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The advent of the X-ray microcalorimeter spectrometer Resolve onboard the XRISM space telescope opened a
new era for high-resolution X-ray spectroscopy of astrophysical plasmas. Many spectral features were newly detected,
including the Ka and Kf inner-shell transition lines of mildly ionized (F- to Li-like) Fe at 6-8 keV in the spectra of
X-ray binaries and active galactic nuclei. The widely used atomic databases contain information on the Ka but not K
lines of these ions. We conducted the atomic structure calculation using FAC to derive the Fe Ko and K/ lines and
verified the result against ground experiments and other calculations of the Fe Ka lines. We then implemented the Fe K/
lines in a radiative transfer code (Cloudy) and compared the synthesized and observed spectra with XRISM. A
reasonably good agreement was obtained between the observation and the ab initio calculations. This exemplifies the
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need to expand the atomic databases to interpret astrophysical spectra.
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1. Introduction

The advent of the Resolve instrument [1, 2] onboard the
X-Ray Imaging and Spectroscopy Mission (XRISM) [3] opened
a new era of high-resolution (4.5 ¢V FWHM at 5.9 keV [4])
X-ray spectroscopy in astrophysical plasmas. It is based on
non-dispersive X-ray microcalorimetry [5] as opposed to the
previous high-resolution X-ray spectrometers based on dis-
persive technologies [6—8] and excels in energy resolution,
throughput, low background, timing accuracy, and bandpass
at > 2 keV.

Many spectral features were newly detected. One of them
is the series of Fe Ka (n =2 — 1) and Fe Kf (n =3 — 1)
inner-shell excitation absorption features by mildly-ionized
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Fig. 1. XRISM X-ray spectra (continuum-subtracted and normalized)
of Cyg X-3 [9] and Cir X-1 [10] for the (a) Fe Ka and (b) K
features of different charge states.

(F- to Li-like) Fe, respectively, in the 6.4—7.0 and 7.3-7.9 keV
band (Fig. 1). These lines are observed in active galactic nuclei
and X-ray binaries, which accrete matter into the gravita-
tional potential of the compact objects (black holes and
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neutron stars; BH and NS). The released energy is dissipated
into heat and is cooled radiatively. The intense radiation ion-
izes and accelerates matter around them, forming outflows of
photo-ionized plasmas. This is one of the common mecha-
nisms for the circulation of matter in the Universe. The Fe K
absorption lines are useful probes of such outflows because
of the large cosmic abundance of Fe and the high enough
energy of the lines to penetrate the interstellar extinction.

What we need to interpret the observed spectra are (i)
the atomic data of the transitions and (ii) the radiative trans-
fer (RT) calculation to synthesize X-ray spectra under non-
local thermodynamic equilibrium (NLTE) conditions. The
atomic databases such as AtomDB [11, 12], Chianti [13],
OpenADAS [14], XSTARDB [15], and the NIST atomic database
[16]) and the RT codes such as XSTAR [17], Cloudy [18], and
SPEX [19, 20] are widely used for astrophysical plasmas. We
can constrain the physical properties of plasmas by compar-
ing observed and synthesized spectra. This approach is gen-
erally established and applies to many lines, but not the Kf
lines of mildly ionized Fe due to the lack of relevant infor-
mation in popular atomic databases. Though they were calcu-
lated earlier [21], only Chianti has the Fe K/ transition
entries for Fe XXIV now. Considering the ubiquity and util-
ity of the Kf lines observed with a high signal-to-noise ratio,
this needs to be addressed urgently.

This study is one of such attempts. Our approach is to
conduct the ab initio atomic structure calculation using a
general-purpose code (Sec. 2.1). We verify the result against
ground measurements and other calculations of the Fe Ka
lines and extrapolate them to the Kf lines (Sec. 2.2). We run
the ab initio RT calculation by adding the Fe Kf data thus
obtained (Sec. 3) and compare the synthesized and observed
spectra with XRISM (Sec. 4).

2. Atomic Structure Calculation

2.1 Calculation

We used the FAC (Flexible Atomic Code) version 1.1.5
[22] code for the atomic structure calculation. The code pro-
vides a general-purpose, fully relativistic numerical solver of
the Dirac equation with a central field potential. In general,
the jj coupling scheme is used in the relativistic structure
calculations, while the LS coupling scheme is used in the
atomic databases. The conversion from jj to LS coupling was
performed using a routine in another structure calculation
code GRASP [23].

