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Abstract 

Sagittarius A East is a supernova remnant with a unique surrounding environment, as it is located in the immediate vicinity of the supermassive 
black hole at the Galactic center, Sagittarius A 

∗. The X-ray emission of the remnant is suspected to show features of overionized plasma, which 
would require peculiar evolutionary paths. We report on the first observation of Sagittarius A East with the X-Ray Imaging and Spectroscopy 
Mission ( XRISM) . Equipped with a combination of a high-resolution microcalorimeter spectrometer and a large field-of-view CCD imager, we for 
the first time resolved the Fe XXV K-shell lines into fine structure lines and measured the forbidden-to-resonance intensity ratio to be 1 . 39 ± 0 . 12 , 
which strongly suggests the presence of overionized plasma. We obtained a reliable constraint on the ionization temperature just before the 
transition into the overionization state, of >4 keV. The recombination timescale was constrained to be <8 × 1011 cm 

−3 s. The small velocity 
dispersion of 109 ± 6 km s −1 indicates a low Fe ion temperature <8 keV and a small expansion velocit y <20 0 km s −1 . The high initial ionization 
temperature and small recombination timescale suggest that either rapid cooling of the plasma via adiabatic expansion from dense circumstellar 
material or intense photoionization by Sagittarius A 

∗ in the past may have triggered the overionization. 
Keywords: Galaxy: center —ISM: individual objects ( Sagittarius A East) —ISM: supernova remnants —X-rays: ISM 
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1 Introduction 

Supernova remnants usually begin their lives with very low 

ionization states and evolve toward the collisional ionization 
equilibrium ( CIE) . Over the last decade, however, X-ray obser- 
vations have disclosed that a certain fraction of the remnants 
contain “overionized”plasma, in which ionization degrees are 
significantly higher than those expected if the plasma is ioniz- 
ing or in CIE ( see Yamaguchi 2020 for review) . When and how 

they transitioned to overionzation states still remain under de- 
bate. Diagnosing overionized plasma in supernova remnants 
is important because it would hold the key to understanding 
the possible variety in the evolutionary paths. 

Sagittarius A East ( Sgr A East) is a supernova remnant of 
great interest because of its location in the immediate vicinity 
of the supermassive black hole Sagittarius A 

∗ ( Sgr A 

∗) and 
suspected presence of overionized plasma. The angular size of 
the radio shell ≈3. ′ 5 × 2. ′ 5 ( Ekers et al. 1975 ) corresponds to 
the physical size of ≈8 pc × 6 pc assuming a distance of 8 kpc 
( Reid 1993 ; Gillessen et al. 2009 ; Frail 2011 ; Ranasinghe & 

Leahy 2022 ) . The age of the remnant is poorly constrained 
from the dynamics and non-equilibrium plasma state to be 
103–4 yr ( Maeda et al. 2002 ; Fryer et al. 2006 ; Koyama et al. 
2007 ) . 

Its center-filled X-ray structure, with the shell-like ra- 
dio emission, indicates that it is classified into the “mixed- 
morphology” class ( Rho & Petre 1998 ) . As the process to 
realize this morphology is still unclear and the remnants 
in this class are often associated with overionized plasma, 
X-ray spectroscopy is of great importance to diagnose the 
plasma state and its history. The X-ray spectrum shows intense 
Fe K-shell emission lines, indicating the presence of a high- 
temperature plasma ( Maeda et al. 2002 ; Sakano et al. 2004 ; 
Park et al. 2005 ; Koyama et al. 2007 ; Ono et al. 2019 ; Zhou 
et al. 2021 ) . The plasma state is still under debate. Ono et al. 
( 2019 ) claims the detection of overionized plasma based on 
the Fe K radiative recombination continuum feature, whereas 
Zhou et al. ( 2021 ) found no strong evidence for overionized 
plasma. Considering its surrounding environment, it would be 
reasonable to suspect that the plasma state could have been 
affected by hypothetical past activities of Sgr A 

∗ ( Ryu et al. 
2009 , 2013 ; Nakashima et al. 2013 ; Ono et al. 2019 ) . High- 
resolution X-ray spectroscopy is thus desired to resolve the 
plasma state and its origin. 

