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ABSTRACT

Context. Deriving the mass and large-scale asymmetries of radioactive isotopes offers valuable insights into the complex phases of
a supernova explosion. Important examples include *°Ni, with its decay products **Co and *°Fe, and **Ti, which are studied through
their X-ray emission lines, and provide a powerful diagnostic tool to probe the explosive nucleosynthesis processes in the inner layers
of the exploding star.

Aims. In this framework, SN 1987A provides a privileged laboratory, being the youngest supernova remnant from which the mass
of Ti has been estimated. However, some uncertainty remains in determining the initial mass of **Ti. Previous analyses, relying on
NuSTAR and INTEGRAL data, report My, = (1.5 £ 0.3) x 10™* M, and My = (3.1 + 0.8) x 10~* M, respectively. In this paper, we
estimate the initial mass of “*Ti via its decay product, the **Sc emission line at 4.09 keV, using Chandra observations.

Methods. We performed multi-epoch spectral analysis focusing on the inner part of the remnant, to minimize the contamination from
the X-ray emission stemming from the shocked plasma. As a result, we report the detection of “*Sc emission line in the central part of
SN 1987A with a ~99.7% (3 o) significance.

Results. The simultaneous fit of the spectra extracted from observations between 2016 and 2021 yields a line flux of 6.83:% x 1077 pho-
tons s~! cm™2, corresponding to a **Ti mass of My, = (1.6 + 0.5) x 10™*M,, (errors at the 90% confidence level). The results obtained

with our spectral analysis appear to align with those derived with NuSTAR.

Key words. supernovae: general — ISM: general — supernovae: individual: SN 1987A

1. Introduction

Supernova (SN) explosions are important sources for study-
ing the chemical evolution of the Universe. The supernova
ejecta carry information on explosive nucleosynthesis processes,
and elements synthesized in the inner layers of core-collapse
supernovae can “retain memory” of the physical mechanisms
governing the explosion. Several key issues can be addressed by
studying the radioactive emission of the 3°Ni and **Ti isotopes,
which are synthesized in the central part of the exploding star
(Hashimoto 1995; Nagataki et al. 1997; Nagataki 2000), along
with their daughter products, such as **Co and *°Fe for *°Ni,
and *Sc for *Ti. In particular, the yield of **Ti is very sensitive
to supernova shock conditions (more so than °Ni), specifically
the peak temperature and density of the ejecta reached shortly

* Corresponding author.

after core collapse (e.g., Magkotsios et al. 2010), thus providing
a powerful diagnostic tool for explosion physics. Moreover, as
shown by Nagataki et al. 1997, 1998 and Nagataki (2000), a
high “*Ti/°°Ni ratio can be considered a signature of large-scale
anisotropies in the explosions. More recently it has been found
that neutrino-driven winds and the possible simultaneous accre-
tion and explosion in 3D models of CCSNe are crucial for **Ti
production (Wang & Burrows 2024).

After the complete decay of *°Co and 3’Co, which dom-
inate the energy balance during the first few years following
the explosion, the IR, optical, and UV emissions are driven by
the radioactive decay of **Ti. Additional evidence for the pres-
ence of **Ti can be derived from the X-ray and y-ray emission
of its decay chain. In this process, *Ti decays into **Sc with
an e-folding time of 85 years (Ahmad et al. 2006), producing
two emission lines at 67.9 keV and 78.4 keV through electron
capture. Subsequently, “*Sc decays into **Ca with a lifetime of
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Fig. 1. Upper panel: Chandra/ACIS photon count map of SN 1987A
in 2019 (Obs ID 21304), in the 0.5-7.0 keV energy band. Lower panel:
same image as above, but deconvolved using the Lucy-Richardson algo-
rithm. Both images have a pixel size of 0.06”. The red circle indicates
the region selected for spectral analysis.

5.7 hours (Ahmad et al. 2006), emitting a line at 1157.0 keV
through B-decay and electron capture. The electron capture
results in **Sc with a vacancy in its K-shell, which produces a
K-shell transition with an X-ray emission line at 4.09 keV.

