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Abstract

The first JWST observations of SN 1987A provided clear evidence that a compact object is ionizing the innermost
ejecta. Here, we analyze a second epoch of JWST NIRSpec and MIRI/Medium-Resolution Spectrometer
observations to better characterize the properties of this region, aided by a higher spectral resolving power for the
new NIRSpec data. We confirm the presence of the previously identified narrow lines from the central region, i.e.,
([Ar vI] 4.5292 pum, [Ar1I] 6.9853 um, [S1V] 10.5105 um, and [S 1] 18.7130 um), and also identify similar
components in [Ca V] 4.1585 pum, [C111] 14.3678 pm, and possibly [Fe IT] 1.6440 um. These lines are blueshifted
by ~—250 kms ', while the emission region is spatially unresolved and located southeast of the center. The
offset and blueshift could imply a kick velocity of 510 4= 55 kms~' for the neutron star. We also identify [Ca V]
3.2068 um near the center, but it is displaced to the north and has a redshift of ~700 kms~'. We find that
scattering by dust in the ejecta with a typical grain size ~0.3 um can explain the [CalV] properties and the
absence of other narrow lines at shorter wavelengths, while dust absorption is important at A 2 8 um.
Photoionization models for a pulsar wind nebula and a cooling neutron star are both compatible with the
observations, with the exception of the [FellI] feature. The two models primarily differ at short wavelengths,
where new lines are expected to emerge over time as the optical depth of dust in the expanding ejecta decreases.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Core-collapse supernovae (304); Neutron
stars (1108); Pulsars (1306); Dust physics (2229)

1. Introduction studied in detail throughout the electromagnetic spectrum (see
R. McCray & C. Fransson 2016 for a review). The progenitor
is believed to be the result of a binary merger, which created a
star with a mass of 15-20M that exploded as a blue
supergiant (e.g., P. Podsiadlowski et al. 1990; A. Menon &
A. Heger 2017; V. P. Utrobin et al. 2021). The binary merger

diverse properties. Some NSs are only detected through the model also offers an explanation for the complex circumstellar
thermal X-ray emiesion from the hot surface (e.g., W. C. G. Ho medium (CSM), which is composed of an equatorial ring (ER)

0. Heinke 2 hile oth 1 h and two larger outer rings (ORs) locnted above and below its
& C. O. Heinke 2009), while others are pulsars that can be plane (T. Morris & P. Podsiadlowski 2007, 2009).

The explosion of SN 1987A was accompanied by a burst of

The explosion of a massive star as a core-collapse super-
nova (SN) leaves behind a compact object, which can be a
neutron star (NS) or a black hole (BH). An NS is thought to be
created in the vast majority of successful explosions (e.g.,
T. Sukhbold et al. 2016), with the population of NSs exhibiting

surrounded by pulsar wind nebulae (PWNe; e.g., R. Biihler &
R. Blandford 2014). A major open question 1s how the neutrinos (E. N. Alekseev et al. 1987; R. M. Bionta et al. 1987;
properties of the progenitor stars and explosions are related to . . . .

. . . K. Hirata et al. 1987), which signaled the formation of an NS.
the properties of compact objects left behind.

The nearby SN 1987A, located in the Large Magellanic A cllear elec.tromagnetic signal from th(? compact object
Cloud (LMC), is an interesting case study in this context. Its remained elusive for decades, however, leaving open questions

. . . about whether the NS is also a pulsar with a PWN, or if it has
progenitor was caught in preexplosion images (N. R. Walborn . .
. . collapsed further into a BH. D. Alp et al. (2018) summarized
et al. 1987), and the properties of the explosion have been . . .
the situation up until 2018 and presented multiwavelength

upper limits on a central point source.
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(ALMA; P. Cigan et al. 2019) and hard X-rays with the
Nuclear Spectroscopic Telescope Array (NuSTAR; E. Greco
et al. 2021, 2022). The ALMA observations revealed a peak in
the dust emission in the form of an irregularly shaped blob
located close to the center, which may be due to local heating
of the dust by a compact object (P. Cigan et al. 2019).
However, alternative interpretations in terms of heating by
radioactive **Ti or a higher density of dust (rather than a
higher temperature) could not be ruled out. In the case of the
NuSTAR observations, E. Greco et al. (2021) and E. Greco
et al. (2022) reported a nonthermal component in their spectral
analysis, which they attribute to emission from a PWN.
However, NuSTAR does not spatially resolve the system, and
the hard X-rays may alternatively be explained as originating
from the shock interaction with the CSM (D. Alp et al. 2021).
The presence of a PWN was also previously suggested based
on radio observations with the Australia Telescope Compact
Array (G. Zanardo et al. 2014), although the evidence was
inconclusive also in this case, with free—free emission and cold
dust offering alternative explanations for the observed excess.

The first JWST (J. P. Gardner et al. 2023) observations
provided new insights regarding the compact object in SN
1987A. The observations were performed with NIRSpec
(P. Jakobsen et al. 2022) and the MIRI Medium-Resolution
Spectrometer (MRS; M. Wells et al. 2015), which together
provide spatially resolved spectroscopy over the 1-28 um
wavelength range. The data revealed narrow (FWHM ~ 150
kms™!') emission lines from [ArvI] 4.5292 pm, [Ar1]
6.9853 pm, [S1v] 10.5105 pm, and [STI] 18.7130 pm origi-
nating from the center of the ejecta (C. Fransson et al.
2024; F24 hereafter). This is in contrast to all previously
observed lines from the ejecta, which are broad
(FWHM ~ 3500 km sfl) and primarily due to HI, H,, Hel,
[Si1], and [FeT] (e.g., K. Kjer et al. 2010; A. Jerkstrand et al.
2011; T. Kangas et al. 2022; J. Larsson et al. 2023).

As demonstrated by F24, the narrow Ar and S lines provide
strong evidence for the presence of a compact object, which is
ionizing the innermost ejecta. This is clear from multiple
pieces of evidence: (i) the emission region is small (narrow
lines from a spatially unresolved region) and located close to
the center of the ejecta; (ii) the ionization state of the region is
higher than for the surrounding ejecta; (iii) Ar and S are
created deep inside the progenitor star and are expected to
reside close to the compact object; (iv) the line luminosities
and ratios can be reproduced in models of photoionization by a
compact object; and (v) alternative explanations can be ruled
out, including other energy sources and contamination by
narrow lines from the ER.

There are, however, open questions regarding the properties
of the compact object. Most importantly, F24 could not
discriminate between the scenarios where the ionizing
radiation is dominated by the thermal emission from a hot
NS surface or the nonthermal emission from a PWN. Models
where the ionization is caused by PWN shocks were found to
match the observations less well, but could not be conclusively
ruled out. Finally, there is a remote possibility that the ionizing
radiation is due to fallback accretion onto a BH. This scenario
was not modeled in F24, but is very unlikely considering the
relatively long duration of the neutrino signal, the small Fe
core mass expected for the progenitor of SN 1987A, as well as
the small amount of fallback accretion expected at these late
epochs (F24).
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Our understanding of the properties of the compact object is
limited by considerable uncertainties regarding the properties
of the innermost ejecta. These include the elemental
abundances, physical conditions, the details of the asymme-
tries/clumping, as well as the properties of dust. It is well
known that there is a large reservoir of dust in the ejecta of SN
1987A (M. Matsuura et al. 2015; P. Cigan et al. 2019),
and F24 concluded that dust has a major effect on the observed
line luminosities. Specifically, the low luminosities of the
[S1v] 10.5105 pm and [S 1] 18.7130 pm lines compared to
the predictions from the photoionization models can be
explained by absorption by silicate dust, which is strong at
wavelengths =8 um. At shorter wavelengths, in the near-IR
(NIR) and optical, scattering by dust is expected to be more
important than absorption, with the magnitude and wavelength
dependence of the optical depth being strongly dependent on
the unknown grain size. Scattering can broaden the line
profiles and spread the light over a larger spatial region, which
may explain why no central point source has yet been observed
at optical wavelengths (S. Rosu et al. 2024).

Other important results from the JWST observations are
that all the narrow lines are observed to be blueshifted by
~—250 kms~" with respect to the systemic velocity of SN
1987A and that the centroid of the emission is located slightly
southeast of the geometric center of the ER. Assuming that
the emission site is located close to the compact object, the
Doppler shift and offset from the center imply a total kick velocity
of ~500 kms~' for the compact object, which provides an
important diagnostic of the asymmetric explosion. The inter-
pretation in terms of kick velocity depends on the nature of the
compact object, though, as the line-emitting ejecta may be located
farther away from it in the PWN scenario, in which case the
blueshift may be attributed to dust absorption within the PWN.

Here, we aim to improve our understanding of the innermost
ejecta and compact object in SN 1987A by analyzing new
JWST Cycle 2 observations with NIRSpec and MIRI/MRS.
Importantly, the new NIRSpec observations were obtained
with the high-resolution gratings, which have a factor ~3
higher spectral resolving power than the medium-resolution
gratings used for the Cycle 1 observations. This is key for
characterizing the properties of the [ArVI] line and for
searching for additional narrow lines from the central region,
which can constrain the properties of the ejecta and compact
object. Many such lines are predicted in the NIR range
(including lines from Si, Ca, and S), but they are expected to
be blended with strong broad emission lines from the
surrounding faster ejecta, so a high spectral resolution is
needed to place meaningful constraints on them. The new
NIRSpec and MRS observations also enable us to study the
time evolution of the narrow lines.

We describe the observations and data reduction in
Section 2, followed by a presentation of the analysis and
results in Section 3, where a summary of the most important
observational results can be found in Section 3.4. We present
models for the line emission and discuss the results in
Section 4 and summarize our conclusions in Section 5.

2. Observations and Data Reduction
2.1. NIRSpec Cycle 2 Observations

JWST Cycle 2 observations with the NIRSpec Integral Field
Unit (IFU) were carried out on 2024 February 20-21,



THE ASTROPHYSICAL JOURNAL, 991:130 (28pp), 2025 October 1

Larsson et al.

Table 1
Summary of NIRSpec Cycle 2 Observations

Grating/Filter Date Epoch® fexp” A Range X Gap (Center)®

(YYYY-mm-dd) (days) (s) (pem) (pem)
G140H/FO70LP 2024-02-20 13,512 6127 0.92-1.27 <0.96 (<0.93)
G140H/F100LP 2024-02-19 13,511 6127 0.97-1.89 1.41-1.49 (1.44-1.46)
G235H/F170LP 2024-02-19 13,511 4493 1.66-3.17 2.36-2.49 (2.40-2.45)
G395H/F290LP 2024-02-19 13,511 7353 2.87-5.27 3.98-4.20 (4.06-4.13)
Notes.

 Days since explosion on 1987 February 23.

® The total exposure time was computed by dividing the value of the EFFEXPTM header keyword from the final cube by the number of detectors (one for FO70LP
and two in all other cases). The science and leakcal observations had the same exposure times.
¢ Wavelength range where data are missing in part of the FOV. The range within brackets is where there are missing data at the center of the ejecta.

13,511-13,512 days after the explosion (PID 3131, PI J. Lar-
sson). The details of the observations are summarized in
Table 1. All three high-resolution gratings were used, i.e.,
G140H, G235H, and G395H, where the latter was used
together with both the FO70LP and F100LP filters. The total
wavelength range included in these observations is 0.92-5.27
pm, although there are gaps in the wavelength coverage
caused by the physical gaps between the NIRSpec detectors
(see Table 1). In the wavelength gaps, the spatial region with
missing data moves across the field of view (FOV). In Table 1,
we also list the smaller wavelength gaps where there are
missing data at the center of the system, which is the focus of
our analysis.

The spectral resolving power (R = A/A)) in these
observations ranges from R ~ 1900-3600 from short to long
wavelengths in each of G140H/F100LP, G235H/F100LP, and
G395/F290LP (P. Jakobsen et al. 2022). For the smaller
wavelength range covered by G140H/FO70LP, the spectral
resolving power is R ~ 1700-2400. The IFU covers a 3" x 3"
FOV with a sampling of 0”1 x 0”1. The FOV captures the
ejecta and ER of SN 1987A, as illustrated in Figure 1.

The observations were carried out using a small four-point
dither cycling pattern and the NRSIRS2RAPID readout mode,
which is the same setup as in the Cycle 1 observations. So-
called leakcal observations were carried out for all grating/
filter combinations using the same exposure parameters as the
science observations. Leakcal observations are obtained with
the IFU aperture closed and are used to remove contaminating
emission that enters through open shutters in the microshutter
array (MSA) and/or leaks through closed MSA shutters.

The data were downloaded from the Mikulski Archive for
Space Telescopes and processed with version 1.13.4 of the
JWST Calibration Pipeline (H. Bushouse et al. 2023). We used
versions 11.17.19 and “jwst_1181.pmap” of the Calibration
Reference Data System (CRDS) and CRDS context, respec-
tively. We used the same procedure and input parameters for
the pipeline as for the Cycle 1 data (J. Larsson et al. 2023),
with the only difference being that the outlier detection step
was turned on. This part of the pipeline has improved
significantly since the time of the Cycle 1 analysis and serves
to remove bad pixels and a large fraction of the artifacts
induced by cosmic rays. We experimented with varying the
outlier detection threshold between 50% and 99.8% and found
that 70% gave the best performance in terms of removing
outliers.

We used a Hubble Space Telescope (HST) image of SN
1987A to improve the absolute astrometry of the NIRSpec

0.5"

equatorial ring

reverse shock
(\.

