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Abstract

The Fe Ka fluorescence line at 6.4 keV is a powerful probe of cold matter surrounding X-ray sources and has been widely used in various
astrophysical contexts. The X-ray microcalorimeter spectrometer onboard XRISM can measure line shifts with unprecedented precision of
~0.2 eV, equivalent to a line-of-sight velocity of ~10 km s~'. At this level of accuracy, however, several factors that influence the line energy
must be carefully considered prior to astrophysical interpretation. One such important factor is the ionization degree, Fe9*. The Ku line shifts
redward by ~4 eV as g increases from 0 (neutral) to 8 (Arlike). Additionally, the accompanying Fe KB line at 706 keV shifts blueward by ~30 eV
from g = 0 to 8. We demonstrate that this effect is actually observable in the XRISM data of the high-mass X-ray binary Centaurus X-3 (Cen X-3).
We advocate that the differential energy shift between the Ka and K line provides a robust estimate of g by decoupling from other effects that
shift the two lines in the same direction. We derived g ~ 5 (Sc-like) for the fluorescing matter by comparing the observation with atomic structure
calculations of our own and in the literature. By accounting for the derived charge state and the corresponding shift in the rest-frame line energy,
we made corrections for this effect and reached a consistent residual shift among the Ko, KB, and the optical measurement attributable to the
systemic velocity of the system. Consequently, we obtained a new constraint on the location of the cold matter. This ionization effect needs to
be assessed in all use cases of the Fe Ka line shift beyond Cen X-3, and the proposed metric is generally applicable to all of them.

Keywords: atomic processes — stars: neutron — X-rays: binaries — X-rays: individual (Centaurus X-3)

1 Introduction ergy to penetrate through the interstellar extinction of Ny ~
10%? cm™2, the line has profound utility in almost all fields of
X-ray astronomy (Kaastra 1999).

The utility is further enhanced by the advent of the X-ray
microcalorimeter spectrometer onboard the X-Ray Imaging
and Spectroscopy Mission (XRISM; Tashiro et al. 2025). With
the superb spectroscopic performance of the Resolve instru-
ment (Ishisaki et al. 2025; Kelley et al. 2025), the Fe Ko line
is used in ways that were never possible with previous CCD
and grating spectrometers. The two intense lines of the com-
plex (Ka; and Ka, respectively at 6.404 and 6.391 keV for

width (EW), the energy shift, and the line profile. Due to q = 0) were resolved (_Bog.ensberger et al. 2025; Miller et al.
the rich cosmic abundance of Fe, the large fluorescence yield 2025); the weak satellite l1n§s (Kaz 4 at 6.435 keV) were de-
(0.355; Firestone & Shirley 1996), and the sufficiently high en- tected (Vander Meulen et al. in preparation); the bulk velocity

The Fe Ka fluorescent emission line at 6.4 keV is one of
the most widely used diagnostics in X-ray spectroscopy. The
emission is produced by radiative decay following the inner-
shell ionization of neutral to low-ionized Fe?*t (typically be-
low Ar-like with an ionization degree g < 8, where g =0
is for neutral) in cold matter. The ionization source can be
photons or charged particles above the threshold energy of
7.11 keV. The line carries information about the ionizing
source, the cold matter, and the relation between them through
its observed properties: i.e., the intensity or the equivalent
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of <100 km s~! was derived (Chakraborty et al. 2025); the ra-
dial velocity (RV) curve of a wide binary was obtained (Nazé
et al. 2026); Doppler tomography was applied (Sameshima
et al. 2026); the multiple components of different broaden-
ing were separated (XRISM Collaboration 2024; Kammoun
et al. 2025); and the timing of the line photons relative to
the continuum photons was constrained (Mochizuki et al.
2024).

These novel applications remind us that we need to know
the intrinsic properties of the line to the accuracy that the
microcalorimeter spectra can achieve. Such caution is most
evident in the result of the Resolve observation of the X-ray
binary Centaurus X-3 (Cen X-3). Mochizuki et al. (2024) re-
vealed that the line energy is modulated by the binary orbital
motion. The RV curve of the line is consistent with the NS
motion in phase but with a slightly smaller amplitude than
expected. However, the most striking result is the measured
RV offset of —140 +4 km s~!, which was very tightly con-
strained by observing the RV curve over the entire phase. The
magnitude of the shift (equivalent to 470 ppm at 6.4 keV) is
significantly larger than all conceivable sources of systematics,
including the systemic velocity of the system derived from op-
tical spectra of the O star (130 ppm; Hutchings et al. 1979),
the energy determination accuracy of Resolve (30 ppm; Eckart
et al. 2025; Porter et al. 2025), the Earth’s orbital motion
around the Sun (51 ppm), and the Sun’s motion with respect
to the local standard of rest (17 ppm) at the time of the obser-
vation.