The supernova SN 1987A, observed on February 23, 1987
in the Large Magellanic Cloud (West 1987) at a distance d =
51.4 kpc (Panagia 1999), is an ideal target for studying a nearby,
very young, core-collapse supernova explosion (CCSN), and its
subsequent evolution into a supernova remnant (SNR). X-ray
emission from SN 1987A was detected by Dotani et al. (1987) in
the hard band (above 10 keV) a few months after the explosion
and a few years later by Beuermann et al. (1994) with ROSAT in
the soft X-rays. Since 1999, multi-epoch Chandra observations
have revealed the morphology of the X-ray emission and its time
evolution (Helder et al. 2013; Frank et al. 2016; Ravi et al. 2024,
see also Fig. 1). The X-ray emission of SN 1987A is character-
ized by a ring-like structure in expansion, which results from the
shocked circumstellar medium produced by stellar winds from
the progenitor star before the SN explosion. The circumstellar
medium has been previously observed in the optical band (Luo &
McCray 1991; Lundqvist & Fransson 1991; Burrows et al.
1995; Chevalier & Dwarkadas 1995). Important information
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on the origin and evolution of the X-ray spectral features has
been obtained from the analysis of XMM-Newton observations
(Haberl et al. 2006; Sun et al. 2021) and SRG/eRosita (Maitra
et al. 2022).

The X-ray emission can be well reproduced by magneto-
hydrodynamic (MHD) simulations (Orlando et al. 2015, 2019,
2020, 2025), which self-consistently describe the time evolu-
tion of the remnant morphology, fluxes, and spectra. Moreover,
the comparison between X-ray data and MHD simulations pro-
vides important information on the origin of the broadening of
X-ray emission lines, pinpointing the roles of thermal broaden-
ing and Doppler broadening associated with plasma expansion
(Miceli et al. 2019; Ravi et al. 2021; Miceli 2023). Recently,
XRISM collaboration (2025) have shown that XRISM obser-
vations can recover the expansion velocity of the outer (i.e.,
metal-poor) ejecta layers interacting with the reverse shock, as
predicted by Sapienza et al. (2024a,b). Thermal X-ray emission
from metal-rich ejecta is expected to be modest in the next few
years (Orlando et al. 2025).

Multiwavelength observations of SN 1987A have revealed
Doppler shifts in the emission lines of heavy elements (e.g.,
[Fe I and [Ni II]) up to velocities exceeding 3000 km s~
(e.g., Haas et al. 1990; Colgan et al. 1994; Utrobin et al. 1995;
Larsson et al. 2016). The formation of *Co gamma-ray lines
in SN 1987A, several months earlier than expected (Matz et al.
1988), reveals mixing between some innermost heavy nuclear
products and the outer envelope. The °Co lines at 847 and 1238
keV were detected by balloon experiments (Cook et al. 1988;
Mahoney et al. 1988; Sandie et al. 1988; Teegarden et al. 1989)
and by the y-ray spectrometer (GRS) on board the Solar Max-
imum Mission (SMM) satellite (Matz et al. 1988; Leising &
Share 1990). As a result, it was found that almost 5% of iron-
group-rich plasma mixed out to velocities of ~3000 km s~!
(Arnett et al. 1989; Leising & Share 1990), much higher than the
characteristic values (< 1000 km s™!) expected for iron-group
material. This mixing may result from Rayleigh—Taylor insta-
bilities or from radioactive heating, which causes the expansion
of °Ni/*®Co-rich bubbles (Basko 1994; Kifonidis et al. 2003;
Urushibata et al. 2018; Ono et al. 2020).

The anisotropy in the inner ejecta velocities has been con-
firmed by the detection of a redshift of approximately 0.23 keV
in the **Ti X-ray emission lines at 67.87 keV (Boggs et al.
2015), observed with NuSTAR and corresponding to a veloc-
ity of ~700 km s~ in the rest frame of SN 1987A. Boggs
et al. (2015) measured the flux of the line at 67.87 keV (F¢g =
35+ 0.7 % 107° cm™2 s~'; similar results were later obtained
by Alp et al. 2021), thus deriving an initial mass of **Ti My, =
1.5+ 0.3 x 107*M,, (see Eq. (1)). This value is in agreement
with the simulations (Thielemann et al. 1990; Woosley & Hofft-
man 1991), which predict Myy = 0.2-2.5 X 10’4M@ in CCSNe.
Modeling of the optical spectrum performed by Jerkstrand et al.
(2011) also suggests My, = 1.5 + 0.5 x 107*M,,. Furthermore,
model B18.3 developed by Orlando et al. (2020) and Ono et al.
(2020) predicted an initial “*Ti mass of approximately 1.4 x
10~*M,. However, this value should be interpreted with cau-
tion, as the explosive nucleosynthesis was modeled using a small
approximate nuclear reaction network and this may lead to an
overestimation of the **Ti abundance (Mao et al. 2015).

Conversely, the fluxes of the 67.87 keV and 78.32 keV lines
measured with INTEGRAL indicate a higher initial **Ti mass,
by a factor of ~2, i.e., Myy = (3.1 £0.8) X 10~* M, (Grebenev
et al. 2012).

