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Abstract 

The RS CVn t ype binary st ar GT Muscae was observed during its quiescence using the Resolve X-ray microcalorimeter spectrometer onboard 
XRISM. The main and satellite lines of the Fe XXIV –XXIV K-shell transitions were resolved for the first time from stellar sources. We conducted 
line ratio analysis to investigate any deviations from collisional ionization equilibrium and Maxwell electron energy distribution with a single 
temperature. By using five combinations of direct excitation lines and dielectronic recombination satellite lines in three line complexes ( Fe He α, 
Ly α, and He β) , we found that the plasma is well characterized by two-temperature thermal plasmas with temperatures of 1.7 and 4.3 keV, which 
is consistent with thermal broadening of Fe XXV , and the broad-band fitting results in the 1.7–10 keV band. Other forms of deviation from a 
single-temperature plasma, such as different ionization and electron temperatures or the κ distribution for the electron energy distributions, are 
not favored, which is reasonable for stellar coronae at quiescence. This study demonstrates the utility of the Fe K-shell line ratio diagnostics to 
probe plasma conditions using X-ray microcalorimeters. 
Keywords: atomic processes — stars: coronae — stars: individual ( GT Mus) — techniques: spectroscopic — X-rays: stars 
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tation rates, which in turn affect the charge and level pop- 
ulations, thereby modifying the intensity of emission lines. 
For multi-temperature and suprathermal plasma diagnostics, 
Gabriel ( 1972 ) and Gabriel and Phillips ( 1979 ) first proposed 

using lines formed by the dielectronic recombination ( DR) 
process, which are sensitive to variations in electron energy 
distributions. For NEI diagnostics, the ratio of strong direct 
excitation ( DE) lines from ions of different charge states is 
useful. 

The Fe K-shell line complex at 6–9 keV provides particu- 
larly rich information for several reasons. Fe has the largest 
atomic number ( Z ) among abundant elements in the Uni- 
verse. The K-shell line energies increase with Z and those of 
Fe probe the plasma of temperatures at 1–10 keV ( see Hell 
et al. 2020 for a review) . The DR to DE line ratio scales 
roughly as Z4 ( Gabriel & Paget 1972 ) ; thus the weaker DR 

lines are more accessible as Z increases. The ionization pa- 
rameter τ = ∫ 

dt ne , where ne is electron density, is a measure 
of the Coulomb relaxation timescale of NEI plasmas. Its Z 

dependence was investigated for major elements from C to 

Ni ( Smith & Hughes 2010 ) . In the 1–10 keV temperature 
range, the time to reach an equilibrium is longer for higher- Z 
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 Introduction 

ollisional plasmas in the Universe often deviate from the
hermal equilibrium of a single temperature. The deviation
rovides insights into the spatial distribution, the dynam-
cs, and the mechanism of heating of such plasmas through
he equilibration processes. The deviation can take several
ifferent forms, including the multi-temperature distribu-
ion, the suprathermal electron energy distribution, and non-
quilibrium ionization ( NEI) . The multi-temperature distribu-
ions are often seen in systems of different plasma sources
ntegrated in the line of sight. Suprathermal electrons repre-
ented by an additional higher-energy population upon the
hermal Maxwellian distribution are also seen in in situ ob-
ervations of heliospheric plasmas ( e.g., Maksimovic et al.
997 ) . NEI plasmas occur when ions are either underionized
r overionized relative to the electron temperature, which is a
eature ubiquitously seen in tenuous plasmas of an impulsive
nergy injection such as supernova remnants ( e.g., Vink 2020 ;
amaguch i & Ohshiro 2022 ) . 
X-ray line ratio measurements are a promising method for

robing these departures from thermal equilibrium. Deviated
onditions influence the ionization, recombination, and exci-
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elements than lower- Z elements, which were studied using the 
X-ray grating spectrometers onboard Chandra and XMM–
Newton ( e.g., Audard 2003 ; Nordon & Behar 2007 ) . 

In order to take advantage of the Fe K-shell lines, a spec- 
tral resolving power R ≡ E/ �E � 1000 is required for the 
energy band E � 6 . 4 keV. Until the advent of the X-ray mi- 
crocalorimeter spectrometers, this was achieved only in some 
selected narrow energy bands for solar X-ray observations 
using rotating or bent crystal spectrometers onboard P78-1,
Hinotori ( Astro-A) , Yohkoh ( Solar-A) , and SMM ( Doschek 

et al. 1979 , 1980 ; Feldman et al. 1980 ; Dubau et al. 1981 ; 
Parmar et al. 1981 ; Tanaka et al. 1982 ; Tanaka 1986 ; Watan- 
abe 2024 ) , The first X-ray microcalorimeter observation was 
made using the Soft X-ray Spectrometer ( SXS: Kelley et al.
2016 ) onboard Hitomi ( Astro-H: Takahashi et al. 2018 ) for 
the Perseus cluster of galaxies ( Hitomi Collaboration 2018a ) .
Despite its short lifetime, the SXS demonstrated the capability 
of X-ray microcalorimeters for diagnosing celestial plasmas 
using Fe K-shell lines over a wide energy range covering higher 
series ( n→ 1 ; n ≥ 2 ) lines ( Hitomi Collaboration 2018b ) . 

The unique capability of the SXS is now recovered with 

the Resolve instrument ( Ishisaki et al. 2022 ) onboard the X- 
ray Imaging and Spectroscopy Mission ( XRISM; Tashiro et al.
2020 ) . The instrument has been yielding high-resolution Fe 
K-shell spectra of collisionally ionized plasmas from inter- 
stellar gas ( XRISM Collaboration 2025c ) , supernova rem- 
nants ( XRISM Collaboration 2024 ) , and clusters of galaxies 
( XRISM Collaboration 2025a ; 2025b ) . Stars are an impor- 
tant category for applying plasma diagnostics for their rela- 
tively slow bulk and turbulent motions, which make interpre- 
tation easier, as well as their rapid dynamical developments on 

human timescales during flares. Comparison to the Sun ( e.g.,
Huenemoerder et al. 2013 ) is also unique to stellar sources. 