We report on the first high-resolution spectroscopy of 
Sgr A East with XRISM ( X-Ray Imaging and Spectroscopy 
Mission; Tashiro et al. 2018 , 2020 ) . In this work, we focus on 
narrow-band spectroscopy of the prominent Fe xxv ( He-like) 
and Fe xxvi ( H-like) K-shell emission lines ( hearafter He α
and Ly α, respectively) , to provide a robust constraint on the 
plasma state as well as to demonstrate the diagnostic power 
of XRISM. 

2 Observations and data reduction 

XRISM is equipped with the microcalorimeter Resolve 
( Ishisaki et al. 2018 ) and wide field-of-view ( FoV) CCD cam- 
era Xtend ( Mori et al. 2022 ) . Resolve consists of 35 active 
pixels, covering a sky region ≈0. ′ 5 × 0. ′ 5 each and ≈3. ′ 1 × 3. ′ 1 
combined, with an energy resolution of < 5 eV ( FWHM: full 
width half maximum; XRISM Collaboration 2024 ) . Xtend is 
composed of four CCDs, giving a ≈38′ × 38′ FoV with an en- 
ergy resolution of < 200 eV in FWHM. The angular resolution 
is <1. ′ 7 ( HPD: half power diameter) . 

The Sgr A East and a nearby-sky region were observed 
with XRISM from 2024 February 26 to 29 UT ( ObsID: 
300044010) and February 29 to March 3 UT ( ObsID: 
300045010) , respectively. We reduce the data with the pre- 
release Build 7 XRISM software with HEAsoft ver. 6.32 
( HEASARC 2014 ) and calibration database ( CALDB) ver. 
8 ( v20240815) ( Terada et al. 2021 ; Loewenstein et al. 
2020 ) . We exclude periods of the Earth eclipse and sun- 
lit Earth’s limb, and South Atlantic Anomaly passages. The 
effective exposures of Resolve ( Xtend) left after the stan- 
dard data reduction are 126 ks ( 108 ks) and 74 ks ( 63 ks) 
for the Sgr A East and nearby-sky observations, respectively. 
The systematic uncertainty in the energy scale of Resolve is 
evaluated using the onboard 55 Fe source and found to be 
very small, ≈0 . 1 eV at 5 . 9 keV ( Eckart et al. 2024 ; Porter 
et al. 2024 ) . 

In our spectral analysis, we use XSPEC ver. 12.13.1 ( Arnaud 
1996 ) with the C-statistic ( Cash 1979 ) , and AtomDB ver. 3.0.9 
( Foster et al. 2012 ) with the PyAtomDB package ( Foster & 

Heuer 2020 ) . In calculation of charge exchange X-ray emis- 
sion, we partly use the CX model ( Gu et al. 2016 ) in SPEX 

ver. 3.08.00 ( Kaastra et al. 1996 ) . Redistribution matrix files 
( RMFs) are generated with the rslmkrmf task using the 
cleaned event file and CALDB based on ground measure- 
ments. Line-spread function components include the Gaussian 
core, exponential tail to low energy, escape peaks, and Si flu- 
orescence. Auxiliary response files ( ARFs) are generated with 
the xaarfgen task. The assumed emission profiles for indi- 
vidual spectral components are described in subsection 3.1 . 
Errors quoted in the text, figures, and tables indicate 1 σ con- 
fidence intervals. 

3 Analysis and results 

3.1 Spectral modeling of Sgr A East 
Figure 1 shows 6.45–6.8 keV ( Fe He α) Xtend and Resolve 
images extracted from the observation of Sgr A East. One can 
see that the Resolve observation of Sgr A East is highly af- 
fected by the bright transient source ( low-mass X-ray binary) , 
AX J1745.6 −2901 ( Hyodo et al. 2009 ) , whose X-ray emis- 
sion has a blackbody continuum with absorption lines at Fe 
He α and Ly α and thus requires a careful treatment. Further as- 
sessment can be found later in this section. The Resolve spec- 
trum extracted from the source region is shown in figure 2 , 
demonstrating that the Fe He α triplet is successfully separated 
for the first time. 