N

Figure 1. Image integrated over G140H/FO70LP, illustrating the FOV
captured by the NIRSpec observations of SN 1987A. The emission in this
wavelength range is dominated by H and He lines, the strongest one being He 1
1.0833 pum. The center is marked with a black x-symbol, and the main
emission components are labeled. Projection effects cause diffuse emission
from the RS to appear both inside and outside the ER.

data. The HST image was obtained on 2024 February 27, just a
week after the NIRSpec observations, using the WFC3 /F657N
filter (PID 16996, PI: J. Larsson). The image was processed
with DrizzlePac (S. L. Hoffmann et al. 2021) and aligned with
Gaia DR3 (Gaia Collaboration et al. 2023). For each NIRSpec
grating/filter combination, we created images integrated over
the full bandpass, as well as continuum-subtracted images of
bright H lines. The latter traces bright clumps of emission in
the ER (“hotspots”), which are expected to coincide with the
Ha emission that dominates the HST/F657N image. We
determined the offset between NIRSpec and HST by fitting the
positions of the three to five brightest hotspots in the
H-dominated images, as well as the star to the northwest in
the full-band images (see Figure 1). We corrected the NIRSpec
world coordinate solution by the resulting offset and estimated
an uncertainty of 0”01 in the astrometry based on the sample
standard deviation from these fits.
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We do not subtract a background from the NIRSpec data
cubes due to the lack of sufficiently large clean background
regions within the FOV. The background is low and flat
(J. Larsson et al. 2023) and gets removed as part of the
continuum subtraction when analyzing spectral lines, which is
the main focus of this work. We do, however, subtract a
background spectrum when analyzing the continuum. The
background spectrum was extracted from three 073 x 073
source-free regions located outside the ER and reverse
shock (RS).

2.2. NIRSpec Cycle 1 Observations

NIRSpec IFU observations of SN 1987A were obtained in
Cycle 1 as part of the Guaranteed Time Observations (GTO)
Program 1232 (PI: G. Wright). The observations were carried
out on 2022 July 16 (12,927 days after the explosion) using the
G140M/FP100LP, G235M/ F170LP, and G395M/F290LP
gratings /filter combinations. All the details of the observations
were described in J. Larsson et al. (2023). These observations
have lower spectral resolution compared to those in Cycle 2,
but do not have any wavelength gaps.

We reprocessed the observations using version 1.13.4 of the
JWST Calibration Pipeline, with CRDS version 11.17.16 and
CRDS context version “jwst_1237.pmap.” The Cycle 1 data
had leakcal observations in G395M only, which were used to
correct for light leakage through the MSA. A bright artifact
caused by light leakage was identified in G140M and G235M,
where it overlapped with part of the ER. It was removed as
part of the outlier detection step of the pipeline processing. As
for the Cycle 2 data, we extracted a background spectrum from
small source-free regions located outside the ER and RS,
which we subtracted from the source spectra only when
studying the continuum.

2.3. MRS Cycle 1 and 2 Observations

MIRI/MRS observations of SN 1987A were obtained as
part of GTO programs 1232 (PI: G. Wright) and 2763 (PL
M. Meixner) in Cycles 1 and 2, respectively. The Cycle 1
observations were carried out on the same date as the NIRSpec
Cycle 1 observations, while the Cycle 2 observations were
obtained on 2023 August 4 (13,311 days after explosion),
about 6 months before the NIRSpec Cycle 2 observations. The
Cycle 1 observations were previously analyzed in O. C. Jones
et al. (2023b), while both data sets are presented in P. J. Kav-
anagh et al. (2025, in preparation). We refer the reader to the
latter paper for details about the data reduction, including
reprocessing of the Cycle 1 data and background subtraction.

These IFU observations provide spatially resolved
spectroscopy over the 4.9-27.9 um wavelength range, with
the spectral resolving power R ~ 4000-1500 (O. C. Jones
et al. 2023a). The FOV increases with wavelength from
372 x 3" to 6”6 x 7"7, while the spatial resolution
decreases from ~0725t0 1”7 (D. R. Law et al. 2023). This
implies that the emission from the innermost ejecta can be
clearly separated from the ER only at the shorter wavelengths
(see images of SN 1987A in the different MRS subbands in
O. C. Jones et al. 2023b, their Figure 1).

3. Analysis and Results

In the following analysis, we correct all velocities for the
heliocentric systemic velocity of SN 1987A of 287 kms '
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(P. Groningsson et al. 2008) and adopt a distance to the LMC
of 49.6 kpc (G. Pietrzyriski et al. 2019). At this distance, 1”7 is
equivalent to 7.42 x 10" cm. As the ejecta are expanding
homologously (e.g., S. Rosu et al. 2024), distances can also be
directly translated to ejecta velocities as Vj = r/t.yp, where r is
the distance from the center, and #, is the time since the
explosion. Fast ejecta that are just reaching the ER (semimajor
axis 0782, C. Tegkelidis et al. 2024) in the NIRSpec
observations at 13,500 days have a velocity of 5200 kms™'.
The bulk of the ejecta are propagating at lower velocities and
are still inside the ER, as is clear from Figure 1. For reference,
one NIRSpec spaxel of 0”1 is equivalent to 635 kms ™' for the
expanding ejecta at the time of these observations.

Velocities also provide a way to disentangle different
emission components in SN 1987A, which partly overlap in
images. Our analysis focuses on the innermost region of the
ejecta, which is ionized by the compact object. The small
emission region results in narrow emission lines
(FWHM ~ 150 kms™ "), which were additionally observed to
be blueshifted by ~—250 km s~ " in the analysis of the Cycle 1
data (F24). Depending on the wavelength, these lines may be
blended with emission from the following components:

1) Emission from the surrounding ejecta. This is dominated
by broad emission lines (FWHM ~ 3500 km sfl),
powered by the radioactive decay of *“*Ti and X-rays
from the ER (J. Larsson et al. 2011, 2013; S. Rosu et al.
2024). There is also a weak continuum in the ejecta,
discussed further in Section 3.3.

2) Emission from the RS. The RS extends from the inner
edge of the ER to form a bubble-like structure above and
below its plane (J. Larsson et al. 2023). Some of the
high-latitude emission from the RS is projected at the
center of SN 1987A. This includes line emission from
fast ejecta that are excited by the RS, resulting in very
broad H and He lines extending to 10,000 km sfl, as
well as synchrotron continuum emission.

3) Emission from the ER. In this case, there is no direct
spatial overlap, but the ER is extremely bright, which
implies that emission in the tails of the point-spread
function (PSF) can contribute significantly even in the
innermost ejecta. This effect is especially important at
longer wavelengths, where the emission from the ER is
brighter, and the spatial resolution is lower. There are
two main contributions to the emission from the ER: line
emission from the shocked gas (FWHM ~ 300 km s
and continuum emission from the dust (O. C. Jones et al.
2023b). The latter primarily contributes above ~4 pm.

4) Emission from the northern outer ring, which passes
through the center of the ejecta in projection (being
physically on its far side, A. Tziamtzis et al. 2011), as
well as any emission from diffuse CSM/ISM. These
components have very low radial velocity and are
spectrally unresolved in our observations.

We use spatially resolved spectroscopy provided by the
NIRSpec/IFU and MIRI/MRS to isolate the emission from
the innermost ejecta from these other components. The line
emission in NIRSpec and MRS are analyzed in Sections 3.1
and 3.2, respectively, followed by an analysis of the continuum
in Section 3.3. A summary of the key results is provided in
Section 3.4.
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Figure 2. Velocity profile of the [Ar VI] line from the central region at 13,500
and 12,900 days. The extraction region is shown in Figure 3. The solid orange
and dashed black lines show the velocity profiles at 13,500 days before and
after the removal of the diffuse Okms~' line, respectively (see text for
details). This component is blended with the emission from the central source
in the spectrum at 12,900 days due to the lower spectral resolution. The
velocity intervals indicated by A and B were used for producing the images in
Figure 3.

We refer to all spectral lines by their vacuum wavelengths
and quote all uncertainties at 1o. In the majority of cases, we
present line profiles after subtracting the continuum level
determined by fitting a linear function. We characterize the
properties of emission lines by fitting Gaussian functions, but
stress that these are phenomenological since the asymmetric
ejecta will produce asymmetric line profiles.

3.1. Line Emission in NIRSpec
3.1.1. The [ArvI] 4.5292 wm Line

The new NIRSpec observations at 13,500 days confirm the
presence of emission from [Ar VI] 4.5292 pum close to the
center of the system. Figure 2 shows the line profile compared to
the one from 12,900 days (F24), illustrating the improvement in
spectral resolution. The peak of the line at ~—250 kms™" is
consistent with the previous observation and other lines
(including [Ar11], F24), but there is also a narrow component
close to 0 kms~', which is blended with the main peak in the
lower-resolution data from 12,900 days.

To investigate the origin of the two peaks, we produce
images integrated over the velocity intervals marked A and B
in Figure 2. We also create a continuum image from the
velocity intervals [—1060, —660] km s~! and [300, 700]
kms™'. Figure 3 shows these images, as well as the result of
subtracting the continuum from intervals A and B. For the blue
peak (interval A), it is clear that only a compact central source
remains after the continuum subtraction. For the peak at
~0 km s, there is instead significant diffuse emission in the
whole field, with a particularly bright region in the west, and
only a slightly increased surface brightness at the center. We
will refer to this narrow line as the “Okm s ™' line” from here
on to avoid confusion with the narrow lines associated with the
compact object.

The properties of the diffuse emission are investigated in
more detail in Appendix A. For the analysis of the central
[Ar VI] source, we simply wish to remove this component, as it
is clearly not associated with the innermost ejecta and compact
object. We therefore create a subcube around the [Ar VI] line,
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where we isolate the emission from the central source by
subtracting the continuum and 0 km s ™' line. This was done by
fitting the spectra in each spaxel, using a linear model for the
continuum and then fitting a narrow Gaussian to account for
the 0kms ™' line as described in Appendix A. The final cube
covers the velocity interval —600 to 300 kms~' around the
[Ar vI] line. The line profile extracted from this cube is shown
in Figure 2 together with that from the original cube,
illustrating the removal of the Okms ™' line. The “clean” line
profile from the central source is asymmetric, showing an
extended wing on the red side. We characterize the profile by
fitting it with a model comprising two Gaussians. The best-fit
model is shown in Figure 4, and the parameter values are
reported in Table 2. Figure 4 also shows the [Ar II] line profile
for comparison. The blue peaks of the two lines agree very
well, and both lines show an extended red wing, although the
latter is stronger for the [Ar VI] line. This is quantified by the
fit to the [Ar1I] line (Section 3.2 and Table 2).

The [Ar VI] line profile in the observation from 12,900 days
was also fitted with two Gaussians (F24, see their Table 1), but
in this case, the total line profile was contaminated by the
0km s~ ! line, which could not be identified and removed due
to the lower spectral resolving power. The contamination
primarily affected the centroid velocity of the broad comp-
onent (15 £+ 33 km s lat 12,900 days compared to —153 4 11
km s~ at 13,500 days) and lead to an overestimate of the line
luminosity from the central source. Specifically, the total
luminosity in the two components was ~40% higher at 12,900
days than at 13,500 days due to the diffuse background
contained within the extraction region (similar to the one
shown in the top left panel of Figure 3). On the other hand, we
find that the total luminosities are consistent within the
uncertainties if we do not remove the 0 kms ™' line at 13,500
days, which implies that there is no evidence of time evolution
of the central source on this timescale.

In Figure 5, we show images produced from the subcube of
the [Ar VI] emission from the central source. The images were
integrated over the velocity intervals [—400, —100] km s~
and [—100, 200] kms~!, which are dominated by the blue
peak and extended red wing, respectively. Fitting the central
source in the two images with a 2D Gaussian results in
positions that are slightly offset to the southeast of the center
of the ER (taken from D. Alp et al. 2018), which we assume to
coincide with the center of the explosion. The two images give
consistent results, with offsets of (30 &= 10 mas south, 63 & 10
mas east) for [—400, —100] km s ! and (27 4+ 19 mas south,
71 £ 19 mas east) for [—100, 200] km s~ '. The corresponding
position angles (PA), defined counterclockwise from the north,
are 116° £+ 8% and 111° £ 14°, respectively. The uncertainty in
the position is dominated by the uncertainty in the absolute
astrometry (Section 2) for the first image, while the
uncertainties in the fit dominate for the second image, where
the emission is much fainter.'® These offsets are also
consistent with the offset of (31 + 22 mas south, 39 £+ 22
mas east, PA=129° + 25°) obtained for the full profile from
the observations at 12,900 days (F24), where the contribution
from the 0km s~ line could not be removed. The connection

16 The uncertainty in the absolute astrometry of 10 mas should be included
when comparing different instruments and epochs, but not when comparing
the positions of different lines/components in the G395H observation at
13,500 days. The statistical uncertainties in the fits to the two [Ar VI] images
are 3.0 and 16.4 mas, respectively.
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Figure 3. Images of the [Ar VI] emission and adjacent continuum. Top left: image integrated over the blue peak of the line (velocity interval A in Figure 2). Top
middle: continuum image integrated over ~300 km s~ ' wide intervals on both sides of the full line profile. Top right: result of subtracting the continuum image from
image A. Bottom left: image integrated over the narrow component around 0 kms~' (velocity interval B in Figure 2). Bottom right: result of subtracting the
continuum image from image B. The dotted black line in the top left panel shows the extraction region for the spectra in Figure 2. The horizontal color bar at the
bottom applies to the left and middle panels, while the color bar to the right applies to the right panels. The continuum-subtracted images in the right panels illustrate
that the blueshifted component originates from the central source, while the spectrum at ~0 km s~ ' has a significant contribution from extended diffuse emission.
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Figure 4. Fit to the [Ar VI] profile from the central source at 13,500 days. The

line was fitted with the sum of two Gaussians as indicated by the legend. The
profile of the [Ar II] line at 13,300 days is also shown for comparison.

between the position and the kick of the compact object is
discussed in Section 4.3.

To investigate the spatial distribution of the [Ar VI] emission
in more detail, we show the radial profiles of the images in the

two velocity intervals in Figure 6. The radial profile of “Star 3”
at the same wavelength is included for comparison. This star is
partially outside the FOV in the most recent observation, so
these values were taken from the observation at 12,900 days,
which has the same spatial resolution. The comparison shows
that the [Ar VI] emission is spatially unresolved, although the
scatter in the profile is much larger for the faint emission in the
[—100, 200] km s~ interval. The FWHM of an unresolved
source is 0”721, which implies an upper limit of 1.6 x 10'7 cm
for the size of the emission region. The spatial analysis
presented above was also carried out on an image produced by
integrating over the full velocity interval of the line, which
gave results within the 1o uncertainties of those for the blue
interval.