In this paper, we present the first results of the Fe K-shell line 
diagnostics of stellar coronae using an X-ray microcalorime- 
ter. Line ratio analysis is performed to investigate any devi- 
ations from single-temperature plasmas. In addition to mod- 
eling the Fe He α and Ly α complexes as in solar studies, we 
also use the Fe He β complex at 7.781 keV, which was ob- 
served with R > 1000 for the first time in stars including the 
Sun ( Phillips et al. 2012 ) . 

The outline of this paper is as follows. In section 2 , we de- 
scribe the target, XRISM observation, and data reduction. In 

section 3 , we present the Resolve light curve and X-ray spec- 
trum, followed by the results of the spectral fitting analysis.
In section 4 , we apply the line ratio techniques and discuss 
the plasma properties. In section 5 , we summarize the find- 
ings and provide the conclusion. Throughout the paper, the 
quoted uncertainties are for 90% statistical error. 

2 Observations 

2.1 Target 

GT Muscae ( GT Mus) is the target of this study. It is a quadru- 
ple system at a distance of ∼141 pc by a parallax measurement 
with Gaia ( Gaia Collaboration 2016 , 2023 ) . It consists of two 

binaries: HD 101379 and HD 101380. HD 101379 is a single- 
line spectroscopic binary composed of a G5 and a G8 giant,
while HD 101380 is an eclipsing double-line spectroscopic bi- 
nary composed of an A0 and an A2 dwarf. The orbital periods 
of HD 101379 and HD 101380 are 61.4 and 2.7546 d, respec- 
tively ( Collier et al. 1982 ; Murdoch et al. 1995 ) . The former 
s an RS-CVn type source and is considered to be the primary
ource of X-ray emission. 

GT Mus is known to exhibit giant flares, some of which
ere captured in X-ray observations. The gas proportional 

ounter ( GSC: Mihara et al. 2011 ) onboard the Monitor of 
ll-sky X-ray Image ( MAXI: Matsuoka et al. 2009 ) detected 

1 flares in eight years with a peak flux of 34–130 mCrab; the
eleased energy in a single flare amounts to ∼107 times that
f X-class flares of the Sun ( Tsuboi et al. 2016 ; Sasaki et al.
021 ) . The highest-energy photons were detected from GT 

us among all stellar flares using the INTEGRAL ( Winkler 
t al. 2003 ) soft gamma-ray imager ( ISGRI; Lebrun et al.
003 ) at up to 40 keV during a flare ( Sguera et al. 2016 ) . Such
iant flares are rare, and their peaks are difficult to capture by
-ray telescopes with a small field of view. 
The X-ray Imaging Spectrometer ( XIS: Koyama et al. 2007 ) 

nboard Suzaku ( Astro-E2: Mitsuda et al. 2007 ) and the Neu- 
ron star Interior Composition ExploreR ( NICER: Gendreau 

t al. 2016 ) observed the decaying phase of flares ( Xu et al.
016 ; Sasaki et al. 2021 ; Eze et al. 2022 ) and recorded ther-
al plasma emission with a temperature of ∼5 keV. Some
ares last sufficiently long, up to a few days, to fall within the
RISM target-of-opportunity response time. These flares are 

xpected to yield count rates in the appropriate dynamic range
f the Resolve X-ray microcalorimeter. Although no such ob- 
ervations have been made at the time of writing, we anticipate
 few during the mission. 

Even during the quiescent phase, GT Mus is an attractive
arget. While other stars exhibit soft X-ray emission at a tem-
erature of � 2 keV from their stellar coronae ( e.g., Sanz-
orcada et al. 2002 ; Audard et al. 2003 ; Pandey & Singh
012 ) , GT Mus exhibits an exceptionally hard X-ray emission
ith a ∼5 keV temperature even without giant flares ( Xu et al.
016 ; Sasaki et al. 2021 ) . The cause of its exceptional behavior
s not well understood, but it provides a unique opportunity 
or the Fe K-band spectroscopy of stellar coronae using an
-ray microcalorimeter unconstrained by unpredictable flare 
ehaviors. This is what we present in this paper. 

.2 Instrument 

RISM hosts two scientific instruments that operate simulta- 
eously. One is the X-ray microcalorimeter spectrometer, Re- 
olve ( Ishisaki et al. 2022 ) , and the other is the X-ray CCD
maging spectrometer, Xtend ( Mori et al. 2022 ; Noda et al.
025 ) . In this paper, we focus on the former. 
Resolve is an X-ray spectrometer based on X-ray mi- 

rocalorimetry ( McCammon et al. 1984 ) . The detector array 
onsists of 6 × 6 pixels, with each pixel containing a HgTe
-ray absorber and an ion-doped Si thermister thermally an- 

hored to the 50 mK stage ( Kilbourne et al. 2018a ) controlled 

y the adiabatic demagnetization refrigerator ( ADR: Shirron 

t al. 2018 ) . One of the 36 pixels is displaced from the array
or calibration purposes. The in-orbit performance of energy 
esolution and absolute energy scale has been evaluated to be
E ∼ 4 . 5 eV ( FWHM) and δE ∼ 0 . 3 eV in the Fe K band

 Porter et al. 2024 ; Eckart et al. 2024 ) . The exception is the
andpass; the lower-energy range is currently limited to above 
.7 keV due to the cryostat transmissive window ( Midooka 
t al. 2021 ) , which is yet to be opened. 