Our primary interest is the Fe He α and Ly α line intensi- 
ties. We perform plasma diagnostics based on these inten- 
sities measured with a semi-phenomenological model rather 
than simply relying on plasma models. This treatment is to 
minimize the potential bias due to the other spectral features 
including the high and uncertain background. The Resolve 
spectrum clearly exhibits evidence for an overionized plasma, 
i.e., enhanced Fe He α z/w and x/y ratios and coexistence 
of Fe ions with a broad range of charge states ( H-like, He- 
like, and lower-ionized ones like Li-like and Be-like) . We apply 
Lorentzian models with a Gaussian-like broadening to obtain 
the individual fluxes of the Fe He α- z , y , x , w , Ly α1 , and Ly α2 

( six in total) . To explain the other spectral features including 
weak lines and continua, we apply a two-temperature overion- 
ized plasma model ( bvvrnei + bvvrnei in XSPEC) plus a 
power-law function ( Ono et al. 2019 ) without the Fe He α and 
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Fig. 1. ( a) 6.5–6 . 8 keV Xtend image of the Galactic center region with the Resolve fields of view ( FoVs; yellow boxes) , source ( green) , and background ( white) 
regions. Background subtraction and vignetting ( off-axis exposure) correction is not applied. The VLA 4 . 8 GHz contours obtained from the NRAO archive 
〈 https:// www.vla.nrao.edu/ astro/ archive/ pipeline/ position/ J174535.6-285839/ 〉 are overlaid in magenta. ( b) 6.5–6 . 8 keV Resolve image of the Sgr A East 
region with the source ( green) and background ( black) regions. 

Fig. 2. X-ray spectrum of the Sgr A East region with XRISM Resolve with the best-fitting spectral models. The blue solid line represents the Sgr A East 
model. The blue dashed lines indicate the Lorentzian models which replace the Fe–He α and Ly α lines in the bvvrnei model ( see text for methodology) . 
The solid and dashed gray lines represent the spectral models of AX J1745.6 −2901 without and with absorption by ionized Fe atoms, respectively. A 
reference spectrum with XRISM Xtend is overplotted in red. The inset shows the CIE plasma model with different electron temperatures ( kTe ) and a 
comparison with the data. 

Ly α lines [see Suzuki et al. ( 2020 ) for the methodology].1 The 
Lorentzian widths ( FWHM) are fixed to the individual natu- 
ral widths. The Gaussian-like broadening ( which is the same 
for all six lines in velocity dispersion) is tied to that of the 
bvvrnei model. All the parameters of the low-temperature 
component are fixed to the values in Ono et al. ( 2019 ) ex- 
cept for the emission measure, the ratio of which relative to 
the high-temperature component is fixed to the value in Ono 
et al. ( 2019 ) . The contribution of the low-temperature com- 
ponent at Fe He α and Ly α is below 5% ( Ono et al. 2019 ) and 
thus its uncertainty does not affect the discussion below. The 
power-law index is fixed to 1.0 ( Ono et al. 2019 ) . The electron 
temperature kTe , recombination timescale τ , emission mea- 
sure, velocity dispersion, and redshift of the high-temperature 
component, and the power-law flux, are treated as free pa- 
rameters. The initial ionization temperature kTinit is fixed to 
10 keV ( Ono et al. 2019 ) because the model itself is insensitive 
to it without the six major lines. The interstellar absorption 
column, which is unimportant in the energy range we use, is 

1 The origin of the power-law component is thought to be either an en- 
semble of point sources or non-thermal emission associated with filaments 
in the remnant ( Koyama et al. 2007 ) , or many faint X-ray reflection nebulae 
( Ono et al. 2019 ) . 

fixed to 1 . 5 × 1023 cm 

−2 [based on Ono et al. ( 2019 ) , roughly 
consistent with Zhou et al. ( 2021 ) ]. As the input emission pro- 
file to generate ARFs, we use an Fe He α image obtained with 
Chandra. 

