
1.1.2 Spectral line fitting and search for additional lines

To model the emission lines in the MRS spectra we used the Gaussian emission line fitting
(el1f) routines within the DIPSO spectral analysis package (66). For each line component, e1 £
returns an estimate for the best-fitting central wavelength or velocity, simultaneously with 1o

uncertainties on each line’s FWHM and total flux The resulting models are shown in Figs. 3} [S2]

and [S3]
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Figure S2: Velocity profiles and extraction regions for the [Ar 11] 6.985 pum line. (A) Velocity
profile of the central source (black histogram) together with velocity profiles extracted from
different parts of the ER (blue, orange, brown and grey histograms were extracted from the
north, east, south and west ER, respectively). (B) Extraction regions for the velocity profiles
in A, superposed on an integrated image of the [Ar II] emission. There is a velocity shift
between the central component and the different ER extractions. The offset of the stronger ejecta
component of the [Ar 11] line is —259.6 & 0.4 km s~! and the FWHM is 121.9 £ 1.3 km s},
narrower than the FWHM of the ring extractions (see Table[ST]). There is a red extension of the
line from the central source.
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Figure S3: Velocity profiles of the [Ar VI] 4.529 pm, [S 111] 18.71 pm and [S 1V] 10.51 pm
lines from the central region. (A) The [Ar VI] line (black histogram). The orange curve is
a model fitted to the data, consisting of two Gaussians (blue and red dashed lines). (B) The
[S 111] line (black histogram). The orange curve is a model fitted to the data, consisting of two
Gaussians (blue and red dashed lines). (C) The [S 1v] line (black histogram) fitted by a Gaussian
model (orange curve). In the case of [Ar VI], the two Gaussian components are associated with
the central source, with a minimal contribution from the ER (cf. Fig.[S4). For [S 111], the red
component is dominated by scattered light from the ER. For all three lines, the blue component
has a similar velocity.



Table S1: Parameters for the [Ar II] line in different parts of the ER. The four extraction
regions are shown in Fig. [S2B. The lines were fitted with a Gaussian model.

Region Offset FWHM

kms! km s!

North —153.3+£2.0 253.0£4.7

West —26.6£08 225.8+1.8
South 127.7+£3.2 263.1+£8.1
East 2224+34 231.3+£9.6

The NIRSpec spectra were fitted using the curve_fit function of SCIPY.OPTIMIZE (67),
which gave consistent results with e1£. The models were constrained by requiring the FWHM
of the Gaussians to be no smaller than the spectral resolution at the relevant wavelengths. For
the [Ar V1] line, which is well modelled with two Gaussians (Fig. [S3)), the uncertainty ranges
on the FWHM of both components reached the resolution limit, so only upper limits on the
FWHM are provided in Table T}

While the [Ar 11] A 6.985 um, [Ar VI] A 4.529 um lines are in regions of low dust continuum
emission, the comparison with the mid-infrared (MIR) spectra of young supernova remnants
(see below) led us to search for additional lines at longer wavelengths. The strong background
from the dust continuum, as well as the decreasing spatial resolution with wavelength makes it
increasingly more difficult to separate lines emitted by the central ejecta from the strong ER and
interstellar medium (ISM) emission. However, the velocity offset seen in especially the [Ar 1]
A 6.985 um helps in separating narrow ejecta components from the ER and ISM contributions.
In this way, we detected two more weak lines with similar velocity offsets as the [Ar I1] line.
Figure [S3]| shows the [S 111] 18.71 um and [S 1v] 10.51 um line profiles from the central ejecta.
The velocity offsets and luminosities are summarized in Table[I] These velocities are consistent
with the offset in the [Ar 1] line, and are therefore likely to originate from the same source. We

are only able to place a 30 upper limit on the flux of [Ar 111] 8.991 um, corresponding to a line
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Figure S4: Spectra from the central source and the ER at 4.30-4.60 pm. The black and red
histograms show spectra extracted from the central region and ER, respectively. A H I line is
present at 4.377 um, which is stronger than the [Ar VI] line in the ER, but which does not appear
in the central extraction region. This indicates that scattered light from the ER makes a minimal
contribution to the [Ar VI] profile extracted from the central region.
luminosity upper limit of < 3.5 x 1030 erg s~

In the NIRSpec data we identify two additional lines which could be related to the central
source, [Ca 1V] 3.207 um and [Ca V] 4.159 pym. The [Ca V] line, however, is likely blended
with an Hs line at 4.181 um (2), so its properties are uncertain. We model the [Ca 1V] line with
a single Gaussian with FWHM 854 4 40 km s~! and a peak velocity shifted to the red by 676 +
17 km s~! (Fig. ), substantially different from the Ar and S lines. The [Ca 1V] emission is
located 3 &= 10 mas east and 114 = 15 mas north of the center (S5B), which implies a significant
offset to the north compared to the [Ar VI] emission. Expressed in terms of an equivalent
velocity in the plane of the sky for the freely expanding ejecta, (with velocity proportional to
the distance from the center), the [Ca IV] emission is offset by 757 £ 96 km s~ to the north of
the center. We therefore interpret the [Ca 1V] line as not directly related to the [Ar 1I] emission.
A connection with the compact object is possible, because the emission region and line width

are much smaller than observed for the general ejecta, which reaches velocities ~ 5000 km s~*
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Figure S6: Continuum emission in NIRSpec and the central [Ar VI] source. The image
of the continuum (color scale) was produced by integrating over the 3.42-3.58 um wavelength
interval. The black contours show the central [Ar VI] 4.529 ym emission (Fig. |ZlS). There is a
weak enhancement in the continuum just north of the [Ar VI] source.
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close to the ER, while the ionisation state is higher (2). The region just north of the center also
shows enhanced continuum emission at 3.5 um (Fig. [S6), whereas there is no point source in

the continuum at the location of the Ar emission.

1.2 Spectral modeling

1.2.1 Photoionization model

To model the photoionization by the radiation from a PWN or CNS we update an earlier pho-
toionisation code (9). We now include all important ionization states of H, He, C, N, O , Ne,
Na, Mg, Al, Si, S, Ar, Ca, and Fe. In (9) Ar was not included in the models, and the Si-S-Ar-Ca
zone was not discussed.

The ionization structure is set (to first order) by the the ionization parameter (68),

Lion
5 -

- 2
NionT

(S

which is proportional to the ratio of the number density of ionizing photons to the number
density of atoms. L, is the ionizing luminosity, n;., the ion number density and r the distance
to the source. For discriminating between different ionizing sources the spectral shape is also
important for the fractions of the different ionization stages and the temperature, as illustrated
by the different models.