The *Ti yield can also be estimated by measuring the flux
of the **Sc line at 4.09 keV, as successfully demonstrated for
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the supernova remnant G1.9+0.3 by Borkowski et al. (2010),
through the analysis of Chandra observations. This approach
was also applied to SN 1987A by Leising (2006), who analyzed
multi-epoch Chandra spectra of the entire remnant, finding no
significant detection of the **Sc line due to high contamina-
tion by the emission of the shocked ring material. Their upper
limit on the line flux corresponds to My < 2 X 10™* My, with-
out including the effects of photoelectric absorption from the
surrounding cold ejecta.

In this paper, we adopt a new methodology to detect the
#Sc line in multi-epoch Chandra observations of SN 1987A
and to estimate the value of My4. In particular, we selected a
circular region in the inner part of the remnant (with an angu-
lar radius R ~ 0.3”; see Fig. 1), where the contamination from
thermal emission from the shocked plasma is as low as pos-
sible. Additionally, the expansion of the bright ring reduces
contamination from thermal emission from shocked plasma in
the central region, where **Sc is thought to be synthesized, at
the latest epochs. We also note that the lowest absorption from
the cold ejecta at the latest epochs favors the detection of the
#Sc emission line.

The paper is organized as follows. Sect. 2 describes the
observations analyzed and the data reduction. Results are
presented in Sects. 3 and 4 and the discussion and conclusions
are provided in Sect. 5. Details of the observations are listed in
Appendix A. Appendix B shows the temporal evolution of the
#Sc line. The background region and spectrum are presented in
Appendix C, while Appendix D shows the complete view of the
Markov Chain Monte Carlo (MCMC) corner plot discussed in
Sect. 3.

2. Observations and data reduction

We analyzed all archival Chandra/ACIS-S observations of SN
1987A, spanning 22 years from 2000 to 2021. The relevant infor-
mation on the observations is summarized in Table A.l. Data
were analyzed with CIAO (v4.13), using CALDB (v4.9.4), and
reprocessed with the chandra_repro task.

For the image analysis, we adopted subpixel sampling with
a pixel size of 0.06 arcsec for each observation. We improved
the spatial resolution of all images using the CIAO arestore
tool, which accounts for the point spread function (PSF) of
the telescope by applying the Lucy-Richardson deconvolution
algorithm (as previously demonstrated in Helder et al. 2013;
Frank et al. 2016; Ravi et al. 2024). To produce the PSF for the
deconvolution, we used the MARX software (Davis et al. 2012).
The deconvolved image provides a better constraint on the emis-
sion from the ring, serving as a good starting point for selecting
the region used in the spectral analysis.

Spectra were extracted from the event files using specex-
tract, which also generates the corresponding ancillary response
file (ARF) and the redistribution matrix file (RMF). The spec-
tra were rebinned using the optimal binning algorithm of
(Kaastra & Bleeker 2016). Spectra extracted from observations
performed within one month were merged using the CIAO tool
combine_spectra.

Spectra were analyzed using the XSPEC V 12.13.0c soft-
ware(Arnaud 1996), in the 1.0-5.5 keV band. Due to the low
statistics, we fit the spectra using the C-statistic (Cash 1979). To
calculate the error bars, we ran the Markov Chain Monte Carlo
(MCMC) algorithm within xspec, thereby accounting for the
dependencies among the free parameters in the fit. We used the
Goodman—Weare algorithm with a chain length of 2 x 10° and
30 walkers.

3. Results

The isotope **Ti is synthesized in the innermost ejecta, and its X-
ray emission becomes detectable only when the gas is optically
thin, i.e., approximately 20 years after the SN explosion (e.g.,
Fransson & Chevalier 1987). Once the ejecta become transparent
to X-rays, the flux corresponding to each radioactive emission
line, F;, can be calculated as

F. = MasWi e*f/m 6))
" dndAdmyta ’

where My is the initial mass of *Ti, d is the distance to the

source, m,, is the proton mass, t44 is the e-folding time decay of

#Ti (~85 yr), and W; is the emission efficiency for the three X-

ray emission lines (17.4% for line at 4.1 keV, 87.7% for line at

67.87 keV, and 94.7% for line at 78.4 keV, Grebenev et al. 2012).

We expect “Ti in SN 1987A to be distributed over an
extended area, similar to that of Fe-rich ejecta. Larsson et al.
(2023) showed that the Fe-rich ejecta are located within the
main shell of reverse-shocked material, in a region referred to
as the homunculus, well inside the shocked, dense equatorial
ring (ER). Accordingly, we selected a circular region with radius
0.3” (shown as a red circle in Fig. 1) for spectral extraction.
Within this region, maximum #*Sc line emission is expected
from the unshocked ejecta, while, the choice of extraction region
simultaneously minimizes the contamination associated with the
thermal X-ray emission from the ER.