For the purpose of this study, several unique characteris- 
ics of Resolve provide distinct advantages. One is the energy
esolution R = 1300 at 6 keV, better at higher energies, which
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Fig. 1. Resolve light curve at 1.7–10.0 keV with 1024 s binning ( bottom) after the standard screening. The time origin is 2024-08-13T02:12:12. The obser- 
vation intervals are shown with a white background. 
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nables the separation of fine-structure levels and satellite lines
f Fe xxv He α ( ∼6.7 keV) and Fe xxiv Ly α ( 7.0 keV) line com-
lexes. Another advantage is the high-energy end of the band-
ass, which is achieved by the HgTe absorbers instead of the Si
bsorbers in conventional X-ray spectrometers. Together with
 high throughput and low background rate, this allows the
etection of higher-series lines such as Fe xxv He β at 7.8 keV.
-ray spectrometers with such unique features have not been

chieved even in solar observations. 

.3 Observation and data reduction 

T Mus was observed as one of the performance verification
hase targets ( sequence number 300000010) from 2024 Au-
ust 13 02:03:40 to August 17 10:12:28 ( UT) . The total tele-
cope time of 375 ks was interrupted by ( i) occultation of the
arget by the Earth, ( ii) XRISM passages through the South At-
antic Anomaly ( SAA) region, ( iii) ADR recycling, and ( iv) 55 Fe 
ource illumination for calibration. As a result, the observ-
ng efficiency was 53%, yielding an effective exposure time of
99 ks ( figure 1 ) . 
The Resolve energy scale was calibrated both on the ground

nd using on-board calibration sources in flight ( Eckart et al.
024 ) . The time-dependent detector gain directly affects the
nergy scale and was corrected during the observation of
T Mus using periodic observations of 55 Fe X-ray sources

nstalled on the instrument filter wheel ( FW) assembly. The
ources were rotated into the field of view ( FOV) during sev-
ral Earth occultations of the celestial target. For this observa-
ion, there were 12 observations of ∼30 min of the FW sources
hat were then used to correct the time-dependent detector
ain in the standard process for Resolve ( Porter et al. 2016 ,
024 ) . Resolve also contains a calibration pixel that is located
n the main detector array but just outside of the FOV. The
alibration pixel is used to monitor the efficacy of the gain cor-
ection during each observation, outside of the fiducial mea-
urements, since it is illuminated continuously by a dedicated
5 Fe X-ray source. For this observation, the energy scale re-
onstruction was very precise, with the calibration pixel yield-
ng an accuracy of −0 . 228 ± 0 . 006 eV at 5.9 keV. This is
dded in quadrature to the systematic energy scale uncertain-
ies of 0.3 eV from the in-flight calibration to yield an energy
cale uncertainty in the region from 5.4–8 keV that is covered
y the on-board calibration sources. This yields an estimated
ncertainty for this observation of 0.38 eV, 5.4–8 keV. The es-
imated systematic energy scale uncertainty is ∼1 eV from the
ottom of the band to 5.4 keV, and ∼2 eV above 8 keV. We
sed the standard Resolve redistribution response matrix file
 RMF) generator for this observation that includes the energy-
ependent core line spread function ( energy resolution) that
aries by pixel. The line spread function for Resolve has been
erified in flight, and also using the FW fiducial calibrations
uring this observation. The standard systematic uncertainty
n the core line spread function for Resolve is 0.13 eV at 6 keV
nd 0.17 eV at 7 keV. 

We started with the products of the standard pipeline ver-
ion 03.00.011.008 ( Doyle et al. 2022 ) . We combined all 35
ixels in the array and used high-primary ( Hp) grade events
nly, which are temporally isolated from other events in the
ame pixel and are well calibrated for high-resolution spec-
roscopy. We applied further screening to reduce background
vents based on X-ray pulse rise time and energy ( Mochizuki
t al. 2025 ) . The fraction of the Hp grade events is 0.96, and
he resultant mean count rate is 0.38 s −1 in the 1.7–12 keV
and. This count rate is low enough to disregard artifacts
aused by high count rates ( Mizumoto et al. 2025 ) . The back-
round rate is also negligible in the energy range of interest
 Kilbourne et al. 2018b ) . 

We used HEASoft version 6.34.0 for data analysis. The
pectrum was optimally binned ( Kaastra & Bleeker 2016 ) ,
ith a minimum of 10 counts per bin. The telescope and de-

ector response files were generated using the xaarfgen and
slmkrmf tasks, respectively. For the detector response, we

ncluded off-diagonal components in the redistribution ma-
rix to account for escape peaks, Si fluorescence, and elec-
ron loss continuum, in addition to the diagonal line spread
unction at the core. For the background, we used a model
pectrum of the non-X-ray background 

1 and adjusted its nor-
alization with a diagonal response to match the observed

pectrum in the 14–17 keV range, where celestial counts are
egligible. 

 Analysis 

e present the X-ray light curve and spectrum in subsec-
ion 3.1 , and describe the entire spectrum with a single-
emperature plasma model ( sub-subsection 3.2.1 ) and indi-
idual line complexes with phenomenological models ( sub-
ubsection 3.2.2 ) . 

.1 Light curve and spectrum 

igure 1 shows the 1.7–10 keV light curve. The X-ray flux
s consistent with previous observation of GT Mus during

http://heasarc.gsfc.nasa.gov/docs/xrism/analysis/nxb/nxb_spectral_models.html
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Fig. 2. ( top) Resolve spectrum at 1.7–10.0 keV with optimal binning ( black crosses) compared to the fiducial 2.84 keV thermal plasma model ( purple curve) 
and the background model spectrum ( gray) . The blue, orange, and green stripes indicate the Fe He α, Ly α, and He β line complexes, which we study in 
more detail in figure 3 . ( bottom) The residuals to the fiducial model fit. 
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quiescence ( Sasaki et al. 2021 ) . Given the small variability 
and the observation duration being much shorter than the 
orbital period of the RS CVn binary ( ∼61.4 d) , we combined 

all events into a single spectrum without time slicing. 
Figure 2 shows the 1.7–10 keV spectrum. Numerous 

lines are recognized upon the continuum, including the He α
and Ly α lines of Si, S, Ar, Ca, Cr, Mn, Fe, and Ni, as 
well as the He β and Ly β lines of Fe. The K α fluorescence 
lines of quasi-neutral Fe are also found. Notably, Fe K fea- 
tures are particularly prominent, with the line complexes 
of Fe xxv He α, Fe xxiv Ly α, and Fe xxv He β clearly re- 
solved. A comparison with the background spectrum con- 
firms that its contamination is negligible except for Au L lines 
at 9.7 keV. 