It is obvious that we need to revisit the assumptions re-
garding the intrinsic properties of the line based on atomic
physics. In particular, the assumption that the line is from neu-
tral (g = 0) Fe can lead to incorrect conclusions, as the line
energy can shift by ~4 eV (625 ppm) when Fe is ionized to
q = 8 (Palmeri et al. 2003). The purpose of this paper is to
demonstrate, for the first time, that this effect actually occurs
using the same Cen X-3 data with Resolve. A robust assess-
ment is achieved by combining it with the accompanying KB
fluorescence line at 7.06 keV, which became accessible with
Resolve without contamination from the K edge feature at
7.11 keV. As we will show in this paper, the differential en-
ergy shift between the K and Kg lines behaves distinctly dif-
ferently from other sources of systematics. By taking this effect
into account properly, we further show that the systemic ve-
locity of the system can be better reconciled among different
results, and the average g value can be derived, which provides
new constraints on the fluorescing matter and its ionizing
source.

The outline of this paper is as follows. We start with a brief
description of the target, the instrument, the observation, and
the data reduction in section 2. A more detailed description
can be found in the preceding paper (Mochizuki et al. 2024).
We present the results of the data analysis in section 3, in
which we characterize the observed Ko and KB lines. In sec-
tion 4, we evaluate the atomic effects for the line energy shifts
(subsection 4.1). We further discuss new constraints on flu-
orescing matter in the Cen X-3 system (subsection 4.2). We
summarize our findings and conclude with their astrophysical
implications in section 5.

All errors throughout the paper are given for the 1o statisti-
cal uncertainty. We take RV redshifts (lower shift in energy) as
negative values to align with the preceding work (Mochizuki
et al. 2024), although this is contrary to astronomical conven-
tions.

2 Data

Cen X-3 is an eclipsing high-mass X-ray binary with an or-
bital period of 2.09 days. It is composed of a neutron star (NS)
and an O6-8 Il giant V779 Cen (Krzeminski 1974; Hutchings
et al. 1979). The XRISM observation was performed to cover
an entire orbital phase from February 13 to 16, 2024. The
dates were chosen so that the target could be observed with
minimum interruption, with no Earth occultation seen from
XRISM orbiting the Earth in a precessing plane. As a conse-
quence, the line-of-sight velocity of XRISM around the Earth
was very small at 0.5 km s~! (1.7 ppm) in peak-to-peak. The
basic properties of the system and the observation are tab-
ulated in table 1. Compared to other X-ray observations in
the past (Naik et al. 2011; Sanjurjo-Ferrin et al. 2021; Tamba
et al. 2025), the X-ray flux remained relatively stable over an
entire orbit outside of eclipses, making it easy to interpret the
observed RV curve.

We use the Resolve instrument aboard XRISM (Ishisaki
etal. 2025; Kelley et al. 2025). It hosts an array of 6 x 6 X-ray
microcalorimeter pixels (pixels 0-35) placed at the focal plane
of the X-ray mirror assembly. One of the pixels (pixel 12) is
displaced from the array for calibration purposes. When all
the array pixels are combined, it has a spectral resolution of
R = E/AE = 1300 (Porter et al. 2025) and an effective area
of 180 cm? (Hayashi et al. 2024) at 5.9 keV, a band-pass cov-
erage of 1.7-12 keV, a very low background equivalent to
<0.5 events per 5 eV for a 100 ks exposure (Mochizuki et al.
2025a), and a 3’ x 3’ field of view with a point spread func-
tion of 1!3. The spectroscopic performance surpasses those
of any previous spectrometers at the Fe K band, but the true
uniqueness of Resolve is its energy determination accuracy
of <0.2 eV at 5.9 keV (Porter et al. 2025). It is achieved by
careful design of the instrument and the operation unseen in
other high-resolution X-ray spectrometers; i.e., the >*Fe cal-
ibration sources are illuminated intermittently during obser-
vations, and every individual event is assigned energy based
on the energy gain variation model derived for each pixel for
each observation.!