3.1.2. Search for Other Narrow Lines from the Central Region

The photoionization and shock models presented in F24
predict that the Ar-line-emitting innermost ejecta should also
emit other lines in the NIR, including lines from Si, S, Ca, and
Fe. These lines carry diagnostic information about the
properties of the ejecta and compact object, but are challenging
to detect as they are expected to be faint and blended with
strong broad emission lines in many cases. The higher spectral
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Table 2
Summary of Fits to Emission Lines from the Innermost Ejecta

First Component (Highest Blueshift)

Second Component”

Line A R° Epoch® Ve FWHM L Ve FWHM L

(pem) (km s7h 10° days) (km s7h (km sfl) (1030 erg s (kms™H (km sfl) (1030 erg sfl)
[Fe )¢ 1.6440 93 13.5 —253 + 12 <152 2.20 £ 0.79
[Ca V] 4.1585 105 13.5 —306 + 10 164 + 31 0.41 + 0.10
[Ar V1] 4.5292 96 13.5 —2523 + 1.8 107.9 £ 5.2 1.724 + 0.097 —153 £ 11 380 £+ 19 248 £ 0.14
[Ar 1] 6.9853 82 12.9+13.3 —260.59 + 0.42 119.0 £ 1.3 203.2 + 34 —188.2 + 49 380 + 10 1294 + 4.1
[S1Vv] 10.5105 118 12.9+13.3 —256 + 16 196 + 74 3.51 £ 0.87 —18.1 £ 1.5 100.2 + 3.6 14.49 + 0.48
[Cl1] 14.3678 112 12.9+13.3 —304 + 14 285 + 54 4.40 + 0.60 -
[S 1] 18.7130 147 12.9+13.3 —103 + 25 330 + 33 155 +£29 —129 £ 2.7 1244 + 6.2 39.5 + 2.8
[Ca1v)® 3.2068 138 13.50 666 + 13 0.383 + 0.021 789 + 18 1086 + 44 6.42 + 0.35

Notes. Parameter marked by ~ was kept fixed in the fits.

 The second component is part of the emission from the central source for [Ar 1] and [Ar VI], while it is dominated by background for [S 1II] and [S IV].

® The spectral resolving power at the relevant wavelength, expressed as the FWHM velocity of an unresolved line. This was obtained from K. M. Pontoppidan et al.
(2024) for MRS and from the JWST user documentation (https://jwst-docs.stsci.edu/#gsc.tab=0, JDox) for NIRSpec.

€ Only the latest epoch is included for NIRSpec as the spectral components cannot be disentangled in the lower-resolution data from 12,900 days.

4 Based on fits to spectra extracted from a small 072 x 0”1 region. An aperture correction has been applied to the luminosity. There are systematic uncertainties due

to blending with other lines. See text for details.

€ A different extraction region was used for this line; see Section 3.1.4 and Figure 14.
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Figure 5. Images of the [Ar VI] emission in the radial velocity intervals
[—400, —100] km s~ (left) and [—100, 200] km s~ ' (right). The continuum
and the diffuse 0 km s~ line have been removed as described in the text. The
spatial scale has been translated to a velocity scale for the freely expanding
ejecta at the time of the observation. The white star symbol shows the center of
the system (from D. Alp et al. 2018), and the black dashed line shows the
position of the ER.
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Figure 6. Radial profiles produced from the images in Figure 5 (black and
gray points, respectively). The radial profile of “Star 3” is shown by the orange
triangles. The latter was extracted from the observation at 12,900 days since
the star is partly outside the FOV in the observation at 13,500 days.

resolving power offered by the new NIRSpec observations
allows us to assess the presence of these lines.

Figure 7 shows spectra extracted from the central region at
the wavelengths of the strongest lines predicted by the models.
We used a small extraction region, comprising only the two
spaxels where the [ArVI] line is brightest, in order to
maximize the signal from any narrow lines from the center
compared to the “background” from the surrounding ejecta.
The profile of the [Ar VI] line extracted from the same region
is shown for reference in all the panels in Figure 7. This
comparison indicates the presence of similar blueshifted
narrow components in [Fell] 1.6440 pym and [Ca V] 4.1585
pm. The [Calv] 3.2068 pm line does not show such a
component even though it is expected to be similar to [Ca V]
according to the photoionization models (Section 4.2), but
instead exhibits a broader, redshifted excess (the spike at
~—230 kms ', and sharp drop at ~800-1100 kms ' are
artifacts). The properties of the [Fe IT] line and the two Ca lines
are analyzed in Sections 3.1.3 and 3.1.4 below, respectively.

There are no narrow blueshifted components similar to
[Ar VI] seen in any of the other line profiles in Figure 7,
including [S 1] 0.9533 pm, [CI] 0.9827, 0.9853 um, [S1I]
1.0323 pm, [Si1] 1.6073 pm, [SiI] 1.6459 pm, and [Fe V]
3.3912 pum. In the case of the [S III] 0.9533 pm line (upper left
panel in Figure 7), we note a narrow line close to 0 km s7h
which is due to diffuse emission similar to that found in
[Ar v1], as well as a bump at ~600 km s~ !, which we attribute
to H10.9549 im. There is also a narrow feature at ~0 kms ™'
in the [Fell] 1.6440 pm profile, or alternatively at ~—350
kms™' in the [SiI] 1.6459 yum profile. From an investigation
of images at the corresponding wavelengths, we find that this
is primarily due to contamination by [Fe II] emission from the
northern OR and scattered light from the ER, while there is no
evidence for a compact blueshifted source in any of the [SiI]
lines. The nondetection of [Ar VI]-like emission components
for all these lines is confirmed by running a point-source
detection algorithm on images (Appendix B). We present
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Figure 7. Velocity profiles of lines that are predicted to be emitted from the innermost ejecta ionized by the compact object. The line identifications and wavelengths
are given at the top of each panel. The spectra were extracted from a 0”2 x 0”1 region (2 spaxels) where the [Ar VI] line is brightest. A scaled [Ar VI] profile from
the same region is shown in all the panels for reference (dashed orange line). In the case of the [C I] doublet in the top middle panel, the dotted orange line shows the

[Ar V1] profile shifted to the second component.

upper limits on the luminosities of [Ar VI]-like components for
all the lines in Appendix B.

3.1.3. The [Fe 1] 1.6440 pm Line

To determine whether the narrow, blue peak in the [Fe II]
1.6440 pm line seen in Figure 7 is consistent with [Ar VI], we
need to consider the underlying broad profile of blended [Fe II]
1.6440 pm and [SiI] 1.6459 pm emission. If the narrow
feature is associated with [SiI] 1.6459 pm, the inferred
blueshift is ~—600 km s, which would make it inconsistent
with the central [Ar VI] source. The left panel of Figure 8
shows the [Fe II]+[SiI] profile from Figure 7 over a wider
velocity interval, illustrating that the emission extends to
~=+4000 km s . To assess the relative contributions of Fe and
Si to this profile, we use the [Fe 1] 1.2570 pum and [SiI] 1.6073
pm lines, which are the strongest and least blended [Fe II] and
[Si1] lines in the NIRSpec range. For [FelI] 1.2570 pum, we

also improve the signal-to-noise ratio (S/N) by adding the
spectra from G140H/FO70LP and G140H/FIOOLP.

As seen in Figure 8 (left), the [SiI] 1.6073 um line shows
the best overall agreement with the full [Fe II]+[SiI] 1.65 pm
profile, being dominated by two broad, asymmetric features
peaking around —2000 and 0 km s~ ', respectively. This [SiI]
profile does not, however, exhibit narrow peaks matching
those at ~—250 and 0 km s~ ' in the [Fe I1]+[SiI] blend. The
difference between the peak at ~—250 km s~ ! in the [FelI]
+[Si1] blend and the [SiI] 1.6073 um profile x3 (where the
factor 3 best matches the overall profile) is significant at 4o,
considering the noise level measured in the continuum close to
both lines. The peak at 0 km s ! in the [Fe I1]+[Si1] blend is
due to contamination of [FeII] 1.6440 pum emission from the
ER and the northern OR.

The [Fell] 1.2570 pm profile from the central region is
dominated by a flat-topped feature in the ~+300 kms~'
range, without any narrow, blueshifted [Ar VI]-like component
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Figure 8. Velocity profiles of the [Fe 11]+[Si 1] 1.65 pm blend, centered at 0 kms~' for the [Fe 1] 1.6440 um component. The spectrum was extracted from a
072 x 0”1 region (2 spaxels) where the [Ar VI] line is brightest. Left: comparison with the [SiI] 1.6073 pm and [Fe 11] 1.2570 pum profiles extracted from the same
region. The former is centered at 0 kms™' for the [SiI] 1.6459 um component. The [Fe IT] 1.2570 um line is only shown for velocities <1500 kms™" as it is
contaminated by the blue wing of Pag 1.2822 um at higher redshifts. Right: the [Fe I1]4+[SiI] 1.65 pm line profile zoomed in over a narrower velocity range to
highlight the peak at ~—250 km s~ '. The profile of the [Ar VI] line extracted from the same region is included for comparison. Velocity intervals marked by A and B

were used for producing the images in Figure 9.
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Figure 9. Images of the [Fe I1]4+[SiI] 1.65 um line blend. Left: image integrated over the blue peak of the line (velocity interval A in Figure 8). Middle: average
image of the emission on both sides of the blue peak (velocity intervals marked by B in Figure 8). Right: result of subtracting image B from image A. There is a
bright source at the center due to the narrow blueshifted component of [Fe 11] 1.6440 pum. The inset shows the central region of the image with contours from the
[Ar V1] line superposed (from Figure 5, left). The horizontal color bar at the bottom applies to the left and middle panels, while the color bar to the right applies to the

right panel.

(Figure 8). The [FelI] 1.2570 pum line was multiplied by a
factor 1.2 in this figure, which is the observed ratio of [FeII]
1.6440 pm / [Fe1r] 1.2570 um in the ER (not corrected for
extinction). This line ratio is expected to be the same in the
ejecta, with the major caveat that it could be affected by
wavelength-dependent scattering effects due to dust in the
ejecta, which could remove a possible narrow component in
the [Fe1I] 1.2570 pum profile (Section 4.1).

We also produce images to investigate the spatial properties
of the narrow [Fe II] 1.6440 pm component. Figure 9 shows an
image integrated over the peak of the line, an average image of
the emission on both sides of the peak, as well as the
difference between the two. The velocity intervals used for the
images are marked in the line profile in the right panel of
Figure 8. The difference image in Figure 9 shows a pointlike
source at the center, as well as bright emission in the northern
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part of the ER. The latter is due to shocked gas, which is
known to be blueshifted in the north (e.g., O. C. Jones et al.
2023b), while the former is consistent with the position of the
central [Ar VI] source. This is seen from the comparison with
the [Ar VI] contours (inset in Figure 9) as well as a fit with a
2D Gaussian, which gives a best-fit position offset from the
center by (19 £ 6 mas south, 72 4+ 3 mas east,
PA=107° + 5°), consistent with the fit to the [Ar VI] position
within the 20 uncertainties.'” The central source is also
detected as a point source at 50 using the DAOStarFinder
tool from photutils (L. Bradley et al. 2023).

To determine the total luminosity in the narrow [FeII]
component, we need to consider a larger region than the
072 x 0”1 region used to extract the spectra in Figure 8.
However, the narrow peak is not detected in the spectrum from
the larger 0”3 radius circular region used for the [Ar VI]
analysis (Section 3.1.1) due to the strong emission from the
broad [SiI] 1.6459 pm line. A comparison of the [Ar VI] line
profiles extracted from the two different regions reveals very
similar shapes, but a factor ~3 difference in luminosity. We
therefore fit the narrow [FeII] peak using the spectrum from
the small region (after subtracting the “continuum" from
intervals B in Figure 8), but apply an aperture correction to the
luminosity based on the [Ar VI] line. The best-fit parameters of
the Gaussian model are reported in Figure 8, showing that the
blueshifted line centroid is consistent with the narrow
component of the [Ar VI] line, while we only obtain an upper
limit on the FWHM.

In summary, we find that the narrow component of the
[Fer] 1.6440 um line has spectral and spatial properties
consistent with the central [Ar VI] source associated with the
compact object. The feature has a formal significance of >40
in spectra and images, but we stress that this depends on
assumptions about the background from the overlapping broad
emission lines. Finally, the lack of a similar peak in [FeII]
1.2570 pm adds further uncertainties regarding the origin of
the [Fe 1] 1.6440 pym feature.

3.1.4. The [Ca1v] 3.2068 wm and [Ca V] 4.1585 m Lines

We start our investigation of the Ca lines with the [Ca V]
line, as Figure 7 reveals a blueshifted peak that coincides with
the [Ar VI] line. The analysis of the [Ca V] line is complicated
by blending with other lines, as well as the fact that it is
located close to the wavelength gap of the G395H grating. This
is illustrated in Figure 10, which shows the spectrum from the
central region (0”3 radius circle, see Figure 3) in a 0.25 pm
wide wavelength interval centered on the line. The comparison
with the G395M spectrum from 12,900 days, which does not
have any wavelength gap, shows that the full line profile from
[CaV] is captured in the G395H spectrum, but that the
continuum on the blue side of the line is not included. We
therefore use the G395M spectra to determine the slope of the
continuum around the broad emission feature that includes
[CaV], as well as likely HI 4.1708 pum and H, 4.1811 um
lines (see Figure 10). The continuum level was normalized by
a factor 0.83, which accounts for the variation in the
background and continuum between the observations. We
note that the linear model for the continuum is a simplification,

17 Here and in Section 3.1.4, we only report the statistical uncertainties in the
positions as we are interested in the relative positions of different lines from
the same observation.
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wavelength gap of the G395H grating. The strongest lines expected in this
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Figure 11.
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Figure 11. Velocity profile of the broad, blended emission feature including
the [Ca V] line at 13,500 and 12,900 days (see also Figure 10). The spectrum
was extracted from the central ejecta, as shown in Figure 3. The [Ar VI]
profiles from 13,500 days with and without the diffuse Okms™' line are
included for comparison (from Figure 2). To illustrate a plausible level of
contribution from the H, 4.1811 pum line, we also show the line profile of the
H, 2.1218 pm line, shifted to 4.1811 um and scaled by a factor of 0.24 to
match the flux level around the peak of the line.

as we expect the emission at these wavelengths to have
contributions from both the extended red tail of the Bra: 4.0523
pm line from ejecta interacting with the RS and synchrotron
emission from the RS (see O. C. Jones et al. 2023b; J. Larsson
et al. 2023). The RS is physically far away from the innermost
ejecta, so this emission is due to the projection from high
latitudes.