For the ionization equilibrium we include photoionization, collisional ionization, radiative
and dielectronic recombination, including updated recombination data (69—73), photoionization
cross sections were updated from fits in (74) and the TOP base (75), and Auger ionization from
the inner shells (76). Charge transfer between elements heavier than H and He are lacking, with
a few exceptions, and introduce an uncertainty.

The ionizing flux is calculated in the ‘outward only’ approximation, including diffuse emis-

sion from continuum emission and line emission (77), while the radiative transfer in the lines is
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treated with the Sobolev approximation. The line emission is calculated using detailed multi-
level atoms in non-local thermodynamical equilibriumnon-local (NLTE), with atomic data from
the Chianti Atomic Database (78), NORAD-ATOMIC-DATA base (79), NIST Atomic Spectra
Database (80) and the Atomic Line List (8§7). We adopt updated collision strengths for the im-
portant fine-structure lines of [Ar 11] (82) and [Ar VI] (83), and for [Ca IV] (84). The calculation
is stopped when the temperature reaches 100 K, where no lines below 30 pm are excited. The

updated code is written in Fortran and available on Zenodo (56), together with the output files.
1.2.2 Abundances and structure of the core

Models of the progenitor and nucleosynthesis of SN 1987A indicate a zero age main sequence
(ZAMS) mass of 15 — 20 M, (7). Fig.|S7|shows the predicted composition in the central region
of an explosion of a 19 M ZAMS progenitor (/6), adopted for the modeling. Other models
in the 15 to 20 M, range have similar structure and mainly differ in the varying masses of
the different zones. Close to the NS the predicted composition is dominated by He and °°Ni,
decaying into 5°Fe. For the O — Si — S — Ar — Ca zone between 1.9—2.1 M, in mass coordinates,
we have taken an average fractional abundances over the zone (Table [S2)). Within the zone the
abundances of the most abundant elements O, Si, S, Ar and Ca, vary by approximately a factor
of two (Fig. [S7). For comparison we model the line emission from from the O — Ne — C - Mg
zone in Sect. [2.6.3], with averaged abundances between 2.10 — 4.0 M, (Table[S2).

The density in the SN core is uncertain.The inner ejecta in SN 1987A 1is both clumpy and
anisotropic (35, 36, 85). To get an estimate of the density we nevertheless approximate this with
a constant density sphere. For constant emissivity the line profile is then parabolic, with flux
density F(V) oc 1 — (V/Vioe)?, where V is the velocity from the line center and V. the
maximum velocity of the core. The full width velocity at half maximum, Vewm, is related to

this by Voore = Vewnm/ V2.
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Table S2: Averaged fractional abundances used in the calculations.

Element Abundance by number
0-Si-S-Ar-Ca O-Ne-C-Mg
H 2.06 x 10~ 7 6.78 x 1079
He 2.30 x 1075 1.10 x 10~*
C 1.58 x 10~* 4.04 x 1072
N 1.92 x 10° 3.42 x 1075
o) 5.80 x 101 7.45 x 1071
Ne 1.52 x 10~* 1.67 x 10~!
Na 1.00 x 109 1.84 x 106
Mg 6.46 x 104 3.12 x 10~2
Al 1.85 x 107% 2.83 x 1073
Si 2.26 x 101 6.79 x 1073
S 1.56 x 10! 1.17 x 1073
Ar 2.74 x 1072 1.47 x 1074
Ca 8.29 x 1073 3.51 x 10~°
Fe 1.40 x 1073 4.34 x 1074

Observations of the [O 1] AA6300 , 6364 lines during the first 500 days after explosion were
modeled with a maximum velocity ~ 1700 km s~ (34). Similarly, observations of these and

other lines in 1995 were modeled with a constant emissivity profile to ~ 1700 km s~*

, steeply
decreasing at higher velocities. A fit with a parabolic line profile to the [O 1] A6300 line from
1999 (86) gives a good fit up to ~ 2200 km s~', but shows an extension above the parabolic
profile at higher velocity, as expected from the 3D observations above. From this model we find
Vewnm ~ 3500 km s™1, implying Voo &~ 2500 km s~!. A similar fit to the [Fe 1] A 1.443 pm,
[Fe 11] A 1.534 um, and [Fe 11] A 25.98 um lines (58) give V.. ~ 2700 km s!. As an average
we adopt Viore = 2200 £ 500 km s~ 1.

The ejecta mass inside the oxygen core of a 19 M, progenitor is ~ 3.0 Mg, excluding the
NS (16). For a uniform oxygen core density with the above mass and V., = 2200 km s~ 1, this
corresponds to a density of ~ 9.66 x 1072 g cm ™3 at 35 years, or a number density of ions of
Nion = 2.63 x 10°(A/22)~ cm™3, where A is the mean atomic weight, A ~ 30 in the inner Si

zone, A ~ 22 in the O — Si —S —Ar —Ca zone and A ~ 16.8 in the O — Ne — C — Mg zone.

However, both observations and hydrodynamical multidimensional simulations (37) have
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shown that clumping and filaments produce considerably higher density in the emitting gas.
The line ratio of the [O 1] A\ 6300, 6364 doublet in SN 1987A during the first year indicated
a volume filling factor of ~ 0.1 in the oxygen core (33, 34), implying a factor ten higher den-
sity compared to the constant density estimate above. For the iron-dominated region there is
evidence of expansion from the radioactive heating during the first months after explosion (37).
Modeling of the [Fe 11] optical and infrared (IR) lines indicated filling factors in the range
0.2 — 0.5, despite constituting only 2.4% of the core mass (87, 88). The low density of the Fe
dominated regions in combination with the strong emission lines from the radioactively pow-
ered ejecta could be responsible for the weak narrow [Fe 11] lines. As mentioned above, the 3D
IFU observations of the [Si I]/[Fe 11] A 1.64 um line (35, 85), the [Fe 1] A 1.44 um line (2),
and lines of CO and SiO (36), indicate a highly asymmetric and clumpy distribution. This
agrees qualitatively with hydrodynamical simulations of the explosion (37), where the combi-
nation of an early reverse shock and °°Ni heating produces a clumpy structure with high-density
regions mixed with low-density cavities. If a PWN is present, this would produce further clump-
ing. Both analytical calculations (9) and hydrodynamical simulations (38) predict that the shell
swept up by the pulsar wind is unstable and can lead to filamentation. The strongest effects are
in the break-out phase when the bubble shell accelerates down the steep density gradient. Based
on the observed filling factor above, ~ 0.1, for the oxygen core above, we adopt a density ten
times the uniform core density in Fig. Models with higher filling factors are discussed in
Sect. 2.6.11

There is also evidence for mixing in velocity: H is mixed in from the envelope to the
core (64, 88), while Fe is mixed in the opposite direction (89, 90). An example of a clumpy,
anisotropic and strongly velocity mixed ejecta is Cas A, where knots and filaments formed in
the explosion from different nucleosynthesis zones are completely mixed in velocity (91, 92).

