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Abstract

The R-matrix method has long been employed as the most advanced and powerful approach
to treat a variety of atomic processes. Its main application has been in spectral analysis and
modeling of astrophysical and laboratory sources. We describe the R-matrix methodology,
computational codes, and extensions developed for numerical simulations under wide-
ranging physical conditions in astronomical objects such as stellar atmospheres in non-
local-thermodynamic-equilibrium (NLTE), interstellar medium, black hole environments
and active galactic nuclei, and in high-energy-density (HED) environments such as high-
intensity lasers, plasma fusion devices and stellar interiors. We present exemplary results
for atomic cross sections for photoionization, electron impact excitation and electron-ion
recombination, as well as for plasma effects in HED sources. In addition, we illustrate
selected applications at different and varying temperatures, densities, and other variables.

Keywords: keyword 1; keyword 2; keyword 3 (List three to ten pertinent keywords specific
to the article; yet reasonably common within the subject discipline.)

1. Introduction

Atomic processes in plasmas span a wide range of physical effects. Any theoretical
treatment of their variety requires a methodology that is rigorous and accurate, encom-
passing state-of-the-art physics and computationally powerful techniques on the most
advanced high-performance computing platforms. At the same time, owing to various ap-
plications in laboratory and astrophysical environments, the method needs to be generally
applicable to physical conditions therein. Also, since spectroscopic analysis is the primary
diagnostic scientific tool, the method must be rooted in and related to experimental and
observational spectroscopy. The R-matrix method meets these requirements and needs
to address outstanding and fundamental problems in atomic physics, plasma physics,
astronomy, and other scientific areas. It was developed by P.G. Burke and collaborators at
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the Queen’s University of Belfast [1,2], and later extended to large-scale projects such as
the Opacity Project (OP) by M. ]. Seaton and collaborators at University College London
[3-5], and follow-up projects such as the Iron Project (IP) [6,7], and R-matrix calculations
for opacities (RMOP) project [8-13]. Groups of practitioners of the R-matrix methodology
involve many institutions worldwide including US, Europe and India. R-matrix researchers
have extended the techniques to incorporate myriad plasma effects and novel applications
[14-22], and to other fields such as nanoscience, biomedicine, and high energy laboratory
devices [23-27].

2. Laboratory and Astrophysical Sources

R-matrix calculations are mainly aimed at spectral analysis of plasma sources. The
R-matrix method is particularly suited for the low-energy region where electron correlation
effects are important and included via a coupled channel wavefunction expansion in
Eq. 1. However, as the CC expansion increases, with more core or target ion energy levels
included in the (e + ion) wavefunction expansion (Eq. 1), the higher the energy range that
is accurately considered. For example, in the ongoing calculations for Fe ions under the
new RMOP project described below. Future R-matrix work is designed for HED plasmas
including in astrophysical objects, high-intensity laser produced plasmas, and inertial and
magnetic confinement fusion sources, etc. Of particular contemporary interest are ultra-
fast, high-intensity laser produced plasmas, warm-dense matter, etc. ([23], and references
therein).

3. Theory and Computations

The R-matrix method implements the coupled channel (CC) approximation, and myr-
iad computational pathways and codes have been described in many previous works, such
as adaptations for the Opacity Project,.5.3. Machine Learning Analysis of Observational
Spectra Using R-matrix Atomic Data 613 The companion analysis of 45 JWST/VLT /Keck
galaxies [ 36 ] trained regression models 614 on redshift z and R-matrix-derived electron
temperature Te([O III]) to predict 12+log(O/H), 615 reporting a single-split test R2 = 0.832
(Ridge) alongside a 5-fold cross-validated R2 of only 616 0.34 + 0.86 — a substantial, unex-
plained gap between the two. 617 We revisit this using the same (z, Te) feature set on the
47-galaxy subsample with 618 complete density measurements, under a controlled 5-fold
CV protocol (shuffled folds, 619 standardized features). This recovers R2 = 0.90 + 0.03 for
Ridge (comparable for Random the Iron Project, and other applications discussed below
(e.g.[1-4,28]. The basic expression is a superposition of the (N + 1)-electron wavefunctions
of an (e + ion) system, with the ion in various states of excitation. For a given (e + ion)
symmetry — total angular, spin and parity symmetry — the wavefunction expansion may
be expressed as

Ye(e+ion) = A) xi(ion)f; + ) ¢, (1)
i j

where y; are eigenfunctions of the N—electron target or core ion in states S;L;(J;);, 6;
describes the incident electron in channels 7, and the ®; are bound channel (e + ion)
functions that account for short-range correlation and orthogonality. Diagonalization of
the (e + ion) Hamiltonian yields asymptotic wavefunctions for both bound states (E < 0)
and continuum states (E > 0), from which collisional and radiative parameters — collision
strengths, oscillator strengths and photoionization cross sections — may be obtained in a
self-consistent manner. In particular, the quantum interference between open channels with
E > 0 and closed channel E < 0 wavefunctions gives rise to Rydberg series of autoionizing
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resonances that dominate the continuum up to all excited levels of the core ion included in
an ab initio manner.

Relativistic effects are considered either in the semi-relativistic Breit-Pauli R-matrix
(BPRM) method [7], or fully relativistic Dirac R-matrix (DARC) method [29].

3.1. Breit-Pauli R-matrix Method

| Breit-Pauli R-Matrix Opacity Codes |

| *BPID* | STGBB " STGBF/*RD* *STGRC* |

l I l \

Energy Oscillator Photo XS Recomb | Collision
levelsE, v || Strengths PXS, PBXS XS, o(T) Strengths

Figure 1. The Breit-Pauli R-matrix codes for opacities (RMOP) calculations.

In the BPRM method [5,6] relativistic effects are included in the Breit-Pauli approxima-
tion where the Hamiltonian of the (N+1)-electron system is

BP __ g 2 g & 3 mass Dar SO
Hyp =) -V T )y — ¢ THN + HYE +HY 2
i=1 t j>i Y

The curly bracketed term is the non-relativistic Hamiltonian and the additional terms are

the relativistic one-body correction terms, the mass correction, H™%* = — %2 Y p?, Darwin,
2 . o . .

HPr = Zf" Y VZ(%), and the spin-orbit interaction, H® = Za? Y ; r%li.si where p; is the

1

momentum of an electron, « is the fine structure constant, and 1;, s; aré the orbital and spin
angular momenta.