3.2 Spectral modeling 

3.2.1 Broad-band 

We first constructed the fiducial model for the broad-band 

spectrum using the 1.7–10 keV band source spectrum. The 
background spectrum was not subtracted, as its contribution 

is negligible with � 10%. Spectral fitting was performed using 
the xspec software based on χ2 statistics ( Arnaud 1996 ) . 

The model consists of a single-temperature thermal plasma 
emission ( apec model; Smith et al. 2001 ) attenuated by 
the X-ray photoelectric absorption by the interstellar mat- 
ter ( Wilms et al. 2000 ) . The chemical abundance table of 
Anders and Grevesse ( 1989 ) was used. The best-fitting val- 
ues of free parameters are the plasma temperature ( kT = 

2 . 84+0 . 04 
−0 . 03 keV) and the volume emission measure ( EM = 

31 . 4+0 . 5 
−0 . 5 × 1054 cm 

−3 ) ; the relative abundances of Fe ( ZFe = 

0 . 25+0 . 01 
−0 . 01 Z�) , Ni ( ZNi = 0 . 41+0 . 16 

−0 . 15 Z�) , and the other ma- 
jor elements ( 0.36–0.7 Z�) ; and the interstellar absorption 

column density ( NH 

= 1 . 0 × 1014 +8 . 2 ×1021 

−1 . 0 ×1014 cm 

−2 ) . A satisfac- 
tory result was obtained with a reduced χ2 = 2429 . 56 / 2169 ,
which describes the overall spectrum well ( figure 2 ) , although 

some residuals remain in the Fe K complexes. In the broad- 
band fitting using the χ2 statistics, informative line features 
are not fully utilized, as spectral bins with continuum emission 
ominate the statistics. We further examine these line com- 
lexes using a different approach below. 

.2.2 Line complexes 
e describe the line complexes using a phenomenological 
odel consisting of individual emission lines and a contin- 
um. Three energy bands, colored in figure 2 , are fitted sep-
rately: Fe xxv He α ( blue; 6.603–6.750 keV) , Fe xxiv Ly α
 orange; 6.850–7.050 keV) , and Fe xxv He β ( green; 7.700–
.950 keV) . The lines used for the phenomenological fittings 
re summarized in table 1 . 

.2.2.1 Models 
he model for the Fe He α complex was constructed as fol-

ows. It is composed of main lines of Fe xxv and satellite lines
f Fe xxiii –xxiv . We selected the 16 strongest lines based on
he Chianti code ( Dere et al. 1997 , 2023 ) for the 2.84 keV
hermal plasma ( sub-subsection 3.2.1 ) . We confirmed that 
he dependence on the electron density ( ne ) is negligible for 
e ≤ 1014 cm 

−3 . The number of selected lines was determined 

onsidering the blending by non-selected weaker lines and 

he data statistics, referring to the previous ground measure- 
ents ( Beiersdorfer et al. 1993 ; Decaux et al. 1997 ; Gu et al.
012 ) and solar observation ( e.g., Watanabe 2024 ) . The con- 
inuum emission is represented by the nlapec model ( Smith 

t al. 2001 ) in xspec , which is equivalent to the apec model
or thermal plasma emission but without emission lines hav- 
ng emissivities larger than 10−20 cm 

3 s −1 . Unlike the simple
remsstrahlung model, nlapec also includes contributions 
y the radiative recombination continuum as well as the weak
mission lines. 

The model for the Fe Ly α complex was constructed in a
imilar way. Along with the continuum emission represented 

y the nlapec model, four emission lines are included, repre- 
enting the two main lines of Fe xxiv Ly α1 and Ly α2 as well
s two satellite lines of Fe xxv J and T . 

The model for the He β complex needs to account for con-
amination from the overlapping Ni He α line complex. In- 
tead of using the nlapec model, we employed the apec
odel but removed the three Fe lines in the complex, so that
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Table 1. Line list for phenomenological fitting. 

Label ∗ Ion Lower–upper E ( keV) †

E12 Fe xxiii 1s 2 .2s .2p 3 P 2 –1s .2s .2p 2 3 D 3 6.6097 
u ‡ Fe xxiv 1s 2 .2s 2 S 1 / 2 –1s .2s (3 S ) .2p 4 P 3 / 2 6.6167 
e ‡ Fe xxiv 1s 2 .2p 2 P 3 / 2 –1s .2p 2 (3 P) 4 P 5 / 2 6.6203 
E3 ( β) Fe xxiii 1s 2 .2s 2 1 S 0 –1s .2s 2 .2p 1 P 1 6.6288 
z Fe xxv 1s 2 1 S 0 –1s .2s 3 S 1 6.6366 
j Fe xxiv 1s 2 .2p 2 P 3 / 2 –1s .2p 2 (1 D) 2 D 5 / 2 6.6447 
r Fe xxiv 1s 2 .2s 2 S 1 / 2 –1s .2s (1 S ) .2p 2 P 1 / 2 6.6529 
k Fe xxiv 1s 2 .2p 2 P 1 / 2 –1s .2p 2 (1 D) 2 D 3 / 2 6.6547 
a Fe xxiv 1s 2 .2p 2 P 3 / 2 –1s .2p 2 (3 P) 2 P 3 / 2 6.6579 
q Fe xxiv 1s 2 .2s 2 S 1 / 2 –1s .2s (3 S ) .2p 2 P 3 / 2 6.6622 
y Fe xxv 1s 2 1 S 0 –1s .2p 3 P 1 6.6676 
t‡ Fe xxiv 1s 2 .2s 2 S 1 / 2 –1s .2s (3 S ) .2p 2 P 1 / 2 6.6762 
x Fe xxv 1s 2 1 S 0 –1s .2p 3 P 2 6.6827 
d13 Fe xxiv 1s 2 .3p 2 P 3 / 2 –1s .2p (1 P ) .3p 2 D 5 / 2 6.6892 
d15 Fe xxiv 1s 2 .3p 2 P 1 / 2 –1s .2p (1 P ) .3p 2 D 3 / 2 6.6917 
w Fe xxv 1s 2 1 S 0 –1s .2p 1 P 1 6.7004 