Figure 11 shows the resulting continuum-subtracted emis-
sion feature at both epochs. The [Ar VI] profile from 13,500
days is included for reference, illustrating that the peaks at
~—300 kms’ (compact source) and ~0 kms™! (diffuse
component) appear also in the [CaV] profile, albeit with
different relative intensities. The lower-resolution G395M
spectrum from 12,900 days does not clearly separate these
components, although there is a peak at ~0 kms ™"
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Figure 12. Close-up view of the narrow peaks from [Ca V] in the velocity
profile in Figure 11 (gray) together with a spectrum covering the same velocity
interval, but extracted from a small 072 x 0”1 region where the [Ar VI]
emission peaks (black). The region around the main peak in the latter spectrum
was fitted by a Gaussian (orange) and a straight line. The velocity intervals
indicated by A, B, and C were used for producing the images in Figure 13.

The lines most likely to be blended with the [Ca V] line are
expected to have their velocity peaks at 837 kms™' (HI 13-6
4.1708 pm) and 1558 kms ™' (H, 0-0 S(11) 4.1811 pm). We
estimate a plausible contribution from the latter by extracting
the profile of the H, (1,0) S(1) 2.1218 pm line from the same
region and shifting it to the velocity corresponding to 4.1811
pm (see Figure 11). This comparison indicates that H, can
account for all the emission at velocities 1000 kms™' and
about half of the flux in the broad feature at lower velocities. In
the case of HI 4.1708 pum, there is no unblended line that can
be used as a template in a similar way as for H,. However, we
can use the Bra line to estimate its maximal contribution. We
use the observation from 12,900 days to avoid the wavelength
gap and measure the flux ratio of Braw and HI14.1708 pm in the
ER. The ratio is found to be 50, in agreement with the
theoretical ratio for Case B recombination (I(HT 5-4)/I(HT
13-6) = 52.6 for electron number density N, = 10* cm™2 and
temperature T, = 10* K; P. J. Storey & D. G. Hummer 1995).
This ratio is weakly dependent on N, and T,, and we expect it
to be very similar in the ejecta. Based on the peak of the Bra
line in the central ejecta at ~—1700 km s~ ', the expected peak
flux density from H1 in the [Ca V] profile is then 5.4 x 10~ Jy
at ~—860 km s~ ', which corresponds to ~1/6 of the observed
flux density at that velocity (Figure 11).

This raises the question of the origin of the excess in the
broad feature between +1000 kms ™' in Figure 11. There are
several possible explanations, all of which could contribute to
some extent. First, the ratio of the H, 2.1218 and 4.1811 um
lines is dependent on density and temperature (as inferred from
the models for photodissociation regions by B. T. Draine &
F. Bertoldi 1996). This would result in different total line
profiles when integrating over regions of ejecta with different
physical conditions. More of the blueshifted emission than
indicated in Figure 11 could thus be due to H,. Another
possibility is that the uncertain continuum subtraction has
contributed to creating an artificial excess at these velocities.
Finally, it is possible that some of the excess is due to [Ca V],
which would imply that the extent of the emission regions
and/or the impact of dust are slightly different for [Ca V]
and [Ar VI].
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Due to the uncertainties regarding blended lines, we
investigate the spatial properties of the [Ca V] emission by
producing images integrated over only the three brightest
spectral bins in each of the two peaks, thereby maximizing the
signal from [Ca V]. These velocity intervals are marked A and
B in Figure 12, and the resulting images are shown in the left
column of Figure 13. We also produce an image integrated
over a nearby wavelength region (marked by C in Figure 12)
and subtract it from the images of the line peaks, the results of
which are also shown in Figure 13. Region C is not a true
continuum region, but it is useful as an illustration of the
emission close to the peaks, and it works well for subtracting
the strong emission from the ER, as evident from Figure 13.

The images show that the blue peak originates from a
compact source near the center of the system, while the
0km s ' line is dominated by diffuse emission. Although there
is missing data in part of the images due to the G395H
wavelength gap, it is clear that the spatial structure of the
diffuse emission in the northeast at ~0 km s~ is similar to that
observed for [Ar VI] and [Mg1V] (Figure 3 and Appendix A).
Fitting the compact source in the continuum-subtracted image
of the blue peaks gives a position (30 = 14 mas north, 48 & 14
mas east, PA =58° 4 14°) from the center, which is farther
north than [Ar VI] at 30. We note, however, that this result is
dependent on systematic uncertainties in the continuum
subtraction, as there is also some emission in the ejecta region
of the continuum image (see Figure 13). The position in the
image without continuum subtraction is farther north at
(89 & 5 mas north, 29 £ 5 mas east, PA = 18° 4 3°).

We fit the blue peak of the [Ca V] profile with a single
Gaussian to characterize its main properties, using a linear
function to approximate the underlying blended emission. As
for the [Fell] line, we perform this fit using a spectrum
extracted from the small 072 x 0”1 region in order to
maximize the signal from the central source. The fit is shown
in Figure 12, and the best-fit parameters are reported in
Table 2, where we have applied the same aperture correction
for the luminosity as for [Fe II]. We note that there is an excess
on the blue side of the [Ca V] line, which results in a slightly
larger FWHM and lower centroid velocity than obtained for
the narrow component of the [Ar VI] line. This excess is more
pronounced in the spectrum extracted from the larger region
(Figure 12), which indicates that it may be due to contamina-
tion by other lines.

The [CalV] line is more straightforward to analyze as it is
not affected by significant blending with other lines or the
wavelength gap. However, it is clear that this line does not
show any centrally located narrow blueshifted [Ar VI]-like
emission component (Figure 7). It instead exhibits a redshifted
emission region just north of the center, as previously noted in
the observations from 12,900 days in F24. This result is
puzzling considering that Ar and Ca are expected to be
colocated in the ejecta, and because the [CalV] and [Ca V]
emission is expected to originate from the same region
according to the models in F24. We therefore investigate the
[Ca1V] line in more detail.

Figure 14 shows images of the [CaIV] emission integrated
over 500 kms ' wide intervals in radial velocity. The
continuum spectrum in each spaxel was fitted by a straight
line and subtracted before producing these images. Notably,
the results show no significant [Ca IV] emission at blueshifts <
—500 kms™'. The interval [—500, 500] kms~" is dominated
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Figure 13. Images of the [Ca V] emission and adjacent “continuum.” The missing data in the upper right of all images is due to the wavelength gap of the G395H
grating. Top left: image integrated over the blue peak of the line (velocity interval A in Figure 12). Top middle: image integrated over velocity interval C in
Figure 12. This interval is dominated by continuum, but also contains weak line emission (see text for details). Top right: result of subtracting the continuum image
from image A. The inset shows the central region of the image with contours from the [Ar VI] line superposed (from Figure 5, left). Bottom left: image integrated
over the 0 km s~ line (velocity interval B in Figure 12). Bottom right: result of subtracting the continuum image from image B. The horizontal color bar at the
bottom applies to the left and middle panels, while the color bar to the right applies to the right panels. The continuum-subtracted images in the right panels show
similarities with the [Ar VI] lines images in Figure 3, showing that the blueshifted component originates from a compact central source, while the spectrum at

~0 km s~ ! is dominated by extended diffuse emission.

by emission from shocked gas in the ER, with similar
properties as other lines from the ER, being blueshifted in
the north and redshifted in the south (e.g., O. C. Jones et al.
2023b). This velocity interval also shows some diffuse
emission, but we do not detect any clear narrow 0 kms ™' line
similar to the ones identified for the [CaV], [MgIV], and
[Ar V1] lines discussed above and in Appendix A (see also
Figure 15).

In the northern part of the ejecta, we see emission in the
velocity bins extending between 0 and 1500 kms ' in
Figure 14. The emission is dominated by a small region just
north of the center, but there is also a fainter region extending
all the way to the northern part of the ER. In the south, there
are two emission regions seen at radial velocities ~2000-3500
kms~', one in the southern ejecta and one superposed on the
southwest part of the ER. The latter exhibits similar properties
as observed for many other emission lines (J. Larsson et al.
2023; P. J. Kavanagh et al. 2025, in preparation) and can be
attributed to the dense inner ejecta interacting with the RS and
ER. The emission in the southern ejecta is likely photoionized
by X-rays from this interaction region.
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The emission in the northern ejecta is more likely to have a
connection with energy input from the compact object. The
line profile from the brightest region is shown in Figure 15,
together with the profile from 12,900 days, which is similar.
We characterize the line profile by fitting it with two Gaussians
and report the results in Table 2. The peak of the line is at
666 4 13 kms ™', significantly offset from the [Ar VI] peak at
—252.3 + 1.8 kms ™ '. This implies that the emission regions
of the two lines are physically distinct, despite the fact that
there is some overlap in projection in the images (see Figures 5
and 14). The peak of the [CaIV] emission in the sky plane is
(136 & 7 mas north, 22 4 7 mas east, PA = 9° & 3°) from the
center, based on fits with a 2D Gaussian in an image integrated
around the peak of the line. This position is offset from the
[Ar vI] line by more than 50.

3.2. Line Emission in MIRI/MRS

The temporal evolution of all emission lines in SN 1987A
observed with the MRS at 12,900 and 13,300 days is
investigated in P. J. Kavanagh et al. (2025, in preparation).
This shows that there is no significant time evolution of the
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!, spanning the range —500 to 3500 km s~ '. There is no significant emission at

higher or lower velocities. The continuum was subtracted based on fits to the spectra in each spaxel. The spatial scale has been translated to a velocity scale for the
freely expanding ejecta at the time of the observation. The white star symbol shows the center of the system (from D. Alp et al. 2018), and the black dashed line
shows the position of the ER. The black/white dotted line in the third panel in the upper row shows the region used to extract the spectra in Figure 15.
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Figure 15. Velocity profile of the [Ca IV] line from near the center at 13,500
and 12,900 days. The extraction region is shown in Figure 14. The profile at
13,500 days was fitted with the sum of two Gaussians as indicated by the
legend.

narrow, blueshifted components from the central ejecta for the
three lines previously identified in F24, i.e., [ArII] 6.9853 um,
[S1v] 10.5105 pm, and [S 1] 18.7130 pum. This is illustrated
for the [Ar 1] line in the left panel of Figure 16. Given the lack
of time evolution, we added the spectra from the two observing
epochs to improve the S/N. No background spectrum was
subtracted. We fitted the continuum-subtracted line profiles
with two Gaussians, where the two components capture the
shape of the line profile of the central source in the case of
[Ar1i], while the second component (at ~0 km sfl) is
dominated by diffuse background and contamination by the
ER and northern OR for [S1I] and [S1V]. The best-fit
parameters for the coadded spectra are reported in Table 2,
while the line profiles and models are plotted in Figure 16
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(where we show the coadded spectra and corresponding
models for the S-lines, but the spectra from the two epochs and
the model for the latest epoch for [ArII] to allow for a
comparison).

The results in Table 2 show some differences compared to
the fits presented in F24 (see their Table 1). Most importantly,
the luminosities of the blue components (“Gauss 17 in
Figure 16) are somewhat higher (by factors 1.42 £ 0.04,
1.6 £ 0.5, and 3.4 £+ 09 for [Ar1], [SIV], and [S1I],
respectively), and the centroid of the [SIII] line has a lower
blueshift (—103 + 25 kms ™' compared to —288 4 13 km s’
in F24). These differences are due to the combined effects of
the data reprocessing, improved S/N in the total spectrum
from the two epochs, and the fact that no background spectrum
was subtracted. The latter mainly affects the [S III] and [S IV]
lines, which have a strong diffuse background (P. J. Kavanagh
et al. 2025, in preparation) seen as the narrow peaks at
Okms~' (“Gauss 2” in Figure 16). Including this emission in
the fits rather than subtracting it from a different region makes
the fits more stable. We also note that the [SIII] line has the
most uncertain luminosity (Table 2) and that its large increase
compared to F24 is partly driven by a larger FWHM in the new
fits (330 + 33 kms ™' compared to 158 + 39 kms ™' in F24).

In addition to the lines previously identified in F24, we
identify a narrow line from the central ejecta at 14.354 pm,
which we attribute to [Cl1] 14.3678 pm. This implies a
blueshift of ~—300 kms™!, consistent with the other lines
from the center. The only other line in the same wavelength
region is [Ne V] 14.3217 pm, which is unresolved and peaks
close to the systemic velocity of SN 1987A, making it
consistent with the diffuse background. The line profiles of the
[Ne V] and [Cl1I] are shown in Figure 17, and the best-fit
parameters for the [C11I] line are reported in Table 2.
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The spatial properties of the [ClII] line are shown in
Figure 18, illustrating that a faint point source consistent with
the location of [Ar II] appears at the center after subtracting the
strong continuum. Residuals from the subtraction of the bright
continuum are present in the image at the location of the ER,
which results from either low-contrast residual fringing,
fringe-like resampling noise from the cube building process
(D. R. Law et al. 2023), or both. [C11] 11.3334 ym was not
detected in spectra extracted from the ER in either O. C. Jones
et al. (2023b) or P. J. Kavanagh et al. (2025, in preparation).
We note that [C11] 11.3334 um was seen in the spectra of the
ejecta ~1 yr after the explosion, although blended with Hoy_-
11.3087 um and NilI 11.3073 um (P. F. Roche et al. 1993).
[C111] A8627 has also been detected in the optical in Cas A
(R. A. Fesen et al. 2001), while [Cl11I] AA8578.7, 9123.6 and
[Cl1I] A5517.7 have been observed in other SN remnants
(R. A. Fesen & A. P. Hurford 1996).

F24 reported that the [Ar1I] line is spatially unresolved in
the MRS observation at 12,900 days. To assess whether this is
also the case at 13,300 days, we followed the same procedure
outlined in F24, i.e., to compare the spatial profile of the
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[Ar11] line to that of the unresolved point source 10 Lac
(R.A. =22:39:15.67, decl. = 439:03:00.97). We reprocessed
these data (PID 1524, PI: D. Law) following the same method
described in P. J. Kavanagh et al. (2025, in preparation). The
resulting radial profiles are shown in Figure 19. The spatial
profile of the [ArII] line is almost identical to that of the
unresolved point source, indicating that the [Ar II] line is still
spatially unresolved at 13,300 days. Limits on [Ar II]-like
components for other emission lines in the MRS wavelength
range are presented in Appendix B.