The background of our observation is dominated by the 
Galactic center X-ray emission ( GCXE; see Koyama 2018 for 
review) and AX J1745.6 −2901. We determine the spectral 
model for AX J1745.6 −2901 using an Xtend spectrum 

( ObsID: 300044010) extracted from a circle with a 1′ radius 
centered at ( RA, Dec) = ( 266.

◦
3985, −29.

◦
0261) . The emission 

is approximated with a simple blackbody spectrum. We first 
ignore the absorption features at Fe He α and Ly α ( Trueba 
et al. 2022 ) , which are time-variable. The uncertainty due 
to this treatment is evaluated later in this section. When we 
apply this model to the Resolve spectra, we only allow the 
normalization to vary within ±50% to account for uncer- 
tainties in the ray-tracing software when generating ARF, 
with the other parameters fixed. Meanwhile, we empirically 
model the spectrum extracted from the FoV of the nearby- 
sky observation ( ObsID: 300045010) to obtain the GCXE 

spectral shape.2 Only the surface brightness is left as a free 

2 Details of the GCXE spectrum itself will be reported in a separate paper. 
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Table 1. Results of the spectral modeling for Sgr A East. 

Parameter Value 

NH ( 1022 cm 

−2 ) 15 ( fixed) 
Broadening ( km s −1 ) 109 ± 6 
Redshift (2 ± 5) × 10−5 

Lorentzian flux ( 10−5 ph s −1 cm 

−2 ) 
He α z ( 6636.58 eV) 3 . 19 ± 0 . 17 
He α y ( 6667.55 eV) 1 . 43 ± 0 . 14 
He α x ( 6682.30 eV) 1 . 71 ± 0 . 14 
He α w ( 6700.40 eV) 2 . 30 ± 0 . 16 
Ly α1 ( 6973.07 eV) 0 . 49 ± 0 . 08 
Ly α2 ( 6951.86 eV) 0 . 33 ± 0 . 07 

High- kTe bvvrnei model * 

kTe ( keV) 1 . 69 ± 0 . 09 
kTinit ( keV) 10 ( fixed) 
τ ( 1011 s cm 

−3 ) (7 . 7 ± 1 . 1) × 1011 

Fe ( solar) 1.5 ( fixed) 
n e nH V ( cm 

−5 ) † (5 . 0 ± 0 . 5) × 1058 

Power-law flux ‡ (1 . 8 ± 0 . 7) × 10−13 

GCXE flux § (3 . 0 ± 0 . 1) × 10−14 

* Note that the bvvrnei model is introduced to explain the lines except for 
the prominent Fe He α and Ly α, and continua. 

† Emission measure, where ne and nH stand for electron and hydrogen num- 
ber densities ( cm 

−3 ) . A distance of 8 kpc is assumed. 
‡ Absorbed photon flux in 6.5–7 . 1 keV ( erg s −1 cm 

−2 ) . 
§Absorbed photon flux in 6.5–7 . 1 keV ( erg s −1 cm 

−2 arcmin −2 ) . 

parameter, which is assumed to be the same for the source 
and background regions. The effect of the possible spatial 
dependence is evaluated later in this section ( Muno et al. 
2004 ; Chatzopoulos et al. 2015 ) . As the emission profiles to 
be input to ARFs, we assume a point-like and flat sources for 
the AX J1745.6 −2901 and GCXE, respectively. 

We simultaneously fit the source and background spec- 
tra with the combined model, Sgr A East + GCXE + 

AX J1745.6 −2901, taking into account the mutual contam- 
ination of each component between the two regions. We al- 
low the normalization of the Sgr A East model for the back- 
ground spectrum to vary within ±50% relative to that for the 
source region to account for uncertainties in the ray-tracing 
software and thus in the ARF. As a result, we obtain an accept- 
able fit with a C-stat/d.o.f. = 2975 . 1 / 2589 ( figure 2 ) . The ob- 
tained parameters are summarized in table 1 . We successfully 
constrain the intensity ratios as Fe He α- z/ He α- w = 1 . 39 ±
0 . 12 , Ly α/ He α- w = 0 . 36 ± 0 . 07 . The best-fitting Ly α1 / Ly α2 

intensity ratio is consistent with ≈2 , which is generally ex- 
pected in thermal plasma. The constrained velocity dispersion, 
≈109 km s −1 , corresponds to an Fe ion temperature of ≈
8 keV if the broadening is purely due to thermal motion. One 
may expect to detect a strong radiative recombination edge 
of He-like Fe ions at ≈8 . 83 keV, as was the case for W 49B 