We started with the pipeline products using processing
version 03.00.011.008. For data editing and calibration, we
used HEASoft software build 7 and the calibration database
(CALDB) version 20230815. We restricted ourselves to us-
ing events of the Hp grade, which are isolated in time from
other events in the same pixel and thus are best calibrated
for spectroscopic purposes (Eckart et al. 2025; Porter et al.
2025). We also applied additional screening based on the pulse
height and rise time of X-ray events (Mochizuki et al. 2025a)
and removed events from pixel 27, which is known to some-
times behave anomalously in the energy gain variation. Out-
side the eclipse (¢, = 0.16-0.87), the count rate in the 1.7-
12 keV band is ~30 s~', and the Hp branching ratio is ~40%.
The contributions from any contaminating source and back-
ground events are negligible.

3 Analysis

3.1 Light curve and broadband spectra

Figure 1a shows the Resolve light curves covering the 2.09-
day entire orbit of Cen X-3. Here, the phase origin is de-

! A report for the present observation can be found in (https:
//heasarc.gsfc.nasa.gov/FTP/xrism/postlaunch/gainreports/3/300003010
_resolve_energy_scale_report.pdf).
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Table 1. Summary of the system parameters of Cen X-3 and the XRISM observation.

737

Parameter Symbol  Value Reference
Binary system parameters
Mass of the primary star M, 20.5+0.7 Mg Ash et al. (1999)
Radius of the primary star R, 11.8 Ry = 8.22 x 10" cm Wojdowski, Liedahl, and Sako (2001)
Spectral type of the primary star — 06-08 (f) Hutchings et al. (1979)
Surface temperature of the primary star T, 35000 £2000 K Hutchings et al. (1979)
Bolometric luminosity of the primary star L. ~1.9%x10° Ly =7.2 x 103 erg s~! Derived using the Stefan-Boltzmann law
Mass of the NS M, 1.21+ 0.21 Mg Ash et al. (1999)
Spin period of the NS* Py 4.791852 s This work
Orbital period P 2.08704106 £ 0.00000003 days Falanga et al. (2015)
Binary separation a 18.14 R Bildsten et al. (1997)
Lagrange point L; distance from the NS — ~4.4Rg Derived using Eggleton (1983)
Inclination angle i (7002 +£227) Ash et al. (1999)
Distance d 6.4 kpc Tsygankov et al. (2022)
Systemic velocity® y —39kms™! Hutchings et al. (1979)

Position (equinox J2000.0)
Observation summary of XRISM

ObsID 300003010
Start and end of observations

Observation duration in orbital phase Porb —0.08 t0 0.97
Total exposure time 196 ks
2.0-12 keV X-ray flux’ E,

2.0-12 keV X-ray luminosity$ Ly

Radial velocity curve with Ka
RV amplitude
RV offset (g = 0)!
RV offset (g = 5)*

263 4+20 kms~! (5.60 £ 0.43 eV in energy)
—139£15 kms—1 (—3.0 £ 0.3 eV in energy) This work
504+ 15 kms—1(—=1.1 £ 0.3 eV in energy)

(RA, Dec) (17023128, —60°6237)

2024-02-12 23:56:04 to 2024-02-15 06:19:04 UT

(4.858 £0.004) x 10~ erg s~' cm™?
(2.824£0.01) x 10%7 erg s~

This work

This work

TThe spin period at MJD 60353.
iThe binary system is receding from us.

$The absorbed flux and unabsorbed luminosity are the values in the 2-12 keV band during the out-of-eclipse except dip phases.

I Assuming that the line is emitted from neutral Fe (g = 0).
# Assuming that the line is emitted from Sc-like Fe (g = ).

fined at the middle of the eclipse based on the ephemeris
by Falanga et al. (2015). We defined three phases: ¢, =
0.16-0.5 (¢1; 51.5 ks) when the NS is approaching us, @,
= 0.5-0.87 (¢u; 48.7 ks) when the NS is retreating from us,
both outside of the eclipse, and ¢, = —0.08-0.09 and 0.89-
0.97 (¢ur; 43.0 ks) in the eclipses. Some dipping behavior was
observed at ¢, = 0.14 and 0.61 for ~5 ks and ~9 ks, re-
spectively. These events will be described in a separate paper
(Loberger et al. in preparation), but are excluded from the
present analysis.

The broadband spectra in each phase are shown in fig-
ure 2a. The spectra in (¢p;) and out (¢ and ¢y) of the eclipse
are drastically different, while the two spectra in the former
(¢1) and the latter (¢y;) half out of the eclipse are similar except
for a minor difference in the flux. We generated the detector
and mirror responses using the rslmkrmf and xaarfgen
tools. In the line spread function, the Gaussian core, its expo-
nential tail, the Si Ke instrumental line, and the escape peaks
were included (Leutenegger et al. 2025).

