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OXFORD

Evidence for charge exchange emission in supernova
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Abstract

XRISM has delivered one of its first light observations on N 132D, the X-ray brightest supernova remnant in the Large Magellanic Cloud. Utilizing
193 ks of high-resolution X-ray spectroscopy data, we conduct a comprehensive search for charge exchange emission. By incorporating a charge
exchange model into our spectral analysis, we observe an improvement in the fits of two weak features at 2.41 and 2.63 keV. These features,
with a combined significance of 99.6%, are consistent with transitions from highly ionized silicon ions in high Rydberg states, which are unique
indicators of charge exchange. Our analysis constrains the charge exchange flux to no more than 4% of the total source flux within the 1.7-
3.0 keV band, and places an upper limit on the charge exchange interaction velocity at 450 km s~'. This result supports ongoing shock—cloud
interactions within N 132D and highlights the unique capabilities of XRISM to probe the complex physical processes at play.

Keywords: atomic processes — supernovae: individual (N 132D) — ISM: supernova remnants — Magellanic Clouds

1 Introduction

Astrophysical charge exchange typically involves the trans-
fer of one or more electrons from a donor atom to a highly
ionized ion, such as O’ and Fe?**. This process generates
diagnostic X-ray emission, including an enhanced forbidden
line of the Hew triplet and cascade lines from high principal
quantum number (1) states (see Gu & Shah 2023 for a recent
review). Charge exchange X-ray emission has been observed
in the near-Earth environment, including interactions between
the solar wind and various celestial bodies such as planets and

comets (Lisse et al. 1996; Cravens 2000; Branduardi-Raymont
et al. 2007; Dennerl 2010). Beyond interactions with the solar
wind, evidence suggests that charge exchange might occur in
more distant regions, including novae (Mitrani et al. 2024),
supernova remnants (SNRs, Katsuda et al. 2011; Uchida et al.
2019), starburst galaxies (Liu et al. 2011), and clusters of
galaxies (Gu et al. 2015, 2017). While these observations are
still tentataive, the detection of charge exchange phenomena
holds significant potential for studying the interplay between
cold and hot matter at different scales.
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The advent of the non-dispersive high-resolution spectrom-
eter Resolve (Ishisaki et al. 2022) onboard the X-Ray Imaging
and Spectroscopy Mission (XRISM, Tashiro et al. 2024) of-
fers a groundbreaking opportunity to uncover the presence of
charge exchange in objects beyond the solar system. Resolve
allows us to perform spatially resolved measurements of the
forbidden-to-resonance ratios and to probe enhanced cascade
lines from high 7. The high-# transitions often serve as a more
robust fingerprint of charge exchange, whereas alternative ex-
planations exist for the forbidden-to-resonance ratio (Gu et al.
2016b; Hitomi Collaboration 2018). To further search for evi-
dence of charge exchange, we can examine spatial correlations
between these lines and the neutral clouds that often serve as
electron donors.

The first light observation using Resolve, N 132D, presents
an ideal opportunity for searching for evidence of charge ex-
change. N 132D is the X-ray brightest SNR in the Large Mag-
ellanic Cloud (LMC), at a distance of 50 kpc (Pietrzynski et al.
2019). Evidence suggesting the presence of charge exchange in
N 132D comes from infrared and radio studies, which reveal
its interaction with dense molecular clouds (Williams et al.
2006; Sano et al. 2015, 2020; Dopita et al. 2018). While re-
cent investigations with the XMM-Newton Reflection Grat-
ing Spectrometer (RGS) have suggested the presence of charge
exchange based on the O and Ne triplet line ratios (Suzuki
etal.2020), the RGS is unable to isolate the high Rydberg lines
due to line blending and instrumental broadening. The Re-
solve instrument offers a brand new window for the search for
charge exchange, by fully resolving the transitions of Si, S, Ar,
Ca, and Fe up to high Rydberg states (XRISM Collaboration
2024).