We calculated the following inner-shell Ka and K/ tran-
sitions for the Li- to F-like Fe:

Li-like 2s or 2p — 1s 2s' 2p* 7 or 1s 2s' 2p'“ nl
Be-like 25> or 2s2p — 1s 2s' 2p*“ or 1s 2s' 2p*7 nl
B-like 2s2p or 2s2p> — 1s 2’ 2p*7 or 1s 2s' 2p* 7 nl
C-like 25%2p* or 252p* — Is 2s' 2p™ or 1s 2§' 2p* il
N-like 2s°2p’ or 2s2p* — 1s 2s' 2p®~ or 1s 25" 2p*7 nl
O-like 2s2p* or 2s2p* — 1s 2s' 2p” " or 1s 2s' 2p® nl
F-like 252p° or 2s2p° — 1s 2§' 2p*~ or 1s 25’ 2p™ nl
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Fig. 2. Scatter plot of the line energy (E) and the weighted oscillator
strengths (gf) of the Fe Ko and K/ transitions calculated with
FAC. Different symbols are used for the transitions from the
ground or a metastable state. Different colors are used for dif-
ferent ionization stages.

where n € {3,4},i € {0,1,2}, L € {s,p,d} (n=3) or {s, p, d, f}
(n=4). Among them, we selected single-excitation and electric-
dipole transitions from the ground state (GS) or a metastable
state (MS) of the same quantum number n with the GS. The
initial states are the following.

Li-like 2s2S;),

Be-like 2s2'S,, 2s2p *P, (43), *P, (58)

B-like 252p *Py,, °P5, (15)

C-like 252p? °P,, *P; (9), °P, (15), 'D, (30), 'S, (46)

N-like 252p° Sy, °Dyj (18), *Dsys (23), *Pyjz (33), °P3ja
(41)

O-like 2s2p*°P,, *P,y (9), *P; (11), 'D, (22), 'S, (41)

F-like 2522p° P55, *Py 5 (13)

The excitation energy in eV is given in parentheses for the
MS above GS, all of which are low enough to be collision-
ally excited from the predominant GS in the plasma with a
temperature of ~ 1 MK. We calculated the energy E (eV),
the A coefficient (s'), and the weighted oscillator strength
(gf) of these transitions (Fig. 2). The total number of strong
(gf > 10?) Ko/Kp transitions are 4/6 (Li), 4/4 (Be), 11/14
(B), 23/47 (C), 20/55 (N), 11/40 (O), and 2/14 (F-like).

2.2 Verification

The energies of the Fe Ka inner-shell transitions are
well measured in ground experiments [24-26] and calculated
in theories [27-31]. We compared our results with some of
them in Fig. 3. The deviation of the FAC calculation from a
ground experiment is within = 1.5 eV (67 km s™), which is
comparable to another calculation result [27] and typical uncer-
tainty in energy determination with Resolve for mildly-ionized
Fe features [10]. The mean deviation is 0 eV. We therefore
do not apply any correction to match the FAC results, includ-
ing the Fe Kf transitions.
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Fig. 3. Scatter plot of the Fe Ka line energy of the FAC calculation
(this work), Palmeri et al. (2003; P03) [27], and Chianti ver-
sion 11.0 [13] (C11) against a ground experiment [25]. The line
labels follow [25].

We also compared the E and A values of the FAC calcula-
tion against another calculation [27] and the Chianti database
[13] in Fig. 4. We estimate the systematic uncertainty of
~ 5% in A and 0.05% in E for the Ka (H- to F-like) and K
(H- to Li-like) lines. We anticipate a comparable level of sys-
tematics for the other Fe Kf lines.

3. Radiative Transfer Calculation

Plasmas around BH and NS are considered to be in pho-
toionized equilibrium. RT codes calculate the balances between
heating/cooling for the temperature, ionization/recombination
for the charge population, and excitation/deexcitation for the
level population consistently with the external radiation field.
All relevant radiative and collisional interactions need to be
considered. By solving the radiative transfer equation, we
obtain the synthesized spectra of both the direct and repro-
cessed emission. The direct emission is from the BH and NS
through the plasma, in which absorption features are imprinted
upon otherwise featureless continuum emission. The repro-
cessed emission is composed of the electron-scattered emission
of the direct emission, and recombination and deexcitation
emission of ions in the plasma.