Fig. 1 shows the schematics of the BPRM codes employed in the OP, IP, and RMOP
projects described below. The various branches in (Fig. 1) entail relativistic effects in
intermediate LSJ coupling in the Breit-Pauli formulation including one-body terms in the
(e + ion) Hamiltonian. An accurate configuration interaction representation or the core ion
states is obtained by two atomic structure codes, SUPERSTRUCTURE [30] and CIV3 [7].
The first two R-matrix codes, STG1,STG2, are then employed to generate the multipole
integrals, algebraic coefficients and set up the (N+1)-electron Hamiltonian corresponding
to the coupled integro-differential equations. The Hamiltonian is diagonalized in STGH;
in BPRM calculations the diagonalization is preceded by LS] recoupling in RECUPD. The
R-matrix basis set of functions and the dipole matrix elements so produced are then input
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into STGB for bound state wavefunctions, STGF for continuum wavefunctions, STGBB o
for radiative transition probabilities, and STGBF for photoionization cross sections. In s
addition, STGF(J) is used to obtain collision strengths for electron impact excitation in LS s

or intermediate coupling and fine structure transitions. o7
3.2. Dirac R-matrix Method %
In the Dirac atomic R-matrix method, the Dirac Hamiltonian (in au) for the (N+1)- o
electron system is given as 100
N+1 7 N+l 1
HN* = ¥ |—ica -V + (B—1)c* — = + —, (B) o
i=1 i i S |7y =il

where indices i and j denote the individual electrons, « and f are the usual Dirac ma- 12
trices, and Z represents the charge of an infinitely heavy point nucleus. On the right-hand 105
side of the Hamiltonian, the first three one-electron terms are the usual momentum, mass 1
and the electron-nucleus Coulomb attraction. The Coulomb electron-electron repulsion 105
is represented by the final two-electron term. The bound orbitals in relativistic R-matrix 10
calculations are obtained from multiconfiguration Dirac-Fock (MCDF) method GRASP [31]. 1o

The relativistic single electron wavefunction has the following form 108
1 P (r) Xxm (6, ¢, 0)
= - . ’ (4) 110
P r <_1an(7’) X—Km(GI(P/U)

where 7 is the principal quantum number, k stands for the Dirac angular quantum
number, P, (r) and Q,x(r) are large and small radial components of the one-electron 1.
wavefunctions and x, (6, ¢) is the the spinor spherical harmonic function. 113

The computer codes used in DARC calculations are shown in Fig. 2. As required by 1
the CC R-matrix formulation, the (e + ion) wavefunction expansion begins with the core or  us
target ion wavefunctions. In DARC calculations these are carried out with the relativistic s
code GRASP [31] in jj-coupling, whereas in the BPRM codes the ion wavefunctions are  ur
computed in intermediate LS] coupling using SUPERSTRUCTURE [30] or CIV3 [7] codes. us

The DARC computational sequence begins with GRASPO, which generates the rel- 19
ativistic target-ion wavefunctions and bound orbitals. The output is then processed by 12
DSTGO, which provides the interface between the atomic-structure and scattering calcula- 1
tions by preparing the target data for subsequent R-matrix stages. DSTG1/ORBS constructs 1
the continuum orbitals, while DSTG1/INTS evaluates the corresponding radial integrals. 12
The coupled scattering channels are assembled in DSTG2, where the angular coupling 1
coefficients, continuum Hamiltonians, asymptotic scattering coefficients, and dipole matrix 1
elements required for photoionization calculations are generated. The Hamiltonian matri- 12
ces are subsequently diagonalized by DSTGH to obtain the R-matrix quantities. Finally, 1r
PDSTG3 performs the outer-region calculations by matching the inner-region solutions to 12
their asymptotic forms and evaluating the resulting photoionization cross sections. 120
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(NJGRAF or NJSYM)
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(NJGRAF or NJSYM)

}

DSTGH
(HSLDR or LAPACK)

’ 4
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(PASYPCK or PCOUL)

Se S s

Figure 2. The DARC code used for relativistic photoionization cross section calculations.

3.3. Distorted Wave (DW) approximation

The R-matrix method is based on the CC approximation, and as such includes channel
coupling via the first term of Eq. (1) on the RHS that sums over all contributing channels.
Interference between open and closed channels, depending on E > E; or E < E; relative
to the threshold energy E; where resonances converge to. The DW approximation, or its
relativistic version RDW, neglect channel coupling and therefore do not include resonances
ab initio as in the R-matrix method. However, it is simpler and possible to also take
account of resonance structures approximately without coupling among all channels, but
only between the initial and final states .5.3. Machine Learning Analysis of Observational
Spectra Using R-matrix Atomic Data 613 The companion analysis of 45 JWST/VLT /Keck
galaxies [ 36 ] trained regression models 614 on redshift z and R-matrix-derived electron
temperature Te([O III]) to predict 12+log(O/H), 615 reporting a single-split test R2 =
0.832 (Ridge) alongside a 5-fold cross-validated R2 of only 616 0.34 + 0.86 — a substantial,
unexplained gap between the two. 617 We revisit this using the same (z, Te) feature set
on the 47-galaxy subsample with 618 complete density measurements, under a controlled
5-fold CV protocol (shuffled folds, 619 standardized features). This recovers R2 = 0.90 =
0.03 for Ridge (comparable for Random as in the DW or RDW method. For example, the
University College London DW code has been used to include resonances via the second
sum on the RHS of Eq. (1), which are otherwise considered "bound channels" [32]. The
Flexible Atomic Code (FAC) DW or "FAC R-matrix" (RDW) may both contain resonances
without complete channel coupling in the Hamiltonian, i.e. without the summation in the
first term on the RHS of Eq. (1). The differences between the traditional R-matrix method
and DW approximations may manifest themselves for weak transitions that are most
susceptible to coupling and resonance effects, or for complex atomic systems such as Fe II
with a dense energy level structure and overlapping resonances profiles in myriad Rydberg
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series converging on to those target energies. Detailed comparisons are therefore necessary
to ascertain the precise impact on not only collision strengths, but also on Maxellian
averaged rate coefficients and line emissivities.

3.4. LS-to-intermediate coupling transformation

Owing to the difficulty of BPRM or DARC calculations, a simplified approach may
be adopted. The basic R-matrix calculations are carried out in LS coupling, followed by
an algebraic transformation to intermediate coupling using term coupling coefficients for
the target ion obtained from SUPERSTRUCTURE [30] in the Breit-Pauli approximation.
This simpler approximation has been utilized in codes such as JAJOM and STGFJ [6], and
intermediate coupling frame transformation calculations [33] for collision strengths for
many ions and excited levels. Resonance structures are preserved as in the LS coupling
R-matrix calculations, and the results are in good agreement with full BPRM calculations for
multiply charged ions and strong transitions. However, for weakly coupled transitions there
may be larger uncertainties, and a careful comparison with BPRM or DARC results should
be made when available. While BPRM include fine structure in intermediate coupling, i.e.
L + S =], DARC or RDW is in jj-coupling. Nevertheless, the naturally occuring energy
levels must be the same regardless of the algebraic coupling scheme employed.

3.5. Independent Resonance Approximation (IRA)

It is also simpler than the R-matrix method to consider resonances independently by
obtaining autoionization and radiative decay rates energies of bound levels obtained in an
atomic structure calculation. Such a simplification is particularly useful in computing di-
electronic rate coeffcients ([5], and references therein). In addition, resonance profiles may
be obtained by numerical fitting to known functional forms with computed autoionization
widths in an otherwise DW-type calculation.

4. The Opacity Project

The opacity due matter interaction with radiation is the fundamental quantity for
radiation transport in astrophysical and laboratory plasmas [3,5,13,34-36]. In previous OP
works, R-Matrix calculations were carried out with small wavefunction expansion including
the ground configuration and a limited set of excited ones in LS coupling, as described
in these references. More extensive R-matrix calculations for opacities (RMOP) are in
progress, especially under HED conditions such as stellar interirors and in radiative opacity
experiments conducted at ICF devices at the Sandia Z facility and the Lawrence Livermore
National Laboratory National Ignition Facility [8-11,37,38]. In particular, recent works
incorporate plasma effects on R-matrix photoionization cross sections where autoionizing
resonances are broadened, shifted, and dissolve into the continuum with increasing density
for a given isotherm [10].

