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Jorge Garćıa-Rojas
Instituto de Astrofı́sica de Canarias and Universidad de La Laguna, La Laguna, Spain

Arturo Manchado
Instituto de Astrofı́sica de Canarias and Universidad de La Laguna, La Laguna, Spain



INSTITUTO DE ASTROF́ISICA DE CANARIAS

c/ Vı́a Láctea, s/n
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Preface

When you are interested in chemical abundance calculations, sooner or later you start
realizing that your results depend on which atomic data you choose -often crucially
so. This realization takes the form of specific questions, such as: Do uncertainties in
atomic data matter? How large are they? Why are they not usually specified in the
papers that describe them? Can I estimate them somehow? How can I decide between
two conflicting data sets? And, most important of all, how will the choice affect my
final results?

This workshop has been the first attempt to answer these questions by putting
together researchers involved in abundance calculations and experts inatomic data.
Follow up activities have thereafter been carried out, including setting up a blog ded-
icated to atomic data events (http://astroatom.wordpress.com/) and a meeting
on occasion of the IAU Symposium 283 held in Puerto de la Cruz on 25-29 July 2011.
Some of the contributions to the workshop are included in this booklet and the full sci-
entific program of the event, including the slides of most presentations, is available at
http://www.iac.es/congreso/atom/. The event has been hosted and sponsored
by the Instituto de Astrofsica de Canarias and partially funded by the Spanish Ministry
of Science and Innovation through grant AYA2010-11205-E.

V. Luridiana
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Atomic Data and Their Application and Assessment

Kanti M. Aggarwal and Francis P. Keenan

Astrophysics Research Centre, School of Mathematics and Physics,
Queen’s University Belfast, Belfast BT7 1NN, Northern Ireland, UK

Abstract.
Accurate atomic data (including energy levels, radiative rates and electron impact

excitation rates) are vital requirement for the reliable analysis of spectral observations
from solar and other astrophysical plasmas. They are also needed for the modelling of
lasing and fusion plasmas. Experimentally, it is not normally feasible to measure the
desired parameters, except for energy levels. Therefore, data are generated theoretically
using a variety of methods. However, large discrepancies are often observed among
different (yet comparable) calculations, for many required atomic parameters. Here we
discuss some of the frequent discrepancies, their likely sources and possible solutions,
so that data may be confidently applied.

1. Introduction

Atomic data, such as energy levels, radiative rates, and electron impact excitation rates,
are required for the modelling of a variety of plasmas, including solar, astrophysical,
laser-produced and fusion. These data are also needed for determiningplasma param-
eters, viz. spectroscopic diagnostics, and the measurement of chemical abundances in
solar and other astrophysical plasmas. Since experimental values for most of the above
atomic parameters are neither available nor can be easily measured, one hasto depend
on theory. However, large discrepancies are often observed among different yet compa-
rable calculations, for many required atomic parameters, and therefore it isdifficult for
non-experts to determine which data to use for applications. Here we discuss some of
the frequent discrepancies, their likely sources and possible solutions,so that data may
be confidently applied.

2. Atomic Parameters

The atomic parameters most commonly required for the modelling of plasmas are the
following.

2.1. Energy Levels

The transition energy Ei j and wavelengthλi j are related by the following simple rela-
tionship:

Ei j = E j − Ei = hνi j = hc/λi j (1)

1
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wherei and j are thelower andupper levels of a transition,h is Planck constant,c is
the velocity of light in vacuum, andνi j is the transition frequency. Atomic physicists
generally refer to transition energies whereas astronomers are more comfortable with
wavelength terminology.

2.2. Radiative Rates

Radiative rates (A- values), also known as Einstein A-coefficients or transition prob-
abilities, are related to the absorption oscillator strengths (f- values) by the following
relationship:

fi j =
mc

8π2e2
λ2

ji

ω j

ωi
A ji = 1.49× 10−16λ2

ji (ω j/ωi)A ji (2)

wherem ande are the electron mass and charge, respectively, andωi andω j are the
statistical weights of the lower (i) and upper (j) levels, respectively. The f- values are
dimensionless and A- values are in units of sec−1, and the above relationship is true
irrespective of the type of a transition. Oscillator strength fi j and line strength S (in
atomic unit, 1 a.u.= 6.460×10−36 cm2 esu2) are related by the following standard
equations:

for the electric dipole (E1) transitions:

A ji =
2.0261× 1018

ω jλ
3
ji

SE1 and fi j =
303.75
λ jiωi

SE1, (3)

for the magnetic dipole (M1) transitions:

A ji =
2.6974× 1013

ω jλ
3
ji

SM1 and fi j =
4.044× 10−3

λ jiωi
SM1, (4)

for the electric quadrupole (E2) transitions:

A ji =
1.1199× 1018

ω jλ
5
ji

SE2 and fi j =
167.89

λ3
jiωi

SE2, (5)

and for the magnetic quadrupole (M2) transitions:

A ji =
1.4910× 1013

ω jλ
5
ji

SM2 and fi j =
2.236× 10−3

λ3
jiωi

SM2. (6)

Therefore, in principle once the A- value is known, the other parameters can be easily
obtained. Generally, A- values for E1 transitions are dominant but contributions from
the E2, M1 and M2 transitions can be appreciable.

2.3. Lifetimes

The lifetimeτ for a level j is defined as follows:

τ j =
1∑
iA ji
. (7)

Since this is a measurable parameter, it provides a check on the accuracy of the calcu-
lations for A- values. Generally, lifetime calculations include only the contribution of
the E1 transitions, but that from other types of transitions may be significant- see, for
example, Aggarwal & Keenan (2006b, 2007b).
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2.4. Electron Impact Excitation Collision Strengths

The collision strength (Ω) is related to the more well-known quantity collisioncross
section(σ) as follows:

Ωi j (E) = ki
2ωiσi j (πa0

2) (8)

whereki
2 is the colliding energy of the electron anda0 is the Bohr radius. SinceΩ is a

dimensionlessquantity, intercomparisons among various calculations become straight-
forward. However, calculations forΩ at a few energies are not sufficient, as the thresh-
olds energy region is often dominated by numerous closed-channel (Feshbach) reso-
nances. Therefore, values ofΩ need to be calculated in a fine energy mesh in order to
accurately account for their contribution. Furthermore, in a hot plasma electrons have
a wide distribution of velocities, and therefore values ofΩ are generally averaged over
aMaxwelliandistribution to determine theeffectivecollision strengths as follows:

Υ(Te) =
∫ ∞

0
Ω(E)exp(−E j/kTe)d(E j/kTe), (9)

wherek is Boltzmann constant, Te is the electron temperature in K, and Ej is the elec-
tron energy with respect to the final (excited) state. Once the value ofΥ is known the
corresponding results for the excitation q(i,j) and de-excitation q(j,i) rates can be easily
obtained from the following equations:

q(i, j) =
8.63× 10−6

ωiT
1/2
e

Υexp(−Ei j/kTe) cm3s−1 (10)

and

q( j, i) =
8.63× 10−6

ω jT
1/2
e

Υ cm3s−1, (11)

whereωi andω j are the statistical weights of the initial (i) and final (j) states, respec-
tively, and Ei j is the transition energy. Effective collision strengths are often listed in
the literature in preference to collision rates, as the former do not vary as strongly with
changes in electron temperature. Hence it is easier, for example, to fit values ofΥ to a
polynomial function of Te than it is for q. The contribution of resonances may enhance
the values ofΥ over those of the background values of collision strengths (ΩB), espe-
cially for the forbidden transitions, by up to a factor of ten (or even more) depending on
the transition and/or the temperature. Similarly, values ofΩ need to be calculated over
a wide energy range (above thresholds) in order to obtain convergence of the integral in
Eq. (9).

2.5. Line Intensity Ratio

The intensity of an emission line can be expressed as:

I ji = A ji N jNA,ZNAhν ji
n

1+ NHe

L
4π

ergs cm−2s−1sr−1 (12)

where Nj is the relative population of level j, NA,Z is the relative ionic abundance of
ion with charge Z of element with atomic number A, NA is the relative (with respect
to hydrogen) chemical abundance, NHe is the relative chemical abundance of helium,
n is the total number density of hydrogen and helium nuclei (in cm−3), and L is the
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path length through the line emitting region. Clearly, calculations for the intensity of a
single emission line requires many parameters. However, the ratio of two linesi → j
andm→ n of an ion is:

R=
I (λi j )

I (λmn)
=

A ji

Anm

λmn

λi j

N j

Nn
(13)

which eliminates many parameters as the ratio R depends only on the wavelengths, A-
values, and populations of the upper levels for which the above noted (and some other
parameters, such as ionisation, recombination, and photoexcitation cross sections) are
required. This is the main reason that often a set of lines is used for diagnostics of
plasmas. If the two lines of an ion have common upper levels (i.e.j = n), then R
depends only on the wavelengths and A- values. However, such lines are not very
useful as diagnostics because they are independent of the density and/or temperature
of the plasma. The lines which are useful are those which vary with either density or
temperature.

