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Abstract

Supernova (SN) 1987A is one of the best candidates to exploit the capabilities of the freshly launched XRISM
satellite. This celestial object offers the unique opportunity to study the evolution of an SN into a young supernova
remnant. To date, the X-ray emission has been dominated by the shocked circumstellar medium, with no shocked
ejecta firmly detected. However, recent studies provide compelling evidence that in the forthcoming years, the
X-ray emission from SN 1987A will increasingly stem from the ejecta. Our aim is to assess the proficiency of the
XRISM-Resolve high-resolution spectrometer in pinpointing signatures of the shocked ejecta in SN 1987A.
Taking advantage of a self-consistent state-of-the-art magneto-hydrodynamic simulation that describes the
evolution from SN 1987A to its remnant, we synthesized the XRISM-Resolve spectrum of SN 1987A, as it would
be collected in the allocated observation during the performance verification phase, which is foreseen for 2024. Our
predictions clearly show the leading role of shocked ejecta in shaping the profile of the emission lines. The Doppler
broadening associated with the bulk motion along the line of sight of the rapidly expanding ejecta is shown to
increase the line widths well above the values observed so far. The quantitative comparison between our synthetic
spectra and the XRISM spectra will enable us to establish a strong connection between the broadened line emission
and the freshly shocked ejecta. This, in turn, will allow us to retrieve the ejecta dynamics and chemical
composition from the X-ray emission.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Supernova remnants (1667); High energy
astrophysics (739); Plasma astrophysics (1261)

1. Introduction

Situated at 51.4 kpc (Panagia 1999) in the Large Magellanic
Cloud, Supernova (SN) 1987A is the relic of a core-collapse
SN (CCSN) discovered on 1987 February 23 (West et al.
1987). The supernova remnant (SNR) is evolving in a highly
inhomogeneous circumstellar medium (CSM). The CSM is
characterized by a dense and clumpy equatorial ring (ER)
structure embedded within a diffuse H II region (Sugerman
et al. 2005). SN 1987A offers, for the first time in modern
astronomy, the opportunity of resolving the evolution of an SN
into its SNR through all the wavelengths of the electromagnetic
spectrum (McCray & Fransson 2016), being a unicum in
this field.

Observations in the X-ray band play a pivotal role in probing
the interaction between the shock front and both the CSM and
the external envelope of ejecta, as well as in studying shock
physics. Hard (10–30 keV) X-ray emission in the region of SN
1987A was first detected six months after the explosion (Dotani
et al. 1987). Subsequently, ROSAT observed a soft (0.1–
2.4 keV) X-ray thermal emission ∼1500 days after the
explosion (Beuermann et al. 1994). Since the initial detection,
the X-ray emission has continuously increased for about 25 yr,
and its nature has been investigated by several studies,
confirming the encounter of the shock with the ER (Borkowski
et al. 1997; Park et al. 2005; Haberl et al. 2006; Zhekov et al.
2009; Maggi et al. 2012). Recent investigations in the past few
years showed that the soft X-ray emission (0.5–2 keV) is
decreasing, while the harder component (3–8 keV) continues to
increase (Frank et al. 2016; Ravi et al. 2021; Sun et al. 2021;
Maitra et al. 2022). Additionally, indications of a pulsar wind
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nebula, embedded in the dense and cold innermost ejecta, were
found by Greco et al. (2021, 2022) in the 10–20 keV band.

The overall X-ray light curve has been impressively
replicated by 3D hydrodynamic (HD) and magneto-hydro-
dynamic (MHD) simulations by Orlando et al. (2015, 2019,
2020). These simulations offer valuable insights into the
temporal evolution of the X-ray emission. They indicate that
the X-ray emission was initially dominated by the shocked H II
region. However, as time progressed, a notable transition
occurred, with the emission becoming increasingly influenced
by the shocked dense ER. According to the models, the
remnant is currently entering a third phase, where the X-ray
emission is predominantly driven by the SN outermost ejecta,
heated by the reverse shock. Therefore, X-ray features from the
shocked ejecta are expected to be observed in the near future.