J Fe xxv 1s .2p 1 P 1 –2p 2 1 D 2 6.9188 
T Fe xxv 1s .2s 1 S 0 –2s .2p 1 P 1 6.9373 
Ly α2 Fe xxiv 1s 2 S 1 / 2 –2p 2 P 1 / 2 6.9521 
Ly α1 Fe xxiv 1s 2 S 1 / 2 –2p 2 P 3 / 2 6.9732 

j3 Fe xxiv 1s 2 .2p 2 P 3 / 2 –1s .2p (3 P) .3p 2 D 5 / 2 7.7811 
y3 Fe xxv 1s 2 1 S 0 –1s .3p 3 P 1 7.8720 
w3 Fe xxv 1s 2 1 S 0 –1s .3p 1 P 1 7.8810 
∗ Notations are from Doschek, Feldman, and Cowan ( 1981 ) for the Fe xxiii 
lines, Gabriel ( 1972 ) for the Fe xxiv n = 2→ 1 lines, and Safronova for the 
Fe xxv satellite lines. We used the same notation of He α for He β with a 
suffix “3 .”

†Retrieved from Chianti v10.1. 
‡ Blending with weaker lines indecated by Beiersdorfer et al. ( 1993 ) : u with 
Fe xxiv v , Fe xxiii E8 , and Fe xxiii E9 ; e with Fe xxiii E6 and Fe xxiii E7 ; 
t with Fe xxiv m . 
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he model represents both the continuum and the Ni He α
ines. In addition, we included two main lines of Fe xxv He β
 , y ( w3 , y3 hereafter) and one satellite line of Fe xxiv j3 . 

.2.2.2 Fitting 

e performed the fitting using the models described above
or each line complex. The common settings are as follows.
ach line component is represented by a Gaussian model as
ig. 3. Close-up views of the Resolve spectrum and the best-fitting phenomen
hown in cyan. The result of the fiducial 2.84 keV thermal plasma model ( figure
s contaminated Ni He α are annotated using the names in table 1 . 
he Lorentz wing is invisible for the given statistics ( Hitomi
ollaboration 2018b ) . The expected width is ∼0.3 eV for w in

he worst-case scenario, which is relatively minor. The Gaus-
ian line widths are linked to one another. The line centers are
xed to the reference values ( table 1 ) , and the energy shift is
tted collectively. The parameters of the continuum emission
omponent are initially fixed to those obtained in the 1.7–
0 keV band fitting ( sub-subsection 3.2.1 ) , with subsequent
djustments made through renormalization for each complex.
he free parameters include the normalization of each line
omponent, as well as the energy shift and line width of each
ine complex. 

The best-fitting model and the data are illustrated in
gure 3 , with the best-fitting normalization values shown in
gure 4 . All fits yielded satisfactory results with reduced χ2 

alues of 43 . 07 / 48 for Ly α, 50 . 11 / 55 for He α, and 46 . 33 / 58
or He β. The line shifts and widths are ( 0 . 06+0 . 04 

−0 . 03 , 2 . 4+0 . 30 
−0 . 29 ) eV

or Fe He α, ( 0 . 04+0 . 19 
−0 . 04 , 3 . 43+2 . 12 

−3 . 43 ) eV for Ly α, and ( 0 . 1+0 . 10 
−0 . 90 ,

 . 98+2 . 39 
−1 . 98 ) eV for He β. The measured line shifts are consistent

ith one another but are small compared with the absolute
ncertainty on the energy scale. For the line width of the He α
omplex, the systematic uncertainty is relatively small, and the
easured width corresponds to 91 km s −1 . If the broadening

s entirely attributed to thermal motion, the width implies an
on temperature of 2.1–4.8 keV. 

 Discussion 

n this section, we present the line ratio diagnostics and our
nterpretation of the results. We start with a brief description
f the physical background ( subsection 4.1 ) and apply the di-
gnostics to the data ( subsection 4.2 ) . 

.1 Line ratio diagnostics 

.1.1 Physics 
he upper levels of the transitions are populated through var-

ous excitation processes, but occasionally a specific process
ominates. Such lines are particularly useful for line ratio di-
gnostics due to their straightforward dependence on plasma
arameters. In collisionally ionized plasmas, two excitation
ological model for the Fe line complexes: ( a) He α, ( b) Ly α, and ( c) He β, 
 2 ) is also shown in purple. The lines used in the line ratio analysis as well 

uest on 31 January 2026
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Fig. 4. Comparison of the line strengths between the observation and models for ( a) Fe He α, ( b) Ly α, and ( c) He β complexes. The values are normalized 
to He α w . The data points are represented by circles with error bars if detected, or by triangles if undetected. 
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mechanisms play an important role ( Phillips et al. 2012 ) : di- 
rect excitation ( DE) and dielectronic recombination ( DR) . Fol- 
lowing previous solar observations ( e.g., Watanabe 2024 ) , we 
utilize their line ratios to characterize the ion charge popula- 
tion and the electron energy distributions, providing insights 
into the plasma parameters. 