The source spectrum was fitted with a model that includes
interstellar absorption (the Thabs model) with a column den-
sity, Ny, fixed at 2.35 x 10?! cm™2 (Park et al. 2006); a non-
equilibrium of ionization collisional plasma model (thevnei
model), to reproduce thermal emission from the shocked plasma
spilling from the bright ring inside the central region because
of the telescope PSF; an absorbed power law (with absorption
originating from cold ejecta) to account for the nonthermal emis-
sion stemming from the putative pulsar wind nebula (Greco et al.
2021, 2022) (the vphabs*pow model); and a Gaussian compo-
nent for the **Sc line. The *Sc line emission is expected to be
redshifted as that of *Ti (AE/E)ur; = (AE/E)ug.). Since the
emission line at 67.87 keV shows (AE)«r; = 0.23 £ 0.09 (Boggs
et al. 2015), we expect (AE)ug. = 0.013 £ 0.005 keV, yielding
the line centered at about 4.076 keV. We kept the line centroid
frozen to this value during the fitting process. The model for the
source spectra is described by the following equation:

Src mod = Thabs X (vphabs X pow + vnei + gauss) 2

In the early Chandra observations, we expect the absorption
from cold ejecta to be prominent at the energy of the *Sc emis-
sion line and the measurement of the line flux to be affected by
this issue. A careful search for line emission at 4.076 keV yields
very low line fluxes for the observations performed between
2000 and 2015, as described in detail in Appendix B. The
detailed modeling of the time-dependent absorption from cold
ejecta is beyond the scope of this paper. Given the uncertain-
ties in the distribution of **Ti in our simulations of SN 1987A
(see Ono et al. 2020), it is not possible to perform an accu-
rate estimate of the emission and absorption of the line in the
ejecta. However, we caution that this limitation may affect our
estimates. We focus here on the spectral analysis of the most
recent six years of our set of observations (2016-2021), when
the expansion of the remnant significantly reduces thermal con-
tamination in the central region, and the cold ejecta are expected
to be optically thin, thereby allowing Eq. (1) to be applied.
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Fig. 2. Upper panel: Chandral/ ACIS spectra extracted from the circular
region shown in Fig. 1 for all observations performed between 2016
and 2021 (see Table A.1), with the corresponding best-fit model and
residuals. Dotted lines show each component of the best fit model for
each epochs. Lower panel: combined spectrum obtained by summing
all the observations shown in the upper panel. The *Sc line is modelled
by a narrow Gaussian at 4.076 keV. Dotted lines indicate the different
components of the best-fit model.

To improve the statistics of the **Sc emission line, we simul-
taneously fit spectra extracted from all observations performed
between 2016 and 2021. When fitting the spectra, the elec-
tron temperature, ionization parameter, and normalization of the
vnei component of each spectrum were left free to vary. The
normalization of the Gaussian component that models the * Sc
line was also a free parameter, but, in this case, the normal-
izations of different epochs were tied together to account for
the expected exponential time decay of Eq. (1). The sigma of
the Gaussian component was fixed to 1 X 107 keV to reduce the
number of free parameters. We verified that the results of the fits
were not affected when this parameter was left free to vary.

The background region was selected on the same chip as the
source region, in an area without visible point-like sources, and
the corresponding spectrum was fitted with an ad hoc model (see
Appendix C for details). The background flux is consistently less
than 0.1% of the total, which is why the background components
are not visible in the spectral plots. The data, corresponding best-
fit model, and residuals are shown in the upper panel of Fig. 2.
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Fig. 3. Close-up view of the MCMC corner plot shown in Fig. D.1.
The parameter norm_24 indicates the normalization of the Gaussian
at 4.076 keV, not corrected for the PSF effects (see text). The param-
eters kT_25, Tau_39, and norm_41 correspond to the temperature,
ionization parameter, and normalization, respectively, for the vhei com-
ponent in the 2016 spectrum.

The angular extension of the spectral extraction region
shown in Fig. 1 (0.3”) is smaller than the Chandra PSF (~0.5"),
so that a fraction of the photons emitted within the central region
are scattered outside it by the telescope mirrors. Larsson et al.
(2023) showed that the unshocked Fe-rich ejecta in SN 1987A
extend over a large area inside the ER, largely filling the spec-
tral extraction region. As a working assumption, we assume that
the Ti-rich ejecta are uniformly distributed within the extrac-
tion region (Ono et al. 2020). Under this hypothesis, the **Sc
line emission originates from a disk with radius 0.3”. Using the
MARX software, we find that, in this scenario, three-quarters of the
photons are scattered outside the region. A very similar propor-
tion (71%) is obtained by assuming a 2D Gaussian profile with
o = 0.15”. Although this percentage may vary slightly depend-
ing on different spatial distributions of surface brightness within
the extraction region, we expect that the line flux obtained from
the spectral analysis needs to be multiplied by a factor f of the
order of f ~ 4 to recover its intrinsic value. We adopt f = 4
hereafter.

