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Abstract: Vienna Atomic Line Database (VALD) contains data on atomic and molecular energy
levels and parameters of spectral lines required for stellar spectra analysis. Hundreds of millions
of lines for fine spectral synthesis and for opacity calculations are collected in the present version
of VALD (VALDB3). Critical evaluation of the data and the diversity of extraction tools support the
high popularity of VALD among users. The data model of VALD3 incorporates obligatory links to
the bibliography making our database more attractive as a publishing platform for data producers.
The VALD data quality and completeness are constantly improving allowing better reproduction
of stellar spectra. To illustrate continuous evolution of the data content we present a comparative
analysis of the recent experimental and theoretical atomic data for Fe-group elements, which will be
included in the next VALD release. This release will also include a possibility for extracting the line
data with full isotopic and hyperfine structures.
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1. Introduction

Spectroscopy is one of the main tools for detecting various species and probing physical
conditions in the Universe. Stellar spectroscopy provides the information about basic stellar parameters
(temperature, gravity, abundances, velocities) and combined with theoretical models and astrometric
data it reveals stellar populations and their evolution. However, for correct interpretation of the
observed spectra one needs accurate parameters of many spectral lines, which are imprinted in
the emergent radiation. The most prominent and sensitive spectral features are sensitive to stellar
parameter and thus we need a large amount of reliable data and the means for selecting relevant
information for our targets. This huge amount of data is collected in specialised databases (DB) of
atomic and molecular line parameters. Vienna Atomic Line Database (VALD) created in 1995 [1] by
astrophysists quickly became one of the most popular DB for the analysis of stellar spectra. The second
version, VALD2 [2], was running since 1999, and VALD?3 [3] started its work since 2015.

Throughout its development VALD became a meeting point of data producers and data users.
Figure 1 schematically represents the VALD structure. The VALD team critically analyses every new
atomic and molecular parameter dataset (“line list” in VALD terminology) that we receive from data
producers by comparing spectral fits to high-precision spectra of reference stars (the Sun, Sirius,
Procyon, etc.). At this point we establish the rank for each data type in the new line list that is then
included in VALD. In this way we save all previous datasets so that we can reproduce the results from
earlier releases. The new data is seamlessly integrated in the extraction delivering the best content
according to our evaluation. We regularly check our quality assessments against other centres and
groups (e.g., NIST), constantly collect feedback from data users and discuss methodology in forums

Galaxies 2018, 6, 93; doi:10.3390/ galaxies6030093 www.mdpi.com/journal/galaxies


http://www.mdpi.com/journal/galaxies
http://www.mdpi.com
http://www.mdpi.com/2075-4434/6/3/93?type=check_update&version=1
http://dx.doi.org/10.3390/galaxies6030093
http://www.mdpi.com/journal/galaxies

Galaxies 2018, 6, 93 20f8

such as VAMDC (www.vamdc.org). VALD team ranking is compiled in the so-called default VALD
configuration. Users get the possibility to create their own copy of configuration where they can adjust
the ranking parameters. The requested data is returned to the user by e-mail or ftp.
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Figure 1. Schematic presentation of VALD database structure.

2. Data Extraction

The VALD users appreciate the variety of data extraction tools. It is possible to examine the full
VALD collection of parameters for an individual spectral line and to get their combination to a final
output (“Show Line ONLINE”), to extract all available data for a certain chemical species in a chosen
spectral range (“Extract Element”), to get data for all species selected spectral range (“Extract All”),
and to extract data for spectral lines noticeable in the emergent radiation of a star with a given effective
temperature, surface gravity and metallicity (“Extract Stellar”). This last extraction tool is particularly
popular among stellar spectroscopists because it allows to get lines with the most significant imprint
on the stellar flux. It provides the estimated line strength and selects the minimal data set for successful
spectral synthesis.

Figure 2 demonstrates the level of completeness of VALD and the efficiency of its extraction tools.
We show the comparison of the high-resolution observations with synthetic spectra for stars of different
effective temperatures: : Her (Tog = 17,500 K), 21 Peg (10,400 K), HD 32115 (7250 K), Sun (5777 K), 6 Eri
(5040 K) and M1-dwarf UCAC4 443-054906 (3800 K). Spectra of ¢ Her, 21 Peg, HD 32115 were obtained
with the Echelle SpectroPolarimetric Device for the Observation of Stars (ESPaDOnS) attached at
the 3.6 m Canada-France-Hawaii Telescope (CFHT) and were taken from the ESPaDOnS archive
(http:/ /www.cadc-ceda.hia-iha.nre-cnre.ge.ca/ AdvancedSearch). § Eri and UCAC4 443-054906 were
observed with the HARPS spectrograph at the ESO 3.6 m telescope at La Silla. These were retrieved
from the ESO archive (http:/ /archive.eso.org/eso/eso_archive_main.html). For the Sun we used the
Kitt Peak Solar Atlas [4]. Synthetic calculations were based on the VALD3 data extracted for each star
using “Extract Stellar” tool.
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Figure 2. Calculated spectra for different effective temperatures (solid red line) in comparison with
the observations (black dots). Atomic parameters were extracted from VALD with the “Extract Stellar”
extraction tool. Spectra are shifted in y-axis for better presentation.