( Ozawa et al. 2009 ) . Although our model indeed reproduces 
a similar feature because of the spectral parameters being sim- 
ilar to W 49B ( e.g., Yamaguchi et al. 2018 ) , the feature is much 
less noticeable because of its much lower flux compared to the 
contamination from the power-law component of Sgr A East, 
AX J1745.6 −2901, and GCXE. 

We evaluate the contribution of two processes which pos- 
sibly alter the Fe He α forbidden-to-resonance ratio, i.e., the 
Fe He α resonance scattering and charge exchange ( CX) X-ray 
emission. Details are described in the Appendix. The possible 
flux decrease of Fe He α- w due to scattering is estimated to 
be ≈5% at most. The possible contribution of the CX emis- 
sion is also evaluated to be < 10% to the Fe He α- z/ He α- w 

and Ly α/ He α- w ratios. Thus, neither will affect the plasma 
parameters significantly. 

To account for systematic uncertainties in the back- 
ground estimation, we consider uncertainties associated 
with the GCXE flux and Fe K absorption features of 
AX J1745.6 −2901. Based on the Fe He α flux distribution 
over a 17′ × 17′ region around Sgr A 

∗ ( Muno et al. 2004 ) 
and the projected stellar mass ratio of the source and back- 
ground regions ( Chatzopoulos et al. 2015 ) , we take into ac- 
count the possible spatial dependence of GCXE by scaling 
the best-fitting GCXE flux of the source region by +40% 

and search for the best-fitting parameters again. The Fe He α
and Ly α fluxes are slightly changed but within ≈10% ; these 
changes are smaller than the statistical errors and thus are in- 
significant. We evaluate the effect of the absorption features 
of AX J1745.6 −2901 by replacing the model with one that 
has K-shell absorption lines of ionized Fe determined with the 
Xtend spectrum and confirmed with the Resolve spectrum ex- 
tracted from westernmost pixels ( figure 2 ) .3 The resultant line 
fluxes of Sgr A East are slightly increased, by ≈18% at Fe Ly α, 
yielding insignificant changes in the plasma parameters. 

3.2 Plasma diagnostics based on Fe-He α and Ly α

We compare the determined line intensities with the plasma 
models in AtomDB to constrain the plasma state. Figure 3 a 
indicates that the CIE plasma model cannot explain the ob- 
served high forbidden-to-resonance intensity ratio with a rea- 
sonable range of electron temperature, where a sufficient 
amount of both He- and H-like Fe atoms are present. Fig- 
ure 3 b shows that the overionized plasma model can explain 
the observed line intensity ratios with sufficiently high initial 
ionization temperatures kTinit . Figures 3 c and 3 d quantify the 
constrained ranges of the electron temperature, present and 
initial ionization temperatures, and recombination timescale 
based on the Fe He α- z/ He α- w and Ly α/ He α- w intensity ra- 
tios. The electron temperature kTe and present ionization tem- 
perature kTz 

4 are estimated to be kTe = 1 . 6 ± 0 . 2 keV and 
kTz = 4 . 7 ± 0 . 4 keV, respectively. The initial ionization tem- 
perature is thus constrained to be kTinit > 4 keV. Note that 
no kTinit values can explain the observations when τ > 8 ×
1011 s cm 

−3 , as such timescales lead to much lower ionization 
states than those observed. 

The electron temperature and recombination timescale di- 
rectly constrained from the Fe He α and Ly α line ratios are 
consistent with those shown in table 1 . This fact means that 
the plasma state required from the Fe He α and Ly α lines 
can explain other spectral features including the satellite lines 
as well. Thus, we apply a model without replacing the Fe 
He α and Ly α lines with Lorentzian functions for Sgr A East 
and indeed obtain a very similar fit, with C-stat / d.o.f.= 

2976 . 1 / 2595 . 