With the CC wavefunction expansion in the R-matrix formulation as in Eq. 1, the
transition matrix element for a radiative transition to an excited bound state or for pho-
toionization to a continuum state is given by (e.g. [5])

<¥|ID||¥; >, ©)

where the photon-ion interaction is represented by the dipole operator, D = ), r;, and the
sum is over the number of active electrons.
The generalized line strength S is expressed as

2

N1
S=| <Y|DLl[¥ > |* = ’<l/1f| ). lel/Jz'> , (6)
=
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where ¥; and ¥} are initial and final state wavefunctions. The line strengths are energy
independent quantities. The oscillator strengths (f;;) and radiative decay rates or Einstein
A-coefficients for E1 dipole transitions are given by

E.. 1 ]
g 38ir2
i = =—S(ij), Aji(au.) = za’SE5fi. 7
fl] 3g; (if) ]z(ﬂ u.) 20‘ gj ]lfl] ()
Ej; is the energy difference between initial and final states, and g;, g; are statistical weight
factors of initial and final states respectively.

The photoionization cross section (cpj) is obtained as,

opr = TEWS/ 8

where g; is t.5.3. Machine Learning Analysis of Observational Spectra Using R-matrix
Atomic Data 613 The companion analysis of 45 JWST/VLT /Keck galaxies [ 36 ] trained
regression models 614 on redshift z and R-matrix-derived electron temperature Te([O III])
to predict 12+log(O/H), 615 reporting a single-split test R2 = 0.832 (Ridge) alongside a
5-fold cross-validated R2 of only 616 0.34 + 0.86 — a substantial, unexplained gap between
the two. 617 We revisit this using the same (z, Te) feature set on the 47-galaxy subsample
with 618 complete density measurements, under a controlled 5-fold CV protocol (shuffled
folds, 619 standardized features). This recovers R2 = 0.90 + 0.03 for Ridge (comparable
for Random he statistical weight factor of the initial bound state and w is the incident
photon energy. The complex resonant structures in photoionization result from channel
couplings between open continuum channels (kl2 > 0) and closed channels (kf < 0) at
electron energies k? corresponding to autoionizing states along Rydberg series S;L; J;7t;v;(;,
where v; is the effective quantum number relative to the target threshold S;L; J;;.

The new RMOP project is aimed at fulfilling the original aim of OP using the BPRM
method to compute radiative data described herein [13].

5. The Iron Project

The goal of OP was the calculation of large-scale computations of radiative data,
primarily energy levels, oscillator strengths, photoionization cross sections, equation-of-
state, and line broadening parameters. The follow-up Iron Project (IP) aimed at R-matrix
collisional data [6]. In particular, relativistic effects were included an intermediate coupling
scheme using the BPRM codes [7].

The dimension-less collision strength is symmetric with respect to initial and final
levels, and generally exhibit extensive resonance structures, particularly in the vicinity
of excitation thresholds, arising from autoionizing levels associated with higher levels
included in the CC expansion Eq. 1. For most plasma applications electrons are assumed
to follow a Maxwellian distribution at a given electron temperature T,, and therefore we
compute the Maxwellian averaged effective collision strengths [28],

Yi(T,) = /000 Q;(E) exp(-é) d(kET) 9)

where Q);;(E) is the collision strength at incident electron energy E, and k is the Boltzmann
constant. The effective collision strength, Yl-]-(Te), varies more smoothly and gradually
with temperature than the collision strengths, since the averaging process smooths out the
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sharp resonance structure. The collisional excitation rate is related to the effective collision
strength through the excitation rate coefficient

8.629 x 107° -
1+e

qii(Te) =
where g; = 2J; + 1 is the statistical weight of the initial level i. The collisional rate is then
determined as

Cij(em™3s71) = g;j(T.)N;N,, 11)

where N;, N, (cm~3) are ion and electron densities respectively.

6. Collisional-Radiative Model

Much of OP and IP data are used in astrophysical and laboratory plasma diagnostics
with absorption lines using oscillator strengths, or emission line ratios using collisional
and radiative data. Spectral line emissivities are functions of electron temperature T, and
electron density N, and a collisional-radiative (CR) models can be constructed using, for
example, the SPECTRA code [28,39]. The CR model is based on solving the statistical
equilibrium equations for coupled level populations. In a recent work we have computed
line emissivity ratios for doubly ionized manganese Mn III transitions, and the relevant
expressions are as follows [? ]. The theoretical line emissivity is the amount of energy per
unit time per unit volume for a given transition j — i, expressed as

hviiAji Nj n(MnlIl
I([MnIIIj; Aj;) = Vin] i N, nf(v(Mnn))
n(Mn)
n(H)

(12)

n(H) ergem3s™1,

N; refers to the population of the upper state. Summation over Ny refers to the total popula-
tion of all levels included in the CR calculation. The ratio n(MnI11) /n(Mn) is the ionization
fraction of Mn I1I relative to total manganese, and n(Mn)/n(H) is the manganese abundance
relative to hydrogen deduced from Ha, B, etc. In order to obtain line emissivities from
Eq. (12), one needs ionization fractions Mn I1I/Mn in the plasma source at the appropriate
temperature and density, and are model dependent [28,40,41].

Similar expressions may be used to construct CR models, as well as to include ad-
ditional processes such as (e + ion) recombination in an extended collisional-radiative-
recombination (CRR) model [39,42]. It is noteworthy that (e + ion) recombination manifests
itself in emission, and some of the most prominent astrophysical lines such as Lymana
transition at 1015 in the UV, Balmer Ha, 8 at 4861 and 6563 respectively in the optical, are
formed via electron-proton recombination [5].

A sample of results for Mn III collision strengths is given below.

7. The RMOP Project: R-matrix calculations for opacities

As mentioned above, owing to computational constraints and other effects that needed
to be incorporated, the OP R-matrix calculations proved to be intractable and most of the
work had to be carried out using essentially the Distorted Wave (DW) method neglecting
channel couplings. Therefore, related physical effects such as resonance profiles and plasma
broadening could not be included. In recent years, we have renewed the original quest for
full R-matrix calculation of opacities (RMOP), described in the RMOP series of papers in
[8-11].
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The RMOP calculations employ an extended version of BPRM codes including fine
structure and a large close coupling wavefunction expansion, as well as a new formulation
of plasma broadening of autoionizing resonances, as shown in Fig. 1.

The underlying BPRM calculations are very extensive for complex atomic systems
that are necessary for opacities calculations, such middle ionization states of iron ions,
Fe XV-XXI [9], important in the solar interior at the crucial boundary between radiatie
and convection zones, and for ongoing ICF experiments. This task is huge since R-matrix
calculations need to be carried out for all ionization states of important elements. Those
include Fe and O to begin with, but would eventually extend to others such as Ne, Mg, Si,
S, Ca and Ni.