Using these responses, we fitted the out-of-eclipse spec-
tra (¢o, = 0.16-0.87 except for 0.59-0.63) in the 2.0-
12 keV energy range. A phenomenological model consist-
ing of a power-law continuum attenuated by an interstel-
lar extinction described the continuum spectra reasonably
well. The best-fitting parameters are the power-law photon
index 1.37 4 0.03, the absorption column (3.22 +0.03) x
1022 cm~2, and the 2.0-12 keV band luminosity (2.82 +
0.01) x 107 erg s~ 1.

3.2 Fe Ka and Kg lines

Figure 2b shows an enlarged view of the spectra around the
Fe K band. In all three phases, the Fe Ka and KB fluorescence
lines as well as the Fe xxv Hea and Fe xxv1 Ly« line complexes
were detected. The Hea complex is resolved into four princi-
pal lines of w, x, y, and z, while the Lya complex is into the
spin-orbit doublet of Lya; and Lya,. Diagnostics using these
lines from highly ionized Fe are presented in Gunasekera et al.
(2025) and Mochizuki et al. (2025b). We focus on the fluores-
cence lines in this paper.

We characterized the near-neutral Fe Ko and KB lines of
the three phases (figure 3) by applying the phenomenological
model (Holzer et al. 1997) that is most widely used for the flu-
orescence line of neutral Fe. The model consists of seven Voigt
components for Ko (a11—-a14 and az1—a33) and four for KB
(Bs—B4). Among them, we hereafter use the component corre-
sponding to Ka1 (2p3/,—1s) or K1 (3p3/0— 15)? to represent
the energy of each line.

We fitted the narrow-band spectra: 6.3-6.5 and 7.0-
7.1 keV for the Ka and K8 line, respectively. For each line,
we fixed the relative energy and intensity of all components
and fitted their energy shift and normalization collectively. For
the width of the Voigt profile, we fixed the Lorentz width of
each component and fitted the Gaussian width collectively for
all components. To account for the underlying continuum, we

2 For Kay, it is Kayq in table IT and figure I(c) in Holzer et al. (1997). For

KB, it is KB, in their table Il or KB, in figure I(d); a typo was noted in the
KB nomenclature.

920z Idy 60 uo Jesn Aysianiun 03oAy Aq 82/80G8/G€2/z/8./8101e/fsed/wod dno-olwepeoe//:sdiy woly pspeojumoq



738

Orbital phase
0.4 P ¢

Publications of the Astronomical Society of Japan (2026), Vol. 78, No. 2

0.0 0.2 0.6 0.8 1.0
| \ N s T ' Filter
. 30+ ’.‘ WMH*WIM‘. %WWMWMWWWWM !WMM mWQI | Hp grade
~ 2 20f : :
= o ! o] off ' b
=g 10f - > - — > |\
0_(a) —— [

ﬂ}qﬁ\k

Line shift
(eV)
?

Line shift
(eV)
=

_10— 1 1 1 1 L

20f
=
E% 10 + -
[OR=d r +

+

- S e S

or(d) . . . ;

0.0 0.5 1.0 1.5 2.0

Time (day) from MJD 60353.049

Uncorrected for Ionization (q=0)

Fe Ka; best-fit

- Systemic velocity

Fe Ka; offset

Fe Ka; offset error
Fe Ka; emission
Fe KB; emission

Corrected for Ionization (q=5)

+ Fe Ka emission
Fe KB emission

Fig. 1. (a) X-ray count rate, (b) and (c) RV curves of the Fe Ka (magenta) and KB (cyan) line before and after the ionization correction, and (d) their Gaussian
width. The MJD is given at the bottom, while the orbital phase at the top. In panel (a), Hp events in the 1.6-12 keV are binned at every 128 s. The three
phases (¢, ¢y, and ¢y) are defined with arrows. In panels (b) and (c), the green dashed-and-doted line is the systemic velocity of Cen X-3 (Hutchings et al.
1979). Panel (b) assumes that the lines are from neutral Fe (g = 0), while panel (c) is corrected for the ionization effect assuming that they are from Sc-like

Fe (g = 5).
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Fig. 2. (a) Broadband spectra of Resolve in three different phases obtained during the orbital phases ¢, (blue), ¢ (red), and ¢y (black). (b) Close-up view of
each orbital-phase-resolved spectrum in the Fe K band, shown in the same color as panel a. The laboratory rest-frame energy of the Fe K lines is shown

with the vertical magenta lines.
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Energy (keV)
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Energy (keV)

Fig. 3. Fitting results of the Fe Ka (left panels) and Fe KB (right panels) lines for the three phases (top: ¢, middle: ¢y, and bottom: ¢y). In each panel, the
data (black) and the best-fitting model (red) are shown at the top, while the fitting residual at the bottom. Panels (a)-(b), (c)-(d), and (e)-(f) show the K«

and KB lines at ¢, ¢y, and ¢y, respectively.

added a constant offset. This approach was successful, yield-
ing a statistically acceptable fit for all three phases. There
are some residuals in the line profile, but the line centroid is
tracked well enough. The best-fitting parameters are summa-
rized in table 2.