4 Discussion 

4.1 Basic properties of Sgr A East 
The derived recombination timescale, τ < 8 × 1011 s cm 

−3 , 
can be used to evaluate the age of Sgr A East. If we assume 
that the Fe K emitting plasma is dominated by ejecta, which 

3 Details of the spectral features of AX J1745.6 −2901 will be reported 
in a separate paper. 

4 CIE temperature equivalent to the ionization state which explains the 
observed line ratios ( e.g., Masai 1994 ) . 
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Fig. 3. Comparison of the observed Fe He α- z/ He α- w and Ly α/ He α- w intensity ratios and AtomDB plasma models. The observed intensity ratios and their 
1 σ uncert aint y ranges are indicated with red transparent regions in the panels ( a) and ( b) . ( a) Comparison with the CIE model with various electron temper- 
atures ( kTe ) . The upper and lower panels show the He α- z/ He α- w intensity ratio and ion fractions, respectively. ( b) Comparison with the overionized plasma 
model ( rnei with kTe = 1 . 6 keV) with various initial temperatures ( kTinit ) . The upper and lower panels show the He α- z/ He α- w and Ly α/ He α- w ratios as 
a function of recombination timescale, respectively. ( c) 1 σ uncert aint y ranges of kTe and present ionization temperature which satisfy the observed He α- 
z/ He α- w ( red) and Ly α/ He α- w ( blue) ratios. ( d) 1 σ confidence region of the recombination timescale and initial ionization temperature ( kTinit ) ( red) which 
satisfy both the observed He α- z/ He α- w and Ly α/ He α- w ratios. The background color scale in panels ( c) and ( d) shows the He α- z/ He α- w intensity ratio. 

is reasonable given its center-filled distribution and overabun- 
dance ( Koyama et al. 2007 ; Ono et al. 2019 ) , we can derive the 
plasma density: typical CSM + ejecta masses of � 1 solar with 
the radius of the Fe He α emission traced with Chandra, 1 . 6 pc, 
yields a plasma density ne � 1 cm 

−3 for both solar-abundance 
or pure-Fe plasma, which are similar to the estimates from 

the plasma emission measures in previous studies ( Maeda 
et al. 2002 ; Sakano et al. 2004 ; Koyama et al. 2007 ; Ono 
et al. 2019 ) and this work. The age of the remnant should be 
larger than the elapsed time after the overionization occurred, 
τ/ne ≈ 2500 yr (τ/ 8 × 1011 s cm 

−3 )(ne / 10 cm 

−3 )−1 . This will 
be more meaningful once some additional constraints are ob- 
tained. 

The velocity dispersion of ≈109 km s −1 is converted to an 
upper-limit expansion velocity of ≈200 km s −1 ( XRISM Col- 
laboration 2024 ) . If we assume that the Fe K emitting plasma 
is dominated by ejecta, expansion velocities will be kept high, 
such as � 1000 km s −1 , even after shock-heating ( e.g., Sato & 

Hughes 2017 ; XRISM Collaboration 2024 ) . Thus, the small 
expansion velocities inferred in Sgr A East will require cer- 
tain processes to suppress the expansion. The inferred high 
ambient density is qualitatively consistent in this sense. Al- 
ternatively, if the progenitor wind produced dense circumstel- 
lar material ( CSM) , it would naturally cause a suppression 
of the expansion. The low Fe ion temperature < 8 keV, along 
with the high electron temperature ≈1 . 6 keV, generally re- 
quires a long thermal relaxation timescale � 1011 s cm 

−3 and a 

moderate shock velocity � 2000 km s −1 in the unshocked 
ejecta frame, given the non-equilibrium of the temperatures 
of different elements immediately behind shocks ( XRISM Col- 
laboration 2024 ; Ohshiro et al. 2024 ) . We note that this may 
not hold for Sgr A East because the evolutionary path may 
have been unusual, e.g., the remnant may have experienced a 
quick equilibration behind the shock due to dense CSM, as we 
discuss in subsection 4.2 . 