In a pioneering study, Miceli et al. (2019) introduced a novel
data analysis approach for examining the case of SN 1987A.
They analyzed the Chandra High Energy Transmission Grating
data from 2007 and 2011 comparing them with the 3D HD
simulation presented by Orlando et al. (2015). Since the
simulation is able to reproduce self-consistently the whole
broadening (due to the thermal motion of ions and to bulk
motion along the line of sight) of the spectral lines, they were
able to deduce the postshock temperature of protons and ions
through the comparison of the model with observation (see also
Ravi et al. 2021; Miceli 2023).

The JAXA-NASA collaborative mission X-ray Imaging and
Spectroscopy Mission (XRISM; Tashiro et al. 2020), launched
on 2023 September 7, with the Resolve spectrometer (Ishisaki
et al. 2022) will offer nondispersive, high-resolution X-ray
spectroscopy at <7 eV energy resolution with a large effective
area around 6 keV. These capabilities open the door for in-
depth investigations of young remnants like SN 1987A.
Moreover, the XRISM mission will observe it in the
Performance Verification (PV) phase.

Leveraging an in-house developed tool, we synthesize the
XRISM-Resolve X-ray spectrum of SN 1987A from the MHD
simulations by Orlando et al. (2020) and Ono et al. (2020),
which have been proven to accurately reproduce the obser-
vables obtained from current telescopes. We adopt an approach
similar to Miceli et al. (2019) and aim at finding new
diagnostics to trace ejecta signatures for the forthcoming
observations of SN 1987A.

The structure of this Letter is as follows: Section 2 presents
the model and details the spectral synthesis process, while
Section 3 showcases the results obtained from the synthesized
models. Discussions and conclusions are drawn in Section 4.

2. Model and Synthesis Procedure

For our spectral synthesis, we harness the 3D MHD model
by Orlando et al. (2020). This state-of-the-art simulation
models the evolution of SN 1987A (both ejecta and CSM) from
the immediate aftermath (∼20 hr) of the 3D core-collapse
model provided by Ono et al. (2020). We adopted the model
configuration that best matches the observations for the
progenitor star, the SN, and the SNR (B18.3 in Orlando et al.
2020 and hereafter). The progenitor star model for this
configuration was proposed by Urushibata et al. (2018). It
implies an 18.3 M☉ blue supergiant progenitor, resulting from
the slow merging (Ivanova et al. 2002) of two massive stars
with 14M☉ and 9M☉. This model can reproduce the luminosity
and surface temperature of the progenitor star of SN 1987A.

The evolution from the progenitor to the CCSN was then
followed by Ono et al. (2020) and then evolved into SNR by
Orlando et al. (2020). The B18.3 model reproduces the X-ray
light curves and the evolution of the size and morphology of
the X-ray-emitting structures of remnants of SN 1987A.
Moreover, it is able to reproduce the evolution of the X-ray
spectra (Miceli et al. 2019), as well as the observed velocity
distributions of 44Ti (Boggs et al. 2015) and 56Fe (Haas et al.
1990) and the spatial distribution of the SiO and CO molecules
(Abellán et al. 2017).
Figure 1 (upper panels) shows the distribution of the

emission measure (EM) of the X-ray-emitting plasma as a
function of the electron temperature kT and of the ionization
parameter τ (i.e., the time integral of the electron density
computed from the impact with the shock front), as predicted
by our model of SN 1987A for the year 2024. The panels on
the upper right show the contribution to the EM from the ER,
the H II region, and the ejecta, respectively, from top to bottom.
The contribution to the EM from the ejecta (which are moving
faster than the CSM; see lower panels of Figure 1) shows the
highest increase (compared to the ER and H II region) with
respect to previous epochs (see Ravi et al. 2021; Greco et al.
2022). It is also worth noting that the ER shows values of τ that
are, on average, higher than that of the ejecta.
To self-consistently synthesize the thermal X-ray emission

