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Accurate atomic parameters for near-infrared spectral lines
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Abstract. A realistic two-component model of the quiet solar photosphere is used to fit the intensity spectrum of the Sun in
the wavelength range 0.98-1.bih. Our approach diers from earlier attempts in many respects: proper account of convective
inhomogeneities is made, accurate collisional broadening parameters from quantum mechanical computations are used, and
the dfects of possible blends in the local continuum are corrected empirically. This allows us to derive oscillator strengths and
central wavelengths for virtually any unblended line of the solar spectrum. The accuracy of the inferred atomic parameters,
about 0.06 dex for oscillator strengths and 5 mA airi for central wavelengths, is similar to that of the best laboratory
measurements. We apply our method to 83 near-infrared lines belonging fieurli atomic species. The availability of
accurate oscillator strengths and central wavelengths for linesflefrelit species is essential for the interpretation of high
resolution spectroscopic observations. The method is especially useful in the infrared, a wavelength domain where laboratory
measurements are scarce.
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1. Introduction others, Gurtovenko & Kostik (1981, 1982), @¥enin (1989,
1990), and Bellot Rubio et al. (1999). Most of thedtods

ave concentrated on the ultraviolet and visible regions of the
Bfbctromagnetic spectrum (from 1400 A to 8000 A) and only
f8 a number of atoms of relative importance in astrophysics

Fés.g., Fe, Si, Ti, Cr). Unfortunately, the absolute scales and ac-

are formed. Usually, th|s_, mformatlo_n IS extrac?ed by adom'ngc"i‘jracies of the available oscillator strengths and central wave-
suitable model, computing synthetic line profiles for the phy?éngths are rather inhomogeneous, and many atomic species

ical co_ndmons of the mod(_el, af?d comparing them with the Olg’[#ll need to be measured (see Kurucz 2003 for a review).
servations. Spectroscopy is ultimately tied to our knowledge o The situation i in the infrared. wh laborat
atomic physics in many ways; not only as far as the interac- ' ¢ Situalion IS worse in the inirared, where faboratory

tion of light with atoms and molecules is concerned, but algaeasurements are scarce and theoretical calculations give

because accurate atomic data are required for a correct in?(%gﬁr-qf-magn_ltudg esUmate;s gnly. This r']s u_nfolrtunate n view
pretation of the observations. of the increasing interest of the astrophysical community in

Many groups have worked intensively in the last decadesifiS Part of the spectrum. A number of state-of-the-art infrared
instruments have been developed during the last years, in-

ide the scientifi ity with i = : . P
provide the scientific community with accurate atomic param Hdlng the Tenerife Infrared Polarimeter (TIP, Magz Pillet

ters. The methods employed range from purely theoretical a
semiempirical calculations (e.g., Seaton et al. 1994; Kuru?}z al. 1999) at the German Vacuum Tower Telescope of

1995) to entirely experimental techniques. Very precise labo eide Observatory and the Cryogenic high-Resolution Infrared

tory measurements have been carried out in Oxford (Blackw, ffhe"e Spectrograph (CRIRES, Wiedemann et al. 2000) at the

et al. 1986, and references therein) and Hannover (Bard et\{aqry Large Telescope of Paranal Observatory. For the determi-

1991; Bard & Kock 1994). Laboratory measurements have al%tlon of magnetic fields via _spectropolarlmetry,_ |r_1frared lines
.~ are preferred because of their large Zeeman splittings. In abun-

been performed by other groups (e.g., May etal. 1974; O Bn%n tudies of cool st the infrared is advantageous b

et al. 1991; Nave et al. 1994). Aftkrent approach based on ance studies ot cool stars, the infrared IS advantageous be-

the fitting of the solar spectrum has been explored by, amo %use itis cleaner than the V'_S'ble part of the sp_ectrum.
Clearly, many investigations would benefit from accu-

Send gfprint requests toJ. M. Borrero, rate atomic parameters in the near infrared. However, until
e-mail:borrero@linmpi .mpg.de laboratory measurements become available, the only way

Light emitted by atoms is the primary source of informatio
in all branches of astrophysics. The intensity and polarizati
spectra emerging from celestial objects encode information
the physical conditions of the medium where the spectral lin
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to determine such parameters with reasonable degree of addue combination of branching fractions and radiative lifetimes
racy is to use the Sun as a laboratory. This work is part ofissgenerally regarded as the most reliable method for obtaining
continuing éfort toward that goal. Here we present a list of aaccurate oscillator strengths (O'Brian et al. 1991; Bard et al.
curate central wavelengths and oscillator strengths for 83 W891; Bard & Kock 1994). The absolute oscillator strengths de-
blended lines pertaining to 6 fiierent atomic species in thetermined in this way are independent of any assumption con-
wavelength range 0.98-1.;Mm. The atomic parameters haveerning the thermodynamic state of the source because lines
been determined by fitting the intensity spectrum of the Sumaving a common upper level are used. However, it is neces-
The main diference between our work and earlier investigaary that the lines be emitted from an optical thin layer in order
tions is that we use a realistic model of the solar photosphéoeavoid self-absorption. With this techniqud-values can be
(Borrero & Bellot Rubio 2002; hereaft&BR) together with a measured with an uncertainty of 5—-10%.
more appropriate treatment of the broadening of spectral lines Highly excited atomic levels areftiicult to populate in the
by collisions with neutral hydrogen (Anstee & O’Mara 1995aboratory. For this reason, the various techniques mentioned so
Barklem & O’Mara 1997; Barklem et al. 1998; hereafter ABOYar are more appropriate for characterizing atomic transitions
Another improvement is that we fit the intensity profiles of theccurring in the UV and visible part of the spectrum. Among
spectral lines, not their equivalent widths. In Sect. 2 we brieffyl published transition probabilities, the values given by the
discuss the various methods employed so far for the deter®ixford and Hannover groups are considered to be the most ac-
nation of atomic parameters, emphasizing their advantages aorhte, with a remarkable internal consistency. A comparison
disadvantages, and quantifying the typical uncertainties assadithe oscillator strengths of 23 spectral lines measured by the
ated with them. A detailed description of our method is givewo groups can be found in Bard et al. (1991). The deviations
in Sect. 3. Section 4 presents the oscillator strengths and ceetween two sets of oscillator strengths can be quantified in
tral wavelengths of 83 infrared lines, many of which have inerms of the meam\ and the standard deviatian of the dif-
teresting diagnostic potentials for astrophysical applications.farences between individual values. We note that 0.1 dex
Sect. 5 we evaluate the accuracy of the inferred atomic parasmequivalent to an rms fierence of about 25% in the indi-
eters. Finally, Sect. 6 summarizes the conclusions of this wotviidual g f-values. Bard et al. (1991) found that Oxford and
Hannover oscillator strengths for neutral iron lines are essen-
tially the samé, with A = 0.03 ando = 0.06 dex. Such an
rms diference is consistent with the uncertainties of the mea-
Broadly speaking, there are three methods for obtaining trasurements. Typical uncertainties are between 0.03 and 0.05 dex
sition probabilities and central wavelengths, namely dire(t% and 12%, respectively), although individugf-values
laboratory measurements, theoretical determinations basedrty be uncertain by up to 0.11 dex.
atomic structure computations, and measurements of spectralA comparison between the laboratory measurements of
lines in the solar spectrum. In what follows we briefly deoxford and Hannover with those of O’Brian et al. (1991) and
scribe these methods and point out some of their strengths angly et al. (1974) for the same set of Fe | lines is presented
limitations. in Fig. 1. The rms dferencec amounts to 0.15 dex in the
case of O'Brian et al. (1991) and 0.12 dex in the case of
May et al. (1974). The absolute scales agree rather well, with
A = 0.00 andA = -0.02 dex, respectively. The larger scat-
Laboratory measurements. The determination aelativeos- ter of O’Brian et al. data might be due to the fact that some of
cillator strengths in the laboratory is based on measuremethisir transitions probabilities were obtained from interpolated
of the intensity of spectral lines either in absorption (e.devel populations. The smalfiset in the absolute scale of May
Blackwell & Collins 1972) or emission (e.g., May et al. 1974)et al. (1974) could be due to problems with the calibration of
The main source of error in these determinations is the imptheir emission measurements. In view of these comparisons,
cise knowledge of the temperature of the light source, whichiisseems appropriate to think of the oscillator strengths mea-
needed to compute the number of absorbing or emitting atogused at Oxford and Hannover (Blackwell et al. 1982, 1986;
under the assumption of thermodynamic equilibrium. Oth8ard et al. 1991; Bard & Kock 1994; and references therein) as
problems are discussed by Blackwell (1990). The relative osaiéference values. Experimental work aimed at completing the
lator strengths obtained from such intensity measurements dagabase of oscillator strengths for elements of the iron group is
referred to an absolute scale using precise oscillator strendsbing carried out within the framework of the FERRUM project
estimated by other means for some of the observed lines. (Johansson 2002), mainly in the UV.