The resulting calculations would yield a considerable amount of highly accurate
atomic data that would be useful not only for opacities but also for many astrophysical and
laboratory sources. A particular pathway that we followed in OP calculations is to proceed
with calculations along an isoelectronic sequence using the same atomic structure for all
ions. That simplifies the calculations considerably since the target or core ion structure
is to be determined only once. The angular algebra and hamilitonian are similar, and
subsequent BPRM calculations follow the same stages up to the calculation of energy levels,
oscillator strengths, and photoionization cross sections. Also, ancillary dataset such as
collision strengths and e-ion recombination cross sections may be obtained as part of the
same calculation.

8. Atomic data and benchmarking

Modeling a wide variety of sources and physical processes requires a large and ac-
curate database that can be readily interfaced with codes for numerical simulation. In
addition to completeness and precision, the data needs to be of benchmarked accuracy
against experimentally measured cross sections, transition probabilities, and other theoreti-
cally computed parameters. The OP and IP databases are widely employed in modeling
codes. Although much of the data is using the R-matrix method it is limited in accuracy and
extent, as noted above, and needs to be extended with more comprehensive calculations.
The OP and IP data have been updated in this manner and incorporated into another
database NORAD (Nahar-OSU-Radiative-Atomic-Data) [43], consisting mostly of R-matrix
data for nearly 250 atoms and ions.

Experimental benchmarking is or primary importance to ensure reliability. In addition,
there are several atomic physics approximations and codes employed to generate large
quantities of data that need to be compared and evaluated. We describe ongoing and future
prospects for benchmarking experimental and theoretical data sources.

9. Results and Discussion: Atomic Processes and Effects

We present new results for a variety of atomic processes to illustrate the scope, ex-
tent and physical effects incorporated in R-matrix calculations. We briefly describe the
wavefunction expansions, optimization, and comparison between various approximations.

9.1. Photoionization

Results from ongoing calculations using the BPRM codes are presented, and compared
with RDW results for background cross sections where available.

9.1.1. Photoionization cross section of Cr XIII and Ca IX

The photoionization (PI) cross sections of the ground state 1s225?2p®3s2 1S, of Cr XIII
were calculated using both the Breit-Pauli R-matrix (BPRM) method and the relativistic
distorted-wave (RDW) approximation. In the BPRM calculations, an R-matrix radius of
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6.50 a.u. was adopted to ensure that the target orbitals were fully enclosed within the s
inner-region sphere. A fine energy mesh with a step size of 107> Ry was employed to
accurately resolve the resonance structures in the photoionization cross sections. 325

Figure 3 (a) compares the PI cross sections of ground state obtained using the BPRM s
and RDW methods over the photon energy range of 25-50 Ry. The results from the two =7
approaches exhibit excellent agreement across the entire energy range considered, demon- s
strating the consistency and reliability of the present calculations. The ionization potentials sz
of the ground state of Cr XIII were determined to be 26.0243 Ry and 25.9981 Ry using the s
BPRM and RDW methods, respectively. These values agree well with the recommended =
NIST value of 26.0670 Ry, corresponding to percentage deviations of only 0.16% and 0.26%, sz
respectively. The close agreement between the present theoretical results and the available 13
NIST data validates the accuracy of the computational methods employed and confirms s
their suitability to investigate the photoionization properties of Cr XIIL 335

The calculated photoionization spectrum exhibits numerous resonance structures s
arising from excitations to both even- and odd-parity Rydberg series. The resonances s
associated with the even-parity target states are observed in the photon-energy range of 33
28.36—46.42 Ryd and converge to the thresholds corresponding to the configurations 339

2p%3d 2D3 5{np[1/2]1, nf[3/2]1},2p%3d 2Ds 2{np[3/2]1, nf[1/2]1}, 2p%4s 25 jo{np[1/2]1 s
np[3/2]1}, 2p°4d 2Ds )p{np[1/2]1, nf[3/2]1}, 2p%4d 2Ds 5{np[3/2]1, nf[1/2]1}, 2p°5s 2S1/2  3m
np[1/2)1, np[3/2]1}, 2p°5d 2D35inp[1/2]1, nf[3/2]1}, 2p®5d 2Dsoinp[3/2]1, nf[1/2)1}, ==
2p%5¢ 2Gy jpinf[1/2]1, nh[3/2]1}, and 2p®5¢ 2Gg /o{nf[3/2]1, nh[1/2]1}. 43

Similarly, the odd-parity target states generate resonance features in the photon-energy s«
interval of 26.02-46.40 Ryd, converging to the thresholds 2p®3p 2Py ,{ns[1/2]1, nd[3/2]1}, s
2p°3p 2P, {ns[3/2]1, nd[1/2]1}, 2p%4p 2P} ,{ns[1/2]1, nd[3/2]1), 2pP4p 2P5,,{ns[3/2]1, s
nd[1/2]1}, 2p®4f 2F 5 (nd[1/2]1, ng[3/2]1}, 2p®4f *FS ,(nd[3/2]1, ng[1/2]1}, 2p%5p 2P}, s
ns[1/2]1, nd[3/21}, 2p°5p 2P3 ,(ns[3/2]1, nd[1/2]1}, 2p°5f 2F¢ ,{nd[1/2]1, ng[3/2]1), and e

2p°5f 2FY ,{nd[3/2]1, ng[1/2]1}).
The resonance series are classified using the JLK coupling notation, represented as 350
ntlt L}f nl[K]]. 351

Resonance structures are not present beyond the highest target threshold, corresponding s
to 2p®5¢ Gy, at 46.42 Ryd. Consequently, the photoionization cross section exhibits a s
smooth decrease with increasing photon energy above this threshold. 354

https:/ /doi.org/10.3390/1010000
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Figure 3. Photoionization cross section for the ground state 1s22s22p®3s2 1S and first three excited
state2s?2p®3s3p (3P, 1,2) of Cr XIII ion calculated using the BPRM and RDW approaches.

The photoionization (PI) cross sections of the excited states 15*25*2p°3s3p (3 Py ,) of
Cr XIII, calculated using the Breit-Pauli R-matrix (BPRM) and RDW method, are presented
in Figures 3 (b,c,d). The cross sections for all three fine-structure levels exhibit similar reso-
nance patterns arising from multiple Rydberg series that converge to different ionization
thresholds associated with the target states included in the close-coupling expansion. The
ionization potentials obtained from the BPRM calculations for the 3PO0 , 3P{’ ,and 3P2° states
are 24.1548, 24.1188, and 24.0365 Ry, respectively. These values are in good agreement
with the corresponding values recommended by the National Institute of Standards and
Technology (NIST), namely 24.2131, 24.1770, and 24.0936 Ry. The relative deviations are
only 0.24%, 0.24%, and 0.24%, respectively, demonstrating the high accuracy of the present
BPRM calculations. The ionization potentials predicted by the RDW method for the 3Pg,
3P, and 3P¢ states are 24.1590, 24.1222, and 24.1076 Ry, respectively. These values also
agree well with the NIST recommended data , with relative deviations of 0.22%, 0.23%, and
0.06%, respectively. The consistency between the BPRM, RDW, and NIST values provides
additional confidence in the accuracy of the present theoretical results.
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Figure 4. Comparison of the BPRM photoionization cross sections with the DARC and RDW results
for the ground state 2p®3s? (15) of Ca IX ion.