from the 3D MHD simulation, we employ an in-house
developed tool in a similar fashion as Miceli et al. (2019),
Greco et al. (2020), and Miceli (2023). In each cell of the
computational domain, we derive the value of electron and
proton temperature, electron density, and τ. We use the
aforementioned quantities as input parameters for the none-
quilibrium of ionization optically thin plasma model vnei
from XSPEC (version 12.12.0, ATOMDB version 3.0.9;
Arnaud 1996). We include the effects of the interstellar and
intergalactic absorption by using the tbabs model in XSPEC,
with an equivalent column density nH= 0.235× 1020 cm−2 as
in Park et al. (2006). The X-ray emission models, folded
through the response matrix with an energy resolution of
7 eV16 (high-resolution grade only) of XRISM-Resolve, are
calculated using XSPEC for different values of electron
temperature and ionization time, and stored in a look-up table.
The MHD simulation shows that in 2024 the bulk of shocked

ejecta belongs to the outer mantle (which is mainly composed
of H and He; Ono et al. 2020). For the spectral synthesis, we
assume that this external envelope of ejecta has the same
chemical composition as the CSM. In particular, we adopt the
abundances of Zhekov et al. (2009). Though also a fraction of
metal-rich ejecta is expected to be shocked in 2024, we
estimate from the simulation that their contribution to the ejecta
X-ray emission is less than 0.0001% of the total, so we will not
consider it in this Letter.
Our tool incorporates the ability to add in the spectral

synthesis and the line broadening arising from the bulk
velocities along the line of sight of the different X-ray-emitting
parts of the remnant, namely, ejecta and CSM (ER and H II
region). In addition to this effect, we also include the thermal
broadening arising from the thermal motion of the ions in the
plasma. To this end, we assume the ion temperature to be mass-
proportional with respect to the proton temperature

16 We adopted the response matrix available at the XRISM-JAXA Researchers
website (https://xrism.isas.jaxa.jp/research/proposer/obsplan/response/
index.html).
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(Miceli et al. 2019; Miceli 2023). Once we had obtained the
complete spectral model by summing cell-by-cell the computed
spectra, we applied a Poissonian randomization to synthesize
the spectra.

3. Results

As an initial step, we generate the XRISM-Resolve spectrum
of SN 1987A, without applying any broadening effects, for the

Figure 1. Upper left panel: distribution of emission measure (EM) for the total X-ray emitting plasma in SN 1987A as a function of the plasma temperature and
ionization parameter, as predicted by our MHD model for the year 2024. Upper right panels: same as left panel for the ER, H II region, and ejecta from top to bottom,
respectively. Lower left panel: normalized EM distribution as a function of the velocity along the line of sight for the year 2011. The black solid line marks the total
EM, while the black dashed line marks the contribution of the ejecta. Negative velocities are toward the observer. Lower right panel: same as lower left panel for the
year 2024.
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year 2024, to highlight the effects of broadening, shifts, and
blending of emission lines by comparing this spectrum with the
one including all broadening effects. We assume an exposure
time of 100 ks, mirroring the allocated time granted for the PV
phase of the mission. The resulting spectrum is presented in
Figure 2 (upper panel, orange crosses).

Next, we introduce the broadening and shift effect caused by
the bulk motion of the plasma; the black spectrum in Figure 2

(upper panel) illustrates the outcome of this operation. The
Doppler effect significantly broadens the emission lines, giving
rise to complex profiles and line blending. These intricate and
extensively broadened emission lines reflect the presence of
different contributions from the different parts of the remnant in
shaping the observed profiles. Figure 2 also shows the total
spectral model (black dashed curve) for the X-ray emission
from SN 1987A, as seen by XRISM-Resolve, and its ejecta

Figure 2. Upper panel: synthetic XRISM-Resolve spectra of SN 1987A for the year 2024 with an exposure time of 100 ks. The orange spectrum was synthesized
without any broadening effects except for the instrumental broadening, and it was multiplied by a factor of 10 for visualization purposes. The black spectrum was
synthesized including bulk motion Doppler broadening. All spectra are binned using the Kaastra & Bleeker (2016) optimal binning algorithm. The synthetic XRISM-
Resolve spectral model is superimposed with a black dashed line. The red curve shows the contribution of the CSM (ER and H II) to the spectral model, while the blue
curve shows the contribution of the ejecta. Lower left panel: close-up view of the spectral model shown in the upper panel in the 1.27–1.55 keV band. Lower right
panel: same as left panel in the 1.78–2.08 keV band.
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(blue curve) and CSM (red curve) component. The contribution
to the emission from the ejecta is comparable to the
contribution from the CSM, as already noted in Orlando
et al. (2020).