Another possibility is to combine the normalized relative
intensities of Imgs arsing from_ the same upper level (thlen oretical calculations. Oscillator strengths have been com-
so-called branching fractions) with absolute measurements oF

the level lifetime. Time-resolved. laser-induced fluorescen%lejted for essentially all lines of astrophysical interest within the

(e.g., O'Brian et al. 1991) is a popular technique for Oleter_pacity Project (Seaton et al. 1994). These values are based or

mining radiative lifetimes with accuracies of about 5%. High-1 gjements such as Cr and Ti have also been studied exhaustively,
precision lasers are used to excite the atomic level of int@ixt most of the forts have been devoted to iron because of its astro-
est. The spontaneous radiative decay is observed over tifitsical importance. As a result, the more precise oscillator strengths
and from the decay curve an exponential lifetime is computexdailable are those of neutral iron.

2. Determination of atomic parameters

2.1. Transition probabilities
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%8 oBrian : oscillator strengths. The orthogonal operator method has been
applied to a few lines only.
0.3 -
B ok eam tEe  tettooavae | Solar measurements. Oscillator strengths from the solar
2 e spectrum have been an alternative to laboratory measurements
_o.3Lsuccess= 74 % ) . . | whenever large numbers of lines were needed. The extremely
A= 0.00 . high vacuum conditionsp( = 107'-108 g cn73) and high
ol 015 | | | ’ | | temperatures (£8-1¢* K) of the solar atmosphere provide con-
06 ; ; ; ; ; ditions for many atomic and molecular transitions to appear
May et ol clearly in the spectrum of the Sun. Solar oscillator strengths
03l . i have been obtained sucessfully by, among others, Gurtovenko
. & Kostik (1981, 1982) and Tévenin (1989, 1990). The under-
32 . O: ””” j’-:"":'.":j”;jj_”:’:’;’"": lying method is to use a suitable model of the solar photosphere
o S [ and a given set of elemental abundances to solve the radiative
© : transfer equation and generate synthetic spectral lines which
_0.3-SUCCESS= 62 % i . . )
A= —0.02 are compared with the spectrum emerging from the quiet Sun.
0= 0.12 ) If the model atmosphere is realistic enough, any discrepancy
O T s e e o o e between synthetic and observed spectral lines can be ascribed
109(gf)ins to incorrect oscillator strengths that are modified until the best

. . . . . fit is achieved. The application of this simple idea turns out
Fig. 1. Comparison of oscillator strengths determined by O’Brian et a*o be very dificult, mainly because of our inability to model
(1991,top) and May et al. (1974hottom) with laboratory measure- ! ’ . . .
ments from Oxford and Hannover for a list of common Fe | lines ine S(_)Iar _p_hotqsphere with Sicient rea_llsm. Among the vari-
the UV and visible. The rms deviations with respect to the referen@&S simplifications adopted, the mostimportant are perhaps the
values arer = 0.15 dex andr = 0.12 dex, respectively. The horizon-Use of one-component models of the solar photosphere (e.g.,
tal dashed lines represent deviations:6f1 dex. This is the 25% error Gingerich et al. 1971; Holweger & Mier 1974; Gustafsson
adopted in earlier comparisons of laboratory measurements (e.g., Betrdl. 1975), the approximate treatment of the broadening of
et al. 1991). The percentage of oscillator strengtitiedng from the spectral lines by atomic collisions based on tlds{1955)
reference values by less than 0.1 dex is indicatesliasess theory, and the assumption of local thermodynamical equilib-

rium. None of these simplifications is strictly valid. As a con-

ab initio calculations of atomic wavefunctions assuming pur§duence, several free parameters had to be invoked: damping
LS coupling. The computed transition probabilities may be ﬁ;phacement factors, micro- and macroturbulent velocities, etc.
error by a factor of two or more. Significantly higher precil-t is perhaps fpr this reason th_at_ _solar os_cillator strengths hgve
sion can be achieved if experimental energy levels are usleye’ be_en given much credibility outside the solar _physms
to constrain the atomic wavefunctions. The basic idea is {§MMUNIY.- In the present paper we argue tafar oscilla-

fit the eigenvalues of a parametrized model Hamiltonian {§f St'éngths may be as accurate as laboratory measurements

the observed energies. The Hamiltonian resulting from the-ﬁ is is already demonstrated in Fig. 2, where the values de-

is diagonalized in order to find its eigenvectors. The eige[,g_rmined by Gurtovenko & Kostik and Blénin are compared

vectors are used to transform the pure LS transition matmth the laboratory measurements from Oxford and Hannover.

into the actual intermediate coupling scheme. Finally, the |he rms diference between the solar and experimental values

ements of the transformed matrix give the desigdelvalues. IS on ;Ehf] OTdEr obr = 0.15 dex, i.e., similar to tf(]jg urllgertfirll:h.
Semiempirical determinations of this kind have been carrid§S Of the laboratory measurements presented in Fig. 1. This

out intensively by, e.g., Kurucz & Peytremann (1975). Use gesult is quite remarkable in view of the simplifications of the
Kurucz values is widespread in the literature due to the hu thod. In Sect. 5 we demonstrate that removal of some of the

number of atomic transitions that have been characterized@fuMPtons leads to significant improvements in the accuracy

this way, not only in the UV and visible parts of the spectrun® the oscillator strengths derived from the solar spectrum.

but also in the infrared, for virtually all atoms and all ioniza-

tion stages. Unfortunately, these values can be in error by 83 central wavelengths

much as 0.2—-0.5 dex according to Blackwell et al. (1976, 1979).