Figure 4 compares the photoionization (PI) cross sections of the ground state
1522522p®352 1S, of Ca IX obtained using the Breit-Pauli R-matrix (BPRM), Dirac Atomic
R-matrix Code (DARC), and relativistic distorted-wave (RDW) methods over the photon
energy interval of 13-25 Ry. The background cross sections predicted by the three theoreti-
cal approaches are found to be in close agreement throughout the energy range considered,
demonstrating the consistency of the present calculations.

The ionization potentials of the ground state obtained from the DARC and RDW
calculations are 13.8255 Ry and 13.6899 Ry, respectively. These values compare well with
the recommended NIST value of 13.8570 Ry , corresponding to relative deviations of 0.22%
and 1.21%, respectively. The close agreement with the NIST data provides additional
validation of the accuracy of the present theoretical results.

9.1.2. Photoionization cross section of Co XI

Photoionization cross-section of Co XI by employing BPRM codes described in section
3.1, we have optimized the radial wave function parameters for n = 3 and n = 4 orbitals
for Co XIIL The lowest 41 target levels of Co XII considered in the present calculations arise
from the non-relativistic configurations

[1s225%2p®) 3s*3p*, 3s3p*3d, and 3s°3p>3d.
A total of 13 even symmetries,
1Se SSe 1Pe 3Pe SPe 1De 3De SDe lFe 31:@ SFe 1Ge SGe
and 12 odd symmetries,

150, 350, 550, 1PO, 3P0, 1D0, 3D0, SDU, 11:0, 31:0’ 1G0, 3G0,
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were included in the photoionization cross-section calculations. These target-state
symmetries consist of singlet, triplet, and quintet terms, which couple with the incoming
electron to form the (16 + 1)-electron system having even- and odd-parity doublet and
quartet symmetries.

We have investigated the photoionization process of the ground state 3s23p° <2P§ /2)

and the first excited state 3s23p° (2P10 /2) of Co XI using the Breit-Pauli R-matrix (BPRM)
method and the Relativistic Distorted Wave (RDW) method. In the BPRM calculations, an
R-matrix radius of 5.00 a.u. was adopted to ensure that all target orbitals were completely
enclosed within the inner-region sphere. A fine energy mesh of 10~* Ry was employed to
accurately resolve the resonance structures in the photoionization cross sections.

204 20+
(a) BPRM

. RDW (b) —— BPRM

«— RDW

o
o

PI Cross-section (Mb)
>
1

PI Cross-section (Mb)
>
1

o
o
o
o

0.0 T T T T T T T T T 0.0
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60

Photon Energy (Ryd.) Photon Energy (Ryd.)

Figure 5. Photoionization cross section for the ground state 1s>2s22p®3s23p° ZPé’ /o and first excited
state 15%2522p®3s23p° 2PlO /o of Co XTion calculated using the BPRM and RDW approaches.

Figure 5(a) compares the photoionization (PI) cross sections obtained using the BPRM
and RDW methods for the ground state over the photon-energy range of 29-50 Ry. The
cross sections calculated using the two independent methods exhibit excellent agreement
throughout the entire energy range, demonstrating the consistency and reliability of the
present calculations.

The ionization potentials of the ground state of Co XI were calculated to be 22.322 Ry
and 22.311 Ry using the BPRM and RDW methods, respectively. These values are in
excellent agreement with the recommended NIST value of 22.441 Ry, corresponding to
percentage differences of only 0.53% and 0.57%, respectively. The close agreement be-
tween the present theoretical results and the available NIST data validates the accuracy
of the computational methods employed and confirms their suitability to investigate the
photoionization process of Co XI.

The calculated photoionization spectrum exhibits several resonance features arising
from excitations to both even- and odd-parity Rydberg series. The resonances associated
with the even- and odd-parity target states are observed in the photon-energy ranges of
22.322-23.229 Ry and 25.182-28.063 Ry, respectively. These resonance series converge to the
thresholds corresponding to the target configurations

3s23p* (3Po) {ns[01/2,nd(2]3/25/2},

3s%3p* <3P1) {ns[1]1/23/2,nd[1]1/2,1d(2]3/25/2, 1d[3]5/2,18[3]5/2 },

and

3s23p* (1D2) {ns[2]3/2,5/2,nd[1]1/2,3/2,1d[2]3 /2,52, 1d[3]5/2,18[2]3/2,5/2,18[3]5/2 },
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etc.

Figure 5(b) compares the PI cross sections of the first excited state obtained using
the BPRM and RDW methods over the photon-energy range of 29-55 Ry. The ionization
potentials of the first excited state of Co XI were calculated to be 22.141 Ry and 22.134 Ry
using the BPRM and RDW methods, respectively. These values agree well with the NIST
ionization potential value of 22.264 Ry, corresponding to percentage differences of only
0.55% and 0.58%, respectively. The excellent agreement between the BPRM, RDW, and
NIST results provides additional confidence in the accuracy of the present theoretical
calculations.

Furthermore, no resonance structures are observed above the highest target thresh-
old, located at 28.063 Ry for the ground state and 27.882 Ry for the first excited state.
Consequently, the photoionization cross sections for both states decrease smoothly with
increasing photon energy beyond these thresholds.

9.1.3. Photoionization of Fe ions: Fe XVI

As continuation of the RMOP project [8-11,13], and using OP BPRM codes (Fig. 1),
Fig. 6 presents photoionization cross sections of the ground state 2S of Fe XVI. Due to
the complexity of BRRM calculations with a large number of core fine structure levels,
preliminary calculations are first carried out in LS coupling. (Nahar, in preparation 2026).
The study has been carried out as a part of the ROMP series for obtaining accurate iron
opacities. The close coupling wavefunction expansion for Fe XVI included 61 LS states from
shells n=3,4,5 of core ion Fe XVII pointed by the red arrows in the figure. The positions
of the arrows correspond to the highest states of n=3,4,5. We observe the enhancement
of the cross section background at core excited state P’ due to strong dipole allowed
transition of the core ground state !S. Beyond n=3 excitations, the resonances weaken and
merging almost to the background beyond n=4 excitations. These indicate convergence of
resonances at higher n.

10°
FeXVI +hv -> Fe XVIl + e
Ground state: *S

10?

10

10°

G(Mb)

10"

\U

l Core: 'S°

2s..4

el Ll

n=3 n=4 n=5 (5d)

102

10°

_|_LLLL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,| IIIIIL|,|,I_|_|

_|_|'|'|'|T|'| IIIII|'|T| IIIII|'|T| IIIII|'|T| IIIII|'|T| IIIII|'|T| IIIII|'|T|_|_|

o e Pl i | e b b b
40 50 60 70 80 90 100 110 120 130

Photon Energy (Ry)

Figure 6. Photoionization cross section for the ground state of Fe XVI 1s*2522p°3s (25).
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9.2. Unified electron-ion recombination 449

The R-matrix close coupling methodology has been extended to obtain unified (e + ion) 4o
recombination cross sections and rate coefficients [44-46]. The unification entails an ab s
initio and self-consistent treatment of two processes, radiative recombination (RR) and s
di-electronic recombination (DR), both of which naturally occur together but considered 43
separately in simpler approximations. The unified method employs photoionization cross s
sections for calculated using BPRM codes (Fig. 1, followed by a detalied balance scheme s
to calculate photo-recombination (PR) cross sections. These are then complemented by s
calculations for DR collision strengths, also computed with the same wavefunction ex- s
pansion as the PR cross sections, to obtain total unified cross sections. Results have been s
reported for a large number of ions, and data archived in the database [43]. As an exemplar, s
new calculations for many other ions are in progress, as shown in Fig. 7 for Maxwellian s
averaged rate coefficient for Ar XVII (Nahar, in preparation 2026). a61