3. Codes for Calculations of Atomic Data

For calculations of the above atomic parameters a variety of structure and scattering
codes are available. Our intention is not to discuss the details of these codes, but we
would like to emphasize that every code has its own merits and deficiencies. Nopartic-
ular code is fully sufficient to suit all requirements, and therefore the use of a particular
code depends on its availability, familiarity to the user, and most importantly on what
parameters and level of accuracy are required. Nevertheless, the most commonly used
atomic structure codes are:Configuration Interaction Version 3(CIV3: Hibbert 1975),
General-purpose Relativistic Atomic Structure Package(GRASP: Dyall et al. 1989),
SuperStructure(SS: Eissner et al. 1974),AutoStructure(AS: Badnell 1986),Multi-
Configuration Hartree-Fock(MCHF: Froese Fischer et al. 2007),Many-Body Pertur-
bation Theory(MBPT: Safronova et al. 1996),Hartree-Fock Relativistic(HFR: Cowan
1981),Flexible Atomic Code(FAC: Gu 2003), andHebrew University Lawrence Liver-
more Atomic Code(HULLAC: Bar-Shalom et al. 2001). Some of these codes have been
published (such as CIV3 and SS), some are available on request, such as HULLAC, and
some on the web (FAC:http://sprg.ssl.berkeley.edu/˜mfgu/fac/). Similarly,
the most commonly used scattering methods are theR-matrix anddistorted-wave(DW).
The associated codes are the standardR-matrix (RM: Berrington et al. 1995), which
also incorporates the one-body relativistic operators, and the fully relativistic version,
i.e. theDirac Atomic R-matrix Code(DARC: http://web.am.qub.ac.uk/DARC/).
There are many versions of the DW method, but the most commonly used are those
of University College London (Eissner & Seaton 1972), FAC and HULLAC. Further-
more, FAC and HULLAC are self-sufficient codes providing data for a range of atomic
parameters, whereas for RM and DARC input wavefunctions are required from CIV3
(although SS and AS can also be used) and GRASP, respectively. Finally, it must be
stressed that some codes are comparatively easier to use than others (particularly FAC),
but with some practice it is not too difficult to obtain the required results from the other
codes. However, the desired level of accuracy for the results is difficult to achieve. It
is even more difficult to determine the accuracy, as we discuss below. First we discuss
some of the requirements necessary to achieve accuracy.
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4. Requirements for Accuracy

For the accurate determination of energy levels, and subsequently the A- values and
collisional data, the most important effect comes fromconfiguration interaction(CI).
Generally, the effect of CI is more important for lighter ions (aroundZ ≤ 20) - see,
for example, Aggarwal (1998). However, the effect of CI can sometimes be equally
important for heavier ions - see, for example, Aggarwal et al. (2003) for energy levels
of Ni XIII to Ni XVI. Generally, extensive CI can be included for the determination of
energy levels and radiative rates, but restrictions are imposed for the further calculations
of collisional data due to the limitation of computational resources. The other important
contribution to the determination of energy levels is from the relativistic operators,
namely mass correction, spin-orbit interaction, spin-other-orbit interaction, spin-spin
interaction, Breit interaction, Darwin term, and QED effects. Generally, the heavier
the ion the more important is the contribution of these operators, but sometimes their
significance is appreciable even for lighter ions, as shown by Aggarwalet al. (2007).
Particularly important is their contribution in splitting the fine-structure levels of aterm
- see, for example, Hamada et al. (2010) for energy levels of H-like ions. Finally,
for most of the ions (Z ≤ 30) inclusion of one-body relativistic operators, in a Breit-
Pauli approximation, is sufficient but for heavier ions fully relativistic calculations are
preferable.

For calculations of scattering parameters, the choices are crucial for theinclusion
of: (i) the number of states/levels, (ii) the number of partial waves, and (iii) the energy
range up to which values ofΩ are calculated. Additionally, electron-ion scattering,
especially at low energies, can be considered as a two step process, i.e.a temporary
capture of the colliding electron by the target, followed by autoionization (Berrington
et al. 1995):

e− + Ai → (A−)∗ → e− + A j (14)

where the asterix indicates the (N+1) resonance states. It is the description of such
processes which is explicitly included inR-matrix, but is (generally) ignored in the DW
method. Generally again, the contribution of resonances may dominate the determina-
tion of Υ at lower temperatures, particularly when they arise close to the thresholds -
see, for example, Figs. 1-3 of Aggarwal (1983) for transitions among the fine-structure
levels of the 1s22s22p2 ground configuration of Ne V. For these transitions, resonances
have enhanced the values ofΥ by over an order of magnitude at a temperature of 104 K.
However, sometimes the contribution of resonances can be significant even at temper-
atures as high as 106 K, as demonstrated by Aggarwal & Keenan (2005) for transitions
in Mo XXXIV and by Aggarwal et al. (2005) for transitions in Gd XXXVII.This is
particularly true when the energy difference between any two levels is very large. For
example, the 2s22p5 2S1/2 and 2s22p43s 4P5/2 levels of Mo XXXIV are separated by
over 155 Ryd (see Table 1 of Aggarwal & Keenan 2005), and the entireenergy region
is dominated by resonances, as shown in Fig. 1 of Aggarwal & Keenan (2005).

Certain types of radiative rates from recombination resonances increase with ion-
ization stage, while the autoionizing rates remain relatively constant. As a result, in
many highly ionized species radiative rates from resonances can becomecomparable
to the autoionizing rates, i.e. the dielectronic recombination competes with electron
impact excitation, and hence can cause a significant reduction in the resonance contri-
butions. This effect is called radiation damping, and can be significant for some tran-
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sitions, as discussed and demonstrated by Ballance & Griffin (2006) for W XXXXVII.
Nevertheless, a majority of transitions are (generally) not affected by radiation damp-
ing, and hence the contribution of resonances remains appreciable.

5. Applications

As stated in section 1, atomic data are required for diagnostics and the modellingof
a variety of plasmas, such as astrophysical, solar, lasing, and fusion. However, before
performing calculations for an ion it is important to keep the application in mind, be-
cause different plasmas have different requirements. For example, many photoionized
astrophysical plasmas (such as H II regions and planetary nebulae) have electron tem-
peratures below 50,000 K, and hence the position of near-threshold resonances are very
important because of their dominant contribution at low temperatures. On the other
hand, collisionally dominated plasmas (such as solar and stellar coronae) have temper-
atures∼106 K, which means that the position of near-threshold resonances may not
be crucial, but calculations forΩ need to be performed over a large energy range in
order to achieve convergence of the integral in Eq. (9). Similarly, a choice of a larger
model of the ion (i.e. enlarging the number of levels included in a calculation) may
significantly alter (improve) the subsequent calculations ofΥ, because of the inclusion
of resonances arising from the additional levels. Finally, lasing and fusion plasmas re-
quire the calculations ofΥ up to∼108 K, depending on the ion. As stated earlier, the
contribution of resonances is more appreciable in calculations ofΥ at comparatively
lower temperatures, but their contribution at higher temperatures can also be significant
as noted in the cases of Mo XXXIV (Aggarwal & Keenan 2005) and Gd XXXVII (Ag-
garwal et al. 2005). In essence, a calculation performed with one particular application
in mind (say for astrophysical plasmas) cannot be easily extended to applythe atomic
data to other plasmas.

6. Discrepancies in Atomic Data

In principle, calculations performed for any atomic parameter by using any method/code
should give similar results (if not the same), provided the model sizes (and other asso-
ciated parameters) are comparable. Unfortunately however, that is oftennot the case.
Here we discuss the kind of discrepancies frequently observed for different parameters
and their likely causes.

6.1. Energy Levels

As an example, energy levels of the 2s2p63ℓ configurations of Ni XIX from the CIV3
code are lower by up to 1.5 Ryd than those calculated by the GRASP and FAC codes,
or experimentally compiled by NIST (http://www.nist.gov/pml/data/asd.cfm)
– see Table 1 of Aggarwal & Keenan (2006b). The main reason for such a large dis-
crepancy is that Hibbert et al. (1993) focused their attention only on the lowest 27 levels
of Ni XIX, but reported results for up to 37 levels. On the other hand, energy levels for
Ni XVII from the CIV3 calculations (Das et al. 2003) differ by over 2 Ryd from other
theoretical and experimental results – see Table 5 of Aggarwal et al. (2007). This is
in spite of the fact that the CIV3 calculations include extensive CI as well asone-body
relativistic operators, which should be sufficient for a moderately heavy ion, such as Ni
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XVII, as confirmed by our calculations not only from the GRASP and FAC codes, but
also from the CIV3. Therefore, in the case of Ni XIX the differences in energy levels
are understandable to a large extent, but not in case of Ni XVII.

Another problem in the calculations of energy levels is of their orderings, as seen in
Table 1 of Gupta et al. (2004) for Al-like ions. The2Do

3/2,5/2 energy levels of the 3p3 and

3s3p(3Po)3d configurations are interchanged in the MBPT calculations of Safronova
et al. (2002) for a series of ions as confirmed by the experimental resultsas well as our
calculations from three independent codes, namely CIV3, FAC and GRASP. The most
likely reason for the interchange is that Safronova et al. (2002) performed calculations
for a large number of ions but investigated the orderings for only a few (lighter) ions.
Many times the orderings of the levels are not the same for all ions in a series,and
hence the discrepancy.

In all calculations, the designation of an energy level is (mainly) determined on the
basis of the strength of its corresponding eigenvector. However, oftenand particularly
for those ions whose levels extensively mix with different configurations, such as Fe
XVI (Aggarwal & Keenan 2007a), it is not always possible to give a unique (unam-
biguous) designation for a level. In such cases, the best one can state isthat a particular
level has such aJ value of parity even or odd, but the corresponding configuration from
which it comes remains ambiguous, and subject to the interpretation of the individual
author/s and/or user/s.

6.2. Radiative Rates

Provided the same level of CI is included in a calculation, the f- or A- values should
agree within∼20%, irrespective of the method or the computer code employed, and
this is true particularly for the strong (f≥ 0.01) transitions. For weaker transitions, the
discrepancies among different calculations can be large, often by an order of magni-
tude or even more depending on a transition. Weaker transitions are more sensitive to
different levels of CI and/or their energies (∆Ei j ), and for the same reason their length
and velocity forms also often differ quite significantly. On the other hand, the strong
transitions are generally more stable in magnitude, and their length and velocity forms
also agree closely, which gives an indication of the accuracy of a calculation. However,
differences for strong transitions can also be large among different calculations as seen
in Table 5 of Aggarwal & Keenan (2006b) for transitions of Ni XIX. Thedifferences
in f- values obtained from the GRASP and FAC codes are up to 50% with thosefrom
CIV3 (Hibbert et al. 1993), particularly for those transitions involving levels 28 and
higher. This is because of the corresponding differences in energy levels as discussed
in section 6.1. Similarly, f- values from the CIV3 code (Verma et al. 2006) are dif-
ferent from the GRASP and FAC results, by up to an order of magnitude, for many
transitions of Fe IX as may be seen in Table 5 of Aggarwal et al. (2006). These differ-
ences arise in spite of the fact that the energy levels of Verma et al. 2006 are in close
agreement with the experimental values, because of the ‘adjustment’ of the Hamilto-
nian (known as ‘fine-tuning’). It is difficult to fully explain such large differences in A-
values for so many transitions, but one can speculate on the reason/s. In most calcu-
lations from the CIV3 code, after a preliminary survey all those levels/configurations
whose eigenvectors (mixing coefficients) are very small (say< 0.01) are removed from
the final calculations in order to economise on computational effort, and this process
affects the weaker transitions more than the stronger ones, because of the additive or
destructive effect of the components. What should be the cut-off level below which the
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levels/configurations are removed depends on the authors/s and/or on the size of the
calculations, and we believe this is the main reason for the large differences in f- values
discussed above for transitions of Fe IX. Therefore, from this (and many other similar)
examples we may conclude that the process of fine-tuning may make the theoretical en-
ergy levels more accurate in magnitude, but not necessarily the subsequent calculations
of radiative and collision rates. Similarly, the orderings of the levels may remainuncor-
rected in the absence of the availability of experimental energies for a larger number of
levels, if not all.