A particular spectral region 5600-5630 A was chosen because (1) it contains both atomic and
molecular lines which may appear in stellar spectra of different temperatures and (2) the majority
of massive spectral works use stellar spectra observed in visual region between 3700 and 7000 A.
While in the hottest star,  Her, only 8 lines reach central depths over 1% relative to continuum
in the 5590-5630 A spectral region, 1300 lines are needed to represent the observed spectrum of
M1-dwarf. Most of the observed features belong to the molecular lines, and the fact that both
atomic and molecular line parameters are retrieved through the same interface makes VALD the
most efficient ‘work horse’ for stellar spectroscopic analysis. The only other data collection by
R. Kurucz (http://kurucz.harvard.edu/) containing both atomic and molecular line data does not
offer an “Extract Stellar”-like query option.

Another important new feature in VALD3 is propagation of bibliographic links. Each VALD3
record includes the source reference complemented with optional references to measured wavelength,
oscillator strength and isotopic shifts. During the extraction records from different line lists describing
the same transition are merged according to the ranking scheme. Thus, the output record may contain
entries from several different sources. In VALD3 the bibliographic keys follow the merging procedure
so that each field of the output record contains a matching reference. In the final stage of extraction
VALD3 collects BibTeX entries matching unique reference keys and delivers them to the user in form
of a separate BibTeX file.

3. Iron Analysis

Iron is one of the most important elements in stellar spectroscopy. It is a reference element for
metallicity of stars and for chemical evolution of the Galaxy. Therefore the accuracy of iron abundance
determination is particularly important. With the present quality of high-resolution spectroscopic
observations this task is very sensitive to the accuracy of spectral line parameters. The NIST Atomic
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Spectra Database (ASD) [5] assigns the highest accuracy estimates of 3-5% for the Oxford laboratory
measurements of Fe I transition probabilities [6-10]. Independent laboratory data of the Hannover
group [11,12] show a small but systematic difference from the Oxford measurements (see Figure 3,
left panel). The claimed uncertainties of the Hannover data are 7-15% and this internal estimate
agrees with the one by NIST. For common lines in both sets of measurements NIST recommends the
use of Oxford values. The differences between Oxford and Hannover transition probabilities of Fe I
lines are shown in Figure 3 (left panel). Recently new laboratory data for Fe I transition probabilities
were published by spectroscopy groups of Wisconsin University (USA) and Imperial College (UK):
Ruffoni et al. [13], Den Hartog et al. [14], and Belmonte et al. [15]. A comparison between the Wisconsin
+ IC data and Hannover transition probabilities is also shown in Figure 3 (left panel). No systematic
difference is visible. We performed Fe abundance measurements in the solar atmosphere with different
sets of transition probabilities: Oxford, Hannover and IC [15]. Abundances are displayed in Figure 3
(right panel). We get systematically lower Fe abundance with Hannover and IC transition probabilities
compared to that derived with the Oxford data. Careful analysis of all data sets using spectra of other
than the Sun reference stars is required to establish a best final list of Fe I experimental transition
probabilities recommended for abundance determinations in stellar atmospheres. This work will be
done for the next VALD release.
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Figure 3. Left panel: Comparison of different sets of the Fe I laboratory transition probabilities.
Dashed lines show mean values of the differences. Right panel: Fe abundance in the solar atmosphere
derived with the Oxford, Hannover and IC sets of transition probabilities. Linear regressions for each
set of data are indicated by solid lines.

Laboratory data are available for a limited number of spectral lines while one needs many more
lines for theoretical presentation of the observed spectra. The majority of line parameters come from
theoretical calculations. Recently, Peterson & Kurucz [16,17] performed an extensive analysis of Fe I
level structure based on high quality stellar spectra which resulted in newly classified energy levels and
new Fe I lines potentially detectable in stellar spectra. Present VALD3 version contains slightly more
than 122,000 Fe I lines with accurate wavelengths. 2772 lines have experimentally measured transition
probabilities, for other lines theoretical calculations are provided. With new data from [17] the number
of Fe I classified lines increases up to 128,000. To check the uncertainties of the theoretical data we
compared transition probabilities calculated by R. Kurucz (http:/ /kurucz.harvard.edu/atoms/2600/
gfemq2600.pos) with the experimental measurements by Wisconsin + IC.