From the combined analysis of the 20162021 spectra, we
find a line flux of 6. 83% x 1077 photons s™! cm™2, with error
bars at the 90% confidence level. For visualization purposes, the
lower panel of Fig. 2 shows the combined Chandra/ACIS spec-
trum obtained by summing all spectra collected between 2016
and 2021. The **Sc line is clearly visible above the continuum.
Fig. 3 shows a portion of the MCMC corner plot for the first
four free parameters: the normalization of the Gaussian centered
at 4.076, the electron temperature k7', the ionization age 7, and
the normalization of the first vnei component associated with
the spectrum observed in 2016. Contours correspond to the 68%,
95.5%, and 99.7% confidence levels. The corresponding com-
plete corner plot is shown in Fig. D.1 and indicates a detection
significance of approximately 30~ (99.7% confidence level). We



Giuffrida, R., et al.: A&A, 700, A254 (2025)

conclude that the detection of the line is robust and statistically
significant.

Using Eq. (1) and setting W; to 0.174 (see Sect. 1), we can
estimate the initial mass of **Ti from the **Sc line flux reported
above, finding My4 = 1.6 £ 0.5 X 104 Mg, with error bars at
the 90% confidence level. This result is in excellent agreement
with the value obtained from the analysis of NuSTAR spectra
by Boggs et al. (2015). However, our estimate of the **Ti initial
mass is significantly lower than that reported by Grebenev et al.
(2012), based on the analysis of INTEGRAL data.

4. XRISM-Resolve simulated spectra

The detection of the **Sc line might be feasible with the new X-
ray telescope, XRISM. SN 1987A will not be spatially resolved
by the XRISM mirrors; therefore, it will not be possible to extract
spectra from small regions to reduce contamination from thermal
X-ray emission, as was done with Chandra. However, the high
spectral resolution offered by the XRISM-Resolve spectrometer
will facilitate detection of the line emerge over the continuum.

We simulated XRISM-Resolve spectra for the year 2025
using a phenomenological model that reproduces the spectrum
from Sapienza et al. (2024a,b), including the effects of the gate
valve closing. We assumed an exposure time of 400 ks, which
is similar to the actual exposure time for SN 1987A in the
XRSIM Performance Verification Phase observation. We added
a Gaussian component to this model to account for the **Sc line,
along with an absorbed power law (Greco et al. 2021, 2022) for
the year 2024 to account for the emission of the putative Pul-
sar Wind Nebula (PWN). Figure 4 shows the simulated spectra
obtained by assuming two different **Sc line widths (the line
being Doppler-broadened because of the rapid expansion of the
ejecta), namely 1000 km s~! and 2000 km s~!, in the left and
right panels, respectively.

The detectability of the line strongly depends on its broaden-
ing. For an expansion velocity of 1000 km s~!, the significance
of the detection exceeds the 99% confidence level. However,
assuming a much more reasonable value of 2000 km s~! for the
expansion velocity, the analysis of the synthetic spectrum shows
a non-detection of the #Sc line, with its flux being larger than
zero at only the 68% confidence level. These results therefore
indicate a non-detection of the **Sc line with XRISM-Resolve,
in agreement with the recent findings of XRISM collaboration
(2025).

5. Discussion and conclusion

The study of **Ti in SNRs plays a crucial role in understand-
ing the physical processes governing the explosion of massive
stars. Previous studies have detected radioactive emission lines
of “Ti in SN 1987A (Boggs et al. 2015; Grebenev et al. 2012),
although NuSTAR and INTEGRAL spectra yield different fluxes,
leaving the initial mass of **Ti still under debate. In partic-
ular, using the relation between the flux and the initial mass
of #Ti, Eq. (1), a value of My = (1.5 +0.3) x 107*M,, was
derived from NuSTAR data (Boggs et al. 2015), while My, =
(3.1 +£0.8) x 107*M,, was obtained from INTEGRAL (Grebenev
et al. 2012). Another method of measuring the initial mass of
“Ti involves the emission line of **Sc, which is a product of the
# Ti decay chain.