6.3. Collision Strengths and Effective Collision Strengths

As for the radiative rates, different methods and codes should provide comparable val-
ues ofΩ for a majority of transitions, if the same level of complexity is involved in
the calculations. However, differences among several calculations are often striking
as we discuss here with some examples. As shown in Fig. 4 of Aggarwal & Keenan
(2006a), values ofΩ from the DW calculations are significantly lower than those from
darc for several forbidden transitions of Fe XVI, and the discrepancy between the two
calculations increases with increasing energy. This is because Cornille et al. (1997)
included only a limited number of partial waves in their calculations and assumed these
are sufficient for the convergence ofΩ values, which is not the case as may be seen
from Figs. 1–3 of Aggarwal & Keenan (2006a). Eissner et al. (1999) corrected this
limitation in their calculations from theR-matrix code, but their subsequent results of
Υ are still underestimated for several transitions and over a wide range of temperature
as seen in Fig. 12 of Aggarwal & Keenan (2006a). This is because theircalculations
involved only the lowest 21 levels of Fe XVI, and a larger calculation with 39 levels
also included resonances arising from the higher levels. The results reported by Aggar-
wal & Keenan (2006a) can be further improved in a similar way by the inclusion of yet
higher levels of then ≥ 6 configurations of Fe XVI.

Fe XVI is a moderately heavy ion for which the contribution of relativistic effects
is important (but not dominant) in the calculation of atomic parameters. However, the
semi-relativisticR-matrix calculations of Bautista (2000) differ from the fully relativis-
tic calculations fromdarc by up to an order of magnitude, for several transitions as
noted in Table 2 of Aggarwal & Keenan (2008a). This is because of the sudden shift
in background values ofΩ (ΩB) by the inclusion of relativistic effects, as shown in Fig.
3 of Bautista (2000). The shifts inΩB are upwards, downwards, and random, and are
not realistic, but happened because of an error in the adopted versionof the code which
the author was not aware of at the time of the calculations. Most of the atomic codes
currently in use are (generally always) under continuous development,as may be noted
by the several versions of thefac code available on the web. An error in a code is often
difficult to spot and to speculate in advance, and can only be noted and corrected after
its prolonged use for a variety of calculations.

Even without an error in the adopted version of a code, values ofΥ may signifi-
cantly differ among calculations by different authors as may be noted from Figs. 12–18
of Aggarwal & Keenan (2008c) for transitions of O IV. Some of these differences are
because of the non-convergence of eitherΩ (because of the limited number of partial
waves included) or the integral in Eq. (9), because of the limited range of energy in-
cluded, as clearly demonstrated in Figs. 2, 3 and 7 of Aggarwal & Keenan(2008b) for
transitions of Ni XI. Resonances close to the thresholds can easily move left or right of
a threshold due to differences in energy levels, and their positions sometimes consider-



Atomic Data and Their Assessment 9

ably affect the calculations ofΥ, particularly at very low temperatures (∼ 103–104 K).
This is the main reason for the differences in the behaviour of the variation ofΥ with
Te as noted above for transitions of O IV.

Allowed transitions among degenerate levels of a state, such as 2s1/2–2p1/2,3/2
of H-like ions, are often referred to as ‘elastic’, because of their verysmall energy
differences. Calculations ofΩ for such transitions are difficult to perform, because of
their very slow convergence (Hamada et al. 2010) with partial waves. Additionally, a
slight variation in their∆Ei j may easily lead to an overestimation in the values ofΩ and
subsequently ofΥ, as discussed and demonstrated in detail by Hamada et al. (2010).

7. Sources of Data

Atomic data in the literature are often spread over a wide range of journals and this
makes the task difficult for a user, apart from the problems of the assessment of the data
as discussed above in section 6. Additionally, due to a significant increasein computing
and storage power during the past decade or so, a typical calculation generates so much
data that no journal can publish these in their entirely, although some do publish in
their electronic versions. To overcome this difficulty, a few websites store a significant
amount of data, for a variety of parameters and for a large range of ions. The most
common and widely used websites, especially for collisional data, are: (i) CHIANTI:
http://www.damtp.cam.ac.uk/user/astro/chianti/, (ii) ADAS:
http://open.adas.ac.uk/, and CFADC:http://www-cfadc.phy.ornl.gov/.
Apart from the numerical atomic data, these websites also provide a wide range of
computer programs for the applications of the data, and hence are widely used by those
who generate, assess, and/or apply the atomic data. Therefore, particularly for a user
who is not an expert in atomic data, these websites and repositories of data are very
helpful. However, websites also have some disadvantages. The data may be incom-
plete, may not be assessed by independent experts, and are often unpublished. As a
consequence, the data available on a website may not always be the best available in
the literature. The other problem is that revising/updating the website is a continuous
process, and since this is staff intensive, there can be a considerable delay before the
published data are incorporated into the databank. Therefore, for an active researcher
who wants to use the latest and/or the best available atomic data, there is no choice
except to search for the data themselves.

8. Advice

In this paper we have discussed a few examples for different atomic parameters with
some discrepancies, although there are many more. There can be a varietyof reasons
for differences among different calculations. However, we would like to state that a
calculation can only be considered to be the ‘best’ available till a better one can be
performed, as there is always scope for improvement by, for example, (i) considering
a larger model of an ion, (ii) including more CI in the generation of wavefunctions,
(iii) widening the range of partial waves and/or energy, (iv) resolving resonances in a
narrower energy mesh, and (v) including the effects of higher lying ionization channels
through pseudostates, which are particularly important for lighter H-like ions, such as
He II and Li III. In conclusion, improving a calculation is always a continuous process
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and depends on the availability of the computer (and man) power, but discrepancies
(errors) can be avoided (or considerably reduced) by a few simple precautions as stated
below for the benefit of the producers, assessors, and users of atomic data.

8.1. Producers

1. Make as much comparison as possible between different calculations for a variety
of transitions, such as: allowed, forbidden, semi-forbidden, weak, and strong.

2. In case of large differences, try to understand and explain these without making
assumptions.

3. Report results for collision strengths (Ω), at least for a few transitions and at a
few energies, so that an idea can be formed about the relationship between Ω
andΥ. Most of the discrepancies in the values ofΥ can only be understood by
knowing the corresponding differences inΩ.

8.2. Assessors

1. This is a difficult task to perform especially when it is not so easy to assess even
one’s own work.

2. Assess what methods and assumptions have been used in a calculation.

3. Follow some basic guidelines, such as: behaviour of a transition, adequacy of the
J/L and E ranges, inclusion (exclusion) of resonances, relativistic effects, etc.

8.3. Users

1. The best situation is when only one set of data is available. However, thisis often
not the case.

2. If two or more data sets are available, and the authors do not fully and convinc-
ingly justify the improvements made, then use both (or more) sets of data and
make your own assessment. However, remember that the latest available calcu-
lation may not always be the best.

3. In case of doubt and/or suspicion, contact the authors.
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Penney Fellowship and KMA thanks the organisers of the workshop for providing the
hospitality and travel support.

References

Aggarwal, K. M. 1983, Journal of Physics B Atomic Molecular Physics, 16, 2405
— 1998, ApJS, 118, 589
Aggarwal, K. M., & Keenan, F. P. 2005, Phys. Scr., 71, 251
— 2006a, A&A, 450, 1249
— 2006b, A&A, 460, 959
— 2007a, A&A, 463, 399
— 2007b, A&A, 475, 393
— 2008a, Journal of Physics B Atomic Molecular Physics, 41, 015701



Atomic Data and Their Assessment 11

— 2008b, European Physical Journal D, 46, 205
— 2008c, A&A, 486, 1053
Aggarwal, K. M., Keenan, F. P., Kato, T., & Murakami, I. 2006,A&A, 460, 331
Aggarwal, K. M., Keenan, F. P., Kisielius, R., Norrington, P. H., King, R. E., Pert, G. J., &

Rose, S. J. 2005, Phys. Scr., 71, 356
Aggarwal, K. M., Keenan, F. P., & Msezane, A. Z. 2003, Atomic Data and Nuclear Data Tables,

85, 453
Aggarwal, K. M., Tayal, V., Gupta, G. P., & Keenan, F. P. 2007,Atomic Data and Nuclear Data

Tables, 93, 615
Badnell, N. R. 1986, Journal of Physics B Atomic Molecular Physics, 19, 3827
Ballance, C. P., & Griffin, D. C. 2006, Journal of Physics B Atomic Molecular Physics,39,

3617
Bar-Shalom, A., Klapisch, M., & Oreg, J. 2001, J. Quant. Spectrosc. Rad. Transfer, 71, 169
Bautista, M. A. 2000, Journal of Physics B Atomic Molecular Physics, 33, 71
Berrington, K. A., Eissner, W. B., & Norrington, P. H. 1995, Computer Physics Communica-

tions, 92, 290
Cornille, M., Dubau, J., Mason, H. E., Blancard, C., & Brown,W. A. 1997, A&A, 320, 333
Cowan, R. D. 1981, The theory of atomic structure and spectra(University of California Press)
Das, R., Deb, N. C., Roy, K., & Msezane, A. Z. 2003, Phys. Scr.,67, 401
Dyall, K. G., Grant, I. P., Johnson, C. T., Parpia, F. A., & Plummer, E. P. 1989, Computer

Physics Communications, 55, 425
Eissner, W., Galav́ıs, M. E., Mendoza, C., & Zeippen, C. J. 1999, A&AS, 136, 385
Eissner, W., Jones, M., & Nussbaumer, H. 1974, Computer Physics Communications, 8, 270
Eissner, W., & Seaton, M. J. 1972, Journal of Physics B AtomicMolecular Physics, 5, 2187
Froese Fischer, C., Tachiev, G., Gaigalas, G., & Godefroid,M. R. 2007, Computer Physics

Communications, 176, 559
Gu, M. F. 2003, ApJ, 582, 1241
Gupta, G. P., Aggarwal, K. M., & Msezane, A. Z. 2004, Phys. Rev. A, 70, 036501
Hamada, K., Aggarwal, K. M., Akita, K., Igarashi, A., Keenan, F. P., & Nakazaki, S. 2010,

Atomic Data and Nuclear Data Tables, 96, 481
Hibbert, A. 1975, Computer Physics Communications, 9, 141
Hibbert, A., Ledourneuf, M., & Mohan, M. 1993, Atomic Data and Nuclear Data Tables, 53,

23
Safronova, M. S., Johnson, W. R., & Safronova, U. I. 1996, Phys. Rev. A, 54, 2850
Safronova, U. I., Namba, C., Albritton, J. R., Johnson, W. R., & Safronova, M. S. 2002, Phys.