The inhomogeneous, anisotropic structure close to the region where the central emission
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originates, and also the presence of dust, means that only a fraction of the ionizing luminosity is
converted into optical and IR emission lines. The rest either escapes the center and is absorbed
at larger radii in the ejecta, or is converted to thermal radiation by dust. To model this we
introduce a parameter representing the covering factor, f, of the line emitting regions as seen
from the ionizing source, f = {2/4m, where () is the solid angle. The predicted line luminosities
are a factor f lower compared to the spherical case. f is a free parameter that we fit to the data
so that the [Ar 11] 6.985 um line agrees with the observations. This determines the luminosities

of the other lines in the model from the relative line fluxes.
1.2.3 Shock models

We calculated models of line emission from shocks, with a setup corresponding to a PWN
shock (Sect. [2.2). The code is a major update of (93, 94), similar to (20). We solve the steady
state hydrodynamic equations, including cooling and radiative emission in the same way as
for the photoionization models, but including the time dependent terms in the ionization and
thermal balance. The atomic data is the same as used for the photoionization models. We do
not include any ionization precursor in the model, as in (20), but have tested the sensitivity to
the assumed state (here assumed to be in the third ionization stage, e.g. [O I1iI] etc.), finding
that different assumptions have limited effects on the resulting line luminosities. An inherent
limitation to these one-dimensional models is that they are subject to instabilities (95, 96). If
the real geometry is not spherical or planar, a range of shock velocities would be produced by
oblique shocks. Therefore we regard these models as indicative only. The code is written in

Fortran and available on Zenodo (57), together with the output files.
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1.3 Relation to the dust peak

Dust could thermalize emission from a compact object if the optical depth is high at optical-IR
wavelengths (15,31,47). A submillimetre map of the dust temperature in SN 1987A (47) shows
an increase in the temperature at a position slightly north of the center. The position of the
[Ar VI] centroid is located at 38 £ 22 mas east and 31 &+ 22 mas south of the center (section
[[.I.T). The location of the dust peak was only quoted as the position of the brightest pixel,
without an uncertainty (47) (though the offset of this pixel of 72 mas east and 44 mas north of
the center was stated to be 3-5 times the total alignment uncertainty). This prevents us from
assessing the significance of the offset between the dust temperature peak and Ar emission site.
If the dust peak is due to heating by a CNS, the CNS must be very close to the location of
the peak (37). The offset between that position and the Ar emission we observe is difficult to
explain in this scenario.

The centroid of the [Ca 1V] line at 3 + 10 mas east and 114 + 15 mas north from the center
(section [L.T)) is closer to the dust peak than the [Ar VI] centroid, but any possible association
between [Ca 1V] and the dust emission cannot be quantified due to the lack of uncertainty on

the dust peak.

2 Supplementary text

2.1 Ejecta lines and comparison to other young supernova remnants

We only detect these the narrow emission line components from S, Ar and possibly Ca. The
chemical composition in the center of the ejecta is likely dominated by elements resulting from
oxygen and silicon burning. At the low temperature of the high metallicity inner ejecta (S
2000 K, see below), ions which have low excitation temperature near infrared (NIR) and MIR

transitions are predicted to dominate the cooling and therefore the observed spectrum.
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Both theoretical models and observations of other SNRs support this interpretation (see
below). The models predict that Si is the most abundant element in this region; the strongest of
the lines from this element are the [Si 1] 1.607, 1.645 um and [Si 11] 34.81 um. However, Si 1
is easily ionized, while the [Si 11] line is outside our observed wavelength range. Although the
[S 111] 18.71 pm and [S 1v] 10.51 pum lines dominate the cooling of the Si — S — Ar — Ca zone,
their wavelengths are in a region of high dust absorption (main text) and are therefore expected
to be weak.

Several other young supernova remnants (SNRs) have been observed to show strong high-
ionization lines with abundances characteristic of the inner ejecta, powered by synchrotron
radiation from a PWN or thermal emission from shocks. The most extensively studied case
is SNR Cas A, where fast-moving knots are dominated by [S 11], [Ar 111] and [Ca 11], mixed
with O lines with varying strengths, indicating ejecta that has undergone different degrees of
O burning (/7). MIR Spitzer observations of SNR Cas A have shown strong lines of [Ni II]
6.636, [Ar 11] 6.985, [Ar 111] 8.991, [S 1v] 10.51, [Ne 11] 12.81, [Ne V] 14.32, [Ne 111] 15.56,
[Fe 11] 17.94, [S 111] 18.71, [O 1V] 25.89, [Fe 11] 25.99, [S 111] 33.48, and [Si 11] 34.82 um (/8).
Because SNR Cas A does not contain a PWN, these lines must be excited by either shocks or
the ionizing radiation produced by the reverse shock.

Both SNR G54.1+0.3 and SNR 0540-69.3 contain a PWN, with strong synchrotron emis-
sion. In the case of SNR G54.1+0.3 MIR spectra show ejecta lines of Hy 12.3, 17.0 pm and
atomic lines from [Ar 11] 6.985, [S 1v] 10.51, [Ne 11] 12.81, [C] 11] 14.37, [S 111] 18.71, [Fe 11]
25.99, [S 111] 33.48, and [Si11] 34.82 um (/9). The MIR 10—37 pm spectrum of SNR 0540-69.3
shows similar high-ionization lines of [O 1V], [Ne 11-111], [Si 11], [S 111-1V] and [Fe 11] (20).

In all three cases the same set of atomic lines are seen in these remnants, with few variations.
All three have a strong [Ar II] line and strong lines above ~ 8 um from highly ionized heavy

elements. While also SN 1987A has a strong [Ar I1] line, it differs from these SNRs by having
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weak or abscent lines above ~ 8 um. We discuss a possible explanation for this in the main text

and in Sect.

2.2 Origins of the narrow ejecta lines

The observed displacement, ~ —250 km s™!, of the [Ar 11] and [Ar VI] lines from the sys-
temic velocity of SN 1987A, is much smaller than the general ejecta velocity, which reaches
~ 5000 km s~! close to the ER and ~ 10,000 km s~! at the reverse shock out of the ER
plane (2). Together with the spatial distribution, this indicates that the Ar emission must have
an origin close to the center. If the emission was coming from a spherically symmetric shell,
this would have resulted in a boxy, flat-topped line profile, with a minimum and maximum ve-
locity equal to the velocity of the shell, inconsistent with the observations. Instead we observe
a displaced line with a FWHM width ~ 122 km s~! of the [Ar 11] line.