3.3. Continuum Emission

In the scenario where a PWN is at the center of SN 1987A,
there should also be a synchrotron continuum in the IR (as for
the well-studied Crab PWN, e.g., M. Lyutikov et al. 2019). We
use the NIRSpec/G395H grating to constrain any such
emission. The continuum is more prominent in this wavelength
interval (~2.9-5.2 yum) compared to the shorter wavelengths
observed with G140H and G235H, where line emission
dominates (J. Larsson et al. 2023). For the longer wavelengths
covered by the MRS, the identification of any PWN
synchrotron component is hampered by the rising background
from the ER and lower spatial resolution.

Figure 20 shows the full G395H spectrum extracted from
the central region for the observations at 13,500 and 12,900
days (see extraction region in Figure 3). Background spectra
have been subtracted for this comparison, as the background is
nonnegligible in the faint central ejecta region and slightly
different in the two observations. The small areas of clean
background available within the FOV imply that this
subtraction adds considerable noise to the spectra, as also
illustrated in Figure 20. It is clear, however, that the
background-subtracted continuum is consistent in the two
epochs. In Figure 20, we have also marked six wavelength
intervals that are free of strong lines in the whole FOV,
determined from a visual inspection and comparison with the
spectral model in J. Larsson et al. (2023). We use these
intervals to further characterize the continuum, but caution that
there is likely some contribution from weak blended lines also
in these intervals.

The synchrotron emission from a PWN is expected to be
described by a power law, F, o< v, where « is the spectral
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index. It is clear from an inspection of Figure 20 that this
simple model does not capture the complex continuum shape
in G395H. The continuum in the central region is instead
expected to include several different components: high-latitude
emission from the RS (ALMA observations in the submilli-
meter range give a = —0.70 £ 0.06 for the RS, P. Cigan et al.
2019), H and He continuum (free-free, bound-free, and two-
photon emission), scattered emission from the hot gas and dust
in the ER (i.e., emission in the tails of the PSFs that extend to
the ejecta region), as well as any possible hot dust in the ejecta
and PWN synchrotron emission. The first three of these were
included in the continuum model for the full ejecta region in
J. Larsson et al. (2023).

To place constraints on PWN synchrotron emission, we use
the spectral indices measured for the Crab nebula and
PWN 0540, both of which are well observed in the IR. For

the Crab, the IR spectral index in the inner region measured
with Spitzer is a ~ —0.3, consistent with the values measured
at radio frequencies (M. Lyutikov et al. 2019). For PWN 0540,
NIR to mid-IR (MIR) wavelengths observed with Very Large
Telescope/XSHOOTER, Spitzer, and AKARI give o ~ —0.9
(P. Lundqvist et al. 2020; L. Tenhu et al. 2024). We plot the
highest possible contributions from these power laws in
Figure 20, obtained by requiring that the models do not
overshoot the continuum anywhere. The luminosity inte 3grated
over the full G395H wavelength interval is 7.4 x 107>

8.5 x 10°* ergs™' for the Crab-like and PWN 0540- hke
spectra, respectively. These limits are very conservative since
the PWN is likely considerably smaller than the 0”3 circular
extraction region. If we instead consider the smaller
0”2 x 0”1 region where the [Ar VI] emission peaks, the limits
are 4.1 x 10°" and 3.6 x 10°' ergs™', respectively. These
limits are approximate due to the uncertain value of «, which
may be different in a very young PWN compared to the Crab
and PWN 0540, which are both about 1000 yr old.

Figure 21 (left) shows an image of the continuum, obtained
by taking an average of images integrated over the six
continuum intervals in Figure 20. As expected from the
spectral analysis above, there is no enhancement of the
continuum at the center. Instead, there is a region with lower
surface brightness that is slightly elongated in the east—west
direction. To further analyze the spatial variations of the
continuum, we fit the power-law model to the spectra in each
spaxel, using the same continuum intervals as above. We stress
that this model, while not an accurate description of the shape
of the continuum, is useful for highlighting general trends of
the spatial variations. We do not subtract a background in these
fits, as this results in many spectra with low S/N. The impact
of this on the spectral index is typically <0.1.

The resulting spectral index map is shown in Figure 21
(right), with contours for the central [Ar VI] source and the Pag3
line from the hotspots in the ER superposed for comparison.
Examples of fits from four different spaxels are shown in
Figure 22 to illustrate how the spectrum changes between the
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Figure 20. Spectra of the central ejecta in G395H at 13,500 and 12,900 days. The thin solid lines show the original spectra (used for analysis) while the thick lines
show the same spectra smoothed with a Savitzky—Golay function (A. Savitzky & M. J. E. Golay 1964). The extraction region is shown in Figure 3. The spectrum
from 13,500 days is shown with and without background subtraction, illustrating the noise added by subtracting the low S/N background spectrum. The observation
from 12,900 days is shown only after the background subtraction. Wavelength intervals used for the continuum fits are marked by the shaded gray regions. The two
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Figure 21. Properties of the continuum emission in G395H. Left: average
image of the continuum based on the six continuum intervals in Figure 20.
Right: spectral index map, obtained by fitting the spectra in each spaxel with a
power-law model. The contours at the center of both panels are for [Ar VI]
(left panel of Figure 5), while the contours along the ER are for the H1 Paj
1.2822 pm line. The latter traces the shocked gas in the hotspots of the ER.
Spectra from the four spaxels marked by cyan crosses are shown in Figure 22.

different regions. We see clear spectral index variations in the
ejecta, with steeper indices in a region elongated in the east—
west direction. The shape of this region is similar to that of the
low-surface brightness region seen in images from NIRCam/
F356W (M. Matsuura et al. 2024) and MIRI/F560W
(P. Bouchet et al. 2024). The lower values of « in this region
are primarily due to a lower flux level below ~3.7 ym and a
drop around 4.25 pum, as illustrated in Figure 22. The steeper
spectral index at the center is opposite to what would be
expected in the case of a significant PWN contribution. It is
likely caused by a combination of spatial variations in
projection of high-latitude emission, scattered light from the
ER, and dust emission/absorption in the ejecta.

Finally, although not the focus of this study, we note that
there are clear spectral index variations also in the region of
the ER (Figures 21 and 22). An index of aw ~ —1.5 is observed
in the regions of shocked gas traced by the hotspots, while the
spectrum clearly steepens outside, where the emission is
dominated by the RS (which is especially bright in the east,
J. Larsson et al. 2019a; M. Matsuura et al. 2024) and hot dust
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(which is brightest in the west, O. C. Jones et al. 2023b). These
trends are also in agreement with spatial variations in the
spectral index measured from NIRCam images in the 3—4 pm
range (M. Matsuura et al. 2024).

3.4. Summary of Emission from the Central Region

The key results from the analysis presented above can be
summarized as follows:

1. The innermost ejecta show narrow emission lines from
[Fe 11] 1.6440 pm, [Ca V] 4.1585 pm, [Ar VI] 4.5292 pym,
[Ar1l] 69853 ym, [S1v]  10.5105 gm, [Cl1I]
14.3678 pm, and [S 11T] 18.7130 pm. Out of these, [Fe I1],
[CaV], and [ClIlI] were identified from our new
observations and not previously discussed in F24. We
also determined upper limits for several other lines
predicted by photoionization models.

2. The lines are characterized by a blueshifted peak in the
range ~—250 to —300 kms~' and FWHM ~ 100-200
kms~!, as summarized in Table 2. The [ArVI] and
[Ar 1] lines also exhibit weaker red wings extending to
~200 km s_l, which are not seen for the other lines due
to lower S/N and/or blending with other emission
components.

3. The spatial properties of the emission region are best
constrained from the [Ar VI] line, which is unresolved
(FWHM = 0721) and located southeast of the geometric
center of the ER (30 £+ 10 mas south, 63 + 10 mas east,
PA=116° + 8°).

. Emission from [CaIV] 3.2068 um is also detected near
the center, but this line is redshifted by ~700 kms ™' and
significantly displaced to the north compared to the other
lines.

5. There is no significant variability in the flux, line
profiles, or spatial properties of these lines on the
timescales of 400-600 days probed by the observations.

6. The continuum in the innermost ejecta does not show
any sign of a PWN in terms of enhanced flux or spectral
index variations.
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Figure 22. Examples of spectra from individual spaxels in different regions of SN 1987A. The positions of the spaxels are marked by cyan crosses in Figure 21. The
thin solid lines show the original spectra (used for analysis) while the thick lines show the same spectra smoothed with a Savitzky—Golay function. The straight lines
show the models fitted to the continuum intervals of the four spectra. The continuum intervals are marked by the shaded gray regions.
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Figure 23. Absorption optical depth, T,ps, (solid lines) and scattering optical depth, 7oy, (dashed lines) for spherical grains with radii a = 0.1, 0.3, and 1.0 gm. The
top panels show two different samples of forsterite (Mg,SiO,) from C. Jdger et al. (2003) and H.-P. Gail et al. (2020), respectively, the bottom left panel shows
glassy enstatite (MgSiO3; J. Dorschner et al. 1995), and the bottom right panel shows “astronomical silicates” (B. T. Draine & H. M. Lee 1984). The absorption
optical depth has been normalized to T,,s = 10 at 10 zzm. The right-hand axis gives the scale for the absorption and scattering efficiencies, Qups scan for a = 1.0 um
(only). The vertical, dashed lines show the wavelengths for some of the most important, observed narrow lines from the center. Note the different x- and y-scales for

the forsterite in the top right panel.

4. Discussion

4.1. Impact of Dust in the Ejecta

In F24, it was argued that dust absorption by silicates was
responsible for the weak lines above ~8 um from the central
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source. We also proposed that scattering by the expanding dust
could be important at shorter wavelengths. This would redshift
the wavelengths, analogous to the effects of electron scattering
in an expanding ejecta, neglecting the broadening by the
thermal velocities of the electrons. Below, we first provide a
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general description of the dust scattering, before discussing the
impact on the line profiles in Section 4.1.1 and comparing with
the ALMA dust maps in Section 4.1.2.

To estimate the scattering effects, the scattering efficiency,
QOscar> 18 needed for different compositions and grain sizes. For
these calculations, we used the Mie scattering theory,
assuming spherical dust grains with different radii, a (e.g.,
C. F. Bohren & D. R. Huffman 1983). While the shape of the
grains is also important (e.g., M. Min et al. 2003), the
qualitative aspects should mainly be determined by the
composition. Because the inner regions close to the NS are
devoid of carbon (e.g., Figure S7 in F24), we concentrate on
silicates, although carbonaceous grains may be formed in the
outer envelope (A. Sarangi & I. Cherchneff 2015). As
representative examples of silicates, we show in Figure 23
two different determinations of the absorption and scattering
for amorphous forsterite (Mg,SiO4) and glassy enstatite
(MgSi03), with optical constants from C. Jager et al. (2003),
H.-P. Gail et al. (2020), and J. Dorschner et al. (1995),
respectively. H.-P. Gail et al. (2020) only gives data for
wavelengths longer than 2 pm, which explains the truncation
of the curves at shorter wavelengths. For reference, we also
show the often-used “astronomical silicates” from B. T. Draine
& H. M. Lee (1984). As these authors discuss, the optical
constants for “astronomical silicates” have been derived from
observations of different interstellar matter and CSM objects
and are unlikely to be representative of the newly formed dust
in SN ejecta. In particular, the composition includes
“impurities” such as iron and corundum, which especially
alter the absorption at short wavelengths, as seen in the fourth
panel of Figure 23. In contrast, the dust in the central region of
the SN ejecta may be the result of dust condensation from
unmixed material with abundances characteristic of the
different nuclear burning zones as shown by A. Sarangi &
I. Cherchneff (2015), specifically zones with high abundances
of O, Mg, and Si.

The Optical depths are given by Tabs,scatt = 7'razlvdustQabs,scatt’
where Ngy is the column density of dust. We, however, know
neither Ny, Which probably varies along different lines of
sights, the size of the grains, or the exact composition of the
dust in the ejecta of SN 1987A. In Figure 23, we show the
resulting 7Tops.scare fOr these silicates, where we have arbitrarily
normalized the optical depths to 7, = 10 at 10 ym. This is
also close to the estimated optical depths for the models in
Section 4.2.

Comparing these four dust compositions, we note that the
Taps Delow ~8 ym differs by at least an order of magnitude,
while Ty, shows less variation and a similar behavior with
wavelength. For A > 27a (the Rayleigh limit), Qgca A4
and hence Touq < A%, while these become nearly constant in
the opposite limit. When we compare Ty, for different grain
radii, we also note the high sensitivity to the grain size.

Comparing the two forsterite plots, we see that there are
large differences in optical depth (especially 7,,) even for
similar compositions and structures of the grains. For the same
Tars(10 um), Taps = 1 at the [Ar IT] line in the left two panels of
Figure 23, while 7,,s ~ 0.04 for the case in the upper right
panel. Also, the scattering optical depth differs substantially in
the different cases for the same grain size. Furthermore,
because Ty, increases by 1-2 orders of magnitude from ~7
pm to 1-2 pm, scattering is expected to affect the flux and line
widths, as well as the spatial distribution, of all lines at short

18

Larsson et al.

wavelengths, unless there are lines of sight with much lower
Ngust> Or the grains are small.

4.1.1. Line Profiles

The fact that scattering is likely to be important in the
NIRSpec range and that the gas and dust are expanding
homologously means that the line profiles will be affected
(F24; N. N. Chugai & V. P. Utrobin 2024). Because the
scattering by dust is coherent in the frame of the grains, this is
similar to the case of electron scattering if we neglect the
thermal motion of the electrons. This results in a redshift of the
photons as shown by C. Fransson & R. A. Chevalier (1989),
who demonstrated that even a single scattering can increase
the wavelength of the photon by up to twice the velocity of the
scattering medium, AX/\ & 2Vejera/c. Line scattering by dust
has also previously been discussed for expanding spherical
circumstellar envelopes by C. J. Romanik & C. M. Leung
(1981; for absorption line profiles) and J. Lefevre (1992; for
emission profiles), using Monte Carlo simulations.