Figure 2 (lower panels) shows a close-up view of the spectral
model in the Mg (lower left panel) and Si (lower right panel)
emission lines energy bands, respectively. The Mg XII Lyα and
the Si XIV Lyα lines, being quite isolated, are the perfect probe
for examining the line profile. The line profile, indeed, presents
a composite structure with broad wings and a relatively narrow
peak. The broad line wings are clearly associated with the
rapidly expanding ejecta, whose emission is marked by the blue
curve in Figure 2. The narrow and slightly blueshifted central
peak reflects the CSM contribution (see the red solid curve in
Figure 2) to the emission. The Mg XI w, z and the Si XIII w, z
emission lines instead exhibit a broader and blended profile,
with a dominating influence of the ejecta in shaping the X-ray
emission compared to the CSM. We do not consider the Mg XI
x, y and the Si XIII x, y lines because it can be seen from the
spectrum without broadening (Figure 2, upper panel, orange
crosses) that they do not contribute significantly to the X-ray
emission. This pronounced effect can be primarily attributed to
the ionization state of the ejecta, which are freshly shocked, and
therefore heavily under-ionized (as shown in Figure 1).
Consequently, their contribution to the emission of less ionized
species, such as the Mg XI w, z and Si XIII w, z lines, is higher
than in lines of H-like ions.

To point out the time evolution of the ejecta contribution to
the X-ray emission predicted by our MHD model, we show in
Figure 1 (lower panels) the distribution of the EM of the X-ray
emitting plasma as a function of the plasma velocity along the
line of sight in 2011 and 2024. The comparison between the
2011 and 2024 distributions underscores significant differences
between these two epochs. The EM of the CSM has increased
by a factor of ∼2–3, accompanied by a slight blueshift of its
peak, due to the random distribution of dense clumps in the
ring, which may have coincidentally placed one or two dense
clumps in the blueshifted portion of the ring. In 2024, a large
contribution to the line broadening arises from the freshly
shocked and fast-moving outer ejecta. Indeed, the actual
contribution to the X-ray emission from the ejecta in SN 1987A
has been observed to increase year by year, as attested by Sun
et al. (2021) and Maitra et al. (2022). This is also clearly visible
in Figure 1 (lower panels), where the contribution of the ejecta
has increased by about 2 orders of magnitude from the year
2011 to the year 2024.

We then synthesize the XRISM-Resolve spectrum of SN
1987A, adding the contribution of the thermal broadening to
that of the Doppler broadening. We here focus on two emission
lines: the Si XIV Lyα line to have a comparison with previous
studies (Miceli et al. 2019; Miceli 2023) and the Fe XXV w, x,
y, z lines (hereafter, Fe XXV lines complex), to explore the
unprecedented capability of resolving the thermal broadening
at high energy provided by this new instrument. We do not
discuss here the line emission of H-like ion (Fe XXVI Lyα),
which could have been a much more simple probe for the
thermal broadening, because it does not emerge from the
continuum (see Figure 2). Figure 3 shows a comparison
between the synthetic spectrum considering the Doppler
broadening and the synthetic spectrum including also the
thermal broadening, for the Si XIV Lyα line (left panel) and the
Fe XXV lines complex (right panel). From both the plots it is

clear that by adding the thermal broadening contribution to the
spectrum, the shape of the emission line does not change
significantly. A direct comparison between the Si XIV Lyα
emission lines in 2007, 2011 (Miceli et al. 2019), and 2018
(Ravi et al. 2021; Miceli 2023) with those from this work,
shows that in 2024 the Doppler broadening is expected to
increase so much (because of the increased emission from the
fast-moving ejecta) that the relative contribution of thermal
broadening is predicted to become negligible.
Hereafter, we show how the effect of the ejecta dynamics