There are several possible scenarios for the excitation of the narrow ejecta lines, including
emission from a PWN produced by a NS in the center, thermal emission directly from a CNS,
accretion onto a compact object, shock excitation in the inner ejecta, excitation by radioac-
tive *4Ti, a surviving companion star, dust reflection of the narrow line emission from the ER
collision or emission from a reverse shock. We investigate each of these possibilities below.

Dust reflection from the ER is possible because [Ar 11] is seen both in the ER and central
ejecta. Many silicates scatter light mainly below ~ 8 um, but are strongly absorbing above
this wavelength (Sect. [2.4). However, if this was the origin of the [Ar 11] lines we would
expect similar reflections for the other strong lines from the ER below ~ 8 uym, which we do
not observe. Fig. [S4] shows that a nearby H I line at ~ 4.376 pm is stronger than the [Ar VI]
line in the ER spectrum but does not show a central emission. Equivalent situations occur for
many other strong lines in the NIRSpec range. In addition, the spatial FWHM of the central

component [Ar VI] line is < 50% of that of the ER and is blueshifted by over 200 km s~* from
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the ER emission.

More than ~ 1500 days after explosion, radioactive **Ti dominates energy input to the
inner ejecta (97). Modeling of the optical spectra (98) and observations of hard X-rays (51, 99)
have shown that ~ 1.5 x 10~* M, of *4Ti was produced in the explosion, which undergoes
radioactive decay emitting gamma-rays and positrons. Most of the gamma-rays escape, while
positrons are mostly trapped in the ejecta, where their annihilation provides an energy input of
~ 1.2 x 10% erg s7! (98). If a large fraction of this energy was deposited in the Ar region of
the ejecta, it could power the observed emission lines. However, the narrow line width indicates
the emission must arise close to the center (see above). This is unlike the broad lines from the
ejecta, such as the strong [Fe 11] A 1.644 um and A\ 25.99 um lines, which have a velocity of
at least 2500 km s™! (2, 58). Because of the low energy of the secondary electrons produced
by the positron thermalization (/00), this process is unlikely to produce ions higher than singly
ionized ions from the non-thermal positrons (98, 107), so would produce very little [Ar VI]
emission. While the broad components seen in the [Fe 1] and [Fe 11] lines arise from #4Ti and
X-ray input from the ER collision (86), we therefore conclude the “4Ti mechanism is unlikely
to be the source of the narrow Ar components. This was also the conclusion from a detailed
study of the heating of the submillimter dust *blob’ (31).

Another possibility is that the X-ray input from the ejecta and circumstellar medium inter-
action could be responsible for the high ionization lines from the center. Models predict that
a small fraction of the hard X-rays penetrate all the way to the central regions (86). However,
most of the luminosity in the X-rays from the shocks is emitted at energies below ~ 1 keV, so
absorbed in the outer parts of the ejecta. The effect of the X-ray input can be seen in the [Fe 11]
5.340 um line, which is strong especially the south-west region [ (/3), figures 15 and 16]. How-
ever, there is little emission in this line from the central region, indicating that X-rays from

the ER do not penetrate to the centre of the ejecta. It is therefore unlikely that external X-ray
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flux could excite the narrow high-ionisation emission lines we observe in the center, although it
could be responsible for some [Ar I1] emission from the region close to the ER.

A reverse shock is known to be present in SN 1987A, but only close to the ER, with a
velocity of > 4000 km s~! (2). The inner ejecta must have been traversed by a reverse shock,
but only within a few days of the explosion. Simulations have predicted the formation of an
additional reflected shock, but it is expected to dissipate within a year (37). We therefore exclude
the possibility of reverse shock excitation.

A surviving companion star is constrained to < 3.7 M, if on the main sequence (15),
which corresponds to an A to F star. These produce few ionising photons and have soft spectra,

insufficient to explain the [S 111], [S 1V] and [Ar VI] emission.

2.3 Scenarios with a compact object

Assuming no pulsar activity, the minimum bolometric luminosity of a central NS is that of a
young CNS, which has a temperature of > 10° K and luminosity > 1034 erg s=! (26), sufficient
to ionize a substantial region of the inner core. We discussed this possibility in the main text
and give more details below.

For the scenario with a PWN, discussed in the main text, we assume the PWN produces
X-ray emission with a power law spectrum with L(v) o v~* with power law index o = 1.1,
similar to the Crab PWN, normalized to a total luminosity above 13.6 eV less than the inferred
upper limit of 103¢ erg s=* (15). From broad band X-ray observations of several PWN spectra
there is a significant break in the power law at energies 4 — 14 keV (102, 103), consistent with
a cooling break (/04). However this has little effect on the line emission (Sect. [2.6.2).

If a PWN is present, it produces synchrotron emission and a slow, dynamic shock that
propagates into the ejecta (9). This shock is likely to be cooling, emitting line emission in

the IR to soft X-ray range, and can therefore contribute to the emission from the inner ejecta.
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Because the pressure is approximately constant behind the shock, the cooling produce a high
density, thin shell between the ejecta and PWN. The expansion velocity of this shell, Ve,
depends on the energy input by electromagnetic radiation, relativistic particles and magnetic
fields from the pulsar to the PWN. We expect that to be close to the spin-down luminosity of
the pulsar, L.

To estimate L,q we note that the ratio of the synchrotron luminosity to the spin-down lumi-
nosity is ~ 28% for the Crab PWN (/05). An upper limit to the bolometric luminosity from a

compact object in SN 1987A is ~ 10% erg s=! (15). Using this, we estimate a total spin down

036 1

luminosity of Lyg < 3 x 1 erg s~ . For an oxygen core mass M., =~ 3 M and a core
velocity Voo =~ 2200 km s~ the kinetic energy of the core is ~ 7.2 x 10%° ergs. For a constant

density core we then estimate Ve [ (9), their equation 2.10]

L. 0.2 Vi, 03 /g N\ 02 ‘ 0.2
‘/shell =275 d — km S_l
3 x 1036 erg s—1 2200 km s~! 3 Mg 35 years

(52)

where t is the time after the SN explosion. Alternatively, for a core with a density decreasing

with radius, r as p oc r L

L. 0.25 - 05 /pp N\ 0% . 0.25
Vihen = 148 < __Yoore — kms !
3 x 1036 erg s~1 2500 km st 3 Mg 35 years

(S3)

The PWN shock velocity into the expanding ejecta is in the two cases Vipen/6 and Vipen /5,
respectively. The resulting shock velocities are then 46 km s~! and 30 km s™!, respectively.
The low shock velocity is because of the relative velocity of the shell and expanding ejecta.
The uncertainties in the parameters are large, in particular these estimates assume a spherically-
symmetric uniform core, which is a unlikely to be the case (38). Nevertheless, we conclude that
a PWN shell can produce line emission at low velocity.