In this work, we performed a systematic search for the
#Sc line by analyzing multi-epoch Chandra observations of SN
1987A (from 2000 to 2021). We exploited the remarkable spatial
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Fig. 4. Synthetic XRISM-Resolve spectra produced using the model by
Sapienza et al. (2024a) with the addition of the expected Scandium line
for the year 2025, and with updated RMF and ARF including the effects
of the closed gate valve (Sapienza et al. 2024b). Dotted lines show the
different components of the best-fit model. The exposure time is 400 ks.
Upper panel: spectrum synthesized including the best-fit Gaussian com-
ponent with a line width corresponding to a Doppler broadening of
1000 km s~!. Lower panel: same as for the upper panel, but for a Doppler
broadening of 2000 km s~!.

resolution of the Chandra mirrors to extract X-ray spectra from
a small region (radius 0.3 arcsec) in the center of the remnant, as
shown in Fig. 1.

While detection of the **Sc line is affected by absorption
from the surrounding cold ejecta at early epochs (as predicted by
Fransson & Chevalier 1987), we detect the “*Sc line with high
significance in spectra extracted from observations performed
between 2016 and 2021, when the cold ejecta are expected to
be optically thin. We measure a line flux 6.8*2-3 x 1077 pho-

tons s~! cm™2, corresponding to an initial mass My = (1.6 +
0.5) X 10*M,,. To our knowledge, this is the first firm detection
of the Sc emission line in SN 1987A.

The precise estimation of the mass of *Ti depends on the
actual size and morphology of the emitting region. As described
in Sect. 3, our analysis was conducted assuming the **Sc emis-
sion as arising from a circular region of radius 0.3”. According to
Larsson et al. (2023), we consider this extent an upper limit. As
a result, our initial mass of **Ti must be considered as an upper
limit value. Nevertheless, we show that even by assuming a dif-
ferent distribution of the line surface brightness, our results do
not change significantly (<10%). Our estimate of the **Ti mass
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is in close agreement with the NuSTAR analysis of (Boggs et al.
2015). However, it is significantly lower than that obtained by
Grebeney et al. (2012) based on INTEGRAL observations.

Our value of Myy is also in good agreement with long-term
3D simulations of neutrino-driven explosions (Sieverding et al.
2023), assuming an explosion energy of (1.3 — 1.5) x 10! erg
(Arnett 1987; Utrobin 2005; Utrobin et al. 2021; Wang &
Burrows 2024).

New Chandra observations will improve the statistics and
provide a more constrained estimate of Myy.

In conclusion, our work provides an independent procedure
for measuring the yield of “*Ti in SN 1987A by analyzing soft
X-ray emission. Future observations will further tighten these
constraints.
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Appendix A: Observations

Table A.1 lists the Chandra observations analyzed in this paper. Horizontal lines marks the different groups that we selected for the
spectral analysis (see Sect. 3 and Appendix B).

Table A.1. Observations.