4.1.1.1 Probing ion charge population 

The ratio of two DE lines from ions of adjacent charges serves 
as a useful measure to determine the charge population of the 
plasma. The DE process, also referred to as the electron impact 
excitation process, can be described as 

X+ m 

i + e (Ekin ) → X+ m, ∗
j + e (E′ 

kin ) → X+ m 

k + hν(Ejk ) . ( 1) 

Here, a free electron transfers part of its kinetic energy Ekin 
to an ion, exciting the electron from the state i ( mostly the 
ground state) to j. When they deexcite radiatively to the state 
k ( also mostly the ground state; thus k = i ) by emitting a 
photon, the DE line is formed at an energy Ejk . The inten- 
sity of DE lines is proportional to the amount of the ion 

X+ m . By using lines probing different m in X+ m , we can mea- 
sure the charge population. Because the ionization and re- 
combination rates depend sensitively on the plasma temper- 
ature, the ratio serves as a reliable diagnostic of the plasma 
temperature. 

4.1.1.2 Probing electron energy distribution 

For diagnosing electron energy distributions, the different for- 
mation mechanisms of DR and DE lines are leveraged. The DR 
rocess can be expressed as 

+ m +1 
i + e (Ekin ) → X+ m, ∗∗

j → X+ m 

k + hν(Ejk ) . ( 2) 

ere, when a free electron is captured by the ion X+ m +1 
i , the

eleased energy ( comprising its initial kinetic energy Ekin and 

he binding energy after the capture) is used to excite a bound
lectron, forming a doubly excited state X+ m, ∗∗

j . This process 
ccurs only for electrons with a specific kinetic energy that
atisfies Ekin = −Ipot + Ejk , where Ipot is the ionization poten- 
ial. As a result, the intensity of the satellite lines produced via
R reflects the electron population at this specific energy. In

ontrast, DE lines can be formed by any electron with kinetic
nergy greater than Ejk . This distinction makes the DR to DE
ine ratio a valuable probe of the electron energy distribution 

 Gabriel 1972 ; Gabriel & Phillips 1979 ) . Figure 5 illustrates
his behavior by showing the excitation energies of DE Fe xxv
 and DR Fe xxiv j along with a comparison of different elec-

ron energy distributions. 
For a thermal plasma, the DR to DE ratio can be expressed

s a function of the temperature ( see, e.g., Phillips et al. 2012 ) :

IDR 

IDE 
∝ exp 

[
( �EDE − �EDR 

) /kT
]

kT 

. ( 3) 

he transition energies of DE and DR lines ( �EDE and �EDR 

) 
re usually close; thus the ratio is approximately inversely pro- 
ortional to temperature, making it a useful diagnostic tool.
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Fig. 5. Three electron energy distributions: the Maxwellian distribution 
with kT = 2 and 4.5 keV, and a κ distribution with kT = 2 keV and κ = 2 . 
The κ distribution is often used to represent a distribution deviating from 

the Maxwellian with a power-law tail characterized by the parameter κ. It 
approaches the Maxwell distribution as κ → ∞ ( Oka et al. 2013 ) . The elec- 
trons on the purple line ( j ) or in the green area ( w ) contribute to the line 
formation. 
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Fig. 6. Temperature diagnostics using line ratios sensitive to ion charge dis- 
tribution. The line ratios of q/w ( Li-like / He-like Fe) and Ly α1 /w ( H-like / He- 
like Fe) are shown in blue and red, respectively, for the observation ( shaded 
areas) and calculation using Chianti ( solid curves) and AtomDB ( dashed 
curves) . The best-fitting kT from the broad-band fitting using AtomDB ( sub- 
subsection 3.2.1 ) and kTFe XXV derived from the line broadening in the He α
complex are also presented. 
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oreover, the ratio is highly sensitive to deviations from the
axwellian distribution, such as the κ distribution, which ex-

ibits an enhanced high-energy tail ( figure 5 ) . In addition to
ts strong dependence on the electron energy distribution, this
atio has the advantage of being independent of charge state
istributions, as both lines are produced from the same parent

on. 

.1.2 Pairs in the Fe K band 

e apply the diagnostics described in subsection 4.1 to the
resent data in the Fe K band. The strongest lines in the three
omplexes are Fe xxv w for He α, Fe xxiv Ly α1 for Ly α, and w3 

or He β. All of these lines originate mainly from DE processes
nd undergo radiative decay via an electric dipole transition
o the ground state. 

In the He α complex, many satellite lines are detected
 figure 3 a) . The Fe xxiv q line is populated primarily by
nner-shell excitation from the ground state of Li-like Fe
 Bely-Dubau et al. 1982 ) . The Fe xxiv j line, on the other
and, is a DR line that reflects the population of He-like
e ( Bely-Dubau et al. 1982 ) . Another well known DR line,
e xxiv k ( e.g., Beiersdorfer et al. 1992 ; Phillips et al. 2012 ) ,

s significantly blended with the Fe xxiv r line in our dataset.
hese DR satellite lines are formed with a spectator electron

n the L shell, but a similar DR process can also occur with a
pectator electron in the M shell or higher. Some of these lines
 e.g., the d13 and d15 lines) were included in our phenomeno-
ogical fitting; however, they are blended with the Fe xxv w
ine, making their individual contributions difficult to isolate.
n the Ly α complex ( figure 3 b) , only upper limits were ob-
ained for the two satellite lines Fe xxv J and T . Among them,
he J line was better constrained and thus used in our analysis.
n the He β complex ( figure 3 c) , j3 is the only DR line clearly
etected, which corresponds to a 1s–3p equivalent of the 1s–
p transition associated with the j line in the He α complex. 
Among these lines, we used two line ratios to investigate

he ion charge distribution and three line ratios to probe the
lectron energy distribution. The former consists of ( i) Fe xxiv
/ Fe xxv w and ( ii) Fe xxiv Ly α1 / Fe xxv w . The latter consists
f ( iii) Fe xxiv j/ Fe xxv w in the He α complex, ( iv) Fe xxiv

j3 / Fe xxv w3 in the He β complex, and ( v) Fe xxv J and Fe
xiv Ly α1 in the Ly α complex. In each case, the stronger of
he two lines was used as the denominator in the ratio. 