Rev. A, 65, 022507
Verma, N., Jha, A. K. S., & Mohan, M. 2006, ApJS, 164, 297





Uncertainties in Atomic Data and How They Propagate in Chemical Abundances
V. Luridiana, J. Garcı́a-Rojas and A. Manchado, eds.
c©2011 Instituto de Astrofı́sica de Canarias

Atomic Data for Neutral and Singly Ionized Species. Problems and
Limitations

M. A. Bautista1, V. Fivet1, T. Gorczyca1, C. Ballance2, T. G. Slanger3,
P. Quinet4,5, and P. Palmeri4

1Department of Physics, Western Michigan University, Kalamazoo, Michigan,
USA
2Department of Physics, Auburn University, Auburn, Alabama, USA
3Molecular Physics Laboratory, SRI International, Menlo Park, California,
USA
4Astrophysique et Spectroscopie, Université de Mons-UMONS, 7000Mons,
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Abstract. We discuss some of the atomic physics issues involved in the calculation
of atomic datda for neutral and low ionization stages of iron-peak elements. These ions
are of significant interest in astronomy, but despite decades of work by many authors
various problems remain.

1. Introduction

Neutral and singly ionized atomic species are prominent in astronomical spectroscopy,
such as infrared, optical, and ultraviolet spectra of cool stars, the interstellar medium,
active galactic nuclei, circumstellar nebulae, planetary nebulae, H II regions, and su-
pernovae. In particular, neutral elements, such as Oi, and singly ionized species of
elements with low first ionization potential (low-FIP), such as Feii, exist in low tem-
perature plasmas and ionization bounded photoionized nebulae. Thus, spectral features
of these species, either emission lines or absorption troughs depending onthe nature of
the observed object, are powerful indicators of the physical conditionsof the plasma,
which complement the information gathered from higher ionization species. Inabsorp-
tion spectroscopy of photoionized nebulae column density ratios among ground and
excited levels from neutral and singly ionized low-FIP species (i.e Oi, Si ii, and Feii)
are useful electron density indicators. Also, the relative column densities of neutral
and singly ionized low-FIP species to those of higher ionization stages can be used
to constrain the spectral energy distribution of the ionizing source and the hydrogen
column density of the nebula (e. g. Bautista et al. 2009). In emission line spectra of
photoionized nebulae, line ratios of neutral and singly ionized low-FIP species serve as
density and temperature diagnostics of the region of the cloud approachingthe ioniza-
tion front. Moreover, because various neutral and singly ionized low-FIP species stem
from a relatively well defined region of the cloud, separated from the bulk of the cloud
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where hydrogen is fully ionized, lines of these neutral and singly ionized species can
be used as direct indicators of chemical abundances, without much needfor ionization
fraction corrections (Bautista & Pradhan 1998). However, all of this is subjected to a
good understanding of the formation and transfer of the spectra of thesespecies and
this is an issue that should not be underestimated. Modeling the spectra of neutral and
singly ionized low-FIP species is often complicated by: (1) continuum fluorescence and
line pumping (e.g. Bautista 1999; Bautista et al. 1996), and (2) unreliable atomic data
owing to the limitations of most quantum mechanical methods for treating these kinds
of systems. The latter effect is the subject of the present paper.

2. The Quantum Mechanical Problem

A quantum mechanical representation of a multi-electron atomic system requires solv-
ing the Schr̈odinger equation

HΨk = EkΨk, (1)

whereΨk andEk are the eigen-function and eigen-energy of thek state of the system
and the HamiltonianH has the form

H =
N∑

i=1

p2
i

2me
−

N∑
i=1

Ze2

r i
+
∑
i, j

e2

|r i − r j |
. (2)

Here, the summations go over allN electron of the system. The second term of the
hamiltonian represents the attractive potential on each electron by the nucleus (single-
electron potential), while the third term of the potential represents the repulsion between
all pairs of electrons. Because of this two-electron term, only approximate solutions
exist for multi-electron atoms. It can be shown that the magnitude of the two-electron
term to the one-electron potential is roughly,

two− electron
one− electron

≈
1
2

N(N − 1)
ZN

(3)

and this ratio is small for highly ionized systems (N << Z), but quite important, be-
tween 1/4 and 1/2, for neutral species (N = Z). For this reason, highly ionized ions tend
to be much easier to represent theoretically than neutral and low-charge ions.

The two-electron term yields electron-electron correlation effects that can be sep-
arated into radial and angular correlations. Radial correlations manifestthemselves
mostly in the separations between the average energies of different atomic configura-
tions. Current atomic physics methods account for radial correlations effects on the
representations of each electronic orbital by adopting approximate spherically sym-
metric, central potentials from the otherN − 1 electrons that are either variationally
adjustable parametric potentials or self-consistently generated by iterations over nu-
merical electronic charge distributions. Angular correlations are more difficult to treat
and manifest themselves in the energy separations among energy terms of thesame
configuration. Commonly used methods start by deriving single-electron orbitals that
ignore angular correlations. Then, final representations of the atom are written as linear
combinations of atomic configurations built from products of such orbitals. The orbital
basis for such representations is infinite, but in practice it has to be cut to areduced
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set of computationally manageable configurations. As a consequence, much of the ef-
fort of theoretical atomic physicists is in selecting the precise configurationsnecessary
for the energy levels and atomic rates of interest to convergence to a desired accuracy.
However, converge can be rather slow and non-monotonic for some highly mixed levels
and weak rates affected by cancelation among contributions with opposite signs. Thus,
newer determinations of atomic data with larger basis expansions are alwaysdesirable
and yet they do not necessarily guarantee convergence of the results.

In the remainder of the paper we study some specific cases, relevant to astronom-
ical spectroscopy, where convergence in atomic parameters is difficult to attain and
discuss ongoing efforts to compute accurate values.

3. Cases of Study

In this paper we discuss three specific cases of practical interest in astronomy, which
clearly illustrate the complexity in computing accurate atomic data and even assessing
the accuracy of data already available. Of course, the cases presented here are trou-
blesome cases and are not necessarily representative of the status of all atomic data
in astronomy. Yet, problems to be presented pertain to very prominent species in UV,
optical, and infrared astronomy and should raise awareness about the importance of
continued research in atomic physics for astronomy. The cases studied are Si ii, O i,
and Feii.

3.1. The 1814Å Siii multiplet

In the spectral range longward of 912 Å, Si II has 8 absorption line complexes con-
nected to the ground term 3s23p 2P. Among these, the lines centered at 1814 Å (3s23p
2P - 3s3p2 2D) are particularly convenient because of their unusually small oscillator
strengths, such that these are the least likely to be saturated in spectra andtheir col-
umn densities can be accurately measured. But, determination of accurate oscillator
strengths for these transitions is particularly difficult and has been the subject of much
theoretical and experimental effort.

The upper2D term of the 1814Å multiplet is made of a mixture of the 3s3p2 and
3s23d configurations, which produce strong cancellation in the oscillator strengths and
makes the f-values difficult to compute. Also for these transitions, there has been con-
siderable spread in experimental gf-values. Measurements based on theelectron beam
phase shift method (Curtis & Smith 1974; Savage & Lawrence 1966) could beinac-
curate for very long lifetimes. Absolute emission measurements in an arc (Hoffman
1969) are often uncertain owing to the difficult control and calibration of the instru-
ment. Determinations based on comparisons of equivalent widths of the weak1814 Å
lines to stronger lines in astronomical spectra (Shull et al. 1981; van Buren 1986) are
unreliable due to blends and saturation of the stronger lines (Jenkins 1986). The latest,
and probably most accurate determination of gf-values for these lines wasdone with
the time-resolved laser-induced fluorescence technique (Bergeson & Lawler 1993).

Bautista et al. (2009) studied the convergence of the f-values for all fine structure
transitions in this multiplet upon the size of the configuration basis expansion. This
was done with three different methods, the relativistic Hartree-Fock and Dirac-Fock
methods, based on self-consistent generation of atomic orbitals, and the AUTOSTRUC-
TURE code (Badnell 1997), that uses parametric Thomas-Fermi-Dirac-Amaldi (TFDA)
effective central potentials. The AUTOSTRUCTURE method is the most numerically
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efficient and allows one to treat much greater configuration expansions than withother
methods. Yet, it was difficult to obtain convergence in the f-values, up to the limits of
computational resources, based on orbitals optimized solely on the eigen-energies of the
ion. Instead, it was necessary to include the corrections to the TDFA potential proposed
by Bautista (2008) to better account for radial electron correlations. Also, it was nec-
essary to use a new optimization scheme that minimizes the difference between length
and velocity gauges of the f-values, two different forms of the same dipole operator that
weight differently the long and intermediate radial regions of the wavefunctions.

Figure 1 shows the evolution of the f-values in length and velocity gauges asa
function of the basis set expansion. These values are also compared withprevious theo-
retical and experimental determinations. Our calculations appear to converge at f-values
that agree with the experimental measurements of Bergeson & Lawler (1993). Nonethe-
less, given the large dispersion among various determinations we proposeadopting an
average f-value for each transition with associated error bars computedfrom the statis-
tical dispersion among different determinations.

3.2. The forbidden and trans-auroral and green lines of Oi

Two important lines that originate from levels of the ground configuration ofatomic
oxygen appear at 2972 Å (the trans-auroral line) and 5577 Å (the green line); both tran-
sitions are dipole forbidden. They share the common O(1S0) upper level, and therefore
the observed intensity ratio of the O(1S0 – 1D2) and O(1S0 – 3P1) lines, expressed in
photon units, is a constant, equal to the ratio of the respective transition probabilities.
The ratio of these two transition probabilities currently recommended by NIST is16.7
(Martin & Wiese 2010), based on a number of calculations referenced in Table 1. The
1S0 – 3P1 transition proceeds by a magnetic dipole interaction, whereas the1S0 – 1D2
transition involves an electric quadrupole interaction.

Table 1. Theoretical and observational determination of the [O i] 5577/2972 Å
intensity ratio. The intensities are in units of photons counts per sec.