Assessing the accuracy of semiempirical oscillator strengthd &boratory measurements. Central wavelengths are mea-
beyond the scope of this work. However, it is clear that a badred almost exclusively from emission spectra generated by
sic limitation is the precision with which the experimental erlew pressure sources such as hollow cathode lamps. The ab-
ergies are known. A refinement of the method described ab®adute wavelength scale of the observations is set by reference
involves the use of orthogonal operators in order to stabilize tlees whose wavelengths are known precisely by, e.g., inter-
fits to the observed energies (see Uylings & Raassen 1997, &ardmetric techniques. It is important to use high-dispersion
references therein). This makes it possible to consider higkpectra in order to determine the exact position of the lines.
order dfects in the model, which results in significant improveAlthough grating spectrographs are appropriate for this pur-
ments in the accuracy of the eigenvectors, and hence in the fipade, the highest resolving power is provided by Fourier
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Fig. 2. Comparison of oscillator strengths determined by Gurtovenko
& Kostik (1981, 1982top) and Trévenin (1989, 199(hottom) with

laboratory measurements from Oxford and Hannover for 80 Fe | lines . .

in the visible part of the spectrum. In both cases, less than 50% of ﬁ%/eral angstroms because of inaccurate e'genveCtO_rS' In 9?”'
lines are reproduced within the uncertainties of laboratory measufé@l, only experimental energy levels can be used with confi-
ments (horizontal dashed lines:0.1 dex). The rms dierences with dence for the determination of wavelengths.

respect to the laboratory values are= 0.14 dex for Gurtovenko &

Kostik data, and- = 0.15 dex for Ttevenin data. .

Solar measurements. The solar spectrum can be used to infer
very accurate central wavelengths for virtually any atomic tran-
sition. However, this is a delicate task. Spectral lines in the so-

Transform spectrometers _(see lete .1995 for a rewew)._ IF\r spectrum are shifted from their laboratory positions not only
Learner & Thorne (1988) give a detailed account of possmbe

wavelength shifts in this kind of measurements. The most i ause of the gravitational field of the Sun (around 636')n s

. : -~ but also because of convective motions. Such motions shift the
portant systematic error is the absolute wavelength calibration . .
of the spectra. Photon noise is the main source of random serggactral lines toward shorter wavelengths in amounts that de-

rors. Weak lines are flicult to measure. implving that theirpend on the height of formation of the lines. These convective
) » Implying blueshifts have to be removed in order to determine accurate

wavelengths are known with less accuracy than those of stroneq1
: : central wavelengths from the solar spectrum. One-component
lines. The element for which the most accurate laboratory mea-

o . . models of the photosphere neglect convective inhomogeneities,
surements exist is neutral iron. Nave et al. (1994) give Precise ., are of little use for this purpose. More complex two-
wavelengths for 9501 Fe | lines observed in high resolution y purpose. b

) . .~ component models such as that of BBR are able to describe
spectra covering the interval 1700 A#n. The uncertain- . )
: convective motions to a very reasonable degree of accuracy.
ties of these measurements are quoted to be on the order o

0.005 cm? (~1.25 mA at 5000 A and-5 mA at 1 um) for he first a.pphc.atlons of this kind of models (Bellot Rubio
. et al. 1999; Frutiger et al. 2000) revealed that the Fe Il absolute
the strongest lines. Laboratory wavelengths for other species
ST ; wavelength scale of Johansson (1978)fishy about—6 mA
and ionization stages may be much more uncertain. In the cas .
_ with respect to that defined by Nave et al. (1994) for Fe I.
of Fe II, for example, uncertainties of up to 20 mA have be .
. igure 3 allows us to estimate the accuracy of the central wave-
reported (Johansson 1978). Over the last years, high resolu- . .
. ) S engths determined from the solar spectrum. In that figure, the
tion Fourier transform spectra of neutral and ionized Fe, CF ;
: . Solar wavelengths of 950 Fe | lines measured by BBR are com-
V, Co, and other elements of the iron group have been obtaing .
. . ; ired with the laboratory wavelengths of Nave et al. (1994).
at Imperial College and Lund University (see Johansson 19 . :
I maximum rms dierence between them is ~ 1.6 mA.

Pickering et al. 2002). The analysis of these data has imprO\zﬁ1 . L
S Is difference comes from uncertainities in the solar and lab-
the accuracy of existing laboratory wavelengths by as much as

: s 5 .
one order of magnitude. So far, th&ats have concentrat(::dOratory wavelengths accordingdd = o T Oayer INSIINg

. solar é .
on the UV part of the spectrum. the numbers given by Nave et al. (1994), we find that the typi-

cal uncertainty of the wavelengths estimated by BBR from the
solar spectrum is on the order of 1 mA in the visible. The high
Theoretical calculations. Ritz wavelengths can be pre-accuracy of solar determinations has important practical conse-
dicted from calculated energy levels, as done by Kurucz guences. For example, the term system of a given atom or ion
Peytremann (1975). However, these values may be wrongdan be improved and extended if very precise wavelengths are
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measured for a shiciently large number of lines (see, e.g., theesolution snapshots. For a systematic analysis of the solar

recent term analysis of Co Il by Pickering et al. 1998). spectrum, a simplified but still realistic description of the so-
lar surface is more appropriate.
3. Description of the method Recently, we have presented a two-component model of

o ) the solar photospherd8BR). This model provides a simple

The determination of atomic parameters from the solar Spgfsscription of the solar granulation in terms of two atmo-
trum involves a comparison between synthetic and obsergtheric components representing spatially and temporally aver-
spe_ctr_al lines. The synthetlc_llnes are cc_)mputed integrating s granules and intergranules (hot plasma upflows and cool
radiative transfer equation in a prescribed model_of the S@swnflows, respectively). The two-component model was ob-
lar photosphere. Any dierence between the synthetic and oajned from a LTE inversion of 22 neutral iron lines for which
served profiles is ascribed to incorrect transition propabmtl%ry accurate atomic parameters (oscillator strengths, central
and central wavelengths, which can be modified iteratively Wzyelengths, and collisional parameters) were known. In addi-
til the best fit is reached. In this section we concentrate on g the observations were taken from the same spectral atlas
diative transfer issues, and describe the model atmosphere,\,ggeempby here (see Sect. 4.2). Thus, the model is represen-
synthesiginversion code, the collisional broadening theory, andtive of the very same physical conditions under which the
the treatment of blends in the local continuum that we use fgfes to be analyzed were formed. Despite its simplicity, the
the determination of atomic parameters. In earlier work, Hgo-component model is able to reproduce the line shifts and
comparison between observed and synthetic profiles was bagggialent widths of about 800 visible lines of the solar spec-
on equivalent widths aridr line core intensities given the in-yym_ |t is also capable of matching the center-to-limb varia-
ability of one-component models to reproduce the shape of {ig, of the continuum intensity with higher accuracy than any
spectral I|nes._Th|_s is no Ionger a I|_m|tat|on, SO our analysis &he-component model. Exploratory calculations have shown
based on profile-fitting techniques in order to increase the rglixt it can be employed to infer oscillator strengths with an

ability of the inferred atomic parameters. accuracy comparable with that of the best laboratory measure-
ments (BBR). Bellot Rubio & Borrero2002) have used this
3.1. Model atmosphere model to determine the solar iron abundance. The abundances

resulting from individual Fe | and Fe Il lines do not depend
The quiet solar photosphere is highly inhomogeneousy jine strength, and are fully consistent with those estimated
Convective cells penetrating from the convection zone causg@n more complex 3D numerical simulations (Asplund et al.
rich variety of intensity and velocity patterns. Inhomogeneitiegqc).
not only occur in the horizontal direction, but also in the ver-

