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Abstract

In this paper, we discuss the atomic models developed for the non-local thermodynamic
equilibrium (LTE) analysis of the spectra of two odd-Z chemical elements, the little-studied
potassium and copper, whose nuclei are often thought to form in Cosmos through different
astrophysical processes. The KIand Cu I atomic models have been developed and updated
over the past decade and applied to determine non-LTE abundances of these elements in
the hot and cool dwarfs, giants, and supergiants of different metallicities, from solar to
extremely low metallicity. The abundances of potassium and copper in old metal-poor halo
stars are of considerable interest because these objects bear the imprints of nucleosynthesis
in Type I supernovae and hypernovae in the early Galaxy. The vast majority of the studies
of the spectra of these atoms have been based on the assumption of LTE. In some cases, this
approach has led to incorrect results, which have sometimes affected our understanding
of evolutionary processes in stars and stellar systems. The main objective of this article
is to highlight the importance of using the non-LTE stellar abundance data to improve or
modify existing theoretical models of cosmic chemical evolution. In particular, significantly
different results for the copper abundance in old Galactic stars were obtained compared
to LTE data. This finding could inspire specialists working in the field of chemodynamic
models to search for realistic pathways for the formation of this element in massive stars.
Despite this, since the first non-LTE results on the copper abundance in the oldest Galactic
stars, LTE data remained in use for several years. This situation seriously hinders progress
in research into some certain aspects of cosmic nucleosynthesis.

Keywords: stellar spectroscopy; elemental abundances; potassium; copper

1. Introduction

It is widely recognized that the elemental abundances in stars are of paramount
importance for our correct understanding of the physics of the stars, planetary systems,
stellar clusters, the physics of our Galaxy and extragalactic stellar systems. Around the
middle of the last century, the assumption of the local thermodynamic equilibrium (LTE)
in stellar atmospheres came into widespread use as a standard method for determining
the elemental abundances in stars. Since then, a vast amount of abundance data has been
obtained. In the LTE concept, temperature is one of the most important parameters. Con-
sidering the various microprocesses in the plasma of stellar atmospheres, several “types”
of temperature can be distinguished. The kinetic temperature Ty describes the motion of
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particles in the atmosphere gas (if electrons are considered, the temperature is the electron
temperature T,); Maxwellian velocity distribution is assumed for the gas particles. Exci-
tation processes (bound-bound transitions between atomic energy levels; the Boltzmann
distribution of atoms over excitation states) are described by the excitation temperature Tex.
Ionization processes (bound-free transitions) are controlled by the ionization temperature
T; (the Saha formula for the distribution over ionization states is used). The state where
Ty = Tex = Tj defines the local thermodynamic equilibrium. Radiative temperature T,
describes the radiation field in the stellar atmosphere. The state when Ty = Tex = Ti = T
defines complete thermodynamic equilibrium. Because radiation in stellar atmospheres
can propagate over large distances, the radiative temperature can vary at different points
in the atmosphere, and the radiation field may not be in equilibrium with the matter. Since
about the second part of the last century, it has become clear that the simplified approach
in spectroscopic analysis, based on the assumption of LTE in the stellar atmospheres,
often produces unreliable results that affect our understanding of various processes in
the Cosmos.

With the advent of more powerful computational and observational tools (high-
resolution spectral material in the far, near-ultraviolet, visible, near, and far-infrared spectral
ranges), and especially with the advent and availability of useful atomic databases con-
taining information on energy levels, reliable oscillator strengths, ionization cross sections
of atomic transitions for various chemical elements and other necessary data, it became
possible to abandon the simplified assumption of the validity of the LTE condition in stellar
atmospheres and to conduct a detailed study of microprocesses in atmospheric plasma,
which made it possible to more realistically determine the populations of energy levels
in some atoms and ions (non-LTE approximation). It soon became clear that, although in
some cases for some elements there was reasonable agreement between LTE and non-LTE
abundance results, there were problematic elements (more precisely, the atoms and ions
under consideration and their spectral lines) that exhibited significant differences in abun-
dances determined from lines of different multiplets and ionization stages. An instructive
example is the oxygen abundance in stars inferred from the analysis of near-infrared lines
of the oxygen triplet (7772, 7774, 7775 A). These lines are quite strong, have good shapes,
practically are not blended and appear to offer an excellent opportunity to determine
oxygen abundance in the cool stars. However, as shown in [1], cooler and hotter dwarfs
in the Hyades cluster exhibit a clear difference in the LTE oxygen abundance. Moreover,
ref. [2] also noted a discrepancy between the LTE oxygen abundance values obtained for
dwarfs and giants in this cluster, as well as between the oxygen abundance values inferred
from the infrared triplet and forbidden line of neutral oxygen at 6300.3 A (formed under
LTE condition). This discrepancy indicates that the infrared oxygen lines are influenced
by non-LTE effects, and this influence depends on the stellar parameters. These lines are
no longer used for LTE analysis. In contrast, some studies still use LTE abundances of
problematic elements, such as copper, for example. However, as shown below, the neutral
copper lines in the spectra of metal-poor stars are subject to very strong non-LTE effects
(some aspects of this problem were discussed in [3]).

Since the predictions of the Galaxy chemical evolution theoretical models are based on
the expected elemental yields of massive stars, such as progenitors of Type II supernovae
and hypernovae (for the nature of this phenomenon see, [4]), as well as lower mass stars,
namely progenitors of Type I supernovae and asymptotic giant branch stars, and these
models are constrained by elemental abundances data for stars of different ages, it is crucial
to ensure the reliability of the abundance data obtained from observations. New data on
the non-LTE abundances of certain elements allow us to reexamine the results obtained
from various sources and, based on these data, modify or improve existing models of the
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Galactic chemical evolution. Much remains to be done in this direction, following the
availability of data from large-scale high-quality spectroscopic surveys of faint metal-poor
halo stars.

2. Non-LTE Spectroscopic Analysis

The non-LTE approximation requires finding adequate populations of atomic energy
levels under the radiative and collisional processes in which the considered atom partic-
ipates. Traditionally, the level populations are expressed in terms of b-factors (the ratio
of the actual energy level population to the equilibrium population, namely b = -). The
source function for the transition between the upper level “u” and lower level “1” in this
notation is S(v) ~ %‘I‘B (v, T), where B(v, T) is the Planck function. Non-LTE calculations
in one-dimensional approximation can be performed, for example, using the MULTI pro-
gram developed by [5] in combination with the Kurucz’s atmosphere models generated
by ATLAS9 [6]. Some important modifications of the MULTI code were made by [7]. In

particular, the following additional possibilities are available in the modified version:

1. Opacity sources from the ATLAS9 [6] are included in MULTI. This allows for a signifi-
cantly more accurate calculation of the continuum opacity and intensity distribution
in the ultraviolet (UV) region.

2. There is a possibility to calculate combined profiles of blended lines, taking into
account the stellar rotation and instrumental profile.

3. The b-factors calculated in MULTI are transferred to the SynthV ([8]) program, devel-
oped for calculating synthetic spectrum. The synthetic spectrum is calculated using
the non-LTE source function for the line of interest and LTE source functions for all
lines (including blending lines) in its vicinity. Oscillator strengths are typically taken
from the Vienna Atomic Line Database (VALD, [9]). This methodology was used in all
of our non-LTE analyses and abundance determinations.

Thorough non-LTE analysis of the spectrum of a given atom of a certain chemical
element must take into account processes of inelastic collisions between the atoms being
studied and hydrogen atoms. As usual, these processes are described using the Drawin’s
formula ([10]), adapted for astrophysical use by [11]. This approximation involves the
use of an empirically chosen scaling factor. It should be noted that [12] considers this
approach to not be physically justified (the importance of this problem for the atmospheres
of FGK stars is discussed in [13]). According to these authors, “The influence of inelastic
hydrogen atom collisions on the spectral line formation remains to be a significant source
of uncertainty for stellar abundance analyses, due to the difficulty in obtaining accurate
data for low-energy atomic collisions either experimentally or theoretically”. Among recent
publications on this topic, one can mention paper [14], which describes a method for
calculating the rate constants of inelastic collisions for the fine structure of alkali element
atoms (in particular, potassium) with hydrogen atoms. This method was applied by [15] in
their updated potassium atomic model. According to these authors, non-LTE effects become
less pronounced when using new collisional data. While recognizing the shortcomings
of the discussed approach based on the Drawin’s formula, we nevertheless used it in our
non-LTE analysis of the spectra of neutral potassium and copper atoms.

The following generally adopted definitions are used below: abundance of element
(El/H) = log e (E1/H) + 12.00; relative-to-solar abundance of element: [El/H] = loge(El/H),
— log e(El/H)gyn; relative-to-iron abundance of element (El/Fe) = log e(El/H) — log e(Fe/H)
and [El/Fe] = log e(El/Fe),. — log e(El/Fe)syn.
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3. Atomic Models for Non-LTE Analysis of Potassium and
Copper Spectra

3.1. Potassium

For, potassium (Z = 19), the number of stable isotopes is two: ?g K and ‘1% K (the
Solar System isotope ratio is ~ 13.93). The most abundant isotope can be formed during
oxygen burning just before Type Il supernovae explosions in reactions between a-particles
and 38Ar nuclei, as well as between protons and J5Ar nuclei. Possible chains of these
reactions are

25(3He, 1EAr(He, K
or
345(3He, 1 EAH, 1K
Due to its relatively high cosmic abundance and rather low first ionization potential
(4.34 eV), potassium is of particular interest, because it may be the dominant contributor
of electrons in the atmospheres of very cool stars. Spectroscopic analysis typically uses
two resonance lines: 7664.899 and 7698.964 A (often, only the second line is studied).

3.1.1. LTE and Early Non-LTE Analyses

We begin this brief review of potassium studies by mentioning the work of [16], which
determined the potassium abundance in the Sun. An LTE analysis by [17] showed that
the potassium abundance increases starting from [Fe/H] ~ 0 dex toward lower metallcity,
where [K/Fe] reaches ~ +0.5 dex at [Fe/H] ~ —2.5 dex. The authors of [18] conducted an
extensive LTE study of 90 FG type main-sequence disk stars. Similar to other LTE studies,
they found a clear increase in the [K/Fe] abundance as a function [Fe/H]. This increase
is observed over the metallicity range from zero to —1 dex, and [K/Fe] reaches about
+0.4 dex. The authors of [19] used spectra (equivalent widths measurements) of 32 main-
sequence stars with [Fe/H] values less than —1 dex to determine the LTE abundances and
to explore the potassium abundance dependence as a function of metallicity. According
to the abundance results reported by these authors, the relative potassium abundance
[K/Fe] increases with decreasing metallicity, but with a large scatter. The authors of [20]
redetermined the abundances in the stars from APOGEE+Kepler stellar sample and also
found that the potassium abundance gradually increases with the metallicity decreasing
in the range of [Fe/H] values from +-0.5 to —1 dex. In [21], the potassium abundance was
determined in 20 halo stars covering the metallicity range from [Fe/H] = —1.2 to —2.2 dex.
The average [K/Fe] is approximately +0.25 dex. Most recently, [22] determined potassium
abundance in 58 bulge stars using infrared lines (15,163.067 and 15,168.376 A). According
to the authors, the differences between the LTE and non-LTE (corrected) abundances are
negligible, below 0.1 dex. Figure 7 of that paper shows a fairly wide range of potassium
abundance in the bulge stars, although these data are in satisfactory agreement with the
potassium abundance in the disk stars (non-LTE, [23], see below) and halo stars ([21]), also
shown in that figure. The potassium abundance in a sample of the extremely metal-poor
stars was investigated in [24]. Interestingly, K I lines were detected in seven stars with very
low [Fe/H] values, below —3 dex. The potassium abundance values corrected for non-LTE
effects are not significantly different from the LTE results with the average [K/Fe] value
(non-LTE) being about +0.5 dex in the very low metallicity regime. This result provides
insight into the formation of potassium by massive stars during their evolution in the
early Galaxy.

Probably the first attempt to apply the non-LTE approximation to determine the
potassium abundance in the Sun was undertaken by [25]. One of the two resonance
lines was used, namely the 7698.964 A line. For this, a very simple potassium atomic
model was developed: the ground level of K I and three lower levels: 4s 2S; /5, 4p 2P o
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4p2Pg /o, and 5p 2pg /- Even with this simple model, the authors obtained a solar potassium
abundance (K/H) = 5.14 dex, which is very close to the currently adopted value for the
Sun (K/H) = 5.07 dex ([26]). The authors also draw an important conclusion regarding the
inapplicability of the LTE assumption when analyzing the resonance doublet lines. Later,
ref. [27] reported the results of an analysis of the potassium lines in the solar spectrum.
This work was continued in a series of subsequent papers ([28-31]). For six-levels models,
the obtained non-LTE potassium abundance in the Sun was (K/H) = 5.08 dex. The authors
of [32] used a more complex approach to studying the potassium spectrum. Their atomic
model included 20 bound levels of K I and a continuum state. Takeda et al. [33] analyzed
the 7698.964 A line in the spectra of the Sun and Procyon. Based on equivalent widths, the
authors obtained essentially identical abundance for the Sun and Procyon, (K/H) ~ 5.1 dex.
The authors of [34] examined the non-LTE formation of K I lines (the potassium atomic
model consisted of 36 energy levels, 35 of which were K 11evels and the ground level of K 1II).
According to the results, the potassium abundance in the Sun is (K/H) = 5.14 dex. The non-
LTE corrections in the range of atmosphere parameters considered (T = 4000-10,000 K,
log ¢ =0-4.5 dex, metallicity from —2 to 0 dex) turned out to be quite significant: from
—0.15 to —0.30 dex (weak subordinate lines 11,769.64, 12,432.27 and 12,522.13 A). The
corrections for one resonance line 7698.964 A are larger, from about —0.4 to —0.7 dex. The
authors of [35] studied the formation of neutral potassium lines in the solar photosphere
to determine the solar potassium abundance. The computations were based on a 68-level
potassium atomic model. The solar potassium abundance is (K/H) = 5.12 4 0.03 dex.

Non-LTE abundance analysis of the metal-poor stars deserves special attention. The
authors of [36] investigated the 7698.964 A line in a sample of metal-poor FG disk and halo
stars. To determine the non-LTE potassium abundance in program stars, the equivalent
widths of this line were analyzed with the help of Kurucz’s program WIDTH9, adapted
for use with the non-LTE line source function. The obtained relative-to-iron potassium
abundance [K/Fe] for a homogeneous sample of 22 stars showed a close correlation and
a slow increase with metallicity, reaching approximately 0.3-0.4 dex at [Fe/H] ~ —1 to
—2 dex. A reanalysis of the data by [17] (equivalent widths for 24 stars), which showed
a large scatter, turned out to be less informative. Another important conclusion made
by the authors concerns the absolute values of the non-LTE corrections to the potassium
abundance in the line under study. These corrections turned out to be quite large, ~from
—0.2 to —0.7 dex. The authors of [23] determined the potassium abundance in a sample of
58 metal-poor stars. The authors used the atomic model consisting of 67 energy levels of
KTand ground level of K II. The non-LTE corrections are quite significant, ranging from
—0.2 to —0.6, depending on temperature and gravity. Halo stars exhibit a plateau-like
distribution of [K/Fe] as a function of [Fe/H] in the metallicity range from —1 to —2 dex.
Thick disk stars show a local maximum of [K/Fe] ~ +0.3 dex at [Fe/H] =~ —0.5 dex. The
authors of [37] analyzed potassium resonance lines in the spectra of 15 red giants belonging
to the globular clusters M 4, M 13, and M 15 and two reference K giants. Within each cluster,
the stars exhibited a more or less uniform potassium abundance, with two stars in M 4
and M 13 showing significant overabundance. For other stars from the studied clusters
except these two, the relative-to-iron potassium abundance [K/Fe] gradually increases
from 0.1-0.2 dex (at [Fe/H] ~ —1) to +0.3 at [Fe/H] ~ —2.5, although statistical data
are insufficient to make a final conclusion about a broad maximum of [K/Fe] around
0.3-0.4 dex at [Fe/H] ~ —3 dex.

3.1.2. Our Atomic Model for Non-LTE Analysis and First Results for Very Metal-Poor Stars

Continuing these works, Andrievsky et al. [38] developed a potassium atomic model
for non-LTE analysis based on the model of [32]. In this implementation, the authors
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considered in detail all transitions between the first 20 energy levels of the neutral potassium
atom and the ground level of the K II. Fine splitting was taken into account for the 4p? P
level. The remaining levels were treated as single levels. To conserve the number of
particles, fifteen additional levels of K I atom and seven levels of K II were used. The
level energies are taken from [39]. The oscillator strengths of the bound-bound transitions
are taken from [40,41]. For the resonance transitions, the data from [42] were used. The
total number of bound-bound transitions considered in detail was 62. Photoionization
cross sections from the ground level of K I were presented by [43]. For the P-levels, the
ionization cross sections published by [44] were used. For 25, 2D, 2F levels, the cross
sections calculated with the help of the quantum defect method ([45]) were applied. For the
remaining levels, we used the hydrogen-like approximation. The electron collision rates
were estimated using the formula from [46], while the formula from [47] was used for the
forbidden transitions. Collision ionization from the ground level was described using the
corresponding formula from [48]. For other levels, the formula from [49] was used. To
take into account collisions of potassium atoms with hydrogen atoms, the formula of [11]
with a correction factor of 0.05 was applied. The Grotrian diagram of K I atom is shown in
Figure 1.
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Figure 1. The original Grotrian diagram for the neutral potassium atom K I. The ground state of

ionized potassium K II is shown.

The fundamental difference between LTE- and non-LTE-based potassium abundances
is due to an overrecombination to the first level of the K I atom in the atmospheres of late-
type stars. This is demonstrated by the b-factors behavior, Figure 2. This leads to an increase
in the equivalent widths of the potassium resonance lines, and, as a consequence, the LTE
abundance is overestimated. The agreement between the observed and calculated non-LTE
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profiles of some potassium lines is shown in Figures 3 and 4 (the adopted potassium
abundance for the Sun is 5.11 dex).
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Figure 2. b-factors behavior in the atmosphere of the Sun, adapted from [35].
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Figure 3. Profile fit for the K I line 7698.964 A in the solar spectrum. Observed spectrum—filled
circles, non-LTE profile—continuous line, LTE profile—dotted line (non-LTE and LTE profiles are
calculated with the same potassium abundance), based on [35].

In the next step, the potassium abundance in a sample of metal-poor halo giants
(35 stars with metallicities ranging from —4 to —2 dex and effective temperature in the range
4500-5300K) was determined. The overall dependence of the relative-to-iron potassium
abundance as a function of [Fe/H] is shown in Figure 5. [K/Fe] exhibits a very uniform
distribution with a small scatter. It should be noted that the LTE result for these stars gives a
slightly increased average potassium abundance, with a slight trend indicating an increase
in the relative potassium abundance with increasing metallicity. The resulting dependence
of the potassium non-LTE abundance as a function of metallicity supports the hypothesis
that the nuclei of this element are formed in massive stars in the early Galaxy.
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in [51]), according to [38]. Theoretical potassium abundance distribution ([52]) is shown by the solid
green line.
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3.1.3. Recent Advances in the Non-LTE Study of Potassium Abundance in Cool Stars

More recently, using the 7698.964 A line, the non-LTE abundance of potassium in
the disk and halo stars was obtained by [53]. The metallicity range considered is from
—2 to +0.24 dex. Disk stars exhibit an increase in the derived abundance with decreasing
metallicity, while thick disk and halo stars do not exhibit a clear dependence on the
metallicity (the average abundance [K/Fe] is about +0.2 dex). A recent non-LTE analysis
of potassium lines in six benchmark stars was conducted by [54]. It should be noted that
these authors applied up-to-date atomic data on the collision cross sections of potassium
atoms with electrons and hydrogen atoms. Similar to previous findings, the authors
concluded that potassium line 7698.964 A , widely used in analysis, is susceptible to non-
LTE effects. They also calculated a grid of non-LTE corrections over a fairly wide range of
the temperature, gravity, metallicity and microturbulent velocity values and corrected the
LTE abundances published by [55] (differential analysis for the solar twins), [56,57]. With
these non-LTE corrections, the distribution of the relative potassium abundance [K/Fe] as
a function of [Fe/H] was completely changed in the low-metallicity regime (Figure 14 in
that paper). The LTE results on the relative potassium abundance [K/Fe] show a slight
decreasing trend in the metallicity range from [Fe/H] = —1 to —4 dex, with a maximum
[K/Fe] value higher than +0.5 dex at [Fe/H] ~ —1 dex and a minimum [K/Fe] value
lower than +0.5 dex at [Fe/H] ~ —4 dex. A non-LTE analysis reveals a different picture.
Instead of a decreasing trend, the [K/Fe] distribution in the above metallicity range shows
a slight increase in the relative potassium abundance followed by a plateau at [Fe/H]
~ —2 dex. The minimum value of [K/Fe] = 0 dex is observed at [Fe/H] =~ —1 dex, the
plateau value of [K/Fe] is about +0.2 dex, which is in excellent agreement with the results of
Andrievsky et al. [38] in this metallicity range; see Figure 5.

In this regard, it is also worth mentioning that we recently presented a study of
the departures from LTE in the formation of infrared lines of K I in unevolved stars of
FGK spectral types and near-solar metallicities ([50]). For this study, we significantly
modified the model first described in [38]. Specifically, the photoionization cross sections
for some levels were taken from [58]. For the six lower levels, we used the collision
rates with hydrogen atoms according to [59]. The oscillator strengths for the two infrared
lines 11,769.64 and 11,772.84 A were taken from [60], and for the remaining studied lines,
from [40]. For the 11,769.64, 11,772.84, 12,432.27 and 12,522.13 A lines, the damping
parameters I'yw were taken from [61]. The spectra of 40 stars observed with the GIANO
spectrograph at the 3.5 m Telescopio Nazionale Galileo were analyzed using this modified
potassium atomic model, and some practical recommendations were provided. It was
shown that, of all the lines studied, the non-LTE effects are not negligible for the following
lines: 11,769.64, 11,772.84, 12,432.27 and 12,522.13 A. While the lines 15,163.07, 15,163.07
and 15,168.38 A can be analyzed under an LTE condition in the specified temperature range.
As an example, Figure 6 shows the agreement between the observed and non-LTE profiles
of two infrared lines for HD 114174 (T = 5728 K, [Fe/H] = —0.06 dex).
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Figure 6. Profile fit for two infrared K I lines in the spectrum of HD 114174 ([Fe/H] = —0.06 dex).
Observed spectrum—open circles, non-LTE profile—continuous line, LTE profile—dashed line (non-
LTE and LTE profiles are calculated with the same potassium abundance) [50].

3.2. Copper

Copper (Z = 29), like potassium, has two stable isotopes: ggCu and ggCu (the Solar
System isotope ratio is ~2.24). Given the early Galactic chemical evolution, copper is a
challenging element. Determination of the copper abundance in stars of various popu-
lations has revealed an unusual pattern in the distribution of copper abundance in the
low-metallicity regime: as the metallicity of stars decreases, their relative-to-iron ratio
[Cu/Fe] also decreases. Several explanations for this unexpected pattern have been pro-
posed based on nucleosynthesis data obtained from various stars. These include explosive
nucleosynthesis in massive stars (the progenitors of Type II supernovae and hypernovae),
nucleosynthesis in lower-mass stars such as Type I supernovae, and nucleosynthesis in
asymptotic giant branch stars of various masses.

As expected, the following processes leading to the formation of copper nuclei can
occur: the s- and r-processes (respectively, slow and rapid capture of free neutrons by seed
nuclei). Since copper nuclei can originate in sources of different masses, their efficiency
varies at different stages of the Galactic evolution. Clearly, in the early stages of the Galaxy
evolution, massive stars must have been the primary cosmic suppliers of copper. In these
stars, copper nuclei can form through slow and rapid neutron capture during phases of
helium, carbon and neon burning in hydrostatic equilibrium. The necessary component
of these reactions, namely, free neutrons, is produced in reactions between nuclei of the
neon isotope and a-particles. Recently, much discussion has focused on whether copper
nuclei can be effectively formed in the a-rich freeze out process during the silicon explosive
burning in the Type Il supernovae and hypernovae. Since the main source of copper in
the early Galaxy should be massive stars (exploding as supernovae and hypernovae),
when the metallicity [Fe/H] was less than —3 dex, the question arises: why is the copper
abundance (in particular, [Cu/Fe]) so low in old low-metallicity stars that have survived
to the present day due to their low masses? Such low abundance has been obtained in
a number of studies published in recent decades. The results of LTE copper abundance
determinations published before 2004 were collected and discussed in the paper [62]. The
available relative-to-iron [Cu/Fe] data show a gradual decrease with decreasing metallicity
from approximately zero dex at [Fe/H] ~ —0.5 dex to =~ —1 dex at [Fe/H] ~ —3 dex.
Later, ref. [63] used the LTE approximation to determine the copper abundance in several
extremely metal-poor giants ([Fe/H] in the range from ~ —4 to —3.4 dex). Near-UV
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resonance lines of Cu I were used. For this metallicity range, the authors determined an
average copper abundance [Cu/Fe] ~ —0.75 dex.

3.2.1. The Problem of LTE Copper Abundance in Metal-Poor Stars

Clear evidence that there may be inaccuracies in copper abundance inferred from Cu I
lines can be found in a paper published by [64]. The authors analyzed neutral and ionized
copper lines in a sample of six metal-poor stars (iron abundance ranges from approximately
—2.5 to —1 dex). The copper lines in the visible, near-UV and far-UV parts of the spectrum
were analyzed. The main result for the copper abundance was the following: for stars with
metallicity less than —1.8 dex, the difference in the copper abundance inferred from the
Cu II lines was 0.36 & 0.06 dex larger than the abundance derived from the Cu I lines. This
provided clear evidence that the Cu I lines are strongly affected by non-LTE effects in the
low-metallicity regime. Recently, [65] published LTE results on the copper abundance in
37 main-sequence (turn-off) very metal-poor stars ([Fe/H] less than —2 dex). The authors
showed that, in this metallicity domain, [Cu/Fe] values are scattered in the range from
—0.5 to —0.9 dex.

3.2.2. Pioneereing Non-LTE Studies of Copper in Metal-Poor Halo Stars

A new approach to solving the copper abundance problem arose from the analysis
of copper lines within the non-LTE approximation. The first attempt to apply the copper
atomic model to analyze the copper lines in the solar atmosphere was made by [66]. Their
model consisted of 96 terms of Cu I and the ground state of Cu IL. The authors indicated
that the main non-LTE effect that influences the neutral copper is the overionization by the
ultraviolet radiation, although, for the Sun, the non-LTE abundance correction is very small.

The first attempts to determine the copper abundance in the metal-poor stars were
undertaken by [53,67]. The former determined the copper abundance in stars with metal-
licities up to ~—1.5 dex, while the latter presented the copper abundance results in four
metal-poor stars in the [Fe/H] range from —1 to —2 dex. The authors of both papers
note an increase in the difference between the non-LTE and LTE copper abundances with
decreasing metallicity.

Later, Andrievsky et al. [68] developed the copper atomic model for the non-LTE
analysis. In this model, the authors used 130 energy levels (116 levels of Cu I and 14 levels
of Cu II). The atomic level parameters were taken from [69,70]. Data from the NIST database
were also used. Each LS multiplet was considered as a single term. The fine structure was
taken into account for the following levels: 4s? 2D, 4p 2P° and 4d 2D, which are tightly
coupled with the most important transitions in the Cu I atom. In this case, the fine splitting
is very important, since, for example, such splitting for the 45> 2D term exceeds 0.25 eV. The
highest energy level for which the radiative and collision transitions are taken into account
has an ionization potential of 0.11 eV. This value corresponds to an electronic temperature
of approximately 1300 K, meaning that the coupling between the excited levels and con-
tinuum is adequately described. Radiative transitions between the first 59 levels of Cu I
and ground level of Cu Il were considered. The populations of other levels were taken into
account only for solving the particle number equation. All 486 bound-bound transitions
were considered in detail. For each transition, the Stark and van der Waals effects, as well as
the influence of microturbulent velocity were taken into account. To adequately reproduce
the radiative rates of several significant ultraviolet transitions from 4s 2S and 4s? 2D levels,
100 to 150 frequency points were calculated. For the remaining line profiles, only
30 frequency points were used. The photoionization cross sections were taken from [69].
For all bound-bound transitions, the oscillator strengths were compared to those from the
NIST data base. In the absence of log gf values, theoretically calculated values from [69]
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were used. The collision ionization rates were calculated using the Seaton’s formula ([49])
with threshold photoionization cross section from [69]. Collision excitations by electrons
were calculated with the help of van Regemorter’s formula [46]. Collision rates for for-
bidden transitions were calculated using Allen’s formula ([47]) with an effective collision
strength of 1. For 30 transitions between low-excited levels, the collision rates calculated by
O’Mullane and made available through the Atomic Data and Analysis Structure (ADAS,
[71]) were used. Inelastic collisions with hydrogen atoms were described with Drawin’s for-
mula ([10], adapted for astrophysical use by [11]). The Grotrian diagram of the developed
Cu I atomic model is presented in Figure 7.