The most interesting indication of this effect in SN 1987A
comes from the profile of the [CaIV] line (Figure 15). This line
and the [Ca V] line were both expected from the photoioniza-
tion models in F24. However, while the [Ar1I], [Ar VI], and
[CaV] lines have blueshifted peaks at ~—250 km s the
[Ca1v] line has a broad redshifted peak at ~700 km s ' In
addition, the peak position is north of the center (Figure 14),
clearly different from the [Ar VI] position.

There may be two explanations for this redshift. It could
simply be that the emitting gas is expanding away from us
from the “back” of the ejecta. However, this raises the problem
of why we do not see other lines, like [Ar II] and [Ar VI] from
this position, which are expected from the same zone as the
[Ca1V]. The other explanation is based on dust scattering. This
was invoked by N. N. Chugai & V. P. Utrobin (2024) to
explain the red wing of the [Ar1I] line (seen in Figure 4), but
the [CaIV] line profile and position may be an even more clear
case. The fact that the [CaIV] emission is spatially offset from
the [Ar VI] emission can then be explained as a result of the
increasing optical depth to dust scattering as the wavelength of
the lines decreases. If there is a clump of dust in the direction
of the observed [CalV] emission, it will reflect the [CalV]
emission from a source at a different location, e.g., the [Ar VI]
location, while the clump may be transparent to the [Ar VI]
emission.

We performed Monte Carlo simulations to investigate the
effect of the scattering on the line profiles. Because we are
mainly interested in the effects on the line emission from the
center of the ejecta, we assumed a pointlike source. We also
assumed coherent scattering in the comoving frame of the
expanding dust. The phase function of the scattering is often
described by the Henyey—Greenstein function (L. G. Henyey
& J. L. Greenstein 1941)

1 1 — g2

P@©) = - ,
© 47 (1 + g> — 2gcos)3/?

ey

where g = <cos 0> is the asymmetry factor between forward
and back scattering. However, other functions have been
proposed (e.g., M. Baes et al. 2022). The forward-back
scattering depends on the composition, shape and size of the
grains. In general, forward scattering dominates in the optical,
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Figure 24. Line profiles affected by dust scattering. The panels to the left and right are for a thick and thin shell of dust, respectively. The top panels show the
scenario with isotropic scattering, while the bottom panels show the effect of varying the anisotropy parameter g. All cases assume a pointlike source at the center,
emitting a narrow line at 0 km s~ '. The unscattered component of this can be seen as the narrow spike at this velocity.

g = 0.5-0.7, but decreases above ~2 pm in the NIR and mid-
IR (MIR), g < 0.1 (e.g., Y. Shen et al. 2009).

As examples of the dust scattering effects, we show in
Figure 24 Monte Carlo simulations of two different spatial
distributions of the dust. The code is a simplified version of the
code used in C. Fransson et al. (2014) for electron scattering in
an expanding medium, but neglecting the thermal motions of
the dust particles. In both cases, we assumed a spherical
geometry, but in the first case, the dust is homogeneously
distributed between radii corresponding to velocities of
50-500 kms~', while in the second case we assumed a
homogeneous shell between 400 and 500 km s~ '. The velocity
is assumed to be homologous, V(r) o r, where r is the distance
from the center. In all cases, we assume a central pointlike
source of emission.

In the top, left panel of Figure 24, we show the line profiles
from the thick shell with the inner boundary close to the
emitting source for 74,5 = 2, 5, 10 and for isotropic scattering
of the dust. This results in smooth redshifted line profiles with
peaks at 130, 600, and 1400 km s, respectively, illustrating
the effect of multiple scatterings. The top, right panel shows
the same for the detached, thin shell. In this case, the line
profiles are more complicated. In addition to the peak from the
unscattered photons at zero velocity, there are two peaks,
where the one at higher velocities becomes increasingly
dominant with increasing optical depth. The anisotropy
parameter g is uncertain and is also expected to increase with
decreasing wavelength. In the bottom panels of Figure 24, we
show the effect of varying this parameter for g = 0, 0.2, and
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0.5 and for 74, = 5. As the forward scattering increases (i.e.,
increasing g), the photons escape more easily and undergo
fewer scatterings, resulting in line profiles that are less
redshifted compared to the g = 0 case.

A comparison of these models with observations can only
be made qualitatively because of the limitations of the model
and uncertainties in the line profiles. The most important
assumptions are spherical symmetry and equal dust optical
depth in all directions. A clumpy and/or anisotropic distribu-
tion can of course result in even more complicated line
profiles, although they will in general be redshifted compared
to the unscattered emission.

The [Ca1V] line observed north of the center peaks at ~700
kms™' and has an FWHM~ 1000 kms~' (Table 2).
Compared to the line profiles in Figure 24, this is most similar
to the case of a thick shell with 7 ~ 5, although there are clear
differences, including a remaining weak, unscattered narrow
peak in the models. This highlights that asymmetries most
likely play an important role, as also expected from the
observed asymmetric morphology of the ejecta. The general
trend of a stronger scattered red wing for lines at shorter
wavelengths is also compatible with the more prominent red
wing seen in [Ar VI] compared to [Ar II] (Figure 4). In the case
of [Ca V], we are not able to assess the presence of a red wing
due to blending with other broad lines. The same is true for the
other lines predicted by the models at shorter wavelengths.
However, the absence of narrow, blueshifted components in
these lines can be used to obtain a rough estimate of the typical
grain size of the dust, while the possible [Ar VI]-like narrow
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Figure 25. Comparison of emission from the central ejecta at different wavelengths. North is up, and east is to the left. Color images from left to right show the
ALMA 315 GHz dust emission at 12,700 days (M. Matsuura et al. 2024), the ALMA 679 GHz dust emission at 10,400 days (P. Cigan et al. 2019), and the HST
WFC3/F625W image at 13,500 days. The latter is dominated by Ha emission and was obtained only a week after the NIRSpec observations. In all panels, the center
of the ER is marked by a star symbol, the position of the blue peak of the [Ar VI] line by a filled circle, and the centroid of the [Ca IV] emission by a filled squared, as
indicated by the legend at the bottom of the left panel. The black error bars on the latter two positions are 30 confidence intervals, including the absolute astrometric
uncertainty. Solid black contours are for the 315 GHz emission (left and right panels), while red and white contours are for the 679 GHz emission (left and middle
panels, respectively). The dashed black contours in the middle panel show the effect of the expansion of ejecta between the time of the ALMA observations at 10,400
days and the NIRSpec and HST observations at 13,500 days, assuming homologous expansion from the center of the ER. The tick marks in all panels are separated

by 100 mas.

peak identified for [Fell] 1.6440 pm is more difficult to
explain (see Section 4.2).

4.1.2. Comparison with ALMA Images

Figure 25 shows ALMA images of the ejecta dust at 315 and
679 GHz, together with the positions of the [Ar VI] source and
the peak of the [CalV] emission from the NIRSpec observa-
tions (Sections 3.1.1 and 3.1.4, respectively). An HST WFC3/
F625W image of the ejecta, which is dominated by Ha
emission, is also included for comparison. The HST image was
obtained only a week after the NIRSpec observations at 13,500
days (PID 16996), while the ALMA observations were
obtained earlier, at 12,700 days for the 315 GHz image
(M. Matsuura et al. 2024), and 10,400 days for the 679 GHz
image (P. Cigan et al. 2019). All images in Figure 25 were
resampled to the 10mas pixel scale of the 315 GHz image
using astropy/reproject (T. Robitaille et al. 2020) with
bilinear interpolation. We estimate the uncertainty in the
absolute astrometry of the HST image to be ~1 mas (1o, based
on fits to stars in Gaia DR3), while P. Cigan et al. (2019) report
an astrometric uncertainty of 15 mas for the ALMA 679
image. No astrometric uncertainty has been reported for the
315 GHz image, but previous ALMA images of SN 1987A
have had uncertainties in the range 10-15 mas (P. Cigan
et al. 2019).

The left panel of Figure 25 shows that the [Ar VI] and
[Ca1V] positions are within the region of bright dust emission
at 315 GHz, supporting the scenario discussed above that these
lines are affected by dust absorption and scattering. The 315
GHz dust emission is strongest just below the center of the ER,
in a region of bright Ha emission just below the “hole” (right
panel) and clearly extends farther north than south from the
center. This asymmetry is likely partly due to flux loss in the
ALMA image, as a previous 315 GHz image at lower
resolution shows dust emission extending farther to the south
(P. Cigan et al. 2019). It is thus possible that the faint
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redshifted [CaIVv] emission in the south (Figure 14) is also
caused by dust scattering.

The comparison with the 679 GHz image is particularly
interesting since it shows a bright region near the center, which
has been interpreted as being caused by dust heated by the
compact object (P. Cigan et al. 2019). The middle panel of
Figure 25 shows that the peak of this dust blob is offset to the
northeast of the [Ar VI] source, as previously discussed in F24.
We find that the offset is within the 30 confidence intervals
(but outside the 20 intervals), considering the reported
astrometric uncertainty for the 679 GHz image and the
astrometric plus statistical uncertainties of the [Ar VI] position.
However, a major complication in this comparison is that the
observations were obtained ~3,100 days apart, during which
time the ejecta would have expanded by nearly 30%. The
dashed black contours in the middle panel of Figure 25
illustrate this effect, assuming homologous expansion from the
center, showing how this would move the blob farther away
from the [Ar VI] source. Considering these uncertainties, we
cannot draw any firm conclusions about the connection
between the dust blob and line-emitting region. If a spatial
offset is confirmed with higher significance in future
observations, it would mean either that the dust blob is
unrelated to the compact object or that the affected region is
spatially extended.

4.2. Modeling of the Line Emission
4.2.1. Summary of Code

The modeling of the different line luminosities in the NIR
and MIR ranges is similar to that in F24, with the most
important differences discussed below.

The abundances used for the calculation are the same as
those of the O-Si—-S—Ar—Ca zone in Table S2 in F24, with the
addition of Cl, where we have used the average abundance in
the same zone for the 19 M.model in S. E. Woosley &
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A. Heger (2007), which is 7.6 x 10~* by number. These
elements are produced by O burning and are expected to reside
in the innermost ejecta (F24). Some of the elements in this
zone may be locked up in dust, but we do not attempt to
account for this given the considerable uncertainties regarding
the properties of the dust. Depletion into dust is most likely to
affect Si, and to a lesser extent also O and Ca. Most silicates
also need Mg, which is not abundant in the O-Si-S region
(F24), which suggests that these dust species may form at the
interface to the O—Ne-Mg zone or inside this.

Updates of the code used for these calculations also include
more detailed recombination data, especially for dielectric
recombination for several ions. Details of this, as well as
discussions of other abundance zones, will be given in
C. Fransson et al. (2025, in preparation). Collision strengths
and radiative transition rates for Cl1I, Cl1II, and ClIV were
taken from the Chianti Atomic Database (G. Del Zanna et al.
2021), while data for the [CI1] 11.3334 um fine-structure line
were taken from D. Hollenbach & C. F. McKee (1989). The
collision strength of this transition is highly uncertain, while
the other CI data should be more accurate. In particular, the
important [C11I] 14.3678 pm collision strength is estimated to
have an accuracy of ~10% (N. J. Wilson & K. L. Bell 2002).

For the ionizing flux, we have used the same spectra as
in F24, either a power-law synchrotron spectrum with oo = 1.1
from a PWN or that from a young cooling NS (CNS), with a
surface temperature of 3 x 10° K (see F24 for details). Except
for the abundances, the most important parameter is the
ionization parameter, £ = L;,/ Nionr”, Where Lio,, is the ionizing
luminosity above 13.6 eV, nj,, is the number density of ions,
and r is the distance to the ionizing source. The ion density
especially affects the collisional deexcitation of the different
lines. We have used the same volume filling factor, 0.1, as
in F24, resulting in nj, = 2.6 x 10*cm™. The other
parameters in ¢ are discussed below.

4.2.2. Modeling Results

The best observational constraints on the line luminosities
were obtained for [ArII] and [Ar VI], while the other lines have
lower S/N and also higher systematic uncertainties due to
blending with other ejecta lines (especially for [Fell] and
[CaV]) and prominent lines in the diffuse background
(especially for [STI] and [S1I]). Additionally, the Ar-line
profiles were best fit by two Gaussians, where we use only the
blue peak for a model comparison, while the others were fit
with single Gaussians, which adds further uncertainties.
Considering these systematic uncertainties, we only aim to
reproduce the observed luminosities of the weaker lines within
a factor ~2.

The ionization parameter is mainly determined by the
[Arvi] / [Ar 1] ratio. In the PWN case, we find £ ~ 0.18, and
in the CNS case, £ =~ 0.26. These are marginally lower than
those found in F24, which is a result of the slightly lower
[Arvi] / [Arq] ratio in the new observations. More
specifically, we take Ly, = 3.7 x 10**ergs™' and
r =279 x 10 cm for the PWN case, corresponding to
25kms™ ' for the freely expanding ejecta. Lion/r” is mainly
fixed by the ionization parameter, and that the bolometric
luminosity should be <5.3 x 10> ergs ™' (D. Alp et al. 2018).
In the CNS case, the surface temperature and luminosity are
constrained to 1-3 x 10° K and 3 x 10**-3 x 10% erg s7!
respectively (M. V. Beznogov et al. 2021). We take
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Lion =13 x 10 erg s " and r = 6.7 x 10" cm (corresponding
to 60 kms ™).

In the upper panels of Figure 26, we show the results for the
two different ionization models without any correction for dust
absorption or scattering. The normalization of the predicted
line luminosities has been determined from the observed
luminosity of the [Ar1I] line. In the case of [CalV], we have
for consistency only plotted the upper limit from Table 3 in
Appendix B for the narrow component with the same blueshift
as the Ar lines.