. 7 T Unlike one-component modelBBR’s model is able to re-
tical direction. All these structures leave their imprints on the d h ical sh d broadeni fth
emergent spectrum. One-componentmodels of the photosp er(r) _ucet_ e asymmetrical s 'apes and broadening o the Spec-
: ¥Flines induced by convective motions. This allows us to fit

neglect this structuring, and therefore they are unable to explﬁ{ré full shape of the observed lines in order to increase the
many features of the solar spectrum. Prominent examples In

clude the convective blueshifts aGshaped bisectors of Ioho_amount of information. Successful profile fits mean that equiv-

o . al((]ant widths, line core intensities, and bisectors are also repro-
tospheric lines. Other features such as the convective brog - . . .
tced. At this point we note that our model does not give a per-

ening of the solar Im_es are modeled using ad hoc paramet;[eercs[ description of the real Sun. Therefore, we still have to use
like, for example, microturbulent and macroturbulent veloci-

. . p .. . __macroturbulent and microturbulent velocities. However, there
ties. Given the empirical nature of these parameters, it is nec- .

. . _IS a substantial dierence between our treatment and those of
essary to vary them for each line so as to provide the best fit o

the observations. Determinations of chemical abundances %J@;ors using one-component models. Gurtovenko & Kostik
wn

. 1, 1982), for example, considered macroturbulence and
atomic parameters based on one-component models are knmlcroturbulence as free parameters, that is, they adopted dif-
to be dfected by systematic errors (Bellot Rubio & Borrer P ' » (NEY P

2002; Sté&en & Holweger 2002; see also the clear trend Witeren_t values for weak and strong Im_es. We aim at a more
an5|stent treatment, and keep the micro and macroturbulent

line strength in our Fig. 2). The granular inhomogeneities Qelocities fixed at the values derived from the inversion of

the solar photosphere can k?e modeled in a _realls_tlc way % 22 Fe | lines (BBR). Changing these values arbitrarily
means of 3D, fully compressible, hydrodynamical simulations ; :

. . . o would be inconsistent, as the two-component model would not
at high Reynolds numbers including non—grey radiative trarE- . C

s . : e able to reproduce the spectral lines from which it was deter-
fer, NLTE dfects, and partial ionization of theffirent species. .
. . . : m|Fed.

Current numerical simulations have reached a high degree o
sophistication. They are able to reproduce, among other ob-
servables, the granular patterns, the spectral line shapes g synthesis of spectral lines
bisectors, and the frequencies of the p-mode oscillations of the
photosphere (Asplund et al. 2000a,b; Stein & Nordlund 1998)he spectral lines emerging from the two-component model
However, these simulations are not very well suited to the dee synthesized with SIR (Stokes Inversion based on Response
termination of atomic parameters because of the computatiofwaictions; Ruiz Cobo & del Toro Iniesta 1992). The synthe-
effort required to produce spatially and temporally avesis module of SIR is based on an earlier code by Wittmann
aged synthetic profiles out of the high spatial and tempor@l974) except for the integration of the radiative transfer
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equation, which is carried out using the Hermitian algoriththe theory suitably general for wide application, some approx-
of Bellot Rubio et al. (1998). The basic assumptions are LTHEnations must be made, such as the neglect of avoided cross-
plane-parallel geometry, and hydrostatic equilibrium. The coimgs and exchange in the interaction potentials. Lack of reliable
tinuum absorption cdgcient is evaluated for a given wave-experimental data for this process makes fficlilt to judge
length, temperature, and electron pressure taking into accoting accuracy of the ABO calculations with certainty. However,
contributions from H, He, A, He", H;, H3, C, Mg, and Na, comparisons with the more detailed calculations available for
as well as Rayleigh scattering by Hp Hand He, and Thomsonsome lines (e.g., Na D lines) and the solar spectrum indicate
scattering by free electrons (for details, see Wittmann 197#)at the ABO theory is accurate to perhaps around 10% (e.qg.,
Electron pressures are put in hydrostatic equilibrium using tBarklem & O’'Mara 2001).

equation of state of an ideal gas with variable mean molecu- The broadening data used in this work have been calculated
lar weight to account for the partial ionization of the variouom the ABO theory and are described by two parameters.
atomic elements. Gas pressures are computed from temfére line broadening cross sectionis given in atomic units
atures and electron pressures on the assumption of LTE #&mda collision speed ofy = 10* m s*. The cross section for
chemical equilibrium. other velocities is calculated via the velocity parametetich

In this work, several optimizations of SIR have been cal derived from a fit to the velocity dependence of the cross
ried out. To account for the broadening of the spectral lines B§ctions computed for a range of velocities assuming that
collisions with neutral atoms, quantum mechanical parametgig) = o-(uo)(v/vo) . 1)

have been implemented in substitution of the classicabldhs’ _ . .
(1995) formula (see Sect. 3.3 for details). Radiative dampifd !In€ half half-width for a given temperature and hydrogen
mber density is found from anda using the expression

constants measured in the laboratory are used whenever possi
ble, otherwise a damped harmonic oscillator is assumed. Stark [4\Y? (4—-« o\
— = r voo(vo) ,

broadening is neglected. N7 (2)

wherev = (8kT/au)Y? andyu is the reduced mass of the two

3.3. Collisional broadening atoms.

For the majority of lines employed in this work broaden-
Collisions with neutral hydrogen atoms is an important meclig parameters were obtained by interpolating in the previously
anism for broadening lines in the solar amosphere, particulagiyblished tables of general broadening data for giecéve
in strong lines. Although charged particles such as electrgsgncipal quantum numbers (Anstee & O’Mara 1995; Barklem
and ions interact more strongly and broaden lines mdie eg O’'Mara 1997; Barklem et al. 1998), taking particular care to
ciently, in the atmospheres of cool stars like the Sun hydrogesrrectly account for excited parent configurations in determin-
atoms outnumber electrons by about four orders of magnitugg the dfective principal quantum number (e.g., Barklem et al.
and therefore dominate the collisional broadening of most plEB00). For the Sil 12189 A line the upper state was just outside
tospheric metal lines. The classical Wigsformula, which is the region of the tabulated data. While this is outside the region
based on the simple van der Waals poter@#R®, is known of strict validity of the theory due to the expected increased in-
from comparison to the observed broadening in the solar spggence of exchangefects in the interaction, broadening data
trum to typically underestimate the broadening by around a fagere calculated specifically, and should provide a reasonable

tor of two. Despite this, due to its relatively simple form andstimate. Lines involving very excited states, where the theory
wide applicability compared with detailed calculations avails not applicable, were rejected.

able for a few selected lines, it has remained in wide use in as-
trophysics, often with a correction or “enhancement” faor
derived from the solar spectrum.