Source Ratio
Theory
Condon (1934) 11.1
Pasternack (1940) 24.4
Garstang (1951) 16.4
Yamanouchie and Horie (1952) 30.4
Garstang (1955) 17.6
Froese Fischer and Saha (1983) 13.6
Baluja and Zeippen (1988) 13.0
Galavis et al. (1997) 14.2
Froese Fischer and Tachiev (2004) 16.1
Martin and Wiese, NIST recommendation 16.7
Nightglow
Sharp and Siskind (1989) ≈9
Slanger et al. (2006) 9.8± 1.0
Gattinger et al. (2009) 9.3± 0.5
Gattinger et al. (2010) 9.5± 0.5
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Figure 1. Evolution of the gf-values for transitions in Siii from our different
calculations AST1, ..., AST9 and comparison with previous determinations. The
square points depict our results in the length gauge (blue) and velocity gauge (red).
The results of the Hartree-Fock method (HFR) and multi-configuration Dirac-Fock
(MCDF) are also given. The solid horizontal lines depict experimental determina-
tions by Shull et al. (1981) (magenta), van Buren (1986) (blue), Schectman et al.
(1998) (green), Bergeson & Lawler (1993) (black). The dashed lines depict theoret-
ical results of Froese-Fischer et al. (2006), (blue), Tayal(2007) (red), and , Nahar
(1988) (green). Our recommended values, with uncertainties, are indicated by the
black squares.
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This atomic oxygen ratio is a potential candidate for two-point intensity calibra-
tion between UV and visible emission observed from orbiting spacecraft. There are
few examples of spectral features in the nightglow or in auroras that can be used for
such a purpose, particularly over a broad wavelength region, so accurate knowledge
of this ratio is important. The calculated ratio has typically been used in atmospheric
modeling.

An initial indication that the calculations were not on firm ground came from a
rocket measurement, where an estimate of 9 for the ratio was determined (Sharp &
Siskind 1989). This was followed by various other determinations shown in Table 1.
These measurements are each from space-based atmospheric observations. Such good
agreement suggests that the ratio is now well known and the large discrepancy between
observation and theory is quite surprising and emphasizes the uncertaintiesinherent in
making calculations on forbidden transitions, particularly in neutral species.

We have carried out numerous calculations with increasingly larger configuration
expansions with single, double, and triple promotions of n=2 electrons to higher or-
bitals up to n=6. We observe large variations in the A-values for both transitions by up
to factor of a few among all calculations. This suggests that the results havenot con-
verged. Also not converged is the energy separation between the terms of the ground
configuration. A better treatment of electron configuration effects is needed to improve
on current theoretical values.

3.3. Collisional excitation of Feii and Fe iii

The calculation of atomic data for low ionization Fe-peak ions, including Feii and
iii, is very demanding. The limitations in the calculations can be summarized in three
kinds of problems: difficulties in representing the atomic structure of the ion, insuffi-
cient computer power for converged scattering calculations, and unresolved resonance
structures in collision strengths and photoionization cross sections.

Good representations of the ions atomic structure are important, firstly to obtain
accurate energy levels and A-values, and secondly because such representations are
the basis for the scattering calculations. The problem is that the open 3d structure of
these species is also very difficult to describe owing to: (1) large numbers of strongly
correlatedLS terms closely spaced in energy to the ground state; (2) strong angular
correlations among configurations such as 4s2, 4p2, 4d2, 4p4f make for very demanding
computations; (3) strong core-valence interactions in the vicinity of excitations of 3p
electrons onto the unoccupied 3d orbital; (4) strong electronic correlations among 3d
and 4s electrons such that the radial distribution of electrons in a 3dN+1 configuration
differs from that of electrons in a 3dNnl configuration; (5) relativistic effects on term
energies are often comparable to the energy separation among terms.

We carry out simultaneous extensive calculations with state of the art atomic struc-
ture methods. This allows for consistency checks and inter-comparison. It also helps
to reveal which physical processes are important for any given transition, since dif-
ferent platforms employ different treatments of, for example, relativistic effects and
orthogonal vs. non-orthogonal orbitals. For the present calculation we use the pseudo-
relativistic Hartree–Fock (HFR) code of Cowan (1981) and AUTOSTRUCTURE.

The scattering calculations are carried out with two different implementations of
the R-matrix technique. The first one is the LS coupling implementation into the BPRM
package (Berrington et al. 1995). The method includes one-body Breit–Pauli rela-
tivistic corrections and the LS collision strengths can be re-coupled into finestructure
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Figure 2. Comparison between observed and predicted intensities for all Fe iii
lines measured in the ”shock component” of the Orion nebula vs. the level index
of the upper level of the line. The lower panel shows the comparison when using
collisional data from Zhang (1996) and A-values from Nahar &Pradhan (1996).
The upper panel shows the results from our present data.
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by means of the intermediate-coupling frame transformation (ICFT) method of Griffin
et al. (1998). The second implementation is in the code DARC (Ait-Tahar et al.1996),
which is a fully relativistic R-matrix approach. The advantages of the first method are
that it is much more economical, since the expansion is based on LS terms insteadof
fine structure levels; and, more importantly, it allows one to include a large configu-
ration expansion. On the other hand, the fully relativistic calculations are useful for
checking the accuracy of the approximate treatment of relativistic corrections in the
BPRM treatment.

The R-matrix method naturally leads to Rydberg series of resonances on thecol-
lisional strengths, which significantly enhance the cross sections. However, narrow
unresolved resonances can lead to numerical errors when integrating over the collision
strengths to compute thermally averaged effective collision strengths. Thus, one must
resolve the collision strengths with a sufficiently large number of points, which is ex-
pensive in terms of computing time.

In Bautista et al. (2010) we presented our calculations for Feiii used to compute
theoretical spectra that we compared with observations of the Orion nebula. This com-
parison is also shown here in Figure 2, as well as a comparison with the previous most
commonly model. Our best atomic data set combines A-values for forbidden transitions
from the large configuration expansion AUTOSTRUCTURE calculation with collision
strengths from the relativistic code DARC. That the DARC collision strengthswere so
much better than those of the large LS+ICFT calculation came as a surprise because the
DARC calculation came from a much smaller expansion than the LS R-matrix calcula-
tions. Yet, it was found that the accuracy of the collision strengths depends crucially on
the energies of near threshold resonances, which in this case are dominated by the ra-
dial region inside the R-matrix box. These energies are affected by spin-orbit coupling
effects that are computed for all resonances in the DARC method but are accounted
for only for the outer-box region in LS calculation with ICFT. Further, in thecollision
strengths for lowly ionized Fe-peak ions computed with the LS R-matrix method the
number of in-box resonances grows as the basis expansion is increased, and the incor-
rect treatment of these make the results worse.

The lessons learned from Feiii are now applied to the calculations of the even
more important and complex system Feii. We have carried out preliminary computa-
tions of collision strengths for this ion using DARC and the results of these areused
in spectral models to be compared with observed spectra. In Figure 3 we compare
calculated emission line intensities with 75 observed lines from the so-called “shock
component” of the Orion nebula from Mesa-Delgado et al. (2009). The density and
temperature conditions in this region are known through diagnostics with various other
species. Theoretical spectra are all computed with A-values recommendedby Bautista
& Pradhan (1998) and collision strengths are from Zhang & Pradhan (1995), Bautista &
Pradhan (1998), the recent results of Ramsbottom et al. (2007) and Ramsbottom (2009),
and our present preliminary results for the lowest 20 levels of the ion. Thefigure also
gives the statistical dispersion in each case. All previous sources of collision strengths
yield poor results. The collision strengths set of Zhang & Pradhan (1995) included only
quartet and sextet states and, while this gives the smallest dispersion amongall models,
it has the unwanted systematic effect of overestimating the lower excitation lines and
underestimating the higher excitation lines. The collisional data of Bautista & Pradhan
(1998) does account for all lines in the spectrum and does not yield the systematic de-
parture from observed lines of the previous data set, but at the expense of slightly larger
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Figure 3. Comparison between observed and predicted intensities for all Feii lines
measured in the “shock component” of the Orion nebula vs. thelevel index of the
upper level of the line.
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dispersion.. The collisional data of Ramsbottom et al. (2007), from the mostextensive
LS R-matrix calculation to date, results in much larger dispersion when compared with
observations. Finally, our preliminary results for the lowest twenty levels ofthe ion do
seem to agree better with observations than other data sets. This result is encouraging
and suggest that accurate atomic data for Feii is now within reach.

4. Conclusions

Atomic data for neutral and singly ionized Fe-peak elements is of great interest in as-
tronomy. Though, accurate computations of such data test the limits of current theo-
retical methods. Current atomic data calculations have limited accuracy because our
methods, based on configuration interaction expansions, converge very slowly in some
cases. Continued work is needed on determinations of atomic data and benchmarking
of these with experimental measurements and astronomical observations. New efforts
are also required on improving theoretical methods and on more powerful and efficient
computational tools. Such efforts demand continued support from funding agencies and
from the astronomy and physics communities.
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Abstract.
Analysis of high-resolution stellar spectra relies heavily upon atomic data. These

include energy levels, wavelengths, cross-sections for various types of interactions be-
tween particles and photons, such as photoionization and collision induced transitions.
Quantum-mechanical calculations provide largest part of these data. In this paper I de-
scribe atomic data necessary to compute model atmospheres and line formation for the
late-type stars both in the assumption of local thermodynamic equilibrium (LTE) and in
a more general case of non-LTE. I will focus on transition metals with 21< Z < 29 and
discuss whether (and where) more complete and/or accurate atomic data are necessary.

1. Introduction

Chemical composition of late-type (FGK) stars provides major observationalconstraints
to the chemical evolution of the Galaxy. These stars span a huge range of metallicities
and ages and, due to relatively cool surfaces, their spectra are rich inlines of different
atomic and molecular species that allows to determine abundances of many chemical
elements. For certain elements, lines due to forbidden and dipole-allowed transitions,
as well as molecular lines, can be analysed simultaneously, e.g. [CI], CH, and C I.