MIR observations of SNR G54.1+0.3 show fine-structure emission lines from [Ar 1I] and
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other lines similar to other SNRs (79, 106). This emission was interpreted as coming from
a slow shock, ~ 25 km s~!, from the expanding PWN into the ejecta, producing a density
enhancement. A similar model could in principle also explain our observations. An expanding
anisotropic PWN, as observed in SNR G54.1+0.3, referred to as a ’jet’ (1/9), could explain the
fact that we only observe narrow blueshifted emission lines. This can, however, also be due to

internal ejecta dust absorption (see below).

2.4 Dust absorption and scattering

Observations of dust in young, oxygen-rich SNRs, including Cas A (/07) and SNR G54.1+0.3
(106, 108) have been interpreted as showing different dust properties. Modelling of the dust SED
used mainly Mg, 7Si05 7 and a secondary component of other silicates, carbon or alumina dust
(106). Alternatively, it has been proposed that the 20 um peak in SNR G54.1+0.3 is due to SiO,
grains, while the 10 um peak is produced by SiC grains and polycyclic aromatic hydrocarbons
(PAHs) (108). The latter composition also matches the dust emission in Cas A (108).

Other observations of Cas A have indicated different dust properties in the different abun-
dance regions in the ejecta (/07). The Ar 11 and Ar III regions in the ejecta have strong silicate
peaks, which were attributed to Mg 7Si04 ;7 (107).

Although there is degeneracy in the models and conflicting interpretations of the dust spec-
tra, a common result is that silicates are invoked to explain the 10 — 20 pm region. Because dust
formation occurs at high temperatures in the cooling ejecta, a large fraction of the silicates can
be in crystalline dust, as is seen in e.g., the outflows of asymptotic giant branch (AGB) stars and
in comets (109, 110). Whether the silicates are crystalline or amorphous depends on the cooling
time scale compared to the expansion time scale. Fast cooling produces amorphous dust while
very slow cooling favours crystalline.

Independent of the exact dust composition, size and structure of the grains, a common fea-
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ture of silicates is a large drop of the absorption shortwards of 8 — 9 um. Depending on the
composition and crystallinity of the dust this can be more or less sharp. We invoke this property
to explain the different MIR spectra of SN 1987A compared to other young SNRs, discussed in
Sect. 2.1 as well as the models discussed in this section.

Fig. shows the optical depth as a function of wavelength for several silicates, both in
amorphous and crystalline forms, produced in laboratory experiments by different methods and
therefore having different structures. The absorption is calculated in the Rayleigh limit, assum-
ing grains are small compared to the wavelength and with the continuous ellipsoidal distribution
(CDE2) (111, 112). For comparison, we have normalized all optical depth curves to T,ps = 10
at 10 um. Optical constants for amorphous Mg,SiO,4 have been obtained using different tech-
niques: laser ablation (48, 113) was used to produce the sample, or the sol-gel method (774).
Both methods lead to similar absorption curves above ~ 15 um, but below the 10 um peak the
sol-gel method gives a flatter slope. Therefore even for the amorphous case the optical proper-
ties depend on the structure for the same composition. A similar behaviour is seen for enstatite,
MgSiO3, where the MgSiO3 data are from glass (/75) and sol-gel data (/74). Observations of
several AGB stars show a steeper slope below the 10 um peak than amorphous silicates pro-
duced by the sol-gel method (/74). Crystalline enstatite (//6) has a similar steep slope below
10 um, but with considerable structure in the absorption above the peak.

At wavelengths shorter than ~ 8 um dust scattering usually dominates absorption by sil-
icates (/15), especially at the shorter wavelengths. The scattering and absorption properties
depend strongly on the size of the grains, as well as on composition, especially if Fe is in-
cluded, e.g. MgFeSi0y4 (115). The grain size is also important, with larger grains increasing the
scattering. Theoretical calculations indicate a distribution that peaks at ~ 0.1 um, extending to
~ 1 um (43).

Pure scattering does not thermalize the photons, but produces broader lines from the ex-
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Figure S8: Optical depth of absorption as function of wavelength for different silicate
compositions and structures. The optical depths have been normalized to 7,,s = 10 at the
10 pm peak. There is a drop in 7,ps below ~ 8 pum in all cases. The wavelength of the [Ar 11]
6.985 um line is shown by the vertical, dashed line. Optical constants of amorphous Mg,Si0,
obtained by laser ablation are from (48, 113) (solid line) and by the sol-gel method from (/14)
(black dashed line). For enstatite, MgSiOs, data for glass are from (/15), for crystalline from
(116) (blue dashed line) and by the sol-gel method from (//4) (magenta dash-dotted line).
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panding ejecta and more spatially extended emission that is difficult to separate from the general
ejecta emission. If there is optically thick dust in the core, mixed with the line emitting clumps,
emission from the far side relative to the observer (redder velocities) could be absorbed, as was
first proposed for SN 1987A as an explanation of the blue shift of the emission lines during
the first years (/17). This, together with clumping, could explain the blueshift of the Ar lines
we observe. This requires the dust to have some absorption below 8 um, which is the case for

olivine, MgFeSi0, (115).

2.5 Detailed results for the photoionization models in the main text

Figure [] shows the results of our ’standard’ photoionization models for the PWN and CNS
cases. For these models with n;,, = 2.6 x 10* cm ™2, we find that £ ~ 0.5 gives the best fit to
the line ratios for both models. Specifically, we used for the PWN model Li,, = 5 x 103! erg s7*
and r = 2.8 x 10% cm and Li,, = 3 x 10** ergs~! and r = 5.6 x 10*® cm for the CNS model.

However, only the flux, Lio,/ Arr?, affects the results.
2.5.1 Temperature and ionization structure

Figure S9|shows the temperature and ionization structure of selected elements for the two cases.
The ionization structure of the CNS and PWN models are quite different as a result of the
different ionizing spectra. The blackbody like CNS spectrum leads to diffuse zones with a large
range of ionization stages at the same radius, while the steeper PWN spectrum produces more
discrete zones. The high metallicity leads to a general lower temperature compared to a gas with
solar abundances, < 10* K in the high ionization zone, decreasing to a few hundred K in the
partially ionized zone. A consequence of this is that most of the cooling is dominated by NIR

and MIR fine structure lines of O 1-111, Si I-11, S I-1V, Ar I1-V, with low excitation temperatures.
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The thickness of the ionized region is determined by the number of ionizing photons, elec-
tron density and recombination rates of the dominant ions, and the ionization parameter, so
Ar o €. Figure[S9|shows the thicknesses in both models are < 10'® cm, which is too small to
resolve in our observations.