This paper is organized as follows. In section 2, we present
the first light observation, the spectral analysis, and the re-
sults. Our findings are discussed and summarized in sections 3
and 4. Throughout the paper, the errors are given at a 68%
confidence level.

2 Observation, analysis, and results

XRISM  was launched on 2023 September 7, from
JAXA’s Tanegashima Space Center. N 132D was observed
twice, on December 3 and December 9, for a total Re-
solve duration of 204 ks (OBSID = 000128000 and
000126000, PROCVER = 03.00.011.008, TLM2FITS =
004_001.150¢t2023_Build7.011). Since the Resolve aperture
door (“gate valve”) has not opened yet, a 250 um-thickness
beryllium filter attenuates X-ray photons in the soft X-ray
band, reducing the effective area (Midooka et al. 2020). This
restricted the bandpass to energies above 1.7 keV.

The data reduction follows the procedure outlined in
XRISM Collaboration (2024), the XRISM Collaboration pa-
per on N 132D thermal structure (hereafter “the thermal
paper”), with only a concise summary provided here. The Re-
solve detector gain was calibrated on-orbit using 72 measure-
ments of °Fe sources during Earth occultation, achieving an
energy resolution of 4.43 eV (FWHM) and a scale error of
0.04 eV at 5.9 keV. The calibration pixel, which is continu-
ously illuminated by 3*Fe, maintained an FWHM of 4.39 eV
and an energy scale error of 0.11 eV throughout the obser-
vation period under the same calibration scheme. This con-
firms the performance of the instrument during the main ob-
servation, even outside the gain fiducial intervals. Systematic
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uncertainties on the energy scale were ~0.3 €V in the 5.4-
8.0 keV band and up to 1.0 eV between 1.7 and 5.4 keV
(Porter et al. 2024). After the screening, the total exposure
time was slightly reduced to 193 ks. Only “high-resolution
primary” events are used for the spectral analysis. The non-X-
ray background has been modeled, while the sky background
is ignored due to its negligible contribution to spectral region
above 2 keV. To account for instrumental effects, a redistri-
bution matrix file was created using the rslmkrmf task with
the cleaned event file and CALDB derived from ground-based
measurements. The line-spread function model incorporated
a Gaussian core, low-energy exponential tails, escape peaks,
and Si fluorescence lines. An auxiliary response file was gener-
ated using the xaarfgen task, assuming a point-like source
at the aim point as input. The spectral files remain identical
to those used in the thermal paper. Spectral fitting was per-
formed using SPEX software version 3.08.01 (Kaastra et al.
1996) along with an updated atomic database.

The Resolve spectrum has been optimally binned using the
approach proposed in Kaastra and Bleeker (2016). The opti-
mal bin size varies depending on factors such as spectral res-
olution, the number of resolution bins, and the local intensity
of the spectrum, resulting in different bin sizes for each energy
range. Typically, we employ a bin size of 3 eV for energies be-
low 7 keV, while for higher energies, where the flux decreases,
a bin size of 4.5 eV is utilized. Although the bin size is getting
close to the spectral resolution of the detector, the spectral fea-
tures are still well sampled in practice due to the significant
Doppler line broadening present in this object.

To explore potential weak features in the Resolve spectrum
of N 132D, we begin by analyzing the full array spectrum for
a global picture of its thermal structure.

2.1 Thermal structure

The thermal structure in N 132D has been explored previously
using a combination of multiple collisionally ionized compo-
nents (Hughes et al. 1998; Behar et al. 2001; Borkowski et al.
2007). Using 240 ks of Suzaku data combined with a 60 ks
NuSTAR observation, Bamba et al. (2018) successfully repro-
duced the broad-band spectrum with a model comprising two
thermal components, with a 0.7 keV component in ionization
equilibrium and a 1.5 keV component in an over-ionized state,
plus a power-law component. By analyzing a 200 ks XMM-
Newton RGS spectrum, Suzuki et al. (2020) characterized the
thermal structure using a three-component non-equilibrium
ionization (NEI) model. Their analysis revealed temperatures
of 0.2, 0.56, and 1.36 keV, with an ionization timescale of
approximately 10" cm~3 s,