IIII|'|T|'| IIII|'|T|'| IIII|'|T|'| IIII|'|T|'| IIII|'|T|'| IIIII|T|'| IIIII|T|| T 11T

10° E =

u e+ Ar XVIII -> Ar XVII ]

10° - =

10%° |~ —]

iof ]
e

£ 10" - —  Present: Unified Total =

<] F 3

L - - RR:Verner & Ferland(1996) ]

107 = N =

10" — A —]

: Ay

10—14 IIII|_|,|,|] IIII|_|,|,|] IIII|_|,|,|] IIII|_|,|,|] IIII|_|,|,|] IIIIIu]] IIIIIu,|| Ll

10 100 1000 10000  10° 10° 10° 10° 10°
T(K)

Figure 7. Unified (e + ion) recombination rate coefficients for Ar XVII,

9.3. Electron impact excitation 462

Results in this section pertain to R-matrix calculations and applications to determine 4
densities, temperatures, abundances, and other quantities in astrophysical sources. 464
9.3.1. Collision strengths and line ratios for Mn III: Abundances and galactic chemical 465
evolution 466

As continuation of IP work, we are studying Fe-group elements with larger eigen-
function expansions for target ions. Collision strengths for electron impact excitation of s
Mn III (Mn?*) were computed using the Breit-Pauli R-matrix (BPRM) method (Samak et al. 4o

https:/ /doi.org/10.3390/1010000
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2026a,b). The close-coupling expansion included 38 fine-structure levels dominated by 47
the ground configuration [Ar]3d° and the first excited configuration of the same parity
[Ar)3d*4s obtained from SUPERSTRUCTURE calculations, with energies in good agreement .
with NIST values to within 1-5%. Collision strengths () were obtained for all 703 transitions 473
among these levels over an electron energy range up to 2.2 Ry. Energy levels of Mn IIl were 47
also computed using the Flexible Atomic Code (FAC), which is based on the Distorted Wave 475
(DW) approximation, and were found to be in good agreement with both the NIST values s
and the SUPERSTRUCTURE results. a1

Work is currently underway to compute collision strengths for Mn III using the same 47
code, for comparison with the BPRM R-matrix results. Fe-group elements such as Mn 47
and Fe are produced in explosive supernova nucleosynthesis, but with markedly different 4
production histories: manganese, an odd-Z element, is synthesized more efficiently in the s
neutron-rich environments of Type la supernovae (SNe Ia) than in core-collapse Type II 4
supernovae (SNe II), which instead proceed from short-lived massive-star progenitors, and 4
because SNe la progenitors evolve on much longer (Gyr) timescales than the Myr lifetimes s
of massive SNe II progenitors, the Mn/Fe abundance ratio increases with time (or with 4
Fe/H) as the relative contribution of SNe la grows, making Mn/Fe a sensitive chronometer s
of galactic chemical evolution and star-formation history. While Mn abundances have s
traditionally been inferred from neutral Mn I absorption lines in stellar atmospheres, s
emission lines from ionized Mn have not previously been used as plasma diagnostics, so s
forbidden [Mn 111] lines in the NUV /optical /near-IR, several of which are now within 0
reach of JWST, offer a complementary route to determining the Mn/Fe ratio directly from
nebular emission in H1I regions and supernova remnants. 492

To this end, using the Maxwellian-averaged effective collision strengths Y;;(T,), com-
puted at T, = 2500-40 000 K characteristic of H1I regions, a collisional-radiative (CR) model
was constructed with the SPECTRA code to obtain level populations and line emissivity s
ratios as functions of electron density N, and temperature T.; Figure 8 (a) presents the 4
forbidden-line emissivity ratio (8200 A)/I1(8068 A), corresponding to the 2Fs /5 — *P5/p  wr
and 2D3 5 — *P5, transitions of Mn 111, whose underlying collision strengths — shown in s
panels (b) and (c) — exhibit dense Rydberg resonance structures below ~ 2.3 Ry. Both transi- 4
tions share the same lower level (*P5,) and originate from upper levels closely spaced in s
energy (2Fs;, and 2D3 5, separated by only about 0.002 Ry), favouring efficient collisional  so
mixing between the two upper levels at high electron density: as shown in panel (a), the s
ratio increases monotonically by roughly 70% over the range 6 x 10* < N, < 10”7 cm ™3, s
before flattening toward a density-independent, collisionally-dominated regime at the s
highest densities, with a moderate temperature dependence also present as the ratio de-  sos
creases systematically with increasing T, indicating that this line pair provides a useful  sos
combined density-temperature diagnostic in the near-infrared (~ 0.82 ym), complementing  sor
the pure density and temperature diagnostics R1—R4 presented in Samak et al. (MNRAS,  s0s
2026, in press) for other Mn I1I transitions and accessible to both ground-based and JWST  s0s
near-infrared spectroscopy of H1I regions and supernova remnants where Mn III emission s
may be detected. st

https:/ /doi.org/10.3390/1010000
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Figure 8. (a) Mn 111 forbidden-line emissivity ratio I(8200A) /(8068 A) as a function of electron
density Ne at T = 2500, 5000, 10000, 20000, 30000, and 40 000 K. The ratio corresponds to the
2F5,5 — *P5 /5 (8200 A) and 2D; /2 —4P5 /> (8068 A) transitions, which share the common lower level
4P5 5. (b) Collision strength Q) for the 2F5 , — *P5 5 transition as a function of electron energy E (Ry).
(c) Collision strength () for the 2Dy /2 — 4p; /2 transition as a function of electron energy E (Ry).

9.3.2. Electron Impact Excitation of P III: Extraterrestrial lifeforms? 52

As the backbone element of DNA, comprised mainly of H, C, N, O compounds, s
Phosphorus is an essential biogenic element for life on Earth [39]. Consequently, it is of s
considerable astrobiological as well as astrophysical significance. However, its abundance s
in the Solar System is relatively low compared with the neighbouring even-(Z) elements s
in the first three periods of the periodic table. In recent years, there has been growing s
interest in the search for exoplanets that may potentially host life. Astronomers are engaged s
in recording and analyzing photons from the outer space that can give an indication of s
biosignatures in exoplanetary atmospheres. The abundance of phosphorus is considered sz
to be an important factor for the search for DNA-based extraterrestrial life. Accurate sz
determination of the phosphorus abundance in astrophysical environments requires reliable s
atomic data for its various ionization stages, particularly the low-ionization stages that are s
commonly present in photoionized plasmas. Despite their importance, there is a paucity of s
accurate radiative and electron-impact excitation data for phosphorus ions. This lack of s
atomic data limits the reliability of spectral diagnostics and abundance determinations. In sz
the present work, we present Breit-Pauli R-matrix calculations of electron-impact collision s
strengths for astrophysically important 3s>3p (ZPIE’J 1) = 3s3p® (?D3,) transitions in PIIL. s