When the energy shifts are interpreted solely due to the
Doppler effect, we derived their RV as a function of the orbital
phase (figure 1b). The richer statistics of the Ka line allowed us
to conduct the spectral fitting in a finer phase binning than in
three. We obtained a sinusoidal curve for Ko consistent with
the previous work (Mochizuki et al. 2024), including the RV
offset of =139+ 15 km s~'. The RV curve of KB was pre-

sented here for the first time. The data points are too sparse
to obtain the amplitude and phase shift, but its RV offset was
constrained to 345 4 60 km s~!, which is vastly different from
that of Ka.

4 Discussion

4.1 lonization effect of the line energy

The fact that the Ka and KB lines exhibit different RV off-
sets is very peculiar. This makes it unlikely that the shifts
are dominated by any common-mode shifts acting on both
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Table 2. Best-fitting parameters of the Fe Kaqy and KB, lines using the Holzer et al. (1997) model.
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Line* Ref. rnergy* Det. energy! Velocity* Width Flux$ EWS
(eV) (eV) (km s~1) (eV) (phs™' ecm™2) (eV)

¢ =0.16-0.5

Fe Koy 6404.15 6404704 (+2.6718) x 10! 8.470¢ (2.901) x 10~ 4.8+02

Fe KA. 7058.36 7068.3713 (+4.2106) x 10? 412 (2.8706) x 1073 0.5101

¢ = 0.5-0.87

Fe Koy 6404.15 6398.1%04 (—2.9703) x 10? 7.670¢ (2.8%01) x 107 4.8%02

Fe KA. 7058.36 7065.5%3 (+3.070) x 10? <52 (2.1757) x 1073 0.4101

ém = —0.08-0.09, 0.89-0.97

Fe Kai1 6404.15 6401.0%373 (—1.5792) x 10? 49403 (2.4%01) x 1073 23+

Fe KA. 7058.36 7066.37%1 (+3.4705) x 10? <5.3 (1.670%) x 107° 24708

*Reference energy (Holzer et al. 1997). In this referenced model, the Fe Ko and Fe KB lines are approximated by seven and four Voigt functions, respectively.

Among these components, the strongest ones are the Fe Kay; and Fe KB, lines, respectively.

TObserved energy derived by the fitting.
iThe velocity when the energy shift is interpreted solely due to the Doppler shift.
$Values of Kary; and KB, only, not the entire complex.

AEKul(Q)
(eV)

AEKB1(q)
(eV)
w
o

(a)

| (D)

—— offset
Palmeri et al. (2003)

our calculation

[(c)

AEgq, kg, (q)
(eV)
o o

q

10

Fig. 4. Line energy shift of (a) Ky and (b) KB, relative to the neutral value, and (c) their differences as a function of the ionization degree g. Two theoretical
calculations, Palmeri et al. (2003) and this work (RLSDA/SIC), are shown in green and red, respectively. In the former, numerous lines in the unresolved
transition array were averaged by weighting with the fluorescence yield and the results up to g = 8 is available. In the latter calculation, a single Slater de-
terminant was adopted without explicitly resolving angularmomentum coupling as in the configuration-interaction calculations. The resulting line energies
therefore represent statistical weighted averages over all allowed transitions, rather than those of any specific single transition. The energy difference of
the initial and final orbitals are used up to g = 11 (table 3). The horizontal black line and gray region show the observed RV offset and its 1o uncertainty.

lines in the same direction, such as residual Doppler shifts.
Rather, it points toward the origins in atomic physics. In fact,
such a differential-mode shift is expected for low-ionized Fe
(figure 4). From g = 0 to 2, the energies of the Ko and KB
lines are almost constant. From g = 3 to 8, the energy of the
Kea line shifts monotonically redward by ~4 eV (equivalent

to —200 km s~1), while that of the K8 line shifts blueward by
~30 eV (+1300 km s~1).

A simplified explanation of this effect is as follows (Griffin
et al. 1969). For g = 1 and 2, the electrons in the 4s orbital
are removed, one by one, which has little impact on the 3p
and 2p orbitals. For ¢ = 3 to 8, electrons in the 3d orbital
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Table 3. Fe K line* energies and Einstein A coefficients calculated with the RLSDA/SIC method.