Compared to photoionization regions with solar abundances, the higher abundance of heavy
elements, which are efficient coolants, results in a lower temperature, < 1000 K, in most of
the line emitting region, even if the ionization is higher. The result is that few of the usually
strong UV resonance and semi-forbidden lines seen in objects with solar abundances can be
excited, and the cooling and emission is instead dominated by MIR and far-IR lines from heavy
elements. Only close to the inner boundary, and for a high ionization parameter, is there a zone
with temperature 2> 10* K where UV lines are excited.

In addition to the lines discussed in the main text, the photoionisation models predict other
strong lines at shorter and longer wavelengths. Longwards of the NIRSpec and MRS range the
models predict strong fine structure lines, including [Si 11] 34.81, [S 111] 33.49, [O 111] 51.81,
88.33 um. However, no observations are available in this range. In the optical, the models
predict strong [O 111] 4959, 5007 A, [Ar 1V] 4712, 4741 A, [Ar v] 6435, 7006 A, [Ca 11] 7291,
7323 A, [Ar 111] 7136, 7751 A , with line ratios that differ between the models. However, dust

scattering could affect these predictions.
2.5.2 Lines in the NIR

In the NIRSpec range [Si 1] 1.099, 1.607, 1.645 pm lines, [S 1] 1.033 um and [S 111] 0.9533 pm
lines are predicted. These lines are stronger in the CNS models, due to the extended Si I zone
with a temperature > 10% K (Fig. , which is high enough for collisional excitation of these
lines. The PWN models have more well-defined ionization zones, and a much lower temper-

ature in the Si I zone, resulting in weak [Si I] lines. We do not find any narrow lines at these
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wavelengths in the NIRSpec spectrum, which may speak in favour of the PWN model. The
limited spectral resolution of NIRSpec and overlapping broad ejecta lines, however, makes it
difficult to distinguish these. Dust scattering can also broaden the lines both in wavelength and
spatially. The low ionization potential of Si 1, 8.15 eV, means that any radiation below 1520 A
can ionize Si I. This effect is seen in the PWN models, which have a strong continuum at these
wavelengths. The strong UV radiation from the ER shocks, including Lyman « (118), will have
the same effect, unless dust extinction to the center absorbs the radiation from the ER. There
is also a strong UV field at these energies from the ejecta itself in the form of Lyman « and
two-photon emission from hydrogen and helium powered by “*Ti decay (98).

The main difference between the models and observations in the NIRSpec range are the
strong [Ca 1V] 3.207 um and [Ca VI] 4.159 pm lines. These lines are in the models an order of
magnitude stronger than the [Ar VI] line in the same wavelength range. The [Ca 1V] 3.207 um
is observed from the central region (Fig. [S3)), but is coming from a different location and
is redshifted. This discrepancy could be caused by uncertainties in atomic data, in particular
photoionization cross sections, collision strengths and recombination rates. The Ca 1V and
Ca v ionic fractions are at least an order of magnitude larger than the Ar VI abundance (Fig.
[S9). These effects could lead to overestimates of the Ca line strengths. The relative abundances
between calcium and argon depend on the ZAMS mass (/6) and vary within the O-Si—S—Ar—
Ca zones (Fig. [S7), but only within a factor of about two. The relative Ar to Ca abundances
in this zone for models between 15 to 19 M, vary by a similar amount (/6). Adopting a 15
Mg model gives similar results as for the 19 Mg model. However, there could be systematic
uncertainties in the treatment of both the pre-SN burning and the explosive oxygen burning in
these one-dimensional models, which could produce incorrect different abundance ratios (179).

An alternative explanation for the high Ca line luminosities in the model could be the neglect

of depletion of Ca to dust. Ca is not included in the dust models in (43) nor (45), so no quan-
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titative predictions are available. However, calciosilia, like wollastonite, CaSiO3 and diopside,
MgCaSi;Og4 (120), could be produced by the dust formation in the inner ejecta, , lowering the
Ca abundance in the gas phase. The same applies to the NIR [Si 1] lines, which are predicted to
be strong in the CNS model but not observed. The large mass of silicates indicated by the dust
observations, and formation of molecular SiO (36, 47), could lower the gas-phase abundance of

atomic Si.
2.5.3 The covering factor

The ionization structure, and resulting line ratios, are determined by the ionization parameter,
£ = Lion/ NionT>, for the same spectral shape, L(v). Because we do not know how large the solid
angle of the emitting gas is from the ionizing source we normalize the [Ar 11] 6.985 pm luminos-
ity in the model to the observed value by a covering factor f = Lops([Ar 11])/ Linoqel ([Ar 11]).
In the models ~ 20% of L., emerges in the [Ar 11] line, so f ~ 5 Lops([Ar 11])/ Lio,. The ion-
ization parameter is determined by the relative line luminosities, primarily the [Ar I VI]J/[Ar 11]
ratio. Therefore we can write [ &~ 5 Lops([Ar 11])/ ENionr?, With € ~ 0.2 — 0.4. This means
that f is determined by the distance between the ionizing source and emitting gas which is not
known, except for an upper limit.

The luminosity, distance to the ionizing source and density of the PWN model in Fig. @ were
chosen to be Lio, = 5x10** ergs—!, r = 2.8 x 10% cm and nj,, = 2.6 x 10* cm 3 for the PWN
model, resulting in a covering factor f = 0.022. To produce the same ionization parameter for

1

the CNS model with the same density and a luminosity L, = 3 x 10%° erg s~!, indicated by

the CNS models (37), the distance has to be 5.6 x 10'® cm, which results in f = 0.005. For

-1
ion?

a lower NS luminosity the scaling is the same as above, f oc L., but the luminosity is more
constrained to > 3 x 103* erg s~! (31) than for the PWN case.

These low covering factors indicate that only a fraction of the total ionizing luminosity is

30



converted into the observed lines, and/or a lower luminosity and distance. A small covering
factor is consistent with other aspects of our observations. The observed lines observed are
shifted with respect to the rest velocity and also narrow in velocity, which shows that only
a small solid angle is responsible for the observed luminosity. The total luminosity of the line
emission is less than ~ 1033 erg s~!, which is at least two orders of magnitude less than expected
for a CNS (26, 30). The difference may be due to line emission, similar to the observed, but
absorbed by optically thick dust in the NIR. Alternatively, the continuum flux from the ionizing
source could be directly thermalized by dust or absorbed by bound-free absorption in the ejecta.
This would result in broad, low ionization lines, which would not be distinguished from the
radioactively and X-ray powered lines, like the [Si I] and [Fe 11] lines in the NIRSpec and MRS
ranges (2, 58). In the estimate of the observed total line emission above we have only included
the narrow component of the lines in Fig. [3| while the broader component also contributes to

the total [Ar 11] luminosity.