can be revealed in the forthcoming 100 ks XRISM-Resolve
observation of SN 1987A, which will unveil the role of the
ejecta in shaping the line profiles shown in Figure 2. We adopt
four Gaussian components, added to a thermal continuum (we
also include the effect of interstellar and intergalactic
absorption) to model the synthetic emission lines of Mg
(Figure 4, left panel) in the 1.27–1.55 keV band. We follow the
same approach to model the Si lines (Figure 4, right panel) in
the 1.78–2.08 keV band. We include these lines in our fitting
procedure to accurately constrain the broadening of the lines
stemming from the ejecta (which dominates the emission for
He-like ions, see Figure 2) and from the CSM (which are
visible in the emission of H-like ions). Specifically, two
Gaussian lines model the narrow CSM components, respec-
tively, in the lines of H-like ions (i.e., Mg XII Lyα and Si XIV
Lyα), and the He-like ions (i.e., Mg XI w and Si XIII w). The
other two Gaussian lines are adopted to model the broad ejecta
components in the lines of He-like and H-like ions. Given σ3,1
and E3,1 the width and the centroid of the ejecta components in
the lines of He-like and H-like species, respectively, we impose
σ1= σ3 · E1/E3 in the fitting procedure. Similarly, we impose
σ2= σ4 · E2/E4, being σ4,2 and E4,2 the width and the centroid
of the CSM components in the lines of He-like and H-like
species.
Figure 4 shows the spectra of the Mg (left) and Si (right)

lines with the corresponding best-fit models and residuals. The
best-fit values with error bars at the 90% confidence level are
reported in Table 1. The different components (#1, #3, and
#4 in Table 1) are detected with high significance (their
normalization being larger than zero at more than the 4σ
confidence level) and clearly show different expansion
velocities for CSM and ejecta. The #2 lines in Table 1 are
detected with 2σ confidence level for the Mg XI w and 3σ
confidence level for the Si XIII w confidence level.
We caution the reader that in the procedure described above

we opt for a single Gaussian line to characterize the He-like
ejecta triplets. The introduction of additional Gaussian lines for
the He-like triplets is not statistically necessary and does not
enhance the quality of the fit significantly. Nevertheless, we
verify that the line broadenings reported in Table 1 are not
affected by this issue and are robust. To this end, we consider a
spectral model including all the lines (i.e., three lines for the
He-like triplets and one line for the H-like emission, for both
the ejecta and CSM components). Though with the statistics
provided by a 100 ks observation it is not possible to constrain
such a large number of free parameters, we can determine the
line centroids and normalizations from our simulation by
considering a synthetic spectrum with an unrealistically high
exposure time ( =t 10exp

8 s). We then find that the line widths
for the ejecta remain consistent within the error bars with those
shown in Table 1, which then provide reliable values for the
velocity of ejecta and CSM.
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4. Discussion and Conclusions

In this Letter, we present a spectral synthesis of the X-ray
emission of SN 1987A, mirroring the new XRISM-Resolve
microcalorimeter observation, which will take place during the
PV phase of the mission, shedding new light on this intriguing
celestial object. We used a recently proposed approach, which
leverages 3D MHD modeling to derive observables for
different epochs, taking into account self-consistently the
evolution of the remnant since the core collapse. The resulting

synthetic spectrum, which takes into account the effect of the
Doppler shifts and broadening due to the bulk motion of the
X-ray-emitting plasma along the line of sight, shows a complex
and largely broadened profile for the emission lines.
The model used in this study indicates that X-ray emission

was primarily dominated by the shocked CSM, with a smaller
contribution from shocked ejecta in epochs prior to 2020. This
resulted in relatively narrow emission lines, reflecting the bulk
motion of shocked CSM material (mainly from the ER) along

Figure 3. Left panel: close-up view of the synthetic X-ray spectral model of SN 1987A for the Si XIV Lyα emission line. The figure displays the spectrum synthesized
in three ways: the black curve without including Doppler and thermal broadening, the blue curve synthesized by considering only Doppler broadening, and the red
curve synthesized by accounting for both Doppler and thermal broadening. Right panel: same as left panel for the Fe XXV emission lines complex.

Figure 4. Left panel: close-up view of the synthetic XRISM-Resolve spectrum (Figure 2, black crosses) highlighting the Mg XI w, z and Mg XII Lyα lines
(1.27–1.55 keV band), with the corresponding best-fit model and residual. Right panel: same as left panel for the Si XIII w, z and Si XIV Lyα lines
(1.78–2.08 keV band).