741

q Exe, Exa, Exg, Exg, Ak, Aka, Agg, Akgp,

(eV) (eV) (eV) (eV) (s (s7h) (s7h (s7h
0 6395.31 6382.37 7050.87 7049.27 1.70721 x 10 1.74333 x 104 2.04859 x 1013 2.08614 x 1013
1 6395.51 6382.57 7051.06 7049.47 1.70741 x 104 1.74354 x 104 2.04545 x 103 2.08293 x 1013
2 6395.77 6382.83 7051.42 7049.82 1.70773 x 10 1.74386 x 10'* 2.04297 x 103 2.08026 x 1013
3 6395.28 6382.34 7053.96 7052.31 1.70709 x 104 1.74321 x 104 2.10084 x 10%3 2.13679 x 1013
4 6394.76 6381.81 7057.59 7055.87 1.70645 x 10 1.74253 x 10 2.18021 x 1013 2.21472 x 1013
5 6393.41 6380.48 7060.58 7058.77 1.70595 x 10 1.74199 x 10 2.27782 x 1013 2.31095 x 1013
6 6391.97 6379.05 7064.51 7062.60 1.70572 x 10 1.74169 x 10 2.39024 x 1013 2.42208 x 1013
7 6391.43 6378.49 7071.53 7069.53 1.70584 x 10 1.74174 x 10 2.51505 x 1013 2.54572 x 1013
8 6391.04 6378.08 7079.91 7077.81 1.70649 x 10'* 1.74229 x 10 2.65037 x 103 2.67998 x 1013
9 6394.31 6381.29 7090.97 7088.76 1.71267 x 10 1.74844 x 10 2.78286 x 1013 2.81127 x 1013
10 6397.94 6384.87 7102.90 7100.58 1.71966 x 104 1.75539 x 104 2.91842 x 103 2.94573 x 1013
11 6402.03 6388.89 7117.89 7115.47 1.72748 x 10 1.76317 x 10 3.05707 x 103 3.08335 x 1013

*The transition of the lines are Kay (2p3/2— 1s), Kaa (2p1,2—1s), KB1 (3p32—1s), and KB3 (3p1,2—1s).

The nomenclatures follow Holzer et al. (1997) and Palmeri et al. (2003).

are removed. The average radius of the 3d orbital is close to
that of the 3p orbital. As g increases, the energy level of the
3p orbital increases due to the decreasing Debye shielding of
the nuclear charge. This causes the energy of the KB line (the
transition from 3p to 1s) to increase monotonically. In con-
trast, the average radius of the 3d orbital is larger than that
of the 2p orbital. As g increases, the 3d orbital shrinks due to
reduced repulsion among electrons in the 3d orbital; thus, the
energy level of the 2p orbital decreases due to increased Debye
shielding. This makes the energy of the K line (the transition
from 2p to 1s) decrease monotonically.

Laboratory experiments to determine the line energies of
Ka and KB for low-ionized Fe (¢ > 1) are not available in the
literature. We need to rely on atomic structure calculations,
which have their own systematic uncertainties. To assess their
magnitude, we used the results of two calculations of different
solvers. One is from the literature (Palmeri et al. 2003) based
on the Hartree-Fock (HF) approximation with relativistic cor-
rections. The other is our own calculation based on the density
functional theory (DFT), or more specifically, the relativistic
local-spin density approximation with self-interaction correc-
tion (RLSDA/SIC; Perdew & Zunger 1981).

The numerical procedures of the HF and DFT are similar, as
both solve the single-electron time-independent Schrodinger
equation self-consistently. The difference lies in how to con-
struct the effective potential. The HF potential considers the
electron-exchange effect exactly while ignoring the electron-
correlation effect completely, whereas the DFT potential ac-
counts for both effects using the local density approximation
(Kotochigova et al. 1997). The total energy (the energy of the
entire atomic system with a specific electron configuration,
including the electron kinetic energy, the electron-nucleus in-
teraction, the electron—electron Coulomb repulsion, and an
approximate exchange—correlation contribution in the DFT,
and the exchange-only contribution in the HF) is consistently
better in the DFT over HF calculations (table I in Tong & Chu
1997). The orbital energy (the energy of an electron occupy-
ing a particular orbital within the effective potential) is also
improved in the DFT over the HF calculations (Tong & Chu
1998). We present our DFT results in table 3.