Figure 9 illustrates the collision strength (Q2) calculated using the Breit-Pauli R matrix sz
method for the electron-impact excitation transition 3s23p (*P§ 1) = 353p% (?D3/,)in PIIT  sx0
as a function of incident electron energy. In the near-threshold region, the collision strength  sa
exhibits considerable autoionizing resonance features arising from channel coupling in the sz
close-coupling R-matrix calculation. A substantial enhancement of the collision strength s
is observed, particularly in the energy range 0.8 and 1.0 Ryd. At higher energies > 1.4 s
Ryd, the resonance structures disappear and the collision strength approaches a smooth s
background dominated by direct electron-impact excitation. The background of collision s
strength increases with incident electron energy in agreement with the Coulomb-Bethe s
form (Q) ~ aln E), where a is related to the dipole oscillator strength [5]. This behavior of s
increasing background of () is characteristic of the optically allowed electric dipole (E1) s
transitions. 540
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Figure 9. Collision strengths for 3s?3p (2P3 1) = 3s3p* (>D3 ;) transitions in P III calculated using
the Breit-Pauli R -matrix method. In the high energy region above all target thresholds the Coulomb-
Bethe approximation is employed to ensure the () ~ InE behaviour characteristic of dipole allowed
E1 transitions.

9.4. Plasma Effects

In this section we demonstrate effects of plasma environment on atomic cross sections.

9.4.1. Photo-recombination cross section of Fe XXV ion in dense plasma

Figure 10 presents the photorecombination (PR) cross sections of the ground state
15215y of He-like Fe XXV for the 1s2252S; , and 1s22p2P; /, channels, respectively, for
the isolated case and under the plasma conditions corresponding to an electron density
of 5 x 10%* cm~3 at a plasma temperature of 200 eV. These calculations are performed
using RDW approach. In both cases, the PR cross section attains its maximum value
at low incident electron energies and decreases rapidly as the electron energy increases.
A pronounced rise is observed near the K-shell recombination threshold, followed by a
gradual decline at higher energies. The presence of the plasma causes only a slight reduction
in the magnitude of the PR cross section, while the overall profile of the curves remains
nearly unchanged. This behaviour is attributed to plasma screening, which weakens
the effective Coulomb attraction between the nucleus and the incoming electron, thereby
reducing the probability of radiative electron capture.
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Figure 10. PR cross section of the ground state 152 1S of plasma-embedded Fe XXV ion using RDW
approach

9.4.2. Plasma broadening of autoionizing resonances

Plasma broadening of autoionizing resonances is incorporated following the treatment
of RMOP III [10]. Four mechanisms are included: electron-impact (collisional), Stark (ion-
microfield), thermal Doppler, and free-free (inverse bremsstrahlung) broadening. Each
unbroadened resonance is convolved with a Lorentzian profile whose total width is the
sum of these four contributions,

I'(w;T,N,) =Tc(w;T,Ne) +Ts(w; T,Ne) +Tg(w; T) + Fff(w; T,N,), (13)

where I';, I';, [y, and T’ ff are the collisional, Stark, Doppler, and free-free widths, respec-
tively. At the plasma conditions of interest (T ~ 10° K, N, = 10%2-10% cm—3), electron-
impact broadening dominates the total width by about an order of magnitude over the
other terms, which is why the Lorentzian form is adopted for the convolution.

Figure 11 shows plasma-broadened photoionization cross sections for O vi and O viI
at T = 2 x 10° K across electron densities N, = 10'8-10** cm~3. At low density the
broadened cross section tracks the unbroadened resonance structure closely; as N, increases,
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autoionizing resonances broaden and merge into the continuum, raising the background
cross section by up to an order of magnitude at the highest densities shown.

The density at which resonances fully dissolve differs between the two ions, reflecting
differences in resonance width and spacing in each. This behavior is consistent with the
broadening trends found for O vi and O vl individually in RMOP-V [12], and for Fe ions in
RMOP-III [10], underscoring that resonance dissolution with increasing density is a general
feature of HED plasma broadening across ion species.

i = 6
O VI Broadening (T = 2 x 106 K) O VIl Broadening (T = 2 x 10° K)

Unbroadened
— Broadened

logNe =18.0] |
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logNe =21.0

= 5
g’ ‘ 3
o o

4]

2 ‘ logN, =24.0)

= T l‘ l— ‘

o T \‘I\\—v!lﬂ,,FH/.,‘\]{W

-4

40.0 425 45.0 475 50.0 525 55.0 57.5 60.0 400 425 450 475 500 525 550 575  60.0 625
Photon Energy (Ry) Photon Energy (Ry)
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Figure 11. Plasma broadening of the O VI and O VII photoionization cross section as a function of
electron density Np at T = 2 x 106 K. (a) O VI; (b) O VIL. Gray curves show the unbroadened cross

section; red curves show the broadened cross section. Each panel stack spans log N, = 18 up to the
density at which resonance structure is fully washed out.

9.4.3. Electron impact excitation collision strength of Fe XXV ion in dense plasma
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Figure 12. Collision strengths calculated using the RDW approach for the transitions (a) 1s2 1Sy —
1s2p3Py and (b) 1s2 1Sy — 1s2p 1 P of He-like Fe XXV ion.

Figure 12 presents the collision strengths obtained with the RDW method for the
15215y — 1s2p 3Py and 152155 — 1s2p 3P, transitions of He-like Fe XXV for isolated and
plasma conditions. Plasma calculations were carried out for kT, = 200 eV at electron
densities of 10%% and 10%* cm 3. For the 1s? 1Sy — 1s2p 3Py transition, the collision strength
decreases monotonically with increasing incident electron energy throughout the energy
interval considered. A small increase in the collision strength is observed with the increased
plasma density, and this increase becomes slightly more noticeable as the electron density
rises. In contrast, the 1s21Sy — 1s2p3P; transition displays the opposite energy depen-
dence, with the collision strength increasing with electron energy. Unlike the previous case,
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plasma screening leads to a reduction in the collision strength, and the reduction is largest
at the higher electron density. The different responses of these two transitions indicate
that the plasma environment does not affect all excitation channels uniformly; instead, its
influence depends on the characteristics of the individual transition.

9.5. Plasma diagnostics and applications

In this section we present a sample of potential applications to astrophysical and
laboratory sources with atomic parameters calculated mainly using the R-matrix method.

9.5.1. Little Red Dots: Active Galactic Nuclei?

Little Red Dots (LRDs) represent a mysterious population of compact red sources
recently discovered by James Webb Space Telescope (JWST). While their exact nature is
still an ongoing debate, the leading hypothesis suggests they are heavily obscured Active
Galactic Nuclei (AGNs). However, LRDs are typically missing the signatures typical of
AGN:s: the strong blast of X-ray signatures and the distinct variability. To resolve this
discrepancy, it has been proposed that these AGNs are cocooned in dense gas, obscuring
them. We are seeking to establish this theory further by utilizing [OII], [SII], and [OIII]
emission-line ratios to compare these LRDs against both standard AGNs and typically
starburst H II regions. Future works will incorporate [Fell] to further uncover if LRDs truly
are AGNs. Using the Spectra code, we constructed diagnostic physical conditions of Little
Red Dots (LRDs) derived from atomic emission line modeling.