During the nineties, the ABO theory (Anstee & O’Maral'he observed spectral lines are fitted by means of a least-
1991; Anstee & O'Mara 1995; Barklem & O'Mara 19973squares procedure using the inversion module of SIR. Each line
Barklem et al. 1998) was developed with the aim of descrits- considered separately. The only parameters allowed to vary
ing collisional broadening as accurately as possible while algoring the fit are the oscillator strenggti, the central wave-
having the wide applicability desirable for astrophysical appliength 2o, and a continuum correction factor (see Sect. 3.5).
cations. The work provides a universal theory for the broadédn-order to speed up the inversion process, analytical response
ing of low-lying lines of neutral atoms. The most important fedunctions for oscillator strengths and central wavelengths have
tures of the ABO formulation are the development of a methditen implemented in SIR. As explained by Ruiz Cobo &
for computing the interatomic potential between the hydrdel Toro Iniesta (1994) and del Toro Iniesta (2003), response
gen atom and a generic neutral atom using perturbation thetgctions are the partial derivatives of the emergent intensity
with the unexpanded electrostatic interaction, and that the griofile with respect to the free parameters of the inversion.
entation of the pertubed atorm(state) is accounted for. This
Igads to interatomic potenﬂal; Wh|cr_1 are reliable at |nte_rm§.-5. Continuum correction
diate range (where the potential deviates from asymptotic van
der Waals behavior) and long range, which are the interactiddesme regions of the solar spectrum are heavily populated
of importance in broadening by hydrogen. However, to kedyy atomic lines. Molecules are also important in the infrared

3.4. Inversion of observed lines
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Fig. 4. Two examples of the determination of oscillator strengths gépgand central wavelengthsd) for neutral iron lines in the visible

range Left panels: Fe | 6271 A Right panels Fe 1 6609 A. The observations are represented by dots. The fits without continuum correction
(dashed lines) are quite satisfactory. The residuals, shown in the lower panels, are about 1% at most, and the derived oscillatorfigrengths di
from the laboratory values by0.03 dex and-0.06 dex, respectively. When the continuum correction is applied (solid lines), the fits and the
inferred oscillator strengths improve. Thefdrences between solar and laboratory oscillator strengths are.@d@ dex for Fe | 6271 A and

—0.006 dex for Fe | 6609 A. The continuum corrections determined from the inversion are staH-{.6% of the real continuum intensity).

The inferred central wavelengths are almost independent of the continuum correction. The quality of the fitis measured in terms of an equivalent
signal-to-noise ratio (SR in the figure), defined as the inverse of the root mean sdtexende between synthetic and observed profiles.

because of the very broad absorption bands they produdee to, e.g., molecular blends or the line being placed in the far
Strongly blended lines cannot be analyzed unless the blemdag of a saturated spectral feature.

are taken into account. Another serious problertins haze
i.e., absorptions in the continuum due to weak spectral featu;éeg Abundances

located near the line of interest. Proper modeling of this ab-""

sorption is dfficult because in most cases the blending linghe strengthS of a line in the solar spectrum is determined
are unidentified. Line haze has long been recognized as an by-the productdyf, whereA stands for the elemental abun-
portant source of error in abundance and atomic parameter @g@ncey is the multiplicity of the lower level, and is the tran-
terminations (see, e.g., Holweger et al. 1995). All atomic paition probability. Fitting the observed spectral line yiells
rameters inferred from the solar spectrum afeaed by such Thus, fixing an abundance defines the absolute scale of the
uncertainties to some extent. Our approach to minimize the @kcillator strengths. For iron, Bellot Rubio & Borrero (2002)
fluence of line haze is to apply a wavelength-independent ceigve demonstrated that an abundance of 7.43 dex is required
rection I to the synthetic profildsy,. With this correction, for the two-component model to deliver oscillator strengths in
the profile which is actually compared with the observationise absolute scale of Oxford and Hannover laboratory measure-
is 1(1) = lsyn(4) — lec, Wherelsyn(4) is the intensity profile ments. This value seems to be appropriate for LTE analyses
emerging from the two-component model (nfieated by line |ike ours. For other elements no such determinations have been
haze). The continuum correctidg. is treated as a free pa-carried out, so we use the most recent abundance values pub-
rameter in the inversion, so it is determined automatically. |Bhed in the literature (see Table 1). It is important to stress
Fig. 4 we plot two examples of visible Fe I lines whose oscithat changing the abundance is equivalent to changing the os-

lator strengths and central wavelenghts have been derived witlator strengths, so rescaling should be no problem if other
and without correction. The synthetic profiles without correemundances are employed.

tion (dashed lines) have their continua slightly above the ob-

served ones (dots). In order to compensate for the misfit, at

least partially, the synthetic core intensities are smaller th&nResults
the observed ones. This results in poorer oscillator strengtgsl
The line haze in the examples of Fig. 4 is relatively small, sO

the atomic parameters derived with and without correction aelist of unblended lines in the solar spectrum from 0.98

quite similar. However, the continuum correction may be essao-1.57 um has been compiled using the spectral atlases of
tial in cases where strong absorption occurs in the continuwmingston & Wallace (1991) and Wallace et al. (1998). These

. Selection of lines and atomic data
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Table 1. Abundances defining the absolute scale of the oscillator !-0
strengths derived in this work. They have been taken from: a —
Bellot Rubio & Borrero (2002); b — Asplund et al. (2000c); c — Allende
Prieto et al. (2002); and d — Grevesse & Sauval (1998). These values®-8
do not necessarily describe the real Sun.

Intensity/I.
)
o

Element Abundance Reference

Fe 7.43 a

Si 7.46 b 0.4 ]

C 8.39 c :

cr 5.67 d 0o | | ]

ca 6.36 d ‘Cr‘I‘ | ‘Cr‘l - ‘31‘1‘ | - CaI ,

Ti 5.02 d 1.0815 1.0820 1.0825 1.0830 1.0835
A (pm)

Fig. 5. Section of the FTS atlas of Brault & Neckel (1987). The lines

) o o ) ) _marked with the element are analyzed in this wdglstands for con-
atlases provide line identifications based on line lists datiggyum intensity.

back to the 1950s and 1960s. Such line lists have been super-

seded by more recent compilations, e.g., the Vienna Atomic

Line Database (VALD; Kupka et al. 1999). Thus, we have cofigyre 5 shows a small section of the FTS atlas containing four
firmed the identification of each line by means of the VALQines analyzed in this work.

database. Lines appearing in the atlases but notin VALD were Te profiles of the 83 lines have been extracted from the at-
automatically rejected. In addition, the influence of possib|gg by removing the sections of the profileeated by blends.
blends was assessed for each individual line by considering the,rger to avoid strong NLTEfeects, lines with core intensi-
transitions of all atomic and ionized species in a wavelength ifiss pelow 0.4 (in units of the continuum intensity) have been
terval of+2 A around the line of interest. The relative strengths,t at that level. so only the wings godouter core are fitted.

of the blending lines were estim_ated by taking int_o account th%ally, the real continuum (without line haze) has been deter-
elemental abundances, the oscillator strengths given by VALRi\ed for each line by looking for the maximum continuum

and the excitation potentials of the lower levels. Lines CO”Siﬁiftensity in a window of:4 A centered at the wavelength of
ered to be severelyfiected by blends were removed from theg,iarest.