Still, the absolute energy of the DFT calculations is not
sufficiently accurate for the present application. The calcu-
lated values (6395.31 and 7050.87 eV for the neutral Fe Ko
and KBy, respectively) are consistently lower than the experi-

mental values (6403.84 and 7057.98 eV; Bearden 1967). The
discrepancy amounts to 7-8 eV. Thus, we use the differential
energies to be more robust against systematic uncertainty. As-
sume that Ex,, (q) and Exgg, (q) are the calculated energy of the
Koy and KBy lines of Fe?™, respectively. We take the difference
in two ways: one is the difference against ¢ = 0 as AEk,, (9) =
Exa,(q) — Exe, (0) and AEkg, (q) = Exg, (9) — Exg, (0) and the
other is the difference between the two lines of the same g
as AEkq g, (q) = Exe, (@) — Exg,(q). For g =0, AEkq,,(0) is
much more consistent between the calculation (655.56 eV)
and the experiment (654.14 eV) within 1.42 eV. For g > 1,
we have no experimental values to compare, but the difference
between the two calculations is small enough for the present
application to distinguish g ~ 0 from g > 3, justifying its use.
This is reasonable considering the decreased impact of the ex-
change and correlation effects among electrons as g increases.

Figure 4 shows (a) AEge(q), (b) AEkg(q), and (c)
AEkq,p,(q) as functions of g from the two calculations. We
compared them with the RV offset measured for the two lines
and their differences. In panel (c), the measured energy shift
is most consistent with g = 5 (Sc-like) for all three metrics,
two of which are independent from each other. The value of
AExq, p, 1s also consistent among the three different phases of
664.9+ 1.4 eV (¢r), 668.9 + 1.1 eV (¢y), and 666.6 + 1.9 eV
(¢m1), demonstrating that the metric is robust against varying
RV shifts due to orbital motion and can be applied even if the
complete RV curve is unavailable.

In reality, we would expect some distribution in the charge
state, and we consider that g =5 represents the average.
We use the single value for the assessments below. Taking
into account the energy shift due to the ionization effect, we
revised the RV curve modeling in figure 1c assuming g =
5. The revised RV offset is —50 &+ 15 km s~ for Ko and
—66 4+ 61 km s~ for KB, which are now consistent with each
other and also with the optical measurement of —39 km s~!
(Hutchings et al. 1979). This further reinforces our claim that
the measured line energies of Ko and KB are affected by the
ionization effect of g ~ 5.

To be self-consistent, we performed the spectral fitting in
subsection 3.2 by assuming that the lines are from Fe vi, in-
stead of Fe 1, by referring to their line properties in table 3. We
confirmed that, after applying this ionization correction, the
inferred average g and RV offset remain the same within the
statistical uncertainty.
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4.2 New constraint on the fluorescing material

We obtained the average g in the course of explaining the ob-
served discrepancy in the RV offset. As a byproduct, we can
obtain a new constraint on the fluorescing material in the Cen
X-3 system. The inner-shell ionization source should be the
NS for having sufficient high-energy photons above the K edge
energy, but the ionization source for the fluorescent material
up to g = 5 can be different. One is the O star itself, and the
other is the NS contributing also for low ionization. From the
amplitude of the RV curve, Mochizuki et al. (2024) argued
that the location of the fluorescing material is close to the
first Lagrange (L) point. They also examined whether their
model can reproduce the observed equivalent width and line
width of the Fe Ku line as a function of the orbital phase. In
this work, we examine how the newly constrained ionization
degree g can contribute to further constraining such models.
To this end, we perform a simple calculation to test whether
the two candidate ionization sources are both consistent with
the derived value of g and show that both scenarios remain
plausible.

The first is the O star. The effective temperature of 3.5 x
10* K (Hutchings et al. 1979) for a O6-8 giant appears too
low (photon spectrum peaking at 5 eV) to cause ionization up
to g = 5 requiring 99 eV (Kramida et al. 2024), but because of
non-local thermodynamic equilibrium effects, this is possible
at the surface. Lanz and Hubeny (2003) conducted a radiative
transfer calculation using the TLUSTY code for a single O star
atmosphere under hydrostatic equilibrium. Figure 5 shows the
result of the calculation, in which (a) the Fe charge state dis-
tribution (CSD), (b) electron density, (c) temperature, and (d)
the Fe K optical depth (tgex) are shown as a function of the
Rosseland optical depth (tgress) as a proxy for the geometrical

depth (z) from the surface. We added (d) by
Trek (2) = AFeUFerO ny(z)dz, (1)

in which 7y is the H number density, Ap. = 6.7 x 107 is the
Fe abundance relative to H (Wilms et al. 2000), and ok =
3.8 x 10729 cm2 is the photo-electric absorption cross sec-
tion at the Fe K edge for the neutral Fe (Berger et al. 2010).
The fluorescent lines are expected to be produced most effi-
ciently at tgek ~ 1 corresponding to Tress ~ 1 (figure 5d). At
the depth, the CSD is mostly populated by Fe of g = 4-6
(figure Sa).