At present, determination of element abundances usually proceeds in two steps.
First, one constructs a model of a stellar atmosphere using basic conservation laws and
certain simplifying assumptions, which are valid for a restricted range of stellar pa-
rameters. The model gives variation of basic atmospheric quantities, local kinetic gas
temperatureTe and number density of free electronsNe, as a function of depth. Next,
the model is used to solve radiative transfer equation for individual spectral features
to compare them with observations. In both steps, it is necessary to describe correctly
absorptive properties of the atmospheric plasma, which depend on the distribution of
atoms and ions among excitation states and ionization stagesNi , and on the cross-
sections for interaction of gas particles with radiation field. In a simple case oflocal
thermodynamic equilibrium(LTE), the former is computed from the Saha-Boltzmann
equations for local values ofTe andNe at each point of the model atmosphere. How-
ever, in reality atomic level populationsNi are, in return, affected by the radiation field,
which is generally highly non-local due to scattering processes. Thus,Ni also depend
on physical conditions at other depth points and must be determined from thesolution
of full equations of statistical equilibrium for each ion and each of its energy levels, an
approach known as non-LTE. These equations must include the rates ofall processes,
which represent interaction between particles and photons, such as radiatively-induced
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excitation and ionization of atoms. The need for accurate cross-sections of these pro-
cesses renders atomic data as one of the key ingredients in stellar atmosphere studies.

Below, I will briefly describe atomic data necessary to compute model atmo-
spheres and line formation both in LTE and non-LTE cases. I will focus onthe late-
type stars with 4000< Teff < 6500 and 3< logg < 5, and on transition metals with
21 < Z < 29. Abundances of these elements in old stars provide key information for
understanding explosive nucleosynthesis in supernovae. Brief reviews of atomic data
used in precision stellar spectroscopy are also given in Johansson (2008) and Mashon-
kina (2009).

2. Opacity in model atmospheres and spectrum synthesis

Construction of theoretical model atmospheres requires a detailed knowledge of the
monochromatic absorption coefficients over a huge frequency interval. For the range
of stellar parameters corresponding to late-type stars, the following opacitysources are
relevant. The continuous extinction is represented by the free-free transitions in H i,
He−, H−, and H−2 , Rayleigh scattering for H, He, and H2, and Thomson scattering on
electrons. Also included are bound-free transitions in H−, H i, He i, H−2 and H+2 . Very
important absorbers in the UV and visual spectral range are Ci, Mg i, Si i, Al i, Fei. For
these species it is crucial to have accurate photoionization cross-sections. Grupp (2004)
showed that quantum-mechanical cross-sections for Fe I (Bautista 1997, Iron project)
lead to a much better agreement between theoretical and observed solar fluxes in the
UV and IR spectral regions. The influence of Fe I bound-free opacityon the solar UV
continuum fluxes was also demonstrated in Bell et al. (2001) using MARCS and AT-
LAS9 models, although they argued that the quantum-mechanical cross-sections should
be increased by a factor of two to match the fluxes in the spectral range 3000 . . . 4000
Å. These same arguments may not apply to other types of atmospheric models.

Line opacity is dominated by bound-bound transitions in neutral and singly-ionized
atoms of Fe-peak elements, although opacity due to other atoms (e.g. Hi) and molecules
(e.g. H2, CH, OH, MgH, TiO) has to be included as well. Modern model atmosphere
codes (e.g. MAFAGS: Grupp et al. 2009) use tens of millions of lines to construct
opacity distribution functions or sample them at certain frequencies to save computa-
tional efforts. Recent calculations of Kurucz1 increased the number of predicted radia-
tive bound-bound transitions for several neutral atoms, such as Fei, Ti i, Cr i to few
millions; most of these transitions originate from the levels with very high excitation
energies. Grupp et al. (2009) showed that including all predicted transitions has a small
effect on the mean temperature structure of the solar atmosphere: up to 25 K in the
line formation regions. Another interesting result was a reduced discrepancy between
observed and synthetic solar fluxes in the UV.

3. Line formation

Calculation of synthetic profiles for comparison with observations is not trivial even
under LTE and requires atomic data for individual lines: wavelengths, energies of

1http://kurucz.harvard.edu/
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Figure 1. (a) The line of Coii in the solar KPNO flux spectrum (filled circles).
The profile computed with A= 49 mK for the lower levela5P3 gives an excellent fit
of the observed profile (black trace). The profiles computed neglecting HFS (dashed
trace) or with the less accurate laboratory value A= 40 mK (dotted trace) are also
shown. (b) The solar line of Fei computed with various scaling factors to inelastic
H i and e− collisions,SH andSe, respectively. The observed profile is shown with
filled circles.

lower levels of transitions, oscillator strengths, pressure broadening parameters, hy-
perfine splitting and isotopic shifts. For most of these parameters, data fromlaboratory
measurements are usually available, however the accuracies are not always as good as
desirable.

In calculations of abundances by the most reliable and rigorous method of spec-
trum synthesis, one derives the product of abundance and oscillator strength of a tran-
sition, g fǫ. Thus, in absolute abundance analyses of stars the accuracy of former is
never better than the latter. In general, it is more difficult to measure accurate oscillator
strengths for weak transitions (Nilsson et al. 2003); this is manifested in the fact that
a typical error in experimentalf -values of weak lines is of the order of 20% or more.
Often one has to rely on oscillator strengths from different sources, affected by various
sources of uncertainties.

In analyses of stars other than the Sun, there is a way to avoidg f-values com-
pletely. In the relative abundance analyses, oscillator strengths do not enter calcula-
tions at all, because any abundance estimate derived from a single line in a spectrum
of a metal-poor star is referred to that from same line in a spectrum of a reference star,
e.g. the Sun. However, this works well on condition that for both objects a line appears
on the same part of the curve-of-growth and, thus, is equally sensitive tovarious atmo-
spheric quantities (abundance, pressure and turbulent broadening). This is true only for
a very limited range of stellar parameters.

Some lines are affected by hyperfine splitting (HFS) and/or isotopic shift, and these
types of line “broadening” are comparable or even larger than the thermalbroadening
of lines at local kinetic temperatures in the atmospheres of solar-type stars.HFS is
particularly pronounced for odd-Z elements Mn and Co with large atomic masses and
large nuclear spins, 5/2 and 7/2, respectively. The effect of HFS is to de-saturate
spectral lines leading to a compound profile, where the strength of each component is
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linearly proportional to the element abundance. To compute accurate separation of HFS
components, magnetic dipole constantsA must be known with an accuracy of at least
10%. Fig. 1 shows that the Coii line at 3501 Å computed with an approximate estimate
A = 49 mK for its lower levela5P3 (Pickering et al. 1998) cannot fit the observed profile
at all. In contrast, a more accurate laboratory valueA = 40 mK from Bergemann et al.
(2010) provides an excellent fit to the observed profile. A profile computed without
HFS is also shown.

Finally, accurate wavelengths of transitions are important in studies of line asym-
metries (Dravins et al. 1981; Nordlund & Dravins 1990), e.g. in diagnosticanalyses
by means of 3D hydrodynamical model atmospheres and for identification ofblending
features.

3.1. NLTE radiative transfer

Computing NLTE line formation is very time-consuming and complex compared to
LTE, because much more atomic data are necessary in addition to the standardset of
parameters for individual lines as described above.

Atomic models for statistical equilibrium calculations must be fairly complete.
Various processes representing interaction between atoms, electrons, and radiation are
to be included. These are photon absorption in line transitions, photoionization, ex-
citation and ionization by collisions with free electrons and neutral hydrogenatoms.
All processes include their reverse reactions; for scattering in discreteradiative tran-
sitions, one usually assumes complete frequency redistribution. The current status of
NLTE modelling for neutral atoms of transition metals is described below. Theseele-
ments have a partly filled 3d subshell that gives rise to fairly complicated but interesting
atomic properties.

Figure 2. Grotrian diagram of the Fei atom constructed using the new predicted
levels and transitions from the Kurucz’s database. The ground state of the Feii, a6D,
is indicated.
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The number of levels and discrete radiative transitions in neutral atoms of theFe-
group is enormous. Recent calculations of Kurucz predict tens of thousands of levels
and few millions of transitions. Such atomic models are not tractable even with 1D
NLTE codes; thus, recently, we developed efficient algorithms to combine atomic levels
and transitions into super-levels and super-lines in a way that a reduced model atom
inherits the basic properties of the complete model and has similar performanceunder
restriction of different stellar parameters. For example, application of these algorithms
to Fe i reduced the number of levels from 37 500 to 292, and the number of radiative
bound-bound transitions from∼ 6 029 000 to 13600 (Fig. 2). Furthermore, for 3D
NLTE calculations, we have constructed a model with 172 levels and 1120 transitions,
which is now being tested in 1D and 3D NLTE line formation codes. The requirements
to the accuracy of transition probabilities, orf -values, are not very strict. Strong lines,
which are subject to non-equilibrium excitation effects, have laboratoryf -values with
5 − 10% accuracy. For transitions between a bulk of intermediate- and highly-excited
levels, the accuracy of 20−30% is sufficient, because the energy separation of the levels
is in most cases small enough for collisions to dominate over radiative rates.

The situation is more uncertain for bound-free radiative processes. Hydrogenic ap-
proximation is usually adopted for photoionization; however comparison with quantum-
mechanical data for Fei (Bautista 1997) and Cri (Nahar 2009) shows that the former is
not correct even within an order of magnitude. The quantum-mechanical cross-sections
for the levels of both atoms are larger in the background and are characterised by promi-
nent resonances that leads to significantly enhanced ionization rates in statistical equi-
librium calculations and, thus, to different abundances. In some cases, accurate position
of resonances is important, because UV radiation field varies strongly with frequency
in the atmospheres of late-type stars and ionization rates may change depending on
whether a resonance appears at energies with high or low fluxes. Available laboratory
data very sparse; e.g. for a few Ti I intermediate-excitation levels the cross-sections
were measured by Yang et al. (2009) by the method of resonance ionization mass spec-
trometry. Experimental values are very useful to check the accuracy oftheoretical val-
ues for individual transitions, however they cannot cover the complete atomic system
that is essential in NLTE calculations of atomic level populations for stellar atmosphere
studies. Thus, quantum-mechanical data are indispensable.

Cross-sections for Hi and e− collisions are basically unknown. Thus, we have
to rely on commonly-used approximations or to neglect these processes completely.
Cross-sections for continuum and allowed discrete transitions due to inelastic colli-
sions with Hi are computed with the formulas of Drawin (1968, 1969a,b). This recipe
was originally developed for collisions between equal atoms, H and Ar, andlater it was
extended to Li-H collisions by Steenbock & Holweger (1984). The rates of allowed
and forbidden transitions due to collisions with electrons are calculated fromthe for-
mulae of van Regemorter (1962) and Allen (1973), respectively. Bound-free transitions
caused by electron collisions are treated according to Seaton (1962). Similar to pho-
toionization, the accuracy of the data obtained with these formulae is very low.Com-
parison of R-matrix calculations for e− collisions for Ca II (Meĺendez et al. 2007) with
the formula of van Regemorter (1962) reveals order of magnitude differences. What
concerns inelastic Hi collision, compared to the Drawin’s formulae, ab initio quantum-
mechanical calculations predict significantly lower collision rates for certaintransitions
of simple alkali atoms (Belyaev & Barklem 2003; Barklem et al. 2010), and they show
that, in addition to excitation, other effects like ion-pair formation become important.
Excitation and ionization balance in the atoms of the Fe-group depend on e− collision
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efficiency for solar-type stars, i.e. metallicities [Fe/H] ≥ −0.5. In the atmospheres of
metal-poor stars, where NLTE effects on abundances are large, collisional excitation is
fully controlled by neutral hydrogen.