For comparison, we used two spectral synthesis codes for
he thermal plasma; one is apec / AtomDB v3.0.9 ( Smith et al.
001 ; Foster et al. 2012 ) and the other is Chianti v10.1
 Dere et al. 1997 , 2023 ) . The former is traditionally used in
strophysical plasmas, while the latter is more common in so-
ar plasmas. They have their own atomic databases of differ-
nt origins. Their differences have been studied in many cases,
ncluding the analyses using the SXS data ( Hitomi Collabo-
ation 2018b ) . For some Fe K-shell lines considered here, we
ound that the discrepancy can be as large as a factor of two.

e do not aim to determine which database is more accurate
n this paper. Instead, we present their differences to highlight
he need for further refinements in atomic data. 

.2 Application 

.2.1 Single-temperature plasma 

.2.1.1 Ion charge distribution 

e first examined the charge distribution using q/w and
y α1 /w ratios. The q/w ratio probes the relative charge frac-
ion between Li-like and He-like Fe ions, while the Ly α1 /w
atio probes that between He-like and H-like Fe ions. The
xpected line ratios are calculated as a function of kT based
n Chianti and AtomDB and compared with the observed
atios ( figure 6 ) . In this temperature range, the fraction of
ore highly ionized species increases monotonically, causing

he q/w ratio to decrease and the Ly α1 /w ratio to increase as
T increases. 
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Fig. 7. Temperature diagnostics using line ratios sensitive to electron en- 
ergy distribution. The line ratios of j/w , J/ Ly α1 , and j3 /w3 are shown in 
blue, orange, and green, respectively for the observation ( shaded area and 
upper and lower limit lines for j/w and j3 /w3 , while only the upper limit 
line is shown for J/ Ly α1 ) and calculations using Chianti ( solid curves) 
and AtomDB ( dashed curves) . The best-fitting kT from the broad-band fit- 
ting using AtomDB ( sub-subsection 3.2.1 ) and kTFe XXV derived from the line 
broadening in the He α complex are also presented. 

 

 

 

Table 2. Two-temperature thermal plasma model fitting results. 

Parameters Low- kT component High- kT component 

NH ( 1021 cm 

−2 ) 1.3 +1 . 7 
−1 . 3 

kT ( keV) 1 . 67+0 . 10 
−0 . 14 4 . 26+0 . 31 

−0 . 30 

EM ( 1054 cm 

−3 ) 26+3 . 1 
−3 . 0 13+2 . 6 

−1 . 9 

ZSi ( Z�) 0 . 35+0 . 06 
−0 . 05 

ZS ( Z�) 0 . 32+0 . 03 
−0 . 03 

ZAr ( Z�) 0 . 48+0 . 07 
−0 . 06 

ZCa ( Z�) 0 . 51+0 . 07 
−0 . 07 

ZFe ( Z�) 0 . 28+0 . 01 
−0 . 01 

ZNi ( Z�) 0 . 37+0 . 16 
−0 . 16 
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The observed q/w ratio suggests kT ∼ 2 keV, while the 
Ly α/w ratio indicates ∼4 keV. This clearly demonstrates 
that a single-temperature representation is inadequate for this 
plasma. Indeed, fitting the broad-band spectrum with a single 
temperature ( sub-subsection 3.2.1 ) resulted in a best-fitting 
temperature of 2.84 keV, which is inconsistent with both line 
ratios. 

4.2.1.2 Electron energy distribution 

We next performed diagnostics using the three DR to DE line 
ratios ( figure 7 ) . In this temperature range, as the plasma tem- 
perature kT increases, the population of higher-energy elec- 
trons in the electron energy distribution increases ( figure 5 ) ,
causing the DR/DE line ratio to decrease with increasing kT .
The two databases produce different results, with Chianti 
systematically predicting smaller values for all three ratios 
compared to AtomDB at a given kT . Using Chianti , we 
found that kT = 2.6–3.4 keV satisfies all three ratios. Using 
AtomDB , 3.3–4.3 keV satisfies all three ratios. This is again 

inconsistent with the broad-band fitting result using AtomDB 
of 2.84 keV. 

4.2.2 Deviations from single-temperature plasma 
We found that a single-temperature representation, which 

worked for the broad-band fitting ( sub-subsection 3.2.1 ) , does 
not work for the line ratio diagnostics ( sub-subsection 4.2.1 ) .
We now explore three deviations from it below. 

4.2.2.1 Multi-temperature plasma 

The simplest deviation from a single-temperature model is to 

introduce another single-temperature component of a differ- 
ent kT . We revisited the broad-band spectral fitting and ap- 
lied the two-temperature plasma model. The free parameters 
nclude the abundances of major elements and the ISM ab-
orption column ( NH 

) common between the two components,
nd the plasma temperature kTi and emission measure EMi of 
he two components ( i ∈ { 1 , 2 } ) . By constraining kT1 < 2 keV
nd kT2 > 2 keV, we obtained improved results over the one-
emperature fitting with a reduced χ2 = 2203 . 43 / 2169 . The
est-fitting parameters are shown in table 2 , while the model
s in figure 8 . 

The two-temperature model is also favored when consider- 
ng the Fe line ratios. In figure 4 , the two-temperature model
nhances the consistency between the observed and calculated 

ine strengths, particularly for the Ly α lines. However, we still
bserve that the Fe xxiv q and t lines and Fe xxiii E12 and E3

ines are stronger in the observation than in the calculation,
hich may suggest the presence of an even lower temperature 

omponent ( Doschek et al. 1981 ) . 