initial list.
Our final list contains 83 lines of the highest quality belong- )
ing to 6 diferent atomic species: Cr, Ti, C, Si, Ca, and Fe. T3 Inferred atomic parameters

the best of our knowledge, these lines are relatively free frof) ;o pjes of typical fits obtained from the inversion are shown
blends. Hence, they may be of interest for astrophysical appli-riq 6 for weak, intermediate, and strong lines. As can be
cations. Several lines, including Si 110827 Aand Fe 115648 Reen, the observed lines are reproduced to a high degree of ac
are well known to solar physicists because of their diagnosigracy. Of course, the fits are much better than those provided
capabilities. by one-component model atmospheres. For most of the lines,
the maximum dierences between observed and synthetic pro-
files are smaller than 1% of the continuum intensity. For strong
silicon lines, a larger discrepancy of about 2% is found in the
The intensity profiles of the lines selected for analysis halie core. Apart from that, the fits are very satisfactory. The
been extracted from the spectral atlas of Brault & Neckehuivalent width of the lines is reproduced almost perfectly,
(1987). This atlas gives the spatially and temporally averagadd the asymmetrical shape of the profiles (observed normally
intensity spectrum of the quiet Sun at disk center. The data waea stronger and more extended red wing) is also fitted nicely
recorded with the Fourier Transform Spectrometer attachgsbe, for example, the upper left panel of Fig. 6). The dashed
to the McMath-Pierce telescope on Kitt Peak. The signal-tiires in Fig. 6 represent the intensity profiles resulting from
noise ratio of the observations is better than 5000, with a #€drucz’s oscillator strengths and central wavelengths. It is ob-
solving powerd/Ad =~ 300000. The atlas is available viavious that neither the equivalent widths nor the central posi-
ftp athttp://www.nso.noao.edu/diglib/ftp.html. The tions of the lines are reproduced with these values. In the four
observations are split in several spectral windows. The absases of Fig. 6, the corrections to Kurucz’'s oscillator strengths
lute wavelength calibration of the atlas has been proveddce on the order of 0.15-0.30 dex. Figure 6 also illustrates
be free from systematic errors between 3290 and 12 510tte subtleties of correcting central wavelengths. Naively, one
(Allende Prieto & Gar@ Lopez 1997). Unfortunately, this haswould expect good wavelength corrections by forcing the cores
not been tested for lines beyond 1,2%. Thus, in this range of synthetic and observed lines to match. If this is done for the
we restrict ourselves to determining oscillator strengths onih, | line considered in the upper left panel — just by compar-
as we cannot ensure accurate values for central wavelengig.the observed spectrum (dots) with the profile synthesized

4.2. Observations
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Fig. 6. Typical examples of fits to very weak (upper left and right panels), intermediate (bottom left panel) and strong lines (bottom right panel)
with the atomic parameters determined from the inversion. The observed FTS intensity profiles are represented by the dots, whereas the solid
lines give the best-fit synthetic profiles. The asymmetric shape of the spectral lines is almost perfectly reproduced, with residuals much smaller
than 1%. Dashed lines are synthetic profiles obtained by using the two-component model with Kurucz’s oscillator strengths and central wave-
lengths. Obviously, there is plenty of room for improvement: the strengths of the synthetic and observediénsgdificantly, suggesting
wronggf-values. In addition, it is clear that the central positions of the lines are not accurately reproduced using Kurucz's wavelengths.

with Kurucz’s atomic parameters (dashed line) — one wouéhd A.2). The fits to the observed profiles are very satisfactory,
find a correction of some 10 mA, whereas the correction owith typical equivalent signal-to-noise ratios of about 1000.
tained from the inversion is 5 mA. The actual correction /e note that the typical continuum corrections are smaller
smaller because not only the wavelengh, but also the oscillaan 1%, which lends support to our claim that the lines are
tor strength, is changed in the process, and therefore the linkatively free from blends. The uncertainties of our oscillator
core is formed in a dierent photospheric layer, where the vestrengths and central wavelengths are estimated+® ¥ dex
locity field is different. This example illustrates the need of sand ~5 mA, respectively (see Sect. 5). Thus, we are able to
multaneous determinations of oscillator strengths and cenfpabvide atomic parameters with an accuracy similar to that of
wavelengths. Wavelengths obtained from direct comparisondatforatory measurements.
synthetic and observed profiles may be in error by several mA. Figure 7 compares the inferred oscillator strengths and
The atomic parameters determined from the inversion oéntral wavelengths with the semiempirical values of Kurucz
the 83 infrared lines, together with some line parameters frqdP93, 1994). The rms fierences between the solar and
the solar spectrum, are given in the Appendix (Tables AKlurucz atomic parameters amount to 0.24 dex and 15.3 mA,
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1.0

Table 2.Mean and rms dierences between our atomic parameters and: - ‘ ‘ T
those by Kurucz (1993, 1994) for the various species. Values in paren* °
theses are uncertain because of the small number of lines on which 0.5 . 7
o @ o
they are based. T e e #737”47'&3%7&X”x
§ O'Of,,og,'-,,,.'3:,,,,,,5.,@',.,,,,%‘},1. ,,,,,, ]
Species  Lines Apgyt  Tloggf Ay T - P ? .
. (dex) (dex) (mA) (mA) < _osh i
Til 6 -0.16 0.14 55 2.3 =
Crl 7 -015 006 139 417 2 0 ‘ ‘ ‘ ‘ ‘
Ca | 4 -0.02 (0.06) 14.0 (11.3) _5 _4 _3 ) 9 0 1
Sil 17 016 026 -15 105 109(9 ) s work
cl 7 018 012 -05 192 100
Fel 42 0.05 0.32 1.8 15.7 s L ” 1
4
£ soF L .
respectively. The very large scatter is not surprising in vievg.i I riteen J ok .o 8000 1
of the relatively poor accuracy of semiempirical calculations, O =% f"#"A%ﬁfiz’ S R L
Table 2 gives a more detailed summary of this comparison for i . 2 . .
the various atomic species. 2 501 7
< = 4
_ _ -100 " ‘ ‘
5. Accuracy of the inferred atomic parameters 0.98 1.07 1.16 1.25

. . Ao THis—work (um)
The best way to estimate the accuracy of the atomic param-

eters given in Tables A.1 and A.2 is to make comparisof#. 7. Comparison between the atomic parameters derived in this
with laboratory measurements. Unfortunately, this iclilt wor_k and the semiempirical c_alculations of Ku_rucz _(19_93, 1994). Top:
because of the almost complete lack of experimental meas&%gllator strengths. The horizontal dashed lines indicafierdinces
ments in the near infrared. Only the central wavelengths of tﬁfci(;'lc(:e(z') %);g)“ ((;: ?:;”;Ii \gz)avzlnedng??). Symbols are as follows:
Fel lines considered in this work can be compared with the® " ' ' ' ‘ '

laboratory determinations of Nave et al. (1994). We deemitim- zg
portant to estimate also the accuracy of our oscillator strengths. L
Therefore, we have decided to apply our procedure to a set of ,,_
visible Fe | lines of the solar spectrum for which accurate lab-

oratory measurements from Oxford and Hannover exist. The ol . |

comparison of transition probabilities for visible lines will give ™

us an idea of the accuracy of our determinations in the ne% | - . .

infrared. Tttt e L
Figure 8 shows the fierences between the central wave-& e *t ' ‘ .

lengths of 38 infrared Fe | lines of Table A.2 and the Iabora% -10 .

tory measurements of Nave et al. (1994). The rnfiedince < L
is 7.3 mA. Nave et al. (1994) quote an uncertainty of about

5 mA at 1m. From these values it follows that the uncer- “ |

tainty in our determinations is also 5 mA atfh. The excellent B ‘ ‘ ‘ ‘ ‘ ’
agreement between laboratory wavelengths and those inferred g5 107 116 105
from the solar spectrum is due to our using a two-component Noms—wore (KM)

model of the quiet photosphere, which allows us to remove tlr:1_e 8 C ) ; | lenaths d ined f h
convective blueshifts of the solar lines. 19. 8. Comparison of central wavelengths determined from the so-