When we compare the predicted and observed luminosities,
we see that with the exception of the [Ar VI] line, which
together with the [ArIl] line determines the ionization
parameter, the models overpredict the luminosities of lines at
both longer and shorter wavelengths. This is in agreement with
the results in F24. However, if we include absorption from
dust as in F24, where we use the same dust absorption as in the
first panel of Figure 23 for amorphous forsterite (Mg, SiOy4)
with an optical depth of 7, = 11 at 10 um in the PWN case
and T,,s = 7 in the CNS case, the improvement at wavelengths
=8 pm is dramatically improved for both models, which is in
agreement with F24.

At shorter wavelengths, absorption by silicates is much
lower, as can be seen from the dashed blue curves in the
bottom panels. Therefore, the absorption does not affect the
overestimate of the luminosities of the lines shortwards of
~2 pm, apparent in the top panels. In F24, we suggested that
this may be explained by scattering of the same dust as it is
providing the absorption. As discussed in Section 4.1.1, the
scattering is more complicated to treat than pure absorption, as
it affects both the position of the emission and the wavelength.
Considering the unknown dust distribution and properties, we
simplify our treatment of the scattering by including it as an
absorption, which results in an extinction of the flux from the
central source. This implies that we disregard the scattered,
redshifted emission seen in Figure 24. This is also justified by
the fact that we only include the narrow, blueshifted emission
component in the comparison with our models, which comes
from a spatially unresolved region.

While the absorption is fairly independent of the size of the
grains, the scattering cross section, o, is roughly proportional
to the geometrical cross section of the grain (i.e., o o a?) in the
Rayleigh limit (A > a), as seen in Figure 23. To get a
suppression of lines shortward of the [CaIV] and [Ca V] lines,
the grain radii have to be relatively large, a = 0.3 pum. In
Figure 26, we take a = 0.3 pm, which is close to the peak in
the size distribution predicted from dust nucleation models in
the innermost Si-rich zones for SN 1987A (A. Sarangi &
I. Cherchneff 2015). This should be seen as a “typical” grain
size, while, in reality, a distribution of sizes is expected
(Figure 7 in A. Sarangi & I. Cherchneff 2015).

With this absorption and scattering included, we see a major
improvement in the model predictions compared to the
observations. While this agrees with F24 at long wavelengths,
scattering was not explicitly included in that paper. The fact
that extinction increases steeply with decreasing wavelengths
below ~5 pm, roughly as 7 oc A, nearly completely
suppresses the narrow lines below ~2 pm.

In general, our results are fairly similar to those in F24,
although the exact luminosities of the lines have changed with
the new, more accurate observations, as well as some changes
in the atomic data. One encouraging result is that the newly
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Figure 26. Photoionization model results compared to observed line luminosities. Top left panel: model of the oxygen-burning layers expected in an SN ionized by a
young CNS. The red dots show the predicted luminosities of different lines, while the stars show the observed luminosities from Table 2. Triangles show the
corresponding upper limits from Tables 3 and 4. The dashed vertical lines in the upper plots connect the observed luminosities or limits with the predicted line
luminosities for a selection of lines to illustrate the discrepancy between these. No correction for extinction has been applied. Top right panel: the same, but with
ionization by a PWN. Bottom panels: the same models as the top panels, but with luminosities (purple dots) now corrected for absorption by silicate dust, specifically
Mg, SiO, (forsterite), shown in the top left panel of Figure 23. The dashed blue and purple lines show the corresponding 7,p,s and Ty, respectively, with the scale
given on the right-hand axis. The optical depth is 7,,s = 7 at 10 um in the CNS case and 7,,s = 11 in the PWN case. A grain radius @ = 0.3 pm is assumed in both
cases. Note the suppression of the luminosities for A > 8 pm and for A < 4 pum, where 7., and Ty, are large, respectively.

detected [C11] 11.3334 pum line is reproduced in both models,
with a predicted luminosity within ~50% of the observed
values.

The main discrepancy is now the [FeII] 1.6440 pm line,
which is severely underpredicted. This is surprising because
this line should be weak even without scattering (Figure 26),
unless the Fe abundance in the model is several orders of
magnitude too low. With a large Fe abundance, we would,
however, also expect to see other Fe lines, such as [Fell]
1.2570 pm, which is not detected. The latter could potentially
be suppressed due to scattering by a population of smaller dust
grains (see Figure 23), but this requires fine tuning of the
distribution of grain sizes to also match the ratios of the other
lines. Another possibility is that the [FeII] line does not
originate from the same region as the other lines. Given that
the spatial locations and line profiles of all the lines are
consistent, this would imply that there are clumps of ejecta
with different abundance patterns on a scale size smaller than
the resolution. We note that in Cas A there are knots highly
enriched with iron, coming from silicon burning regions
(J. P. Hughes et al. 2000). As discussed in Section 3.1.3, the
significance of the narrow [FeII] peak depends on the details
of the strong background from the radioactively powered
surrounding ejecta, particularly the broad line from [SiI]
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1.6459 pum. It therefore needs to be confirmed with future
observations.

In summary, we find that, with the exception of the possible
[Fe 1] 1.6440 pm line, both the CNS and PWN models give
good agreement with the observed luminosities, as well as
upper limits for other predicted lines. This, however, requires
strong extinction effects from silicates, where absorption
dominates in the MIR, and scattering dominates in the NIR.
This therefore gives indirect evidence for silicate dust from the
inner ejecta in SN 1987A.

In F24, other possible emission from the compact object
were discussed, including the dust excess in P. Cigan et al.
(2019) and the possible hard X-ray excess in E. Greco et al.
(2021, 2022). The former was discussed further in
Section 4.1.2 and is compatible with the need for dust in our
models, although the connection with the IR line emission is
inconclusive. The X-ray excess reported in E. Greco et al.
(2022) is based on a fit to the observed NuSTAR spectra with a
thermal plus power-law model. The latter, which represents the
PWN, has an energy power-law index o 1.8 and a
luminosity 3.0 x 10** erg s~' between 10 and 20 keV. This
power-law index is, however, considerably steeper than found
for a sample of Galactic young PWNs, which are in the range
~0-1.2 (E. V. Gotthelf 2003; X.-H. Li et al. 2008).
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As also discussed in F24, if a power law with « = 1.8 and a
10-20 keV luminosity 3.0 x 10°* erg s~ is extended to 13.6
eV, it would correspond to a luminosity of 1.4 x 10*” ergs™'.
The upper limit to the total bolometric luminosity of the
central object in SN 1987A is 138 L., or 5.2 x 10* erg s~ ''®
(D. Alp et al. 2018). Therefore, the extrapolated luminosity for
the constant a = 1.8 power-law spectrum is a factor ~25 too
large. This ignores the nonionizing luminosity below 13.6 eV.
A break in the power law below 10 keV could relax this
discrepancy. However, to produce both a 10-20 keV
luminosity of 3.0 x 10* erg s~' and a total ionizing 13.6
eV to 20 keV luminosity <5.2 x 10* erg s~' requires the
break energy to be at ~11 keV. Including the PWN spectrum
in the radio to UV below 13.6 eV would require the break to be
at even higher energies, in the observed NuSTAR range.

Overall, it is clear that the PWN-dominated scenario is
much less constrained than the one dominated by the CNS.
Given that the observed line ratios in the MIR are mainly
determined by &, and less by the spectral shape of the ionizing
source, it is important to have independent constraints on L;,,
Nion, and r. Unfortunately, there are no density sensitive pairs
of lines among the observed lines from the central source, and
only indirect estimates can be used to constrain n;,, (F24). For
the CNS, cooling models limit the maximal temperature and
hence Li,, (M. V. Beznogov et al. 2021). The relatively low
L;,, implies that the NS needs to be close to the line-emitting
ejecta for a plausible density. This is supported by the
observed line widths; assuming that the narrow component of
the line profile corresponds to the size of the emission region,
the [ArVI] FWHM corrected for the spectral resolution is
56 km sfl, equivalent to r ~ 6.5 X 10" cm, which is close to
the value used for the model calculations.

For the PWN scenario, Ly, is less constrained, limited only
by the constraint on the total bolometric luminosity from
D. Alp et al. (2018), which leaves more freedom for n;,, and
r. F24 estimated the expansion velocity of the PWN shell to be
in the range ~150-300 km s ™', which is clearly larger than the
size of the emission region inferred from the line widths. This
implies either that the size of the PWN is smaller than
assumed, which suggests that the PWN is less energetic, or
that we are only seeing emission from a fraction of the ejecta
photoionized by the PWN. The PWN shock is, however,
highly unstable, which will give rise to a clumpy and
filamentary structure (R. A. Chevalier & C. Fransson 1992;
J. M. Blondin & R. A. Chevalier 2017), making the above size
estimate uncertain. Dust extinction, as inferred from the
photoionization models, may also suppress the flux from a
large fraction of the PWN, explaining the small emission
region. In this scenario, the properties of the dust would need
to be tuned to explain the lack of wavelength dependence of
the peak velocity of the observed lines (Table 2).

An alternative scenario, discussed in F24, is emission from a
shock caused by a pulsar jet (similar to the SN remnant G54.1
+0.3, T. Temim et al. 2010). The shock models in F24 have,
however, problems explaining the luminosity of some of the
observed lines, although a shock scenario cannot be com-
pletely ruled out. Finally, we note that the CNS must
contribute to the ionization also if there is a PWN, but its
contribution may be subdominant if the CNS has a lower

18 Note that, in F24, this number was a factor 10 too large, resulting in the
factor 25 discrepancy below.
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surface temperature and/or is located farther away from the
emission region.

4.3. Position and Relation to the Neutron Star Kick Velocity

NSs created in core-collapse SNe are expected to receive a
“kick” due to asymmetries in the explosion (e.g., H.-T. Janka
& D. Kresse 2024). We can estimate the kick velocity of the
NS in SN 1987A by assuming that it is located close to the
line-emitting region. As discussed above, this assumption is
more likely to hold if the ionizing radiation is dominated by
thermal emission from the NS surface rather than a PWN. The
[Ar V1] line provides the best constraints on the kick, with the
Doppler shift and offset from the center translating to a 3D
kick velocity of 510 4+ 55 kms ™' (252.3 &+ 1.8 kms ' toward
the observer and 443 4+ 64 kms~ ' to the southeast in the sky
plane). This is consistent with the kick velocity of 416 + 206
kms~! estimated from the NIRSpec observations at 12,900
days (F24), but has a smaller uncertainty due to the improved
spectral resolution in the new observations.

In this calculation, we have assumed that the center of the
explosion coincides with the center of the ER as reported in
D. Alp et al. (2018). C. Tegkelidis et al. (2025, in preparation)
have recently investigated the position of the center in more
detail using a larger set of HST observations registered to Gaia
DR3. They found a systematic difference of ~25 mas between
the peak of the early, marginally resolved ejecta and the center
of the ER, while the statistical uncertainties on the positions
are small in comparison. The final favored position, which is
taken as the average of the different methods, is very close to
the position from D. Alp et al. (2018) used here and does not
change the main conclusions regarding the magnitude and
direction of the kick. However, the systematic uncertainty,
which is equivalent to ~160 kms~" in the sky plane at 13,500
days, should be kept in mind for the interpretation.

The inferred magnitude of the kick in SN 1987A is close to
the typical 3D velocity of ~400 kms ' obtained from
population studies of radio pulsars (G. Hobbs et al. 2005;
C.-A. Faucher-Giguere & V. M. Kaspi 2006). Numerical
simulations of core-collapse SNe have shown that there are
two contributions to the total kick velocities: the asymmetric
ejection of matter (L. Scheck et al. 2006; A. Wongwathanarat
et al. 2013; H.-T. Janka 2017; A. Burrows et al. 2024) and the
asymmetric neutrino emission (C. L. Fryer & A. Kuse-
nko 2006; H. Nagakura et al. 2019). The former typically
produces kicks in the range ~300-1000 kms~', while the
latter gives lower kick velocities (S200kms™') and is
subdominant except for very low-mass progenitors (A. Burr-
ows et al. 2024; H.-T. Janka & D. Kresse 2024). The kick
inferred for the NS in SN 1987A is thus expected to be
dominated by the asymmetric ejection of matter.

In this scenario, momentum conservation implies that the
NS velocity vector, vys, is given by

mswxs = — [ p(rv(rdx, @)
where mys is the mass of the NS, p is the density, and v(r) is
the velocity at the radius r, and the integral is over the whole
ejecta. In the case of SN 1987A, there are 3D emissivity maps
of several different emission lines (J. Larsson et al. 2016;
F. J. Abellan et al. 2017; J. Larsson et al. 2019b, 2023), but to
translate these into a total density distribution would require a
complete spectral model for the ejecta, accounting for all
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relevant energy sources as well as the effects of dust. We
therefore make the simplifying assumption that the 3D density
distribution is directly proportional to the 3D emissivity, and
limit ourselves to calculating the direction of motion for
the NS.

We base our calculations on the 3D map of the [Fel]
1.444 ym line obtained from the NIRSpec observations at
12,900 days (J. Larsson et al. 2023). This shows a similar
overall 3D morphology as other lines, in particular Ha and
[Fe ]+[Si1] 1.65 um (J. Larsson et al. 2016), but offers better
S/N and has minimal contamination by other emission lines
from the ejecta and ER. We find that the resulting kick
direction is vns = (—0.34, 0.94, —0.01), which corresponds
to motion to the east, north, and toward the observer. The latter
component is very small, so the predicted motion is almost in
the plane of the sky, at PA = 20°. The statistical uncertainty on
the predicted direction is negligible (<0.005 in all directions)
as the S/N in the 3D map is high.

For comparison, the position and blueshift of the [Ar VI]
source translate to a kick direction Vs = (—0.78 & 0.12,
—0.37 £ 0.12, —0.49 + 0.004), i.e., to the east, south, and
toward the observer, with a PA of 116° in the sky plane. This
does not agree with the prediction from the 3D map, with the
difference along the line of sight being the most significant due
to the well-constrained Doppler shift. The discrepancies are
likely due to the major simplifying assumptions noted above,
but could also indicate that the assumed center of the explosion
is wrong, that the [Ar VI] emission region is farther away from
the compact object, and/or that the neutrino mechanism
contributed significantly to the total kick.