The deficiencies in NLTE models often reveal themselves, when synthetic spec-
tra are compared with observations, e.g. by producing large abundancediscrepancies
between different spectral lines of the same atom. Thus, it is common to introduce
scaling factors, which are adjusted to obtain agreement between various spectral lines.
Fig. 1b shows the profiles of the solar Fei line computed with different scaling fac-
tors to Drawin’s Hi collision rates,SH = 0,0.1. Inelastice− collision rates computed
using the formulae of van Regemorter (1962) and Seaton (1962) are alsoscaled by
Se = 0.01,1. The figure shows that a proper choice ofSH andSe may also remove
discrepancy between observed and synthetic line profiles.

4. Discussion and outlook

The calculations of NLTE stellar spectra for the late-type stars are usually decoupled
from calculations of model atmospheres. As a rule, the latter are computed assum-
ing LTE, and line formation calculations are performed keeping the input model fixed.
Such a “simplified” NLTE approach is not fully justified, because various elements af-
fect the structure of the atmosphere by contributing free electrons and/or opacity, such
as Mg, Al, Si, Fe, Ti (see Sec. 2). Deviations from LTE in the excitation andion-
ization equilibria of these elements will lead to changes in the energy balance. Thus,
NLTE rate equations for all these elements must be solved simultaneously in model at-
mosphere calculations, a numerically challenging task. Another problem is that atomic
data for some of these elements are of very low quality or lack completely. This refers
to photoionization, Hi and e− impact excitation and ionization cross-sections.

The first problem has been successfully overcome with enormous progress in nu-
merical techniques and computing facilities in the past 10 years. At presentit is pos-
sible to compute NLTE line-blanketed model atmospheres (Anderson 1989; Short &
Hauschildt 2005a; Haberreiter et al. 2008). These and other studies proved the impor-
tance of NLTE effects on the atmospheric structure and spectral energy distributions for
the Sun (Short & Hauschildt 2005a) and non-negligible differences for metal-poor stars
(Short & Hauschildt 2005b). There is no doubt that soon self-consistent NLTE models
will replace LTE-based ones; accurate atomic data will stimulate and, thus, accelerate
this transition.
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Abstract. Some recent calculations of basic atomic data which are of importance for
astrophysical applications are briefly reviewed. A few issues concerning the derivation
of chemical abundances from remote-sensing XUV measurements are then introduced.
Atomic data storage and distribution are also discussed. Anon-going long-term project
on benchmarking atomic data for astrophysics is described.

1. Introduction

In optically-thin plasmas, spectral line intensities are directly proportional toN j A ji ,
whereA ji is the spontaneous transition probability,N j(X+r ) is the number density of
the upper levelj of the emitting ion (X+r ). In low density plasmas the collisional
excitation processes are generally faster than ionization and recombinationtimescales,
therefore the collisional excitation is dominant over ionization and recombination in
populating the excited states. The intensityI (λ) of a spectral line is normally expressed
as an integral along the line-of-sighth:

I (λ) =
∫

h
A ji

N j(X+r )

N(X+r )
N(X+r )
N(X)

N(X)
NH

NH

Ne
Ne dh =

∫
h

Ne NH A(X) G(Ne,T, λ) dh

(1)

where
N j (X+r )
N(X+r ) is the fractional population of ions X+r lying in the statej; N(X+r )/N(X)

is the ionization ratio of the ionX+r relative to the total number density of elementX;
A(X) = N(X)/NH is the elemental abundance relative to Hydrogen;NH/Ne is the Hydro-
gen density relative to the free electron density (often assumed equal to 0.83 whenever

H, He are fully ionised). The fraction
N j (X+r )
N(X+r ) can be calculated once all the important

collisional and radiative excitation and de-excitation rates between all important levels
are known. Similarly, the ionization ratio can be calculated once all the ionizationand
recombination rates are known.

The productǫ ji = A ji
N j (X+r )
N(X+r ) is the line emissivityand expresses the number of

photons emitted per unit time by the transitionj → i. The line emissivity depends on
both the temperature and the density of the emitting plasma. The ionization ratio is
strongly dependent on the temperature with some density dependence.

A comparison between observed and predicted emissivities/ intensities can pro-
vide ‘direct’ measurements of electron densities, temperatures, as well as chemical
abundances.
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2. Calculations of basic atomic data

A significant amount of new atomic data have been produced in the last few years.
A few notable cases are mentioned here. Dere (2007) has calculated ab-initio cross-
sections for direct ionization of ions by impact with electrons and compared them with
available experimental data for a large number of ions. A new set of radiative re-
combination rates has been produced by Badnell (2006). Badnell, with a number of
collaborators, has produced, with a series of papers (the first being Badnell et al. 2003),
a large dataset of dielectronic recombination rates. The above rates haveproduced new
ionization tables, published in Dere et al. (2009). For some ions, these aresignificantly
different from previous ones. It is important to keep in mind that high densities and
time-dependent ionization can significantly affect ion abundances. Over the years, a
large amount of accurate radiative and excitation data have been produced, for a num-
ber of ions, by the Iron Project1 and UK Rmax.

2.1. APAP

The APAP (Atomic Processes in Astrophysical Plasmas:http://www.apap-network.org)
collaboration is a follow-up of UK Rmax. Currently, active members are N.Badnell,
P.Storey, G.Liang, G.Del Zanna and H.Mason. One important APAP aim is the calcu-
lation of electron excitation and radiative rates for a few entire isoelectronicsequences,
for ions important for astrophysics, from hydrogen up to krypton.

The work on the F-like ions was published in Witthoeft et al. (2007), and thedata
for some important ions was included in the CHIANTI database version 6. The work
on the Na-like ions was described in Liang et al. (2009b). For the Ne-like (Liang &
Badnell 2010), a large-scale calculation with 209 levels close-coupling expansion was
done. The calculation for the Li-like (Liang & Badnell 2011) iso-electronicsequence
includes core- and valence-excitations. The inclusion of Auger and radiation damping
significantly reduce the resonance enhancements for core-excitations.Detailed com-
parisons along the sequence have been done to check the accuracy for each sequence
calculation. They included comparisons between theoretical energies andthose from
previous calculations and with experimental energies. Also, of line strengths and exci-
tation rates. The new calculations include larger targets and configuration interaction,
and for many ions are the most sophisticated ones. For a number of ions, they are the
first such calculations.

Specific work on some ions has also been done. For example, the Six model
ion was improved with new excitation data, calculated with a large-scale model. Some
new lines have been identified with these resultant excitation data (Liang et al.2009a).
The Fexiv model ion was also improved over previous calculations by Liang et al.
(2010). As a by-product of a new large-scale calculation, it was found that significant
inconsistencies are present between the theoretical and experimental cross-section near
threshold for the important green coronal forbidden line. This and otherdiscrepancies
between observations and models for other ions suggest that at the momentthere are
large uncertainties associated with excitation rates of forbidden lines at low tempera-
tures, typical of nebulae and photoionized plasmas in general.

1http://www.usm.uni-muenchen.de/people/ip/iron-project.html
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The APAP collisional-radiative data are released via our web pages in the form of
one kind of ‘adf04’ format, used within ADAS. These are ascii files whichcontain the
target energies, the A-values, the excitation rates, and a number which is used to know
the high-energy limit for the transition.

3. Chemical abundances

Direct in-situ measurements of the solar wind clearly show that the slow wind has
variable chemical abundances and a first ionization potential (FIP) bias of 2–3, i.e.
with high-FIP elements depleted by factors of 2-3, compared to the low-FIP (and their
‘photospheric’ abundances). On the other hand, fast wind emanating from the coro-
nal holes has less-varying chemical abundances, which are close to the‘photospheric’
abundances. It is important to keep in mind that for some important elements such as
helium, neon and argon, only in-situ or remote-sensing XUV measurements can di-
rectly provide the ‘photospheric’ abundances.

Following on from the pioneering work of Pottasch (1963), a large literature now
exists on measurements of chemical abundances in the solar corona using some form
of emission measure (EM) analysis (see Del Zanna 1999 for a review). One way, for
example, is to consider the loci of theI (λ)/ (A(X) G(T)) curves, which represent the
upper limits to the column emission measureEMh =

∫
h

Ne NH dhat each temperature.
Unfortunately, in a number of cases, incorrect modelling or assumptions have led

to over- or under-estimations of the chemical abundances of some elements by large
(2–10) factors. For example, Widing & Feldman (1992) used an approximation which
assumes that there is a continuous distribution of plasma at different temperatures along
the line of sight, and found an FIP bias of a factor of 10 for a solar plume. Del Zanna
et al. (2003) showed that instead the plasma is likely to be isothermal and explained
the same observations with no FIP bias. Fig. 1 shows an update of the Del Zanna
et al. (2003) results using the latest CHIANTI v.6 ion abundances and ‘photospheric’
abundances (Asplund et al. 2009). A similar problem was found in activeregion obser-
vations (see Del Zanna 2003).

Figure 1. The EM loci curves for a solar plume observed by Skylab.
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Anomalous EM for lines of the Li and Na isoelectronic sequences has beenpresent
in all the EUV observations (including those of Pottasch 1963), however this issue has
been noted only occasionally in the literature (the first mention was from Burton et al.
1971). A revision of older measurements (Del Zanna 1999; Del Zanna et al. 2001) has
found that ions of the Li-like sequence such as Nv and Civ can be underestimated
by factors of up to 10, while those like Neviii and Mgx are often overestimated by
factors of 5 to 10. Ions of the Na-like sequence also show emission measures with
significant departures. The problem was discovered to be general, indeed it also applies
to stellar coronae as shown by Del Zanna et al. (2002), and thereforecasts some doubts
into the use of remote sensing and EM analyses for studies of chemical abundances.
It has to be pointed out, however, that in the majority of cases results are in close
agreement with those obtained from the use of photospheric absorption lines (which
involves much more significant modeling, and is therefore subject to large uncertainties)
and with ‘direct’ in-situ sampling. In any case, the ion abundances are the major source
of uncertainty in the derivation of chemical abundances.