Start Date OBSID PI RA DEC T,,, (ks)
2000-12-07 1967 McCray 053528.00 -691611.10 98.76
2001-12-12 2831 Burrows  053528.00 -69 16 11.10 49.41
2002-05-15 2832 Burrows  053528.00 -69 16 11.10 44.26
2002-12-31 3829 Burrows  053528.00 -69 16 11.10 49.01
2003-07-08 3830 Burrows  053528.00 -69 16 11.10 45.31
2004-01-02 4614 Burrows  053528.00 -69 16 11.10 46.49
2004-07-22 4615 Burrows  053528.00 -69 16 11.10 48.83
2004-08-26 4640 McCray 053528.00 -691611.10 56.83
2004-08-27 5362 McCray 053528.00 -69 16 11.10 67.42
2004-08-30 4641 McCray 053528.00 -691611.10 72.48
2004-09-01 6099 McCray 053528.00 -691611.10 48.61
2004-09-05 5363 McCray 053528.00 -691611.10 43.45
2005-01-09 5579 Burrows  053528.00 -69 16 11.10 31.87
2005-01-13 6178 Burrows  053528.00 -69 16 11.10 16.48
2005-07-11 5580 Burrows  053528.00 -69 16 11.10 23.75
2005-07-16 6345 Burrows  053528.00 -69 16 11.10 20.99
2006-01-28 6668 Burrows  053528.00 -69 16 11.10 42.34
2006-07-27 6669 Burrows  053528.00 -69 16 11.10 36.45
2007-01-19 7636 Burrows  053528.00 -69 16 11.10 33.51
2007-03-11 8523 Canizares 05 3528.00 -69 16 11.00 29.65
2007-03-12 8537 Canizares 053528.00 -69 16 11.00 12.73
2007-03-13 7588 Canizares 053528.00 -69 16 11.00 27.21
2007-03-18 8538 Canizares 05 3528.00 -69 16 11.00 20.69
2007-03-19 7589 Canizares 053528.00 -69 16 11.00 25.27
2007-03-20 8539 Canizares 053528.00 -69 16 11.00 24.78
2007-03-21 8542 Canizares 05 3528.00 -69 16 11.00 17.85
2007-03-24 8487 Canizares 053528.00 -69 16 11.00 28.67
2007-03-27 8543 Canizares 053528.00 -69 16 11.00 30.66
2007-03-28 8544 Canizares 05 3528.00 -69 16 11.00 19.12
2007-03-29 8488 Canizares 053528.00 -69 16 11.00 31.66
2007-03-31 8545 Canizares 05 3528.00 -69 16 11.00 20.46
2007-04-01 8546 Canizares 05 3528.00 -69 16 11.00 30.64
2007-04-17 7590 Canizares 053528.00 -69 16 11.00 35.55
2007-07-13 7637 Burrows  053528.00 -69 16 11.10 25.72
2007-09-04 9581 McCray 053528.00 -691611.10 44.96
2007-09-05 9582 McCray 053528.00 -691611.10 4417
2007-09-07 9580 McCray 053528.00 -691611.10 34.59
2007-09-09 7620 McCray 053528.00 -691611.10 34.62
2007-09-11 7621 McCray 053528.00 -691611.10 36.95
2007-09-12 9591 McCray 053528.00 -691611.10 12.85
2007-09-12 9592 McCray 053528.00 -691611.10 12.87
2007-09-14 9589 McCray 053528.00 -691611.10 39.53
2007-09-16 9590 McCray 053528.00 -691611.10 24.65
2008-07-01 9144 Burrows  053528.00 -69 16 11.10 42.03
2008-07-04 9143 Burrows  053528.00 -69 16 11.10 8.58
2009-01-05 10130 Burrows  053528.00 -69 16 11.10 6.02
2009-01-12 10852 Burrows  053528.00 -69 16 11.10 10.78
2009-01-13 10221 Burrows  053528.00 -69 16 11.10 18.73
2009-01-15 10853 Burrows  053528.00 -69 16 11.10 11.25
2009-01-17 10854 Burrows  053528.00 -69 16 11.10 11.99
2009-01-18 10855 Burrows  053528.00 -69 16 11.10 18.78
2009-07-06 10222 Burrows  053528.00 -69 16 11.10 23.47
2009-09-08 10926 Burrows  053528.00 -69 16 11.10 33.83
2010-03-17 12125 Burrows  053528.00 -69 16 11.10 18.15
2010-03-17 12126 Burrows  053528.00 -69 16 11.10 21.2
2010-03-28 11090 Burrows  053528.00 -69 16 11.10 24.56
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2010-09-28 13131  Burrows  053528.00 -69 16 11.10 26.48
2010-09-29 11091 Burrows  053528.00 -691611.10 27.92
2011-03-01 12145  Canizares 053528.00 -69 16 11.00 51.21
2011-03-04 13238 Canizares 053528.00 -69 16 11.00 54.16
2011-03-06 13239 Canizares 053528.00 -69 16 11.00 46.74
2011-03-13 12146  Canizares 053528.00 -69 16 11.00 25.62
2011-03-25 12539 Burrows  053528.00 -69 16 11.10  52.15
2011-09-21 12540 Burrows  053528.00 -691611.10 37.53
2011-09-22 14344 Burrows  053528.00 -691611.10 11.59
2012-03-28 13735 Burrows  053528.00 -69 16 11.10 42.91
2012-04-01 14417  Burrows  053528.00 -69 16 11.10 26.94
2013-03-21 14697 Burrows  053528.00 -691611.10 67.57
2013-09-28 14698 Burrows  053528.00 -691611.10 68.53
2014-03-19 15809 Burrows  053528.00 -691611.10 74.46
2014-09-17 17415 Burrows  053528.00 -691611.10 19.37
2014-09-20 15810 Burrows  053528.00 -691611.10 48.29
2015-09-17 16756  Burrows  053528.00 -691611.10 66.6
2016-09-19 17899 Burrows  053528.00 -691611.10 26.12
2016-09-23 19882 Burrows  053528.00 -691611.10 41.08
2017-09-21 20793 Burrows  053528.00 -691611.10 48.29
2017-09-23 19289 Burrows  053528.00 -69 16 11.10 18.9