Figure 9a compares the oscillator strengths resulting frg, SPECtUM and laboratory wavelengths of Nave et al. (1994) for
. 9 . P . . g 9 9 "L 35 Fe I lines of Table A.2 in the interval 0.98-1,28. The mean

the inversion of 60 Fe | Imgs in the visible part of the solar SP€Gd rms diferences are0.2 mA and 7.3 mA, respectively.

trum with the values provided by Oxford and Hannover. Again,

the agreement is quite satisfactory, with an rm@edénce of

only 0.065 dex. Since theinimumuncertainty in the labora- From Fig. 2 we believe that their real uncertainty is much
tory measurements is 0.03 dex, we conclude that our oscillal@iger, probably 0.14 dex or more.

strengths are uncertain lBssthan 0.057 dex. Thisisindeed an  Figure 9a demonstrates that thefeliences between our
excellent result. We not only improve on earlier solar determj{f-values and those measured in the laboratory do not de-
nations based on one-component model atmospheres, but pksad on line strength. Any dependence would reveal system-
some laboratory measurements (compare Figs. 1 and 2 vétlt errors in the solar determination. The lack of trends in
Fig. 9a). At this point it is necessary to mention thaeVenin Fig. 9a is mainly the result of a realistic estimation of the col-
(1989, 1990) and Gurtovenko & Kostik (1981, 1982) quote utisional broadening based on the quantum mechanical formu-
certainties of only 0.05 dex in their solar oscillator strengthkation of ABO. This is shown in Figs. 9b and 9d, where the
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Fig. 9. a) Comparison between the oscillator strengths of 60 visible Fe I lines determined from the solar spectrum and from laboratory mea-
surements. The rmsfiiérence turns out to be 0.065 dex. The horizontal lines indicéereinces 0£0.1 dex. The &ects of using a simplified
procedure for estimatingf-values from the solar spectrum are displayed in the other pdrjeBolar determinations based on van der Waals
broadening instead of quantum mechanical parameters from AB&hlar determinations based on quantum mechanical broadening parame-
ters but no account of convective motions (the model velocities are artificially set to @e8ilar oscillator strengths based on van der Waals
broadening and no account of convective velocities. Note the similarity between this panel and Fig. 2.

same comparison of oscillator strengths is repeated, now with The small uncertainties in our oscillator strengths suggest
the solarg f-values resulting from van der Waals broadeRingthat errors in the model atmosphere and broadening parameters
A clear trend with logyf is apparent. The use of a realistidor the lines used cannot be very large. They also indicate that
two-component model of the solar photosphere also improvasr assumption of LTE is reasonable. NLT#sets would pro-

the quality of the oscillator strengths, as a cursory glancediice systematic ffierences between the solar and laboratory
Figs. 9a and 9c demonstrates. To produce Fig. 9c, the cditansition probabilities. Suchfligrences are not observed.

sional broadening was computed according to the ABO theory, e have applied the method to 83 near-infrared lines be-
but the velocitie_s of the two-componentmodel were set to Zef8nging to six diferent atomic species. Many of these lines
To summarize, our method increases the accuracy of e, ot interest for astrophysical applications, but none has been
atomic parameters determined in previous analyses of the s@lal, < ,red in the laboratory (except the Fe | lines, whose wave-
spectrum thanks to 1) an improved treatment of the broadeni@ggthS were determined by Nave et al. 1994). This demon-
of spectral lines by collisions with neutral hydrogen, and 2) thg tes that the method is a powerful tool for characterizing
realistic modeling of convective motions in the solar photQyomic transitions in the infrared. Of course, it can also be ap-
sphere provided by the two-component modeBaR. plied to visible lines. The main advantage of using the Sun as
a laboratory is that we are not restricted to transitions excitable

6. Conclusions . on Earth. We plan to carry out a systematic study of the so-
We have presented a method for determining very accurate @gspectrum in order to determine accurate oscillator strengths

cillator strengths and central wavelengths from the solar P&y central wavelengths for a large number of spectral lines.
trum. The method is based on the fitting of the intensity profil§g,e ayailability of precise atomic parameters will enhance the
of lines emerging from the quiet Sun. Comparisons betwegn,qnostic capabilities of high resolution spectroscopic obser-
the inferred atomic parameters and precise laboratory mgasions. very accurate wavelengths are also important for re-

surements show that the oscillator strengths and central Wa\‘/f%ing the energy levels of atoms and ions that have not been
lengths determined in this way are accurate to about 0.06 d8X%died in the laboratory.

and 5 mA at 1um, respectively. Our results have an accuracy

comparable with that of the best laboratory measurements. This

is due to the realistic description of the solar photosphere pro-
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Appendix A: Atomic data

Table A.1. Atomic parameters derived is this work for Ti, Cr, Ca, Si, and C near-infrared ligagepresents the central wavelength (already
corrected for convective blueshift and gravitational redshiftthe excitation potential of the lower level, lggf the logarithm of the oscillator
strength times the multiplicity of the lower level,ando the collisional broadening parameteass is Bohr radius)y .4 the radiative damping,

Imin the line core intensity in the solar spectru, the equivalent width of the line in the solar spectrum, &adhe continuum correction
discussed in Sect. 3.5. The LanéHctors correspond to LS coupling. The oscillator strengths given here should be used together with ftl
abundances of Table 1, or rescaled otherwise. Best fits to the solar spectrum are achieved by including the continuumlgorrection

Species 2 x° log ¢f? a? o logyl, Landéfactor Imip A lee
A) (eV) (dex) @3) (s (mA) (%)