2.6 Alternative PWN models
2.6.1 Sensitivity to the core density

As discussed above, the density is uncertain because of clumping and filaments. Our models
in Fig. [ assumed a factor of ten higher density than the average in the core. To check the
sensitivity to this we calculated a PWN model with the average density, 1o, = 2.6 x 10 cm™3.
To match the observed [Ar V1] /[Ar 11] ratio, the ionization parameter, £, has to be within ~ 50%
of that of the the models with the higher density. This requires the ionizing luminosity to be
reduced by the same factor as the density, or alternatively the distance increased by the square
root of the density, or 1 x 1034 erg s71. The results of this model are shown in Fig.
Comparing Figures 4| and we find that the [Ar VI] /[Ar II] ratio is the same, as was

expected. While qualitatively most of the MIR line luminosities relative to the [Ar 11] line are
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Figure S10: PWN photoionization model without clumping. Same as Fig. B but assuming
a ten times lower density, corresponding to a constant density core.
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similar, quantitatively the [S 111] 18.71 um line is considerably stronger in the model, caused
by the more extended S IIT zone in the low density model. The fairly strong [S III] lines at
0.90 — 0.95 um in the high density model are absent in the low density model, which is a result
of a lower temperature in the S 11T zone. Similarily, the weaker [S 1v] 10.52 pm line is a result
of the lower temperature in the S IV zone.

The main effect of the density in these models is that collisional de-excitation of the NIR
and MIR fine-structure lines becomes important as the density approaches the critical density of
these lines, nqi, = Ay1/Cy,, Wwhere A, is the radiative transition rate and C), ) is the collisional
de-excitation rate between upper level u and lower level [. Typically ngq ~ 10* cm ™2 for these
lines. Collisional de-excitaion results in a lower cooling rate and therefore a higher temperature
as the density increases towards 7, explaining the weaker optical and NIR lines, with high

excitation temperatures, in the high density models.
2.6.2 PWN models with different ionizing spectra

X-ray observations have been interpreted (50) as indicating a non-thermal steep power law
with L(v) oc v~ with @ = 1.8 in hard X-rays from a PWN [however the same observations
have also been interpreted as indicating thermal emission (57)]. A bolometric limit is 138
solar luminosities or 5.4 x 10% erg s~! for a compact object in SN 1987A (15). In (50) X-
ray observations between 10-20 keV are fitted by a steep spectrum with o« = 1.8 and 10-20
keV luminosity 3.0 x 1034 erg s~!. Assuming that the o = 1.8 spectrum applies to 13.6 eV,
the luminosity between 13.6 eV to 20 keV is 1.4 x 10%" erg s71, i.e., a factor of more than
twenty higher than the limit above. Extending into the UV and optical would increase this
discrepancy. To comply with the power law and luminosity from (50) and the limit above, there
must therefore be a break to a flatter spectrum at soft X-ray energies.

We calculated two PWN models with this power law and luminosity between 10 — 20 keV
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Table S3: Luminosities relative to the [Ar 11| 6.985 pm line for different power law breaks.
No correction for dust absorption has been applied.

Ton Wavelength No break FEy,=41keV FEy,=11keV
um
[S 1] 0.9530 0.9584 0.8841 0.9398
[C1] 0.9824 0.2444 0.2239 0.2400
[Ca1V] 3.2068 0.0966 0.0930 0.0995
[Ca V] 4.1585 0.0136 0.0133 0.0139
[Ar vi] 4.5292 0.0132 0.0129 0.0137
[Ar 11] 6.9850 1.0000 1.0000 1.0000
[Ar V] 7.9141 0.0213 0.0207 0.0221
[Ar 111] 8.9914 0.9455 0.9209 0.9698
[S 1v] 10.5077 0.7319 0.7110 0.7574
[Ar V] 13.0680 0.0081 0.0079 0.0084
[S 1] 18.6992 0.7328 0.7160 0.7533
[Ar 111] 21.8315 0.0346 0.0340 0.0354
[Fe 111] 229192 0.0057 0.0056 0.0061
[Ar 1v] 25.8800 0.0299 0.0292 0.0314
[Fe 11] 25.9814 0.0344 0.0324 0.0320
[S 1] 34.8100 0.9410 0.8834 0.8965

(50). The density and ionization parameter are the same as the PWN model in Fig. To
produce a luminosity of 3.0 x 103! erg s~* between 10-20 keV and a continuous spectrum
requires Li,, = 5 % 103 erg s! for o = 1.1 below the break. With Li,, = 1 x 103¢ erg s7*
the break to the & = 1.8 spectrum occurs at £y, = 4.1 keV, while Ly, = 2 x 1036 erg s7!
gives Ej, = 1.1 keV. In Table[S3|we show the line luminosities relative to the [Ar 11] 6.9850 um
line for these two models, together with the model with no break (Fig. d). The change in the
luminosities for these lines are less than 10%, and shows that a break above ~ 1 keV has only
marginal significance for the IR emission line spectrum. This is because the ionization structure
is mainly determined by the spectrum below ~ 1 keV and the harder X-rays have little effect

for & ~ 0.5.

34



103°E Nea. . [Ne 11] .
?[CIIIDWNONGCMQ o 1.
B ! 10
~ 102 ,’I \‘\ * [Ne-nil. .
I_|| = ,'I \\\ ,? - ST
(V)] I / \ ,./': NN
A (S SIS [o.|v} 0
= 107 T NN B Tl (T
> — [Ar 1] I o ! ] %
= ) ’ I ’ i ~
0 P s s | S N
S 1032L JG -, 1[Fegl e |
= = [Fe||] [Fe I1] [CaIV] 8 L e | '%
5 Fsu® @ e o ! le d1071
4 i [Fe 11 Fe, W].{[Ceav\l][Fe”] [Ar v]: | :. ?:l‘ -
107 ‘...' g A VI] A ":i N
— @ - r ! -
; *% Rren ¥ 0 ke
o 3T “3 g ¢ k. e
10300 La ® al e % | . e % 0-2
1 2 34 6 810 15 20 3¢

Wavelength (um)

Figure S11: PWN photoionization model for the O-Ne-C-Mg zone. Same symbols and colors
as in Fig. [