In the thermal paper, the temperature structure of the SNR
has been analyzed using the same XRISM/Resolve data, com-
plemented by the imaging capabilities of the Xtend data. The
preferred model, referred to as “model B”, comprises three
components: a cool ~0.8 keV ionizing component with mod-
est velocity broadening ~450 km s~! for the soft X-ray lines,
an intermediate ~1.8 keV ionizing component with large ve-
locity dispersion ~1670 km s~! for most of the Fe Hea lines,
and a hot 10 keV component with broadening ~750 km s~!
for the Fe Lya lines. The main driver for the three compo-
nent model is that it is challenging for a simpler model to re-
produce both the ratio of the Fe Lya to Fe Hea lines and the
width of Fe Ly« lines that appear to be narrower than the Hea
lines. We adopt the same thermal model for this work. The
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abundances of Si, S, Ar, Ca, and Fe are tied among the three
components.

The thermal structure modeling is performed using three
NEI components in SPEX, providing an opportunity to cross-
check the results obtained in the thermal paper with the
AtomDB model. The best-fitting parameters for the cool
component are a temperature of 0.79 +0.01 keV, an ion-
ization timescale of 0.9 £0.5 x 10'2 cm™ s, a radial ve-
locity of 230+40 km s~!, and a velocity dispersion of
450 £ 30 km s~

For the intermediate component, the best-fitting tempera-
ture is 1.9+ 0.1 keV, with a lower limit on the ionization
timescale of 1.0 x 102 cm™3 s. The velocity dispersion is
1650 + 150 km s~', and the radial velocity is 320 + 80 km
s~1. The properties of the hot component are fixed to the best-
fitting values derived in the thermal paper.

These best-fitting parameters are consistent within uncer-
tainties with the AtomDB-based values reported in the ther-
mal paper, demonstrating generally good agreement between
the SPEX and AtomDB models on this object. The global fit
yields a C-statistic value of 2196, matching the expected C-
statistic of 2239 within its root mean square deviation of 67.
The C-statistic/dof of 2196/2091 shows a marginal improve-
ment over the value of 2430/2232 reported in the thermal
paper. This difference likely comes from subtle differences in
the optimal binning routines and atomic data used in SPEX
and AtomDB. A detailed assessment of the effect from atomic
data will be presented in a follow-up paper.

2.2 Search for charge exchange features

The above baseline model incorporating three thermal com-
ponents describes well the strong line features in the Resolve
spectrum. However, there may still be weak features that re-
quire further modeling. To explore the potential presence of
charge exchange emission, we incorporate a cx component
(Gu et al. 2016a) into the fit, allowing the emission measure
and collision velocity to be free to vary. The temperature, ve-
locity dispersion, and abundances for the cx component are
fixed to those of the cool thermal component.

The atomic cross-section data for the H- and He-like
charge exchange emissions are sourced from the multi-channel
Landau-Zener calculations within the Kronos version 3.1
database (Mullen et al. 2016). The He-like data are fully re-
solved up to levels indicated by orbital angular momentum
I, while the H-like data are only resolved by the principal
quantum number 7 due to the significant degeneracy of the
[ states inherent in the Landau-Zener framework. To enable
line calculation, we assume an ad hoc [-distribution. Com-
mon choices include the “statistical,” “separable” (Smith et al.
2014), and “low-energy” (Krasnopolsky et al. 2004) distri-
butions. The “statistical” distribution significantly underes-
timates the strengths of the 8p—1s and 9p— 1s transitions,
while the “separable” and “low-energy” distributions provide
better agreement with observations and yield similar spectra
for N 132D. We therefore adopt the “low-energy” distribution
for this analysis.