.2.2.2 Suprathermal electron distribution 

ext, instead of adding another thermal plasma compo- 
ent, we investigated whether modifying the electron energy 
istribution could explain the observed line ratios. The κ

istribution is commonly used in solar coronae ( e.g., Dudík 

 Dzifčáková 2021 ) to represent the distribution with a 
ower-law suprathermal tail upon a thermal Maxwellian dis- 
ribution. The parameter κ ∈ [1 . 5 , ∞ ) represents the rela-
ive fraction of the suprathermal population, while kTM 

is 
or the main thermal population. At κ→ ∞ , the distribu-
ion asymptotes to the Maxwellian distribution of a kTM 

emperature. 
Using the κ model based on AtomDB ( Cui et al. 2019 ) , we

alculated the five line ratios as a function of κ and kTM 

and
estricted their values using the observed ratio ( figure 9 ) . No
ombination of κ and kTM 

can explain all the observed ratios.
herefore, we conclude that the suprathermal electron distri- 
ution is not justified in a way that accounts for the observed
ine ratios. 

.2.2.3 Non-equilibrium plasma 
e also investigated the possibility that the electron ( kTe ) and 

onization ( kTZ 

) temperatures are different in two ways: one 
s the ionizing plasma ( kTe > kTZ 

) and the other is the re-
ombining plasma ( kTe < kTZ 

) . Both scenarios are character- 
zed by two parameters: the electron temperature kTe and the 
oulomb relaxation timescale τ ≡ ∫ 

ne dt, in which ne is the 
lectron density. 

The diagnostics for the ionizing and recombining plasmas 
re shown in figures 10 and 11 , respectively. We access the NEI
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Fig. 8. Two-temperature plasma model and the residuals from the data in the ( a) 1.7–5.0 and ( b) 5.0–9.0 keV bands. 
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odel based on AtomDB via the PyAtomDB interface ( Foster
 Heuer 2020 ) to calculate the line ratios. For the ionizing

lasma, all ions start with neutral states at τ = 0 . For the re-
ombining plasma, all ions start in the fully ionized state at
= 0 . Both kTe and ne are assumed to remain constant. In
oth cases, no parameter space was found that satisfies all
ve line ratio constraints, suggesting that these models are not
ikely solutions. It is reasonable that the plasma reaches some
quilibrium, particularly for the stellar coronae at quiescence
ike the one presented here. 

 Conclusion 

ith the unprecedented spectral resolution of XRISM Re-
olve, detailed spectra for Fe K-shell lines were obtained for
he stellar corona from GT Mus at its quiescent state. The
atellite lines of Fe xxiv –xxiv , including those in the Fe He β
omplex, have become accessible for the first time for stellar
ources other than the Sun. 

We performed a phenomenological model fitting for the
ines in three line complexes. Two pairs of DE and three
airs of DR / DE lines were used for the line ratio analysis:
/w , Ly α1 /w , j/w , J/ Ly α1 , and j3 /w3 . The lines in each pair
ave close central energies, providing robust diagnostic results
gainst uncertainties in the effective area across the broad
nergy band. The temperature diagnostics through the ion
harge population and the electron energy distribution re-
ealed that a single-temperature plasma description is insuf-
cient, requiring deviation from it. We investigated the two-
emperature and κ distributions and the ionizing or recom-
ining plasmas, and found that the two-temperature ( 1.7 and
.3 keV) solution is preferred, which is also consistent with the
road-band fitting in the 1.7–10 keV and the thermal broad-
ning of the Fe xxv He α complex. 

This study demonstrates the capability of X-ray mi-
rocalorimeter spectra to diagnose plasmas in celestial stel-
ar sources. The same technique is applicable to spectra
uring flares, which may reveal interesting non-equilibrium
heonomena. Even for the Sun, there are only limited results in
UV ( Kawate et al. 2016 ; Dzifčáková et al. 2018 ) and X-rays
 Doschek & Tanaka 1987 ) for such features. Many celestial
tellar sources are known to exhibit gigantic and long-lasting
ares compared to the Sun ( Tsuboi et al. 2016 ) , and their ob-



Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1 S59

Fig. 9. Diagnostics for the κ electron energy distribution. Heatmaps are created for five line ratios based on the AtomDB model ( Cui et al. 2019 ) , covering 
the two parameters κ and kTM 

. The best-fitting values of the two parameters are marked with a cross, and the 90% uncert aint y range is indicated 
with contours. Only the upper limit is provided for the J/ Ly α1 ratio. All contours are assembled in the bottom right. The contour line style distinguishes 
the two pairs for ion charge distribution ( solid lines) and three pairs for electron energy distribution ( dashed lines) . No space satisfies all the contours 
simultaneously. 
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Fig. 10. Diagnostics for the ionizing plasma. The format and symbols follow figure 9 . The ionizing plasma model in AtomDB is retrieved via PyAtomDB 
( Foster & Heuer 2020 ) to calculate the five line ratios as functions of the relaxation parameter τ and the electron temperature kTe . The initial condition at 
τ = 0 assumes that all Fe ions are neutral and the electrons have a temperature of kTe . No space satisfies all the contours simultaneously. 

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/77/Supplem

ent_1/S50/8155822 by guest on 31 January 2026



Publications of the Astronomical Society of Japan (2025), Vol. 77, No. SP1 S61

Fig. 11. Diagnostics for the recombining plasma. The format and symbols follow figure 9 . The ionizing plasma model in AtomDB is retrieved via PyAtomDB 
( Foster & Heuer 2020 ) to calculate the five line ratios as functions of the relaxation parameter τ and the electron temperature kTe . The initial condition at 
τ = 0 assumes that all Fe ions are fully ionized and the electrons have a temperature of kTe . No space satisfies all the contours simultaneously. 
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