Til 10003.091 2.160 -1.323 0.248 321 6.746 1.17 0.96 4.4 0.9
Til 10034.496 1.460 -2.103 0.264 278 6.467 1.11 0.96 3.7 1.2
Til 10120.902 2.175 -1.933 0.247 327 6.746 151 0.99 1.1 0.6
Til 10396.810 0.848 -1.825 0.256 257 5.053 1.13 0.81 25.6 1.6
Til 10496.120 0.836 -1.915 0.257 256 5.041 1.05 0.84 22.2 0.9
Til 10732.856 0.826 -2.867 0.258 255 5.037 1.09 0.97 3.1 0.8
Crl 10080.366 3.556 -1.448 0.243 266 6.500 0.52 0.96 4.4 1.0
Crl 10486.252 3.011 -1.170 0.253 275 6.773 1.50 0.83 24.7 1.5
Crl 10510.013 3.013 -1.810 0.253 275 6.772 1.42 0.94 6.7 1.2
Crl 10647.648 3.011 -1.821 0.252 274 6.768 1.53 0.94 6.7 1.2
Crl 10801.363 3.011 -1.779 0.251 273 6.607 151 0.94 7.5 0.7
Crl 10816.909 3.013 -2.074 0.251 273 6.607 1.50 0.96 3.9 1.0
Crl 10821.662 3.013 -1.771 0.251 273 6.607 1.60 0.93 7.7 1.5
Cal 10343.819 2.933 -0.494 0.221 1015 8.404 1.00 0.46 147.7 1.1
Cal 10833.409 4.877 -0.582 0.278 586 8.330 1.50 0.93 8.8 2.3
Cal 10861.598 4.877 -0.574 0.278 585 8.328 1.50 0.95 8.8 0.8
Cal 10879.882 4.877 -0.590 0.278 584 8.326 1.50 0.95 8.4 0.6
Sil 10371.263 4930 -0.879 0.231 741 1.75 0.46 172.0 3.0
Sil 10603.428 4930 -0.365 0.230 729 1.50 0.40 263.1 15
Sil 10627.640 5.863 -0.289 0.311 1263 1.75 0.54 148.8 0.0
Sil 10694.242 5.964 0.221 0.292 1453 1.00 0.47 230.4 1.0
Sil 10727.402 5.984 0.216 0.288 1403 1.12 0.44 238.1 3.9
Sil 10749.379 4930 -0.122 0.230 722 1.50 0.37 318.2 0.0
Sil 10784.551 5.964 -0.593 0.294 1424 0.92 0.64 101.3 0.1
Sil 10786.851 4930 -0.305 0.230 721 1.50 0.40 277.6 0.8
Sil 10827.089 4.954 0.363 0.231 729 1.50 0.31 515.0 0.0
Sil 10843.845 5.863 0.058 0.311 1212 1.00 0.47 210.4 0.8
Sil 10882.799 5.984 -0.562 0.291 1453 1.21 0.64 106.6 0.0
Sil 11863.914 5984 -1.294 0.303 1244 1.17 0.83 43.3 0.3
Sil 11991.561 4920 -0.097 0.228 675 0.50 0.37 380.2 0.0
Sil 12103.539 4930 -0.368 0.228 675 1.00 0.41 297.0 1.1
Sil 12189.273 6.616 -0.888 0.319 3138 1.12 0.90 32.9 0.0
Sil 12390.162 5.082 -1.725 0.236 731 1.25 0.69 84.5 0.8
Sil 12395.827 4854 -1.775 0.225 671 2.00 0.63 102.0 14
Cl 11659.684 8.647 0.220 0.270 764 1.33 0.73 121.6 0.0
Cl 11748.230 8.640 0.515 0.270 749 0.75 0.67 160.3 0.0
Cl 11753.320 8.647 0.926 0.270 756 1.12 0.61 209.8 0.0
Cl 11777.552 8.643 -0.398 0.271 749 0.92 0.83 64.6 0.2
Cl 11848.711 8.643 -0.491 0.223 1384 1.33 0.85 61.2 0.0
Cl 11862.964 8.640 -0.520 0.222 1377 1.00 0.86 59.2 0.0
Cl 11895.771 8.647 0.180 0.223 1385 1.17 0.74 130.0 0.0

@ Derived in this work.
b VALD database (reference points to Kurucz 1993, 1994).



Table A.2. Same as Table A.1, but for neutral iron lines.

J. M. Borrero et al.: Accurate atomic parameters for near-infrared lines

Species 20 log gf? a? o logy’, Landéfactor Impn W e
A (V) (dex) @) (C) mA) (%)

Fel 9861.731  5.064 -0.388 0.278 767 8.812 121 0.58 79.3 18
Fel 9889.034  5.033 -0.344 0.280 735 8.802 1.42 0.57 84.6 0.5
Fel 9977.641 5.064 -1.683 0.278 752 8.874 1.46 0.93 9.4 0.9
Fel 10081.394  2.424 -4.421  0.250 208 7.292 2.00 0.95 6.5 0.7
Fel 10086.242  2.949 -3.989  0.265 272 8.079 131 0.95 5.4 11
Fel 10155.163  2.176 -4.246  0.256 212 7.176 1.46 0.88 16.0 0.7
Fel 10167.468 2.198 -4.132 0.256 212 7.164 1.41 0.85 19.3 0.9
Fel 10216.312 4733 -0.182 0.224 893 8.281 1.23 0.48 138.2 1.0
Fel 10265.216  2.223 -4.549  0.256 213 7.155 1.24 0.94 7.8 0.6
Fel 10307.455 4.593 -2.387 0.249 236 8.064 1.03 0.96 5.7 0.6
Fel 10332.331 3.635 -3.048 0.304 358 8.161 0.50 0.92 10.0 0.7
Fel 10340.884  2.198 -3.587  0.256 212 7.176 0.68 0.67 49.0 0.3
Fel 10347.967 5.393 -0.696 0.282 844 8.475 1.34 0.79 36.8 11
Fel 10353.809  5.393 -0.967  0.282 843 8.477 1.46 0.86 23.2 12
Fel 10395.794  2.176 -3.400 0.256 211 7.193 0.89 0.60 64.0 0.0
Fel 10423.031 2.692 -3.581 0.253 227 6.328 1.09 0.84 22.3 0.7
Fel 10423.743  3.071 -3.026  0.248 242 6.886 1.48 0.79 30.6 0.3
Fel 10577.143  3.301 -3.157 0.272 305 7.879 0.84 0.88 16.2 0.7
Fel 10616.722  3.267 -3.216  0.273 300 7.905 0.90 0.89 15.5 0.4
Fel 10721.668 5.507 -1.766 0.271 917 8.137 0.94 0.97 3.6 0.8
Fel 10780.697  3.237 -3.477 0.274 296 7.940 0.96 0.93 9.8 05
Fel 10783.048  3.111 -2.712 0.248 243 6.886 1.50 0.69 49.1 0.3
Fel 10896.300 3.071 -2.845 0.249 240 7.196 151 0.72 43.6 0.4
Fel 11119.794  2.845 -2.570  0.256 239 6.820 1.00 0.53 84.6 3.7
Fel 11388.539 5.620 -0.806  0.226 838 1.67 0.85 24.6 19
Fel 11422.321  2.198 -2.888  0.258 210 7.146 1.98 0.49 1105 1.2
Fel 11607.571  2.198 -2.265 0.258 210 7.152 1.66 0.43 1634 0.6
Fel 11882.845  2.198 -2.026  0.258 210 7.161 1.18 0.41 197.1 2.5
Fel 11884.083  2.223 -2.362 0.258 210 7.152 1.00 0.44  158.5 11
Fel 11890.488 5.539 -0.413 0.224 1080 8.029 112 0.71 61.9 3.6
Fel 12053.083  4.558 -1.564  0.245 821 8.363 1.58 0.79 41.7 0.7
Fel 12131.168  5.947 -1.086 0.311 1839 1.25 0.96 7.9 0.2
Fel 12213.333 4.638 -1.930 0.238 851 8.336 2.50 0.89 19.1 14
Fel 12227112  4.607 -1.446  0.242 835 8.346 1.67 0.76 48.6 1.6
Fel 12297.131 4913 -1.798 0.243 882 8.656 1.87 0.90 15.1 2.9
Fel 12301.082  5.446 -2.071  0.232 771 8.333 1.39 0.98 2.7 11
Fel 12340.476  2.279 -4.755  0.252 197 7.146 151 0.95 6.2 13
Fel 12342916 4.638 -1.565 0.239 845 8.336 2.01 0.80 38.8 1.7
Fel 15588.264  6.474 0.391  0.227 952 1.50 0.69 111.0 17
Fel 15590.051 6.241 -0.444 0330 1441 1.47 0.86 39.9 1.9
Fel 15648.515 5426 -0.675 0.229 977 2.98 0.70 94.9 1.6
Fel 15652.874 6.246 -0.043 0.330 1445 1.50 0.77 83.2 0.8

& Derived in this work.
b VALD database (reference points to Kurucz 1993, 1994).

* Central wavelengths taken from Nave et al. (1994).
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