Inclusion of the cx component improves the fit, reducing
the C-statistic to 2181 for the expected value of 2239, with
a AC of 15 relative to the baseline model. The most signif-
icant improvement occurs at 2.41 keV, where a weak emis-
sion feature is well accounted for by charge exchange emission
between H-like Si and atomic hydrogen, resulting in He-like

Si transitions from 7 = 8 and 7 = 9. Another improvement
is observed at 2.63 keV, potentially corresponding to 7 = 8
and n =9 transitions from H-like Si, arising from interac-
tions between bare Si and atomic hydrogen. These states with
high principal quantum numbers are difficult to populate via
electron-impact processes, making it unlikely that these lines
could be produced by a thermal component.

The significance of incorporating the cx component into
the spectral model can be evaluated using the Akaike infor-
mation criterion (AIC, Akaike 1974). As shown above, the in-
clusion of the cx component yields a AC improvement of 15
with the addition of two parameters, corresponding to a sig-
nificance level of 99.6%. The total charge exchange flux has
an upper limit of 5.7 x 10713 erg cm~2 s~ ! in the 1.7-3.0 keV
band, accounting for 4% of the total source flux at the 68%
confidence level. In addition, the fit provides a marginal con-
straint on the collision velocity of the charge exchange com-
ponent, setting an upper limit of 350 km s~!. Higher collision
velocities would suppress the lines from 7 =8 and =9 in
the model, resulting in a poorer fit to the observed data. The
line-of-sight velocity of the charge exchange lines is consistent
within uncertainties with that of the cool thermal component.

The high ionization state of the possible cx component
makes it unlikely to be spectral contamination from solar
wind charge exchange, as the ionization temperature of so-
lar wind is typically 10 times lower (Kuntz 2019), and the flat
light curve of the N 132D observation indicates an absence of
contamination from solar activity.

These features are unlikely to originate from radiative re-
combination continua, as the expected positions for recombi-
nation edges are at 2.44 keV for Sixiit and 2.67 keV for Sixiv.
Explaining the observed features as recombination would re-
quire a redshift of ~0.01, which is inconsistent with that mea-
sured in the other detected Si transitions.

The inclusion of the possible cx component influences the
measurement of the thermal structure, in particular the metal
abundances. When the cx component is added to the base-
line model, the inferred abundances of Si and S decrease by
20% and 4%, respectively, compared with those obtained us-
ing the baseline model. These differences exceed the statistical
uncertainties of 6% for Si and 3% for S, highlighting the im-
portance of accounting for charge exchange when measuring
abundances in the thermal plasma. Although the cx compo-
nent calculates all elements, the current model predicts neg-
ligible contributions from charge exchange for ions beyond
Sixir, Sixiv, and Sxv, as illustrated in figure 1. Consequently,
the inclusion of the cx component primarily affects the abun-
dances of Si and S, with a negligible impact on other elements.

Given its temperature of 0.8 keV, the charge exchange com-
ponent observed by Resolve contributes even less to soft X-
ray lines, with only ~2% to the O vir and Nex lines. This
value aligns roughly with the results of Suzuki et al. (2020) us-
ing XMM-Newton RGS. The absence of Fe xxv and Fe xxv1
charge exchange lines suggests that the interaction of the hot
components with neutrals is likely less significant.

We have conducted a parallel analysis using the XSPEC
package, incorporating the non-equilibrium ionization mod-
els and charge exchange model ACX2 provided by AtomDB
(Foster et al. 2012; Foster & Heuer 2020). The emission ex-
cesses at 2.41 and 2.63 keV are successfully modeled by Si'2*
and Si'3* transitions within ACX2, yielding a similar improve-
ment in the C-statistic. Furthermore, the Si'?* and Si'3* line
ratios are consistent with an interaction between the cool
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Fig. 1. Best-fitting model for the XRISM/Resolve spectrum of N 132D, including three nei components and one cx component. (Left) Charge exchange
emission from Sixill and Sixlv, shown in green and blue, respectively, reproduces the weak features at 2.41 and 2.63 keV. (Right) Broad-band view of the
charge exchange emission in N 132D, highlighting the Sixii, Sixlv, and SXV lines in green, blue, and orange, respectively. The non-X-ray background is

shown in cyan.

thermal component and neutral matter, at an impact velocity
less than 450 km s~!. These results are consistent with those
obtained using SPEX-CX.