The upper limit of the observed redshift of Fe He α is con- 
verted to a line-of-sight velocity of ≈20 km s −1 . This sup- 
ports the idea that Sgr A East is very close to Sgr A 

∗: a line- 
of-sight component of the Galactic rotation velocity, < 50 –
150 km s −1 away from the solar system at a distance of 1–
10 pc from Sgr A 

∗ ( Lugten et al. 1986 ) , may be observed as 
< 20 km s −1 after applying the standard corrections for the 
line-of-sight velocities of the solar system ( ≈10 km s −1 ) and 
Earth ( ≈28 km s −1 ) . This estimate is also similar to the ve- 
locities of molecular clouds in the vicinity ( ∼50 km s −1 : e.g., 
Tsuboi et al. 1999 , 2011 ) . 

4.2 Origin of the overionization 

Here we discuss how the overionized plasma in Sgr A East was 
produced. We briefly examine three candidate cases which are 
widely considered as the origin of the overionization in super- 
nova remnants, rapid cooling of the plasma via ( a) thermal 
conduction with cold material ( Kawasaki et al. 2002 ) or ( b) 
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adiabatic expansion from dense CSM ( Itoh & Masai 1989 ) , 
and ( c) enhanced ionization due to irradiation of charged par- 
ticles or photons ( e.g., Ono et al. 2019 ) . In cases ( a) and ( b) , the 
ionization temperature kTz before a transition to overioniza- 
tion states is similar to or lower than the electron temperature 
kTe assuming an ordinary evolution. A rapid cooling of elec- 
trons causes a transition and realizes kTz > kTe . In case ( c) , 
the electron temperature is kept the same before and after the 
transition, and only the ionization state is quickly enhanced 
and realizes kTz > kTe . 

If we assume that the thermal conduction ( a) was the origin 
of the overionization in Sgr A East, the electron temperature 
before the transition should have been > 4 keV. It is hard to re- 
alize such high electron temperatures in supernova remnants 
in general. In fact, electron temperatures this high have never 
been observed in remnants, although may be possible theoret- 
ically in such a dense environment ( e.g., Maeda et al. 2002 ) , 
where the plasma would quickly reach CIE. The thermal con- 
duction scenario would not naturally explain such high initial 
temperatures due to the expected ordinary evolution before 
the transition, and thus is less favorable. 

The adiabatic expansion scenario ( b) may satisfy the high 
initial ionization temperature because it assumes the existence 
of dense CSM, developing a strong reverse shock at an early 
stage ( ∼100 yr; Itoh & Masai 1989 ) . The resultant higher 
shock velocity and higher density than without dense CSM 

in combination quickly achieve a high ionization state. In- 
deed, X-ray observations performed within ∼100 d of sev- 
eral supernovae exploding in dense CSM suggested the pres- 
ence of plasma with high electron temperatures > 10 keV ( e.g., 
Chandra et al. 2024 ) . Since the CSM breakout should oc- 
cur within a few 100 yr, the recombination timescale should 
be similar to or larger than the “age times present plasma 
density.” Thus, if the age of the remnant is smaller than 
≈25000 yr (ne / 1 cm 

−3 )−1 , this scenario can explain the re- 
combination timescale measured in our spectroscopy. Better 
constraints on the age are desired to test this scenario more 
precisely. 

Realizing sufficiently high ionization states to explain the 
observed overionized plasma by enhanced ionization ( c) will 
be hard in general in the case of collisional ionization with 
charged particles ( Sawada et al. 2024 ) . Another possibility is 
photoionization by a luminous X-ray source. Having such a 
high luminosity source in the vicinity of a remnant is rare, 
and the photoionization scenario has never been considered 
as a plausible origin for overionized remnants ( e.g., Kawasaki 
et al. 2002 ) . In the case of Sgr A East, however, intense pho- 
toionization may be possible because of the presence of Sgr A 

∗

in the immediate vicinity. As already suggested by Ono et al. 
( 2019 ) , a luminosity L � 1040 erg s −1 (ne / 1 cm 