2018-03-14 20927 Park 053528.00 -691611.10 16.6
2018-03-15 21037  Park 053528.00 -691611.10 29.42
2018-03-18 21038  Park 053528.00 -691611.10 34.22
2018-03-19 20322 Park 053528.00 -691611.10 15.16
2018-03-23 21042  Park 053528.00 -691611.10 41.05
2018-03-25 21043  Park 053528.00 -691611.10 28.83
2018-03-26 21044  Park 053528.00 -691611.10 15.8
2018-03-27 20323 Park 053528.00 -691611.10 27.09
2018-03-28 21049 Park 053528.00 -691611.10 309
2018-03-29 21050  Park 053528.00 -691611.10 17.76
2018-03-30 21051  Park 053528.00 -691611.10 15.01
2018-03-31 21052 Park 053528.00 -691611.10 30.12
2018-04-02 21053  Park 053528.00 -691611.10 12.19

2018-09-15 20277 Burrows  053528.00 -691611.10 33.83
2018-09-16 21844 Burrows  053528.00 -691611.10 33.83
2019-09-17 21304 Burrows  053528.00 -691611.10 41.06
2019-09-18 22849 Burrows  053528.00 -691611.10 41.06
2020-09-12 22425 Burrows  053528.00 -6916 11.10 60.82
2020-09-17 24652 Burrows  053528.00 -691611.10 29.33
2021-10-25 23534 Burrows  053528.00 -691611.10 29.00
2021-10-27 24295 Burrows  053528.00 -69 16 11.10 30.00
2021-10-28 24654 Burrows  053528.00 -691611.10 30.00

Appendix B: Flux temporal evolution

Motivated by the detection of the **Sc emission line in the 2016-2021 spectra, we repeated the spectral analysis described in Sect. 3
on earlier epochs, dividing the data into three additional groups, namely Group 1 for observations performed between 2000 and
2004, Group 2 for those in 2005 — 2009, and Group 3 for 2010 — 2015. Figure B.1 shows the spectra of the different Groups. We
measure the flux of the emission line centered at 4.076 keV in all the Groups, the line flux (corrected for the PSF effects) being
F = 1.4f8:§ x 1077 photons s™! ecm™2, F, < 3.9 x 1078 photons s™! cm™2, F3 = 7.3%5 x 1078 photons s~! cm~2 in Group 1, Group
2, and Group 3, respectively (error bars at 90% confidence level). As expected, the line flux in Groups 1 — 3, is significantly lower
than that in Group 4. This is likely the result of the cold ejecta being still optically thick at these epochs. However, discussing the
time evolution of the line flux is beyond the scope of this paper, given its intrinsic complexity related to (i) the complex effect of
the absorption of cold ejecta, which monotonically (but non-linearly) decreases with time, (ii) the expansion of the bright X-ray ring
(which decreases the fraction of photons spilling from the ring into our extraction region); and (iii) the increase of the hard X-ray
flux (3 — 8 keV; see Ravi et al. 2024), which increases the contamination from the ring.

We also checked that the line is not significantly detected in the spectra of the ring (as already shown by Leising 2006 for the
first Chandra observations). As an example, we explored the spectra in 2014 and 2020 finding that the line flux is always compatible
with 0 at the 68% confidence level. Figure B.2 shows that the line emission is always well below the continuum.
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Fig. B.1. Chandra/ACIS spectra extracted from the circular region shown in Fig. 1 for all observations performed between 2000 and 2004 (left),
2005-2009 (center), and 2010-2015 (right) with the corresponding best-fit model and residuals.
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Fig. B.2. Spectra of the X-ray emission originating from a region including the ER of SN1987A at two different epochs — 2014 (left panel) and
2020 (right panel) — with the corresponding best fit model and residuals.

Appendix C: Background spectrum

Figure C.1 shows our choice of the background extraction region together with an example of the background spectrum, fitted with

the following model:

Bkg model = const « (pow + apec + gauss + gauss + gauss).

(C.)

In all of the background spectra the best fit model includes a power law taking into account the continuum, the model apec fitting

the emission spectrum from collisionally ionized diffuse gas

, based on the database AtomDB version 3.09 https://heasarc.

gsfc.nasa.gov/xanadu/xspec/manual /XSmodelApec.html, plus three emission lines centered at energies which are less than

3 keV.
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Fig. C.1. Left panel: Chandra/ACIS count map for Obs ID 21304 (same as in Fig. 1) in log scale. The red ellipse shows the background extraction
region. Right panel: Spectrum extracted from the background region in the left panel with the corresponding best fit model (Eq. (C.1)) and residuals.

Appendix D: Corner plot

Figure D.1 presents the MCMC corner plot for the simultaneous analysis of the spectra collected between 2016 and 2021. Each
panel shows the correlation between two different free parameters, indicated as parameter_number. In this case, norm_24 is the
flux associated with the **Sc emission line. All the temperature, ionization times and normalization are associated with the vnei
component fitted for each spectrum.
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Fig. D.1. MCMC Corner plot for the simultaneous fit of 2016-2021 spectra (see Sects. 2 and 3).
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