To robustly confirm charge exchange signatures from Si
lines in N 132D, an additional 360 ks XRISM observation
with the gate valve closed, or 40 ks if the gate valve opens,
would be required to achieve a 5o confidence level.

3 Discussion

Using the first light Resolve observation of N 132D, we con-
ducted a search for potential charge exchange emission fea-
tures. Enhanced high Rydberg transitions of Six1i and Six1v
are observed at 2.41 and 2.63 keV, with a combined statistical
significance of 99.6% compared with a thermal-only model.
While these transitions are weak, they represent signatures
of charge exchange resulting from electron capture into the
n =238 and n =9 states. These lines offer a much more di-
rect indication of charge exchange than previously reported
forbidden-to-resonance line ratios in # = 2 transitions. These
findings highlight the capability of Resolve to identify subtle
features, even with the gate valve closed, and suggest its po-
tential for future studies of charge exchange in astrophysical
environments.

We further investigate the physical properties, location, and
scale of regions emitting charge exchange, where hot gas in-
teracts with neutrals. Based on the best-fitting emission mea-
sure for the cx component, the interaction volume V could be
estimated by

3.3 -3
V%5><1045<10 cm ><1cm >m3, 1)

nN ny

where 7y and 7 are the hydrogen densities of neutral and
ionized clouds. One candidate location is the CO-emitting

clouds reported by Sano et al. (2020) with high CO | =
3-2/1-0 intensity ratios (>1.5), suggesting shock—cloud inter-
action. Assuming neutral and ionized hydrogen densities of
700 and § cm~3, the estimated interaction volume is approx-
imately 5 x 1075 pc?, about 2 x 107¢ of the total CO cloud
volume.

Alternatively, the charge exchange emission could origi-
nate from the boundary layer between the ionized gas shell
and the surrounding atomic hydrogen cloud. For a shell di-
ameter of approximately ~25 pc and density of ~30 cm™3
(Sano et al. 2020), equation (1) yields an interaction vol-
ume of roughly 1 x 103 pc® and a minimal interface thick-
ness of 5 x 1077 pc. This thickness is clearly smaller than
the mean free path of atomic hydrogen in the ionized cloud
(~1073-107 pc).

A third potential source is the shell-like dust structure re-
ported by Rho et al. (2023). In this scenario, swept-up dust
grains from the blast wave could contribute to charge ex-
change emission through direct interaction between ions and
dusts (Kharchenko & Lewkow 2012), or through ion interac-
tions with secondary atoms produced by shock evaporation
(Itoh 1989).

Previous high-resolution X-ray spectroscopy using the
XMM-Newton RGS has revealed anomalously high
forbidden-to-resonance (f/r) line ratios as a common
feature in SNRs. However, the limited angular resolution and
sensitivity above 2 keV of the RGS have prevented definitive
conclusions about their origin. Proposed mechanisms include
resonance scattering (van der Heyden et al. 2003; Amano
et al. 2020), charge exchange (Katsuda et al. 2012; Tanaka
et al. 2022; Koshiba et al. 2022), recombining plasmas
(van der Heyden et al. 2003; Broersen et al. 2011), and
low-temperature plasma (Tanaka et al. 2022; Koshiba et al.
2022). A joint analysis using Resolve and RGS data offers
a promising path to uncovering the processes behind these
f/r anomalies.
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4 Summary

Using the first light 193 ks XRISM/Resolve observation of the
LMC SNR N 132D, we searched for charge exchange emis-
sion. Our analysis indicates a potential charge exchange in-
teraction between the N 132D shock and surrounding neutral
clouds, with a moderate collision velocity of <450 km s~'.
This interaction appears to produce high Rydberg transitions
in Sixiir and Sixiv, with a combined significance of 99.6%.
These results offer valuable insights into shock—cloud inter-
actions and demonstrate the potential of XRISM/Resolve to
detect charge exchange lines and other spectral features in a
wide range of astrophysical environments.
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