2.6.3 PWN models from the O — Ne — C- Mg zone

We calculated models with abundances from the next nuclear burning zone, mainly O, Ne, C
and Mg (Fig. [S7). The cooling is dominated by C 1, O 1 - O 111 and Ne 11 - Ne V. The predicted
spectrum (Fig. [STI) is therefore very different compared to Fig. ], with weaker lines of Ar, but
instead strong lines of C, O, Ne, S due to the differing abundances (Table . This is consistent
with previous models (9). Although the relative strengths of the [Ar 11] and [Ar 11] lines can be
reproduced, this model can from the more than two order of magnitude stronger [Ne 11], [Ne I11]

and [Ne V] lines be excluded as the origin of the observed narrow lines.
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2.7 Results for shock models

We calculated a model with parameters close to estimates for a PWN shock (Sect. 2.2), Vi, =
50 km s~! and pre-shock density ppre_shock = 2 X 10% em™3. This model, however, predicts
an [Ar VI]/[Ar 1I] ratio more than an order of magnitude lower than observed, and also under-
predicts the other high ionization lines. To get better agreement a higher velocity is required.
As discussed in Sect [I.2.2] the ejecta is expected to be clumpy. If the pre-shock density is

lower than the average used above, the shock velocity will be higher, V o p;ri/f shock

for the
same bubble pressure. Fig. shows the result from a model with density, ~ 1 x 10% cm™3
and V; = 75 km s~!, which more closely matches the observations, especially the high ion-
ization lines. This model does not include any ejecta absorption, because it would completely
extinguish the already low luminosities of lines above ~ 8 um relative to the [Ar 11] line.

Fig. shows the resulting temperature, density and ionization for this model as a func-
tion of the column density of the ions, /V;,,. The model predicts an almost constant temperature,
~ 10° K, in the post-shock zone until the abrupt drop at N;,, ~ 105 cm~2, which is triggered by
a thermal instability. Because the ionization time scale is similar to the flow time scale for many
ions, the ionization increases from the pre-shock ionization behind the shock until the thermal
instability. The temperature here drops by a factor of > 102 until it is stabilized at 1000 — 1500
K, where cooling is balanced by photoionization heating from the hot region. At the same time
the degree of ionization decreases and this region is dominated by neutral elements, although
there is also a substantial fraction of singly and doubly ionized ions. Because the whole post-
shock region is close to pressure equilibrium, the density varies roughly the opposite way to the
temperature (Fig. ), with an ion density > 10° cm™3. A magnetic pressure reduces this
compression. The thickness of the shocked region is ~ 10! ¢m, which would produce a narrow
velocity line if the shock has a limited extent in solid angle.

This model reproduces the observed relative luminosities of the [Ar VI], [Ar 111], and [S 1V]
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lines, within the uncertainties. However, the predicted [S 111] 18.70 pm line is too faint by more
than an order of magnitude, caused by the rapid recombination to lower ionization stages after
the thermal instability. This may be a problem for this model. In addition, the model predicts
fairly strong [Si 1] 1.607, 1.645 um lines as a result of the high temperature in the Si I region
(Fig. [ST2).

This shock model predicts strong lines in the UV, including O V] 1218 A, Si1v 1394, 1403
A, 01v] 1401, 1408 A, and S 1v] 1405-1424 A, and in the optical [O 111] 4959, 5007 A, [Ar V]
6435,7006 A, [Ca11] 7291, 7323 A, [Ar111] 7136, 7751 A. Dust scattering and absorption could
decrease the fluxes. Unfortunately, the latest spectral HST observations from 2017-2018 (/18),
do not have sufficient S/N or spectral resolution for a meaningful comparison.

In summary, the PWN shock models have both pros and cons. They can explain the velocity
offset and narrow FWHM of the Ar lines, in particular if emission is from an anisotropic PWN
bubble [as in SNR G54.1+0.3 (/9)]. The PWN scenario does not require dust absorption to
explain the lack of lines above ~ 8 pum, although dust is known to be present in SN 1987A (40,
47). However the observations indicate a lower density and higher shock velocities compared
to the predictions of PWN model, although a clumpy medium could explain that difference.
The most serious discrepance is the faint MIR [S 111] 18.70 um line in the model. In addition,
the predicted [Si 1] 1.607, 1.645 um lines in the NIR range are not seen, although this is similar
to the CNS case (section [2.5]), and the same caveats, connected to the observations, ionization
from the ER and ejecta and dust depletion, applies here. Given the uncertainties in the atomic

data, model parameters, geometry etc. we cannot rule out the PWN shock scenario completely.

2.8 Constraints on the NS Kkick velocity

The position and velocity of the high ionization emission can in some scenarios provide a limit

on the NS kick, which has been predicted by core collapse simulations (/217).
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The centroid of the [Ar VI] position is 38 + 22 mas east and 31 4 22 mas south of the
geometric center of the ER (Sect. [I.1.1)). If we assume the ER center was the explosion site (15),
over 35 years that translates to 249 4= 146 km s~! east and 208 + 146 km s~ south of the ER
center, assuming this to be the explosion site, or a combined velocity of 324 4= 206 km s~! on
the plane of the sky. Adding the radial velocity of 259.6 4= 0.4 km s™* (Tabl in quadrature
we get a total velocity of 416 &= 206 km s~! relative to the explosion position for the [Ar 11, VI]
emitting gas.

We compare this position and radial velocity to simulations of SN 1987A (122, 123), which

predicted a kick velocity of ~ —300 km s~*

in the line of sight, and to the north of the center.
While the radial velocity of the [Ar 11] line is similar to the predictions, the position of the
[Ar VvI] emission differs substantially.

The kick velocity of the NS depends on the relative positions of the NS and the emitting gas
in the different scenarios. In the PWN case the emission would be exterior to or in the shocked
shell, separating the bubble of relativistic particles and the ejecta (Sect. [2.2). The observed

radial velocity of ~ —260 km s™*

, as well as sky position, are therefore indicative of the line
emitting site, rather than that of the NS.

For a low magnetic field and/or a long pulsar period the non-thermal energy input from the
NS would be low. In particular, the class of NSs known as central compact objects (CCOs) in
young SNRs, which represent a large fraction of young pulsars, have magnetic fields, 101°—10
G, and spin periods 0.3 £ 0.15 s (/24). In that case, the dynamic effects on the surrounding gas
of the NS would be small, so the emitting gas could be closer to the NS, so the transverse
and radial velocity above might approximate the kick velocity. The FWHM of the [Ar 11] line,
~ 122 km s~!, might then indicate the size of the region ionized by the CNS, ~ 1.3 x 10'® cm,

which is within an order of magnitude of the size of the ionized region in the CNS model. This

scenario could explain why only a blue shift is observed, rather than a more boxy line profile,
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as would be expected for a spherically symmetric shell without absorption.
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