4. Atomic data storage and distribution

One of the reasons why the CHIANTI (www.chiantidatabase.org) database (Dere et al.
1997, 2009) has become so successful (more than 1000 citations) is the inclusion of
observed wavelengths, and of all the necessary rates to calculate line emissivities. All
the atomic data are properly assessed and referenced. There is no other ion database
which is as complete as CHIANTI. But most of all, the CHIANTI database hasbe-
come widely used because of the inclusion of IDL programs to perform all necessary
calculations with user-friendly graphic user interfaces, written mostly by myself and
P.Young.

For each ion CHIANTI has a set of three minimum ascii files that contain: 1)
level energies (theoretical, observed) 2) transition probabilities, absorption oscillator
strengths (gf values), theoretical and observed wavelengths; 3) spline fits to Maxwellian-
averaged electron collision strengths. The fits are done in the Burgess & Tully (1992)
domain. This allows a proper extrapolation of the rates at very low or very high tem-
peratures. Additional files/data are included for many ions. They include spline fits to
proton collision rates. In version 6 (Dere et al. 2009), new ionization andrecombination
(radiative and dielectronic) rates have been included.

One limitation of the CHIANTI package is the use of proprietary software (IDL).
Another one is the limited number of rates provided for each ion. Normally we include
only excitation rates from the ground state and to/from metastable levels. The model
ions are therefore valid only until some values of the electron densities. Thecurrent
limit is however beyond densities even of large solar flares, so mainly appliesto some
laboratory plasmas. The reason why only a limited set of excitation data are included
is because each transition is assessed visually, to make sure that the rates are consistent
with the high-energy limits, and see if the spline fits well reproduces the original rates.
We are currently in the process of designing a new format for the CHIANTI database
and new software to overcome various current limitations. This will be implemented in
version 8. The next version 7 includes important updates for various ions important in
the EUV and the X-rays.

CHIANTI emissivities are currently calculated for plasmas in ionization equilib-
rium and in stationary conditions. The effects of photo-excitation to the level balance
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of an ion can be included. There is currently a correction factor applied tolevel pop-
ulations which takes into account the effect of ionization and recombination to the
ground state. This will be improved. There are ways to estimate emissivities fornon-
Maxwellian electrons, but this has not been implemented yet.

CHIANTI data and programs are distributed via: 1) tar files (available fromthe
web pages); 2) web pages; 3) SolarSoft (IDL packages for Solar Physics); 4) Astrogrid
(see below); 5) VAMDC (see below); 6) a Python interface, written by K.Dere.

One important issue for any atomic database or package concerns the various lim-
itations for their use, which the users must always be aware. In the case of CHIANTI,
many restrictions are described on the web pages and in the user guides (mostly written
by myself). Another important issue is the need to propagate references toany orig-
inal atomic physics calculation or measurement. Once atomic data are ingested into
CHIANTI, for example, references easily become lost. This is very common. Indeed,
CHIANTI atomic data are included in many other databases or modeling codes such
as: XSTAR, APED/ATOMDB, XSPEC, ISIS, PINTofALE, CLOUDY, MOCASSIN.

The CHIANTI database supplies the references to the original sourcesand com-
ments, elucidating the details of experimental measurements or calculations. Dataare
extracted from the literature, provided from the authors, or calculated byus. Each
CHIANTI release is accompanied by a refereed publication, unlike other databases.

4.1. VOTADA

The VOTADA project aimed at providing accurate basic atomic data and tools for as-
trophysical applications, within the Astrogrid (http://www2.astrogrid.org/ ) (UK funded)
and the Virtual Observatory. A subset of CHIANTI data were imported intoa MySQL
database in 2006. A Table namedSpectralLines containing all information for each
spectral line in the database has been created. This includes ion, observed and theoret-
ical wavelengths, transition probability, weighted oscillator strength, full spectroscopic
notation together with observed and theoretical energies of initial and finallevels, and
finally full reference to original publications, with comments. The tableSpectralLines
can easily be accessed and queried via the AstroGrid Workbench. The output results of
the query can be saved as a Votable and browsed with e.g. TOPCAT. As a second step,
the idea was to make derived products such as line emissivities available. Instead of
writing wrapper scripts which would then call the existing software, it seemedbest to
make line emissivities directly available. This has been done by creating a Tablenamed
LineEmissivities which contains the values of the spectral line emissivities calculated
for a grid of electron temperatures and densities. The table can be queriedvia the As-
troGrid Workbench. CHIANTI-VOTADA atomic data were made easily accessible to
VOSpec via a SLAP (Simple Line Access Protocol) interface.

4.2. VAMDC

The Virtual Atomic and Molecular Data Centre (VAMDC, seewww.vamdc.eu) aims
at building an interoperable e-infrastructure for the exchange of atomic and molecu-
lar data. VAMDC involves 15 administrative partners representing 24 teams from 6
European Union member-states, Serbia, the Russian Federation and Venezuela. The
VAMDC is being built upon the expertise of existing databases, data producers and
service providers with the specific aim of creating an infrastructure that iseasily tuned
to the requirements of a wide variety of users in academic, governmental, industrial or
public communities.
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In collaboration with H.Mason (DAMTP), the IoA (Cambridge University) and
MSSL/UCL, we are incorporating CHIANTI data following a similar procedure as in
VOTADA. We are extending upon it by making most CHIANTI data available. We are
also planning to replicate some of the functions of the CHIANTI programs.

5. Benchmarking atomic data

Now that large amounts of atomic data can be calculated, there is a need to assess /
benchmark them against observations, so the best calculations can be chosen. In the last
few years, I have embarked in a long-term project of benchmarking atomicdata. Work
started with Fex (Del Zanna et al. 2004), then extended to Fevii, Feviii, Fexi, Fexii,
Fexiii, Fexiv, Fexvii, Fexviii, Fexx, Fexxiii, Fexxiv. All previous identifications
have been reviewed and assessed by comparing not only predicted wavelengths and
gf-values (as mostly done in previous literature), but also by comparing lineintensities
with observations. In this way, a large number of new lines and energy levels have been
identified andgiven uncertainties.

The most complete database of observed wavelengths and energy levels for ions
is the NIST2 compilation. This compilation in turn relies on original work mostly done
in the 70’s (in the EUV and X-rays with the pioneering work by researchers such as
B. Edlen and B.C. Fawcett), based on laboratory measurements and ‘simple’(for that
time) atomic structure calculations. The benchmark work showed that many identifi-
cations and wavelengths needed to be revised. Transition probabilities have also been
benchmarked with lifetimes measured with beam-foil spectroscopy. The estimates of
line intensities for each laboratory or astrophysical source also allows to point out when
lines are blended. Many new diagnostic line ratios to measure electron densities and
temperatures have been discovered.

The benchmark work is a direct way to provide an estimate on the accuracy of
the atomic data.The use of large-scale atomic structure and R-matrix scattering calcu-
lations has improved significantly accuracy. In general terms it is evident that for the
strongest lines relative accuracies for A-values are better than 10%, and for excitation
data better than 20%. Two examples of ions important for the X-rays and EUVare now
provided, Fexviii and Fexi.

Fexviii produces, in the X-ray and extreme ultraviolet, L-shell (n = 2,3,4 → 2)
spectral lines which are among the brightest ones. There has always been a discrepancy
of factors 2-3 between observed and predicted intensities for the very bright 3s→ 2p
transitions. The first large-scale R-matrix scattering calculations of Witthoeft et al.
(2006) have finally resolved this puzzle. In this case, it turned out that the effect of
the resonances was very important. A benchmark work (Del Zanna 2006) showed
excellent agreement between observed and predicted intensities for the first time. Also,
it provided new important diagnostics to measure electron temperatures and densities.
Fig. 2 shows the emissivity ratio curves:

F ji (Te) = C
IobNe

N j(N0,Te) A ji
(2)

2http://physics.nist.gov/PhysRefData/ASD/index.html
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calculated at a fixed densityN0 (and with a scaling constantC), using the R-matrix
results (right) and spectroscopic observations by Chandra of Capella (Phillips et al.
2001). The curves intersect at logT[K] =6.65, meaning that the line intensities can be
explained, to with a few percent accuracy, by an isothermal plasma at a temperature
well below that of peak abundance in ionization equilibrium (T[K] =6.85). On the
other hand, previous distorted-wave (DW) atomic data (Sampson et al. 1991) show a
very large scatter (i.e. discrepancy).

Figure 2. The emissivity ratio curves for the strongest Fexviii X-ray lines. Left,
previous DW calculations; right: first R-matrix calculations.

After six years of benchmark work on the ions along the S-like sequence,the
mysteries about some among the strongest lines in Fexi have been unveiled. Three
J = 1 levels in the 3s2 3p3 3d electron configuration give rise to strong lines in the EUV
spectrum and their energies and identifications have been the source of much confusion
in the literature. All previous atomic calculations produced discrepancies offactors 2-3
for these lines. A new R-matrix scattering calculation for electron collisional excitation
of Fexiwas performed using an optimal target by Del Zanna et al. (2010). The energies
of most of the 3s2 3p3 3d levels, some giving rise to important forbidden lines have now
been firmly identified Del Zanna (2010). New and important temperature diagnostics
have been found.

There is still a large amount of work needed to finalise the atomic data just for the
iron ions.
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Abstract. In the solar wind it is observed that the elements with a low first ioniza-
tion potential (FIP) exhibit a systematical enrichment with respect to their photospheric
abundances; an even greater effect is seen when the elements are arranged according
to their first ionization time (FIT) rather than their FIP. Inthis contribution, we discuss
recent results obtained for the FIT effect in terms of current uncertainties of atomic data.

1. Introduction

In the solar wind it is observed that the elements with a low first ionization potential
(FIP < 10 eV ) exhibit a systematical enrichment with respect to their photospheric
abundances, by a factor between 2 and 4 (Figure 1). The FIP effect is largely discussed
in the literature, and several models have been proposed to explain it: see.e.g. Marsch
et al. (1995); Arge & Mullan (1998); Schwadron et al. (1999); Laming(2004).

Geiss & Bochsler (1986) showed that the elemental fractionation is better under-
stood if one arranges the elements according to their FIT (first ionization time)rather
than their FIP. The FIT of an element X is calculated by convoluting the photoion-
ization cross section of that element with the quiet solar ultraviolet spectrum, and is
therefore largely dependent on the assumed photoