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A B S T R A C T 

Recently, Bergemann et al. reported a re-analysis of O I lines, 777 and 630 nm, using their new atomic models of O and Ni, and 

presented solar photospheric oxygen abundance differing from others. We discuss the accuracy of atomic data employed in their 
models, and demonstrate that the photoionization cross-sections ( σ PI ) of the two levels 1s 2 2s 2 2p 

3 3s( 5 S 

o 
2 ) and 1s 2 2s 2 2p 

3 3p( 5 P 1 ), 
which they present as illustrations of their data in the non-local-thermodynamic-equilibrium (NLTE) model, are incorrect by 

large factors. For example, their σ PI at the threshold of level 5 S 

o 
2 is larger by a factor of 1000 than that of Nahar and the Opacity 

Project data base, TOPbase, and has an incorrect energy behaviour. They included a blending of the 630 nm line with N I for 
which they computed σ PI in the hydrogenic approximation. The approximation does not include electron–electron interaction 

and hence is not valid for Ni I . They noted that the use of oscillator strengths of O I by Hibbert et al., which agree very well 
with TOPbase and Nahar, gave an abundance close to the existing values, but reported using averaged values of two sources. 
Therefore, their oxygen abundance from the new atomic models is likely to be in question. 

Key words: atomic data – atomic processes – line: identification – opacity – Sun: abundances – Sun: photosphere. 
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 I N T RO D U C T I O N  

wing to its high abundance in the Sun and the Universe, oxygen has
een e xtensiv ely inv estigated. The Sun is the standard for studying
ther stellar systems, implying that accurate solar abundances will 
educe uncertainties in those derived for other stars. Determination of 
olar elemental abundances has remained a long-standing problem, 
argely due to the lack of complete sets of consistent and accurate
ata for the atomic processes involved in spectral lines formation 
nd issues in describing proper plasma conditions in the non-local- 
hermodynamic-equilibrium (NLTE) models employed. Asplund 
t al. ( 2021 ) have essentially reconfirmed solar abundances derived 
rom their three-dimensional (3D) NLTE model, with particular focus 
n oxygen, and discuss recent works by Amarsi et al. ( 2018 ) and
affau et al. ( 2015 ). Bergemann et al. ( 2021 ; hereafter B21 ) also
arried out another re-analysis using their new atomic models of 
 and Ni and reported significant differences from Asplund et al. 

 2021 ). In this Letter, we examine the accuracy of the atomic data
mployed and differences with previous results not considered by 
21 . 
Two spatially resolved diagnostic lines of O I , 777 and 630 nm,

f the Sun, detected with high-resolution, R ≈ 700 000 with the 
AG FTS instrument, were analysed by B21 . While the 777 nm
ine is due to a dipole that allowed E1 transition between two
xcited states 2s 2 2p 3 ( 4 S 

o )3s 5 S 

o and 2s 2 2p 3 ( 4 S 

o )3p 5 P, the 630 nm is
 forbidden line associated with E2 and M1 transitions within the 
round configuration 1s 2 2s 2 2p 4 of O I . Table 1 presents the levels
nd fine structure components of these lines, and also shows that the
 I 630 nm line can be blended with a 630 nm line formed from an
1 transition between two excited levels of Ni I . 
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B21 analysed the 777 nm line of O I using a 1D NLTE hydrostatic
odel and the 630 nm line using a 3D hydrodynamical model to

etermine the solar photospheric oxygen abundance A(O). They 
mphasized the 630 nm line of O I accounting for the Ni I blend
Table 1 ). With their new atomic models for O and Ni, they derive
og A(O) = 8.75 ± 0.03, which is close to but differs significantly
rom values obtained by others, such as 8.69 ± 0.04 dex by Asplund
t al. ( 2021 ). 

Their new atomic models for O and Ni include photoionization 
ross-sections ( σ PI ) of O I and Ni I . They particularly describe
hotoionization cross-sections ( σ PI ) of O I for the 3D non-LTE study
f the spectral line to derive the oxygen abundance. They report
he computation of σ PI for O I using the package of programmes
Berrington et al. 1995 ) of the Breit–Pauli R-Matrix (BPRM) method
s developed by the Opacity Project (OP, The Opacity Project Team,
995 ) and the Iron Project (IP, Hummer et al. 1993 ). These data
re expected to be accurate. Ho we ver, the data they present are
nconsistent and inaccurate for the O I lines of interest. For σ PI of Ni I ,
hey used the hydrogenic approximation, which is not valid since the
pproximation does not represent electron–electron correlation ef- 
ects to produce autoionizing resonances that are present in complex 
tomic systems. This report aims to highlight the importance of the
ccurac y v erification of atomic parameters that go into the plasma
odel calculations for the determination of elemental abundances. 

t does not quantify the contributions of the processes in the model
ince those depend on how the model represents the environment. 

Photoionization cross-sections for O I using the R-matrix method 
ere obtained under the OP by Butler and Zeippen and are available
n OP data base TOPbase (Cunto and Mendoza 1992 ), and later
y Nahar ( 1998 , hereafter N98 ) and are available on the data base
ORAD- Atomic- Data (NORAD, Nahar 2020 ). Both calculations 

re independent of each other and use different sizes of close coupling

mailto:nahar@astronomy.ohio-state.edu
mailto:nahar.1@osu.edu
http://cdsweb.u-strasbg.fr/topbase/topbase.html
http://norad.astronomy.ohio-state.edu
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Table 1. Observed lines of O I (777 nm, 630 nm) and Ni I (631 nm) in the 
solar photosphere. 

Transition λ( Å) Type 

O I 

2s 2 2p 3 ( 4 S o )3s 5 S o 2 − 2s 2 2p 3 ( 4 S o )3p 5 P 3 7771.940 E1 
2s 2 2p 3 ( 4 S o )3s 5 S o 2 − 2s 2 2p 3 ( 4 S o )3p 5 P 2 7774.170 E1 
2s 2 2p 3 ( 4 S o )3s 5 S o 2 − 2s 2 2p 3 ( 4 S o )3p 5 P 1 7775.390 E1 
2s 2 2p 4 3 P 2 − 2s 2 2p 4 ( 1 D) 2 6300.304 E2 
2s 2 2p 4 3 P 2 − 2s 2 2p 4 ( 1 D) 2 6300.304 M1 

Ni I 
3d 8 4s4p 3 D 

o 
1 − 3d 8 ( 1 S 0 )4s 2 1 S 0 6300.341 E1 
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av efunction e xpansions. N98 data are an impro v ement o v er the
P data and are for a larger number of excited bound states. N98

onsidered more dipole allowed excitations of the core ion O II than
utler and Zeippen. This resulted in many more resonances caused
y core ion excitations than those in TOPbase. B21 compared O I

PI with those in TOPbase obtained by Butler and Zeippen but did
ot compare with or refer to those of N98 . 

 ATO MIC  PROCESSES  A N D  PA R A M E T E R S  

O R  SPECTRAL  ANALYSIS  A N D  A BU N DA N C E S  

pectral lines in astrophysical plasmas form due to five dominant
tomic processes that involve a photon: (i) photo-excitations or de-
xcitation, (ii) photoionization (PI), (iii) electron-ion recombina-
ion (RC), (iv) electron-impact excitation (EIE), and (v) hydrogen
ollision for transitions and other processes. Line intensity also
epends on the other dominant process of electron impact ionization
EII). The dominance of these processes depends on the plasma
nvironment consisting of temperature, density, radiation field,
tc. In solar photosphere, hydrogen colliding with neutral atoms
s an important process, while collisions with electrons are not
mportant because of the lack of electrons. Characteristic features
f atomic processes, revealed by corresponding atomic parameters,
rovide information that affects applications such as determination
f elemental abundances in the plasma. The precision of NLTE
odels typically depends on the accuracy of atomic parameters in

he rele v ant abundance equations and also on the accuracy of the
lasma model describing the impact of plasma environment on the
tomic processes and parameters. A detailed description on the study
f the parameters and modelling can be found in Pradhan and Nahar
 2011 ) and Hubeny and Mihalas ( 2014 ). 

B21 used various sources for the data of the atomic processes
nd discussed the details of the data, such as oscillator strengths
or photo-excitations, collision strengths, excitation and ionization
ross-sections, photoionization cross-sections, etc. 

 RESULTS  A N D  DISCUSSION  

ith the exception of photoionization cross-sections of O I using
he BPRM method, B21 computed other atomic data using simple
pproximations and used those from other sources for their new
tomic models. 

For oscillator strengths (f-values) of O I lines, they chose to use
he average values of those of Hibbert et al. ( 1991 ) obtained in
onfiguration interaction calculations and of Civi ̌s et al. ( 2018 )
btained in a single electron quantum defect method for the three
77 nm lines and Storey & Zeippen ( 2000 ) data for the 630 nm lines.
or other transition parameters of O I , O II , Ni I , Ni II , they include data
rom various sources, including large sets of data from the Kurucz
NRASL 512, L39–L43 (2022) 
ata base ( http:// kurucz.harvard.edu/atoms/0800/ ). Their model is
ependent on the values of the oscillator strengths of O I . They found
hat using the Hibbert et al. (1991) f-values for the 777 nm lines
nd the SST observed data, their results based on the LCAO + K
odel atom of O were in excellent agreement with the 3D NLTE

stimate by Amarsi et al. ( 2018 ), who used the same input as theirs,
nd their 1D NLTE result based on the MARCS model would agree
ith that of Sitnova & Mashonkina ( 2018 ). The accuracy of Hibbert

t al. (1991) f-values is high since their multiplet value of 1.008 is
n excellent agreement, within 3 per cent, with 0.9776 of the OP and
.9818 of N98 . Ho we v er, B21 used the av erage value of two separate
ources that appeared to give different abundances than others. 

For H collisions with O I , including both the elastic and inelastic
catterings, the collisional rate coefficients and the transition rates
hey included were obtained largely by Barklem and collaborations,
nd by some others (references in B21 ). 

For electron impact excitations for O I , B21 computed the rate coef-
cients for a number of low-lying excited levels using single-channel
istorted wave approximation built-in programme AUTOSTRUCTURE .
hey wrongly quote these values as results from the R-matrix
ethod. The R-matrix method, in contrast to the distorted wave

pproximation, is a multi-channel coupling approximation that can
roduce much more accurate values, as were obtained by Tayal and
atsarinny ( 2016 ) and were implemented by Amarsi et al. ( 2018 ) for

heir oxygen abundance calculations. For the remainder of the levels,
21 used the simple van Regemorter formula ( 1962 ) that is largely
ncertain as it is generally accurate only to a factor of 2 or 3 (Seaton
975 ). 
For H and electron collisions with Ni, they calculated the rates

f collisional excitation using simple formulas of van Regemorter
 1962 ) and Drawin ( 1968 ), but scaled the rates by a factor of 0.05 for
he collisions of Ni I atoms with H by explaining that these formulas
re known to o v erestimate rate coefficients compared to the detailed
uantum-mechanical data. They used the Seaton ( 1962 ) formula for
ates for collisional ionization of Ni I . 

In particular, the newly computed photoionization cross-sections
 σ Pi ) by B21 for O I are incorrect and hydrogenic cross-sections for
i I are invalid. B21 carried out BPRM calculations for σ PI for O I

sing the R-matrix programmes (Berrington et al. 1987 ; 1995 ) but
o not provide any evidence of the accuracy of data, such as by
omparing their energy values with those at NIST or comparing
he ground state photoionization with experimental data which are
vailable. Both Butler and Zeippen ( 1990 ) and N98 benchmarked
heir σ PI for the ground state of O I with measured data. The
escription of BPRM calculation for O I by B21 is also not clear. They
ention considering 11 configurations (which has a typo, specifying

p in place of 2p) for the core ion O II and using 26 terms for 39
nergy levels going up to n = 20. These do not seem to be correct
ince the NIST compilation table does not show that the lowest 39
evels go up to n = 20. We discuss σ PI that B21 has presented for the
wo excited levels, 2s 2 2p 3 3s( 5 S 

o 
2 ) and 2s 2 2p 3 3p( 5 P 1 ), which form the

77 nm line via radiative transitions, and demonstrate that their O I

ross-sections are incorrect. 
Fig. 1 presents σ PI of the 2p 3 3s( 5 S 

o ) state of O I : the left subplot
hows σ PI from B21 (solid curve), which is being compared with
hose of Butler and Zeippen (TOPbase, dash curve), and the right
ubplot shows the same σ PI obtained by Butler and Zeippen on the
op panel and σ PI by N98 in the lower panel. Both the TOPbase
nd N98 agree with each other in shape and features of σ PI , except
or additional resonances and enhanced background in N98 , beyond
hose in TOPbase. The features between 600 and 500 Å in N98 are
ontributions from additional core ion excitations included in the

http://kurucz.harvard.edu/atoms/0800/
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Figure 1. Photoionization cross-section σ PI of the excited 2s 2 2p 3 3s( 5 S o ) state of O I . Left-hand panel: solid curv e: B21 ; dashed curv e: Butler and Zeippen 
available at TOPbase. Upper right-hand panel: TOPbase data of Butler and Zeippen; lower right-hand panel: N98 . The features of σ PI available from TOPbase 
and N98 agree except for more resonances in N98 from consideration of additional core ion excitations. B21 show completely different resonant features and a 
threshold cross section that is 1000 times higher than TOPbase and N98 . 
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Figure 2. Photoionization cross-section σ PI of the excited 2s 2 2p 3 3s( 5 S o ) 
state of Ne III (Nahar 2019 ) isoelectronic to O I . Ne III verifies similar general 
features of the same state of O I (Nahar 1998 ) and a rising resonance at the 
ionization threshold. 
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alculations. B21 sho ws dif ferent shape and features. The cross-
ection in both TOPbase and N98 starts with a large resonance with
 rising trend from the ionization threshold. In N98 , a similar shaped
esonance appears just below 500 Å indicating it belongs to the same 
eries as the first resonance. In contrast to the rising resonance, 
21 shows a decreasing trend for σ PI starting from a high value, 
000 times higher than that of the TOPbase and of N98 , at the
hreshold. The TOPbase σ PI starts at an energy lower than that in 
98 as it tabulates additional points below the ionization threshold 