Figure 4 shows a comparison between experimental (~500 lines) and theoretical transition
probabilities. There are no systematic differences. The absolute scales seem to match, although the
dispersion of the theoretical data is rather large. The difference between experimental and theoretical
transition probabilities exceeds 2 dex for nine lines (not shown in the plot). Large discrepancy is often
an indication of strong configuration mixing. However, laboratory measurements may be erroneous,
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too, and such comparisons could reveal the errors. In few cases the laboratory data were clearly
incorrect and had to be replaced by the theoretical calculations. Four examples are demonstrated in
Figure 5.
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Figure 4. Comparison between the experimental transition probabilities of Wisconsin + IC and Kurucz’
theoretical calculations as a function of wavelength (top panel) and excitation energy (bottom panel).
Linear regressions are indicated by solid lines.

All of the examples presented so far illustrated the process of critical data evaluation in VALD.

—_
—_

Normalised flux
o

S
o0

!

0 N RN B B 0.5 | 1 | |
'343 1 8432 8433 8434 8435 ’ 7071 7072 ., 7073
Wavelength, A Wavelength, A
T N T N T T N T N T

11* FCI - 1.1 FeI

O

09 — ¥ ]

0.8 - .
- |— Experimental data | -
0.7 . .
I i . |-- Kurucz calculations| |
0.6 -1 06 _
1 l 1 l 1

1 l 1 l 1 0.5
085445 8446 8447 8448 10352 10353 10354 10355
Wavelength, A Wavelength, A

Normalised flux

e o e
g9

Figure 5. Comparison of the synthetic spectrum calculations made with experimental (red solid line)
and theoretical (blue dashed line) transition probabilities to the solar flux observations from Kitt Peak
Solar Atlas [4] (black dots).
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4. Hyperfine Splitting in VALD

Transition probability defines spectral line intensity. The lines of an element/isotope with an
odd mass number are split into components due to multipolar interaction of the nuclear magnetic
dipole moment with the magnetic field created by the electron shell. This effect known as hyperfine
splitting (hfs) may produce significant change to the line shape and increase line intensity, which has
to be taken into account in precision spectral analysis. We created a special SQLite database with
data for hfs calculations collected from the literature. These data include species names, energy of
levels E, total angular moment J, magnetic moment I, and the hfs constants A and B (see, for more
details [18]). Full hfs-pattern on-the-fly calculations will soon be offered as an option for VALD3 “Extract
Stellar” query.

Figure 6 demonstrates the importance of hfs for accurate fitting of spectral features. Atomic
data for synthetic calculations with hfs components were extracted from Moscow VALD3 mirror site
(http:/ /vald.inasan.ru/~vald3/php/vald.php) where hfs-extraction is running in a test mode. A and
B constants were taken from Dembczyniski et al. [19], Basar et al. [20] for the Mn I line and from
Guthohrlein and Keller [21], and Pickering [22] for Co I lines.
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Figure 6. Hyperfine splitting in Mn I and Co I solar lines. Red lines show synthetic spectrum
calculations without hfs (top panels) and with hfs taken into account (bottom panels). The position of
the non-split lines is indicated by vertical green lines, the hfs-pattern component positions are indicated
by vertical blue lines. Observations are shown by black dots.

5. Discussion

The consistent development of the VALD data content and software has reached the point where
we can reliably model stellar spectra across all spectral types. The flexible extraction tools tune to user
requirements have proven to be very popular. In fact, the VALD3 estimate of the central line depth in
“Extract Stellar” mode is frequently used in science publications, e.g., when combining many spectral
lines in search for binarity or weak magnetic fields. Massive efforts invested in data consistency
verification and standardisation of energy level description as part of the VALD3 transition paid off
by reducing the amount of erroneous data and development of the robust merging algorithm for
overlapping data. It has also opened new possibilities for NLTE calculation etc. The new accurate
bibliographic system simplifies the referencing of the original work by data producers making VALD an
attractive platform for publishing new data. Large projects working on combination of heterogenous
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atomic and molecular data (e.g., VAMDC) look at VALD as model for bibliographic system and
data evaluation.

6. Conclusions

VALD is an established source of atomic and molecular data for astronomical and particularly
stellar spectroscopy. It is the most complete data collection for temperatures encountered in stellar
atmospheres and circumstellar medium. Regular updates and critical evaluation of the new data
ensures best quality data is delivered to the user. At the same time the flexible referencing system allows
the user to trace the original reference of every data entry in the final selection. New features, such as
isotopic splitting and hps will soon be available to the users improving the quality of the spectral
synthesis. Substantial progress in theoretical atomic and molecular models is bringing the quality of
the computed transition probabilities closer to the laboratory measurements further improving the
completeness of of our line lists.
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