It should be noted that since developing and applying the first version of our model
to analyze copper lines in the spectra of metal-poor stars, we have made several attempts
to improve it by incorporating newly available atomic data. This particularly concerns the
collision rates of copper atoms with hydrogen atoms (quantum-mechanical rate coefficients
from [72]). Our preliminary (unpublished) test calculations using these data showed that
our previous results remain qualitatively unchanged.
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Figure 7. Grotrian diagram for Cu I atom [68].

Since strong Cu I lines are formed in the upper atmosphere layers, it is appropriate
to use a combination of the ATLAS solar model atmosphere of [6] with the chromosphere
model from the VAL-C model ([73]) and the corresponding microturbulent velocity dis-
tribution. To further test our atomic model, we also used a simpler case: the spectra of
two stars—Procyon and HD 140283 ([Fe/H] = —2.59 dex)—analyzed using standard atmo-
sphere models. The distributions of b-factors in the atmospheres of these stars are shown
in Figure 8.

For the Sun, line profiles were calculated assuming a copper abundance in meteorites,
(Cu/H) = 4.25 dex ([74]). To reproduce copper lines in the solar spectrum, the collision rates
with hydrogen atoms without any correcting factor were used. This avoids a significant
imbalance in the calculated line intensities, which would immediately lead to an artificial
overestimation of the copper abundance in the Sun. The observed line profiles were
taken from the solar flux spectrum ([75]). The agreement between some observed solar
copper line profiles and calculated profiles is shown in Figure 9. Figure 10 shows the fit
between some UV line profiles in observed spectrum of HD 84937 ([Fe/H] = —2.25) and
theoretical profiles.
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Figure 8. Departure coefficients b distribution in the Procyon atmosphere (left panel) and in the
atmosphere of the metal-poor star HD 140283 (right panel). The optical depths of the line core
formation are indicated by arrows [68].
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Figure 9. Copper line profiles in the spectrum of the Sun. The observed spectrum—open circles,
non-LTE spectrum—continuous line, LTE spectrum calculated with the same abundance that was
used for non-LTE spectrum generation—dotted line [68].
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Figure 10. Copper line profiles in the spectrum of HD 84937. The observed spectrum—filled squares,
non-LTE spectrum—continuous line, LTE spectrum calculated with the same abundance that was
used for non-LTE spectrum generation—dotted line [68].

It is important to stress again that non-LTE effects cause the overionization of neutral
copper atoms, reducing the line absorption and weakening the Cu I lines. This means that
the LTE copper abundance is underestimated. The non-LTE correction, namely non-LTE
(abundance)-LTE (abundance), is positive. The discrepancy between the non-LTE and LTE
abundances progressively increases toward the low-metallicity regime. It is demonstrated
in Figure 11. This conclusion, made by Andrievsky et al. [68], was based on an analysis of
halo stars with [Fe/H] ranging from —4.2 to —1.4 dex (this range includes metal-poor, very
metal-poor, extremely metal-poor and ultra metal-poor stars).
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Figure 11. Non-LTE and LTE copper abundances as a function of [Fe/H]. Copper abundance in the
Sun is denoted as © [68].

A similar conclusion was reached in Korotin et al. [76]. The authors analyzed copper
lines in a sample of dwarfs with temperatures of 5800-6100K. In addition to neutral
copper lines, they examined eight ultraviolet lines of ionized copper. The first ionization
potential of copper is approximately 7.73 eV. In the claimed range of effective temperatures,
weak lines of ionized copper are formed in the deep atmosphere layers, where the Cu II
energy level populations can be described by the Boltzmann distribution. Figure 12 shows
examples of the Cu II lines in the spectra of program stars HD 94028 and HD 140283. The
authors obtained excellent agreement between the abundances determined from the lines

of two ionization stages.
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Figure 12. Cu Il line profile in the spectrum of metal-poor stars HD 94028 (left panel) and HD 140283
(right panel). Observed spectrum—filled squares, non-LTE spectrum—continuous line.

To further emphasize the importance of the two pioneering papers discussed in this
section, which described the copper atomic model and its application to determining the
abundance of this elements in the first stars of the Galaxy, in Figure 13 we reproduce the
literature LTE data on the copper abundance in stars with metallicity below —1 dex, along
with the results of our non-LTE determination and the predictions of the Galactic chemical
evolution model for copper. It is obvious that existing models of the copper Galactic
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evolution are unable to explain the abundance result in the domain of the old metal-poor
stars. This example clearly demonstrates that, without properly accounting for the results
of the non-LTE copper abundance determination, the presented Galactic chemodynamic
models actually overlook an important source of copper nucleosynthesis in the Cosmos.
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Figure 13. Relative-to-iron copper abundance data as a function of metallicity for metal-poor stars.
LTE data: Ref. [77]—small open circles, ref. [78]—diamonds, ref. [67]—triang]les, ref. [79]—squares,
ref. [65]—stars, refs. [68,76]—big red open circles. Non-LTE data: Refs. [68,76]—Dbig red filled circles.
Theoretical curves: [52]—olive solid line, [80]—black solid line.