hat are needed for the opacity calculations. Both TOPbase and N98 
how σ PI at higher energy, beyond the resonances of the highest core 
 xcitation at wav elengths 300 Å and smaller, a similar decreasing 
rend. These σ PI values were obtained using Kramers formula, an 
pproach adopted under the OP, for high energy behaviour of σ PI . 
ompared to TOPbase and N98 , B21 shows a completely different 

hape and features in σ PI of 5 S 

o state. 
To resolve the large discrepancy at threshold of rising trend 

esonance and decreasing, features of an O I electronic sequence 
on can be studied. These ions with the same number of electrons
enerally demonstrate similar characteristic features in σ PI . Fig. 2 
resents σ PI of ( 5 S 

o ) of Ne III , isoelectronic to O I with eight electrons
nd same electronic structure. σ PI ( 5 S o ) of Ne III was obtained using
he BPRM method (Nahar 2019 ) that B21 also used for O I but using a
arger wavefunction expansion. There are differences between O I and 
e III . Ne III is more highly charged than neutral O I which generally

auses shifting and compression of the resonances. Ho we ver, O I and
e III also show general similarities. Similar to O I of N98 , σ PI of

 

5 S 

o ) state of Ne III starts with a characteristic resonance series where
he first one is a large resonance at the ionization threshold and the
econd one is at ∼2.75 Ry with a similar shape. The first resonance
s exhibiting a rising trend at the ionization threshold supporting the 
imilar one in the predicted σ PI of O I by N98 and TOPbase, and
ontradicting the decreasing values from threshold of B21 . These 
eatures of the 5 S 

o state of Ne III , and hence of O I , are further

w

onfirmed to be correct as the σ PI of Ne III measured at the Advanced
ight Source (ALS) of synchrotron set-up at the Lawrence Berkeley 
ational Laboratory was benchmarked by Nahar et al. ( 2019 ). Thus,
e III re-confirms that σ PI ( 5 S 

o ) of O I in B21 is inaccurate. 
2s 2 2p 3 3p( 5 P 1 ) is the only other level for which B21 present σ PI 

Figure 3 , the solid curve in the left-hand subplot) and compare
ith TOPbase data (dashed curve). B21 find more resonances than 
MNRASL 512, L39–L43 (2022) 
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Figure 3. Photoionization cross-section σ PI of the excited 2s 2 2p 3 3p( 5 P) state of O I . Left-hand panel: solid curve: B21 ; dashed curve: TOPbase data by Butler 
and Zeippen, Upper right-hand panel: same TOPbase data by Butler and Zeippen; lower right-hand panel: N98 . The features of σ PI from TOPbase and N98 
agree with each other except for additional resonances in N98 from core excitations. B21 show features and background cross-section different from both. 
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OPbase does. The right subplot presents the same TOPbase cross-
ections on the top panel and those of N98 in the lower panel which
gree with each other in features. The only differences between
OPbase and N98 , which are similar to those of 2s 2 2p 3 3s( 5 S 

o )
escribed abo v e, are: (i) N98 has more resonances due to inclusion
f additional core ion excitations, (ii) TOPbase starts at lower energy
ecause of additional points below the ionization threshold, and (iii)
98 resolved resonances with a finer energy mesh, resulting in higher
eaks than those in TOPbase. All three sets of results ( B21 , TOPbase,
nd N98 ) presented in Figure 3 were carried out using the same
-matrix package of codes developed under the OP (The Opacity
roject Team 1995 ) and the IP (Hummer et al. 1993 ), and hence
re expected to be similar. Ho we ver, compared to the two separate
omputations with different wav efunction e xpansions by Butler and
eippen and by N98 , which agree with each other, B21 show very
ifferent features that are incorrect. 
Explanation of justification or emphasis of their calculations of

ew photoionization data of O I (which are apparently incorrect) up
o n = 20, number of energy states, inclusion of relativistic effects,
nd use of fine energy grid seem redundant since B21 includes data
n their model up to n = 5 and a minimum number of points that do
ot include resonances. For such a purpose, the use of the OP data
ould have been more than adequate. 
These discussions establish the fact that the new atomic mod-

ls of B21 contains inconsistent and inaccurate photoionization
ross-sections of O I and Ni I and indicate uncertainty in their
esults. 

 C O N C L U S I O N  

s discussed in detail in this Letter, the B21 model for solar
xygen abundance is shown to be uncertain owing to inaccurate
tomic data, and consequent uncertainty in their value for the
bundance. 
NRASL 512, L39–L43 (2022) 
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