An independent estimate of the NS kick velocity in SN
1987A has been presented by A. Jerkstrand et al. (2020), who
used the redshifted centroids of the *°CO decay lines to place a
lower limit on the kick of 500 kms™', which is compatible
with the value inferred from the [Ar VI] line. Predictions for
the NS kick have also been obtained from 3D simulations of
explosions that resemble SN 1987A, where the models were
oriented to match previous 3D-maps of the Fe/Si-emitting
ejecta. Two different explosion models, one presented in
H.-T. Janka et al. (2017; with more details on the kick
provided in D. Page et al. 2020), and another one presented in
M. Ono et al. (2020) and S. Orlando et al. (2020), find similar
results with an NS kick velocity of ~300 kms™" directed to
the north and toward the observer. It is interesting to note that
both the observed [Fel] map and these models predict a
significant NS velocity component to the north, contrary to the
direction inferred from the [Ar VI] line, which may indicate
that there is significant momentum carried by ejecta not
captured in the observed 3D maps, or that the NS is not very
close to the line-emitting region.

5. Summary and Conclusions

We have presented an analysis of Cycle 2 JWST NIRSpec
IFU observations of SN 1987A obtained 13,500 day
postexplosion, complemented by MRS observations obtained
at 13,300 days. Our analysis is focused on the innermost
ejecta, motivated by the discovery of narrow emission lines
from Ar and S from this region in the Cycle 1 observations at
12,900 days, which provided strong evidence for ionization by
a compact object (F24). The new NIRSpec observations were
obtained with the high-resolution gratings, offering a factor ~3
higher spectral resolving power than the Cycle 1 observations
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in the ~0.9-5.2 ym wavelength range. The main results from
the analysis can be summarized as follows:

1. The new NIRSpec data enable a better characterization
of the [Ar VI] 4.5292 um line profile. Importantly, we
identified and removed a diffuse background component
that emits an unresolved line at the systemic velocity of
SN 1987A. The line profile of the compact central source
is dominated by a narrow peak (FWHM ~ 110 kms™ ")
with blueshift —252 + 2 km s~ ', in good agreement with
the [Ar 1] 6.9853 pm line in the MRS. Both Ar lines also
show a weak red wing extending to ~+200 kms~'. No
significant time variability of the Ar lines was detected
between the two observing epochs (Ar ~ 400-600 days).

2. We identified the presence of similar, blueshifted, narrow
emission lines from the central ejecta for [Fell]
1.6440 pym, [Ca V] 4.1585 pm, [S1V] 10.5105 pm, [Cl11]
14.3678 pum, and [S1] 18.7130 yum. The [SIV] and
[S 1] lines were previously discussed in F24, while the
others have been identified based on the new observa-
tions. The properties of all these lines are more uncertain
than the Ar lines due to lower S/N and/or blending with
other emission components. We also placed upper limits
on many undetected lines predicted by the photoioniza-
tion models, including several Si lines at short
wavelengths.

3. Emission from [CalV] 3.2068 um is detected near the
center, although significantly displaced to the north
compared to the lines discussed above. The line is also
broader (FWHM ~ 1100 kmsfl), with its peak red-
shifted by ~700 kms~".

4. The spatial properties of the emission region are best
constrained from the [Ar VI] line, which is unresolved
and located southeast of the geometric center of the ER
(30 £ 10 mas south, 63 & 10 mas east, PA=116° + 8°).
This offset, together with the blueshift of the line,
translates to a 3D kick velocity of 510 + 55 kms ™' for
the NS, assuming that it is located close to the line-
emitting ejecta. The [Ar VI] source is located to the south
of the peak in the ALMA 679 GHz dust map, which has
been interpreted as dust heated by a compact object,
although the positions are consistent within the 3o
astrometric uncertainties. The significant expansion of
ejecta in the ~10 yr between the ALMA and JWST
observations adds further uncertainties to the comparison
and prevents us from drawing conclusions about the
possible connection between the dust blob and IR lines.

5. The continuum in the innermost ejecta does not show
any signs of a PWN in terms of enhanced flux or spectral
index variations. The upper limit on a Crab-like PWN
spectrum with o = —0.3 in the G395H grating (2.9-5.2
keV) is 7.4 x 10**ergs™', considering a circular region
with 0”3 radius. A possible PWN is most likely
considerably smaller, so this is a conservative limit.

We find that these observed results are strongly affected by
dust in the ejecta. Absorption by silicates at A 2 8 um is
required to explain the line ratios, as previously discussed
in F24, and from the new results, it is clear that the spectrum is
also affected by dust scattering at shorter wavelengths. We
show that dust scattering in the expanding ejecta leads to a
broadening and redshift of the line profiles. This can explain
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the red wings of the [Ar1I] and [Ar VI] lines, as well as the
redshifted [CaIV] profile, considering the sharp increase in
scattering optical depth between the wavelengths of these
lines. Scattering by the same dust also explains the absence of
many strong narrow lines predicted by the models at shorter
wavelengths, as the broadened scattered profiles will be
blended with the other broad lines in the spectrum. We find
that a typical grain size of ~0.3 pm provides a good match to
the observations.

We compared the observed line luminosities with photo-
ionization models similar to those in F24, where we accounted
for the effects of dust and explored the two scenarios where the
ionizing radiation is dominated by the thermal emission from a
CNS or the nonthermal spectrum of a PWN, respectively. Both
models are compatible with the observations, including the
newly identified [Ca V] and [CIl 1] lines. However, the narrow
[Felr] 1.6440 um line is severely underpredicted, suggesting
either a more complex physical scenario, such as a very high
Fe abundance and a wider distribution of dust grain sizes, or
that the feature is not real. Its significance depends on the
background from the broad [SiI] 1.6459 pm line and will need
to be confirmed with future NIRSpec observations. Adding the
spectra from different epochs will improve the S/N and allow
for improved constraints on the [FeII] feature, as well as the
other predicted lines in the NIRSpec range.

The PWN and CNS models primarily differ in the predictions
for lines at short wavelengths, such as [S 1] 0.9533 pm, [C1]
0.9827, 0.9853 um, and [Si VI] 1.9646 pum, which we propose
are not detected due to dust scattering. This situation is expected
to improve over time, as the optical depth will decrease as
7 o<t~ 2 due to the expansion of the ejecta. Continued monitoring
of the emission from the center is therefore of great interest.
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Appendix A
Properties of the Diffuse Emission Surrounding SN 1987A

Here, we investigate the properties of the narrow [Ar VI]
component at ~0 kms~' in more detail. To characterize the
line, we fitted a Gaussian to the continuum-subtracted spectra
in each spaxel in the whole FOV. Initial fits showed that the
line was consistent with being unresolved, so the width of the
Gaussian was fixed at the instrumental resolution, which
corresponds to FWHM = 96 km s~ at this wavelength. In the
central region, we performed the fit in a narrow velocity
interval of £170 kms~' and also added a straight line to the
model to account for the extended red wing of the line from the
central source (see Figure 2). The resulting fluxes and centroid
velocities of the best-fit Gaussian lines are shown in the top
row of Figure 27. The flux does not trace the ER or ORs,
although the bright region in the west is just outside the
brightest part of the ER. The centroid velocity has a median
value of 0.0 kms™' and does not show any significant spatial
variations.

Spatially extended emission from narrow lines with
low radial velocities have previously been reported in the
analysis of MRS data, including [SIV] 10.5105 pm, [Ne VI]
7.6524 pm, [NeVv] 14.3217 pm, [S11] 18.7130 pm, [Ne Vi]
243175 pm, and [O1V] 25.8903 pum (O. C. Jones et al.
2023b). With the improved spectral resolution in the new
NIRSpec data, we are now able to identify additional lines in
the NIR, including [Mg1V] 4.4867 um and [Ar VI]. The results
of fitting the [MgIV] line with a narrow Gaussian across the
whole FOV are shown in the bottom row of Figure 27. The
S/N is too low for the fits to be constrained in all spaxels, but
it is nevertheless clear that the line shows similar properties as
the [Ar VI] line.'® We thus conclude that there are a number of
narrow, high-ionization lines with low radial velocity in an
extended region around SN 1987A. This is most likely local
gas ionized by the UV /X-ray emission from the initial shock
breakout and the ER (P. Lundqvist & C. Fransson 1996;
P. Lundqvist 1999).

19 To the best of our knowledge, the most precise wavelength of the [Mg IV]
line reported in the literature is 4.47668 £ 0.00030 pm (H. Feuchtgruber et al.
1997). Using this wavelength results in a median radial velocity of —15
kms~! for [Mg 1V], compared to 0.0 km s~! for [Ar vi1], for which the rest
wavelength is 4.52922 4+ 0.00015 (S. Casassus et al. 2000). The offset of —15

km s~ is within the wavelength uncertainties of the two lines.


https://doi.org/10.17909/tm6r-a511
https://doi.org/10.17909/tm6r-a511

THE ASTROPHYSICAL JOURNAL, 991:130 (28pp), 2025 October 1

120

[Ar VI]

100

40

20

70

60

N
o

w
(=]
Flux (10~2° ergcm—2 s71)

10

0

Flux (1072 erg cm™2 s71)

Larsson et al.

60

=20

[=]
Radial velocity (km s™1)

—-60
60

-20

| o
Y
o
Radial velocity + 15 (km s™1)

—-60

Figure 27. Results of fitting the unresolved [Ar VI] and [Mg 1V] lines with a Gaussian in each spaxel. The width of the Gaussian was kept fixed at the instrumental
resolution. The left and right panels show the integrated fluxes and centroid velocities, respectively, with [Ar VI] results shown in the top panels and [Mg IV] results
in the bottom panels. The dashed line in all the panels shows the position of the ER for reference. A constant of 15 km s~ ' has been added to the [Mg IV] velocities,
which results in a similar median velocity as the [Ar VI] line and is compatible with the uncertainties in the rest wavelengths of the two lines. Spaxels with missing
values imply that the fit parameters could not be constrained. This is due to low S/N except for a few spaxels at the center for [Ar VI], where the central point source

instead completely overwhelms the narrow diffuse component.

Appendix B
Upper Limits on Narrow Lines from the Central Ejecta

Here, we present upper limits on narrow Ar-like compo-
nents from the central ejecta in other emission lines. We select
lines that can constrain the photoionization and shock models,
as well as potentially give information on dust scattering and
absorption. For lines in the NIRSpec range, we use both the
spectral and spatial properties of the [ArVI] line when
determining the limits, focusing on the peak of the line profile,
where the signal from the central source compared to the
surrounding ejecta is maximized.

For each line of interest, we first resample the velocity
(spectral) dimension of the cube to match that of the [Ar VI]
line, using linear interpolation. We then produce an image by
integrating over the two spectral bins at the peak of the line,
which corresponds to a velocity width of 90 kms™'. We also
create an average image of two spectral bins on each side of
the peak (displaced by +90 km s~ ' from the peak), which we
subtract as background. The same procedure is then carried out
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to create an equivalent image of the [Ar VI] line, using the
version of the cube where the diffuse 0kms ™' line has been
removed (Section 3.1.1).

For each line image, we add the [Ar VI] image multiplied by
a constant, and determine the lowest value of the constant for
which a central point source is detected in the resulting image.
We use the DAOStarFinder tool from photutils
(L. Bradley et al. 2023) to carry out the source detection,
with the detection threshold set to the median + 3 standard
deviations of the surrounding ejecta region in each image.
Finally, we use the properties of the [Ar VI] line to translate the
constant that results in a detection to a luminosity for the
narrow blueshifted component of the line. The resulting limits
are presented in Table 3.

Before adding the renormalized [Ar VI] images to obtain the
upper limits, we verified that no central point sources were
detected for any of the lines in Table 3. On the other hand, the
central sources in the [Fell] and [Ca V] lines discussed in
Sections 3.1.3 and 3.1.4 are detected at 50 and 40 significance,
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Table 3
Upper Limits on [Ar VI]-like Components in Other Lines in the JWST/
NIRSpec Range

Line Wavelength Liim®

m
(pem) 10% erg s7h

[S 1] 0.9533 1.05
[C1l 0.9827 1.58
[C1 0.9853 2.09
[S 11] 1.0323° 3.44
[Si]] 1.0994 3.04
[Si1] 1.6073 0.23
[SiI] 1.6459 5.70
[Si vI] 1.9646 247
[Ca1V] 3.2068 0.89
Notes.

 The luminosities are 3o upper limits on narrow, blueshifted components with
the same properties as observed for the [Ar VI] line.
b Weighted wavelength of four lines.

Table 4
Upper Limits on [Ar IT]-like Components in Other Lines in the JWST/MIRI
MRS Range
Line Wavelength Liim
(pum) (10" ergs™ )
[Fe 11] 5.3402 1.07
[Ar V] 7.9016 0.25
[Ar 1] 8.9914 0.17
[Cl1] 11.3334 0.16
[Ar V] 13.1022 0.09
[Fe 1] 17.9360 0.22
[Ar 111] 21.8291 0.35
[O1V] 25.8903 1.73
[Fe 11] 25.9884 1.25

Note. The luminosities are 30 upper limits on narrow, blueshifted components
with the same properties as observed for the [Ar II] line. Vacuum wavelengths
are from P. A. M. van Hoof (2018).

respectively. The main systematic uncertainty affecting the
limits in Table 3 is the background subtraction, which is
clearly approximate due to the complexity of the underlying
spectra, which contain broad, asymmetric lines from the ejecta,
as well as contributions from the northern OR and scattered
light from the ER in some cases.

For lines in the MRS wavelength range, we used the spectral
properties of the [ArlIl] line to estimate upper limits from
spectra extracted from the “ejecta” region (see O. C. Jones
et al. 2023b; P. J. Kavanagh et al. 2025, in preparation). Upper
limits were determined using a Gaussian line profile centered
at the blueshifted velocity of the [ArII] line with an amplitude
3 times the rms noise. The FWHM was either as reported for
[Ar11] in P. J. Kavanagh et al. (2025, in preparation) or, if the
line is unresolved, set to the instrument resolution (O. C. Jones
et al. 2023a). Emission lines from the ER were masked when
determining the rms noise. In the case of the [Fell]
25.9844 ym and [O1V] 25.8903 pum lines, we fitted a spline
model using the SplineExactKnotsFitter (Astropy
Collaboration et al. 2022) to remove the broad underlying Fe
line complex and estimated the rms noise on the residuals. The
resulting upper limits are reported in Table 4.
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