3.2.3. New Perspectives for the Copper Research in Metal-Poor Stars

It is interesting to note that the nearly flat distribution of the relative copper abundance
presented in Korotin et al. [76] exhibits a shallow dip visible in the metallicity region around
[Fe/H] ~ —2 dex (Figure 13). A similar feature is observed in the compilative data on
abundance distribution presented by [81]. These authors considered the effect of a new
dataset on inelastic collisions of copper and hydrogen atoms on the derived copper non-LTE
abundance and applied non-LTE corrections to the LTE copper abundance in stars previ-
ously analyzed by [65,67,76,79,82]. Using the new rate coefficients of inelastic collisions, the
authors found significant differences with the results of previous calculations. Comparison
of the LTE with non-LTE abundance data yields a striking result: the most metal-poor stars
with [Fe/H] less than —3 dex exhibit a copper abundance ratio [Cu/Fe] near solar or even
supersolar. This discovery needs to be confirmed in future studies. If confirmed, it will
have a decisive impact on our understanding of the Galactic chemical evolution of copper.
A qualitatively similar conclusion was previously reached for one very metal-poor star
studied by [83]. It should be noted that the authors used new copper-hydrogen collision
rates from [72] to perform the non-LTE analysis of several metal-poor stars in the metallicity
range from —2.59 to —0.95 dex and arrived at the following conclusions: the non-LTE effects
are important for both the optical and ultraviolet lines of neutral copper. In the metallicity
range from —1 to —2 dex (five studied metal-poor stars, Figure 5), the copper abundance
decreases with metallicity decreasing, indicating secondary (metallicity-dependent) copper
production. It should be noted that the statistics in this study are small and apparently
insufficient to draw such a conclusion about the process of copper nuclei formation.
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4. Discussion

Potassium resonance lines are significantly affected by non-LTE effects. The relative-
to-iron potassium abundance determined in the LTE and non-LTE approximations often
exhibits inconsistent behaviors, especially in the low-metallicity regime. A visual inspection
of Figure 5 (upper panel) shows that the theoretical prediction of the potassium yield from
rotating massive stars in the early Galaxy ([52]) diverges significantly from the observed
LTE [K/Fe] abundance distribution in the low-metallicity domain, but the agreement is
significantly better when non-LTE data are included (Figure 5, lower panel). However, this
figure also indicates that an additional potassium source is still missing in the considered
chemodynamical model of the early Galaxy.

As shown in previous considerations, the LTE copper abundance in the low-metallicity
stars may provide incorrect evidence that copper behaves as a secondary element. The
authors of [84] considered the origin of many chemical elements. Although copper was
mentioned in their study, its abundance in old Galactic (halo) stars was not discussed,
because the LTE abundance of this element was considered too low, and the theoretical
predictions failed to explain such a low relative copper abundance [Cu/Fe]. For comparison
with theoretical predictions, the authors used the copper abundance in the metal-poor
star HD 84937 ([Fe/H] = —2.25). This star was studied in detail by [85], who obtained a
very low LTE value of [Cu/Fe] = —0.83 dex. HD 84937 was also in the list of program
stars in [68]. Non-LTE analysis of copper line profiles in the spectrum of this star revealed
a copper abundance [Cu/Fe] = —0.2 dex. Thus, taking into account the above, it can be
argued that, from an astrophysical perspective, copper behaves like a primary chemical
element. Its production in the early Galaxy is controlled by massive stars exploding as
core-collapse supernovae and high-energy hypernovae. There is no need to propose special
hypotheses to explain the low LTE abundance of this element in low-metallicity stars.

5. Summary

Now, taking into account new data on the non-LTE abundances of two odd-Z elements,
potassium and copper, obtained in several studies, we can note that, in the low-metallicity
regime, these elements appear to behave similarly. Old Galactic halo stars, over a wide
metallicity range [Fe/H] from —4 to —2 dex, exhibit abundance ratios [El/Fe] quite close
to the solar values. Applying the non-LTE approximation to the spectra of stars in this
metallicity range reduces the inferred LTE potassium abundance and significantly increases
the LTE copper abundance. This contrasts sharply with the previous view that copper was
significantly underabundant in the early stages of the Galactic evolution.

Progress in the field of non-LTE analysis is developing rapidly. Several expert groups
around the world are working on this topic. Models of many atoms and ions of various
chemical elements are currently available for non-LTE analysis. There is no doubt that in
the near future we will see new results on the non-LTE abundances of various chemical
elements in stars of various types, which may in some aspects, improve or even change our
understanding of the chemical evolution of the Universe.
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