®  GLIMPSED-329380

15000

Line Ratio

Electron Temperature (K)

10000

—— [SI1] 6718/6732 T = 10000K
—— [SII] 6718/6732 T = 20000K
0.6f | — [Oll] 3729/3727 Te=10000K

[Ol] 3729/3727 Te = 20000K
 Irony using [SIl] 6718/6732
0.4 *  GLIMPSED-329380 using [OIl] 3729/3727

([OI1114959 + 5007)/4363 Line Ratio (log)

100 10! 102 10° 10% 10° Electron Density (log(cm~3))

(b)

Electron Density (cm™~3)

(a)
Figure 13. Left (a): Density-dependent line ratios of [SII] AA6716,6731 and [O IT] AA3726,3729
modeled at electron temperatures of T, = 10,000 K and 20, 000 K using the SPECTRA code. Right
(b): Electron temperature-density contour grid tracking the [O IIT] (14959 + A5007) / A4363 emission
line ratio.

Irony and GLIMPSED-329380 are the LRDs that were picked out to compare with this
atomic emission line modeling. Irony is only seen on the first plot, as its temperature is
T, ~ 30,000 K and falls outside the upper bounds of Fig. 13(b). Together, these diagnostics
highlight the extremely high-density and high-temperature environments, characteristic of
an obscured Active Galactic Nucleus (AGN) powering these LRDs, distinguishing them
from standard H II regions.

9.5.2. Determine Oxygen Abundance of Astronomical Object Using R-matrix Atomic Data

For accurately estimating the oxygen abundance of H II regions in galaxies, [OII],
[SII], and [OIII] line ratios play an important role. Applying CR model or collisional-
radiative-recombination (CRR) model with an addition of recombination rate coefficient
contribution also available from R-matrix method, SPECTRA code can calculate the relation
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between electron density, electron temperature, and line ratios, which can further determine
the oxygen abundance. [42] has done a systematic analysis of 44 galaxies observed by
JWST/VLT /Keck to estimate the oxygen abundance of each galaxy and established a
preliminary result of a slow oxygen enrichment from z~10 to current age with a best-fit
result of [12 +log(O/H)] from 7.50 to 8.25, as shown by circles and plus signs in Fig. 14b.

Here, we analyzed 2 new JWST objects to estimate their oxygen abundance, one LRD
at z = 0.1006(LRD J1025+1402)[47] and one star-forming galaxy at z = 6.81(COS-2987)[48],
with the line fluxes date coming from these two papers[47][48]. We use [SII] A 6718/ A
6732 line ratio to determine the electron density of LRD J1025+1402 and [OII] A 3729/ A
3726(C0OS5-2987) to determine the electron density of COS-2987, by the data from Spectra
code, as shown in vertical dashed lines in Fig. 14a. Then, [OIII] A 5007/ A 4363 line ratio
was used to determine the electron temperature of both of the galaxies as shown in the
contours in Fig. 14a. The oxygen abundance is determined by the formulation of [49] with
relation between electron density, elctron temperature, line fluxes relative to Hp line, and
oxygen abundance, with a results of 12 + log(O/H) =7.48 and 7.65 for LRD J1025+1402
and COS-2987 respectively, as highlighted by the arrows in Fig. 14b with other galaxies’
oxygen abundances from [42] also determined by the formulation of [49].

The star-forming galaxy COS-2987 has a relatively low oxygen abundance, which
generally follows the general trend of an downward oxygen abundance in early universe
as seen in [42]. However, the LRD J1025+1402, even in a relatively local universe, has a low
oxygen abundance profile.

30000
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Figure 14. (a) The electron temperature diagnostics of LRD J1025+1402(white lines) and COS-
2987(black lines). Vertical lines represents the electron density diagnostics from [SII] A 6718/ A
6732(LRD J1025+1402) and [OII] A 3729/ A 3726(COS-2987). Two contours represents the [OIII] A
5007/ A 4363 line ratio. Their intersection locates the electron temperature of 19900K and 20100K for
LRD J1025+1402 and COS-2987 respectively. (b) Oxygen Abundance evolution with redshift of 46
galaxies observed by JWST and other instruments. Galaxies oxygen abundance data represented by
44 circles and plus signs comes from [42]. LRD J1025+1402 and COS-2987 are highlighted out with
arrows.

9.5.3. Machine Learning Analysis of Observational Spectra Using R-matrix Atomic Data

The companion analysis of 45 JWST /VLT /Keck galaxies [42] trained regression models
on redshift z and R-matrix-derived electron temperature T,([O 111]) to predict 12+log(O/H),
reporting a single-split test R> = 0.832 (Ridge) alongside a 5-fold cross-validated R? of only
0.34 £ 0.86 — a substantial, unexplained gap between the two.

We revisit this using the same (z, T;) feature set on the 47-galaxy subsample with
complete density measurements, under a controlled 5-fold CV protocol (shuffled folds,
standardized features). This recovers R? = 0.90 = 0.03 for Ridge (comparable for Random
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Forest and Gradient Boosting; Fig. 15b), far more stable than previously reported. Con-
structing folds without shuffling —i.e., against the table’s near-redshift ordering — degrades
stability to R?> = 0.85 4 0.11, indicating that fold construction relative to the data’s redshift
ordering is a likely contributor to the earlier instability, rather than the underlying z-T,-O/H
relation itself being unreliable.

We further test whether electron density N, — derived from the same R-matrix
collisional-excitation framework as T, via the [O 11]/[S 11] doublet ratios — adds predictive
information. Adding log N, as a third feature does not improve any of the three algorithms
(Fig. 15a: Ridge 0.90 — 0.89, Random Forest 0.89 — 0.87, Gradient Boosting 0.89 — 0.86),
consistent with N, tracing H II region compactness and ionization structure rather than
gas-phase abundance directly. Together, these results show that the (z, T,)-O/H relation
is a genuinely stable machine-learning target once properly cross-validated, with further
gains more likely to come from additional temperature- or ionization-sensitive diagnostics
than from density alone.

(a) Adding N, does not improve prediction

(b) z, T Ridge, shuffled 5-fold CV: R? =0.90 + 0.03

8.75 10
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- fngle-split T a ,
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Figure 15. (a) Five-fold cross-validated R? for 12+log(O/H) using the published (z, T,) feature set
versus the (z, T,, log N.) extension, for the same three algorithms as [42]. (b) Predicted vs. observed
abundance for the (z, T,) Ridge model under shuffled 5-fold CV (R? = 0.90 + 0.03), colored by
redshift; dashed line is 1:1.

10. Nanoscience

Atomic properties on nanomoieties have been studied, for example for particular
application in nanobiomedicine [23-27]. It has been shown that monochromatic or quasi-
monochromatic X-ray irradiation of high-Z gold or platinum nanoparticles embedded in
cancerous tumors could lead to enhanced efficiency of malignant cell killing via single
or double-strand DNA breakups [24,26,27]. However, R-matrix calculations for high-Z
elements are challenging and remain the goal of future works.

11. Conclusions

The current status and future plans for the utilization of the powerful and versatile
R-matrix method in the close coupling or coupled channel approximation is presented
for laboratory and astrophysical applications. Relativistic effects are considered in BPRM
calculations in intermediate coupling, or in DARC calculations in jj-coupling. A comparison
is made with DW and RDW calculations without channel coupling. A sample of ongoing
and heretofore unpublished material is given to illustrate the scope and extent of R-matrix
work.
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