The second is the NS. X-ray photons contribute to the pho-
toionization of Fe in materials close to L;. This can be assessed
using the ionization parameter (Tarter et al. 1969) defined as
&= Lz ergcms |, (2)

et
where L (erg s~!) is the luminosity in 1-1000 Ryd of the ion-
izing source, 7. (cm~3) is the electron density of the ionized
matter, and 7 (cm) is the distance between the ionizing source
and the ionized matter. We calculated the radiative transfer
using the XSTAR code (Kallman & Bautista 2001) to obtain
the CSD of Fe as a function of & (figure 6). In the calculation,
we assumed that the spectral shape of the NS is represented
by a power-law of a photon index of 1.4 (subsection 3.1)
and the incident emission went through the stellar wind rep-
resented by a slab of a column having 10?2 cm™2 before
reaching the O star surface. Note that the column is suffi-
ciently thin (g ~ 1072) for the inner-shell ionizing photons.
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Fig. 5. Visualization of the atmosphere model calculation for the effec-
tive temperature of 3.5 x 10* K and the surface gravity of 103® times of
the solar value (Lanz & Hubeny 2003): (a) the Fe CSD, (b) electron den-
sity, (c) temperature, and (d) the Fe K optical depth (trex) are shown as
a function of the Rosseland optical depth (tress) a@s a proxy for the geo-
metrical depth (z) from the surface. Here, tross is the Rosseland mean
optical depth, increasing inward from the stellar surface (tress = 0) to-
ward deeper atmospheric layers. The data are available online at (https:
/[tlusty.oca.eu/tlusty/Tlusty2002/tlusty-frames-0S02.html).

The maximum formation of Fe at g = 5 is achieved around
log;p & = 0. For L = 3.2 x 1037 erg s~! from the observation
(subsection 3.1) and » = 4.4 R, for the distance from the NS
to the L; point, this converts to 7. ~ 3 x 10'* cm~3. This den-
sity is achieved again at tross ~ 1 (figure 5b), suggesting that
photoionization by NS can also contribute for the ionization
tog~ 3.

5 Conclusions and prospects

The Fe Ka fluorescence line at 6.4 keV is widely used in X-
ray spectroscopy. The diagnostic is used for the X-ray mi-
crocalorimeter data in ways that were never possible before.
We need to know the intrinsic properties of the line to the
accuracy that the XRISM data can achieve. One caution was
found in the RV curve of Cen X-3, in which the RV offset of
Ka is significantly larger than the optical measurement and
is inconsistent with that of KB. We revisited the assumption
that these lines are produced by neutral (g = 0) Fe. As the
ionization increases, the Ka line shifts redward while the KB
line shifts blueward. This differential shift is distinctive to the
ionization effect, and we used the energy difference as a met-
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Fig. 6. CSD of Fe as a function of the ionization parameter & calculated using XSTAR. The number g correspond to the Fe* ion. The NS spectrum of a
powerlaw shape (photon index of 1.4) attenuated by a 10?2 cm~2 column representing the stellar wind is used as the photoionizing source.

ric to constrain the most likely charge state. By applying the
method, we constrained g ~ 5. By correcting the line shift of
the Ka and KB lines, we solved the discrepancy in the RV off-
set of Cen X-3. This demonstrates that (1) the ionization effect
is actually observable in microcalorimeter data and (2) the dif-
ferential shift between the Ka and KB lines serves as a robust
metric of the effect.

The ionization effect should occur and should be assessed
in all use cases of Fe Ka diagnostics beyond Cen X-3. An ex-
ample is the immediate post-shock plasmas in supernova rem-
nants. One can constrain both the bulk motion and the charge
state of the shocked plasma, thereby providing valuable in-
sights into the efficiency of collisionless electron heating (e.g.,
Yamaguchi et al. 2014). Another example is the Fe Ka line
from the surfaces of compact objects such as white dwarfs.
One can constrain the gravitational redshift, which thereby
offers a means to constrain the mass of compact objects (e.g.,
Hayashi et al. 2023). The proposed metric of the differential
shift between the Ko and Kg lines will be generically useful in
all these cases.
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