Table 1
Best-fit Values for the Synthetic Spectrum in the Mg and Si Energy Bands and the Velocities Retrieved from the Doppler Broadening

# Emission Line Energy (keV) σ (eV) Velocity (km s−1) Norm (cm−2 s−1)

Mg C − stat/d. o. f. = 85.09/61
1 Mg XI w, z -

+1.3440 0.0014
0.0018 ... ... ´-

+ -8.0 100.7
0.6 5

2 Mg XI w -
+1.352 0.007

0.007 ... ... ´-
+ -0.4 100.3

0.3 5

3 Mg XII Lyα -
+1.4709 0.0022

0.0017
-
+17.7 0.7

1.2
-
+3610 140

240 ´-
+ -4.5 100.5

0.5 5

4 Mg XII Lyα -
+1.4734 0.0010

0.0010 <3 <600 ´-
+ -0.9 100.2

0.2 5

Si C − stat/d. o. f. = 62.79/63
1 Si XIII w, z -

+1.8543 0.0015
0.0014 ... ... ´-

+ -6.9 100.5
0.5 5

2 Si XIII w -
+1.867 0.004

0.002 ... ... 0.7 ´-
+ -100.3

0.4 5

3 Si XIV Lyα -
+2.005 0.004

0.005
-
+21.1 1.3

1.4
-
+3160 190

210 ´-
+ -2.2 100.6

0.4 5

4 Si XIV Lyα -
+2.0047 0.0020

0.0019
-
+5.3 1.5

1.9
-
+800 200

300 ´-
+ -1.1 100.3

0.5 5

Note. Error bars are at a 90% confidence level.
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the line of sight (Miceli et al. 2019; Ravi et al. 2021;
Miceli 2023). We note that the emission lines predicted here for
2024 exhibit a significantly larger broadening than before. This
is due to the increased contribution from shocked ejecta, which
are characterized by higher velocities along the line of sight.
Indeed, in 2024 the contribution to the X-ray emission
stemming from freshly shocked and fast-moving ejecta will
be 2 orders of magnitude higher than in 2011 (see Figure 1,
lower panels). The increased Doppler broadening of the lines
will provide information on the ejecta velocity (though
hampering the measurement of ion temperatures).

In our model, the X-ray emission from the ejecta originates
from the metal-poor outer envelope. We note that Larsson et al.
(2023) recently analyzed JWST NIRSpec observations of SN
1987A, finding evidence for two Fe-rich inner ejecta plumes
interacting with the reverse shock, not predicted by the model
we adopted. This fast-moving material could increase the
emissivity of the Fe lines of the actual spectrum with respect to
our predictions, thus further enhancing the broadening effect in
these lines.

In any case, the measurement of the Doppler broadening will
provide direct evidence for the shocked ejecta and their
expansion. We have shown in Section 3 that the forthcoming
100 ks XRISM-Resolve observation of SN 1987A will allow
us to derive the ejecta dynamics by disentangling the peaked
emission of the CSM from the broad wings stemming from the
ejecta in the emission lines of H-like ions and simultaneously
measuring the Doppler broadening from the emission lines of
He-like ions, dominated by the ejecta emission. In particular,
from the fitting of the synthetic Mg and Si line profiles
(obtained with an exposure time of 100 ks) we retrieved an
ejecta velocity of -

+3610 140
240 km s−1 and -

+3160 190
210 km s−1 (see

Table 1). We notice that the “true” values (directly desumed
from the MHD simulation) are 3480 km s−1 and 3280 km s−1,
respectively, thus confirming that synthetic spectra provide a
very robust diagnostic tool. We point out that, since emission
depends on temperature, ionization parameter, and particle
density, we do not expect the broadening of Mg and Si lines to
be exactly the same. Also for the same reason, we do not expect
the ratio between ejecta and CSM for the integrated flux of the
Lyα lines to be the same in Mg and Si lines.

In summary, our findings represent an exploration of the
spectral characteristics of SN 1987A, leveraging the capabil-
ities of the XRISM-Resolve microcalorimeter spectrometer.
Our analysis sheds light on the diverse contributions from the
CSM and ejecta in the next observations from the new satellite.
We also emphasize the relevance of Doppler broadening in
shaping the emission lines for future observations. These
insights lay the groundwork for future observations and
provide a deeper understanding of the evolving dynamics
within this iconic supernova remnant.
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