We used Cloudy (c25 release candidate [32]), which is
one of the most widely used RT codes in astrophysics. It
adopts the two-stream solver in one-dimensional setup with
the line escape probability approximation without solving the
diffusion across wavelengths. Intensive efforts have been made
in recent years to make it suitable for high-resolution spec-
troscopy with X-ray microcalorimeters [33-36], and it is indeed
applied to XRISM data [37, 10, 38]. We used Chianti [13]
for the atomic database among several options with the
method in [39]. Although being most complete, it still lacks
the Fe K/ inner-shell transition of Be- to F-like Fe. We sup-
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Fig. 4. Scatter plot of relative E and the A value of the Fe Ka and Kf
(respectively in smaller and larger symbols) between Palmeri
et al. (2003; P03) [27] and Chianti version 11 [13] (C11) against
the FAC calculation (this work).
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Fig. 5. Transmission through the plasma of n = 10'*° cm™, Ny =
105 cm™?, and &€ = 10** erg cm s™' calculated with Cloudy by
adding the Be- to F-like Fe K transitions (red) compared to
the original (black). Line energies of the K/ transitions are
shown by vertical lines separately for those from the GS or a
MS with a width proportional to their log(gf) value.

plemented them with our results in Sec. 2.

We ran Cloudy for a grid of three parameters (n, Ny,
and £). A plane parallel (slab) geometry was assumed with a
constant density of n (cm™) and no turbulence velocity over
the slab, and a column density of Ny (cm™) across the slab.
The incident radiation is characterized by the ionization
degree & = Ly_; goo/nrf, (erg cm s™), in which Ly_; ggo is the
incident luminosity integrated over 1-1,000 Ryd [40] and ry,
is the distance from the incident source to the illuminated
surface of the slab. The incident radiation has the spectral
shape of a multi-color disk blackbody emission [41] with an
innermost temperature of 2 keV, which is typical among
X-ray binaries. Figure 5 shows an example of the synthe-
sized transmitted spectrum.
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4. Comparison to Observations

We now compare the synthesised and observed spectra.
We used the XRISM observations of Cyg X-3 (sequence
number 300065010) made on 2024 March 24-25 for an inte-
gration time of 66.6 ks and Cir X-1 (201036010) on 2025
February 13—15 for 81.5 ks. Cyg X-3 is a binary of a putative
BH and a high-mass star with an orbital period of 4.8 hour
[42], and almost seven whole rotations were covered by
XRISM. Cir X-1 is a binary of a NS and a low-mass star with a
period of 16.6 day [43], and a part of a whole rotation (stable
phase [44]) was covered. Both are at a distance of ~ 10 kpc
from the Sun and have an X-ray luminosity of ~ 10°” erg s™'.

Figure 1 shows their Resolve spectra in the Fe Ko and
K/ bands. Cyg X-3 [9] shows both absorption and emission
features stemming from the direct and reprocessed emission,
respectively. They have different Doppler velocity shifts
(=530 and 130 km s™') forming a typical P Cygni profile.
This is a direct consequence of the velocity structure made
by the stellar wind of the high-mass star. The lines are broad-
ened by ~ 600 km s™' (12 eV), which is much larger than the
thermal (~ 3 eV) and natural (~ 0.3 eV) broadening. Cir X-1,
on the other hand, shows only the absorption features. This is
because direct emission overwhelms the reprocessed emis-
sion, and thus the emission lines are almost invisible. The
absorption lines are Doppler-shifted and broadened less than
Cyg X-3 but more than the thermal and natural broadening.

We fitted Cir X-1 spectrum with a spectral model consist-
ing of a multi-color disk blackbody attenuated by the plasma
transmission (Fig. 5) and the interstellar extinction. Lines are
shifted for the bulk Doppler motion. A parameter set (log& =
3.0ergcm s, logn = 14.0 cm™, log Ny = 22.5 cm™?) gave a
good description overall in both the Fe Ka (Fig. 6a) and K/
(Fig. 6b) bands. Major observed features are qualitatively
explained, though with some non-negligible deviations. These
deviations provide new constraints on the plasma, such as the
v, n, and Ny structures as a function of & or r once the
atomic data are verified by cross-comparing different calcu-
lations and verification with ground experiments, as was
done for Fe Ka in [20, 27, 25].
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Fig. 6. Best-fit RT model (red lines) and the XRISM spectra (black) of
Cir X-1. The transitions from the GS and MS are given in solid
and dotted lines with the energy shifted blue-ward by the best-
fit Doppler velocity of 425 km s™'.
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