−3 )(R/ 1pc )2 , 
with R being the distance from Sgr A*, is required to realize an 
ionization state equivalent to the CIE with 5 keV ( log ξ ≈ 3 ) . 
This lies in between those of the hypothetical outbursts of 
Sgr A 

∗, L ∼ 1039 erg s −1 a few 100 yr ago ( Ryu et al. 2009 , 
2013 ) and L ∼ 1044 erg s −1 ∼ 105–6 yr ago ( Su et al. 2010 ; 
Nakashima et al. 2013 ) . Thus, if a past outburst of Sgr A 

∗ with 
L � 1040 erg s −1 occurred � 2500 yr (ne / 10 cm 

−3 )−1 ago, it 
would have initiated the overionization of Sgr A East. We note 
that we would expect overionization of other elements in the 
swept-up interstellar medium as well in this scenario. A work 
on the broad-band spectrum, which is important in this sense, 
will be reported separately. 
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Appendix. Contribution of resonance 

scattering and charge exchange emission 

We here evaluate the contribution of two processes which 
possibly alter the Fe He α forbidden-to-resonance ratio, 
i.e., the resonance scattering and charge exchange ( CX) 
X-ray emission. Due to the high oscillator strength, the Fe 
He α- w ( resonance) line may be scattered in the plasma 
itself depending on the optical depth and geometry, thereby 
reducing the line-of-sight intensity. We use the formulation 
by Kaastra and Mewe ( 1995 ) to estimate the transmission 
probability p = 1 / (1 + 0 . 43 τ ) , with τ being the optical depth 
of the plasma ( Kastner & Kastner 1990 ) .5 The resultant 
probability of the scattering is < 5% , indicating that the 
resonance scattering is negligible. 

As for the CX emission due to an interaction with neutral 
material, we first examine if the ionizing plasma model with 
the contribution of CX can explain the observations based on 
ACX2 v2.0 in AtomDB.6 As a conservative approach, only the 
spectral shape of the CX model is considered and the abso- 
lute emission measure is not used in our evaluation. Figure 4 
shows a data-to-model comparison of the ≈6 . 62 keV satel- 
lite lines / He α- w and Ly α/ He α- w intensity ratios. One can see 
that the “ionizing plasma + CX”model cannot explain both 
of the two line ratios at the same time, with an even increased 
discrepancy when the contribution of CX is higher. In the case 

5 We assume reasonable or conservative parameters for Sgr A East, 
Fe abundance = 1 . 5 solar, electron temperature = 1 . 6 keV, recombination 
timescale = 8 × 1011 s cm 

−3 , initial temperature = 10 keV, without a veloc- 
ity dispersion, electron density = 20 cm 

−3 , and line-of-sight length of 3 . 2 pc. 
We also assume that a photon completely escapes from the line of sight when 
scattered. The oscillator strength and ion fractions are taken from SPEX. 

6 We assume the same Fe abundance, temperature, and ionization state 
for the CX component as those of the thermal plasma model. A collision 
velocity of 1000 km s −1 is assumed. Ions are assumed to repeatedly capture 
electrons until they become neutral. 
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Fig. 4. Constraints on the parameters of the ( a) ionizing and ( b) overionized plasma models with the contribution of CX emission ( ACX2 v2.0 in XSPEC) 
considered. The initial ionization temperature of 10 keV is assumed for the overionized plasma model. The red and blue transparent regions show the 
observed intensity ratios of ≈6 . 62 keV satellite lines / Fe He α- w and Fe Ly α/ He α- w , respectively. The regions with lower and higher transparencies indicate 
the CX flux levels of 0% and 30% at He α- w with respect to the plasma models, respectively. 

of the “overionized plasma + CX,” one can find a certain up- 
per limit of the allowed contribution of CX. We then evaluate 
the upper limit of its contribution to the He α- z/ He α- w and 
Ly α/ He α- w line ratios precisely using ACX2 ( AtomDB) and 
CX ( SPEX) , obtaining < 10% ( 95% upper limit) , which does 
not alter the derived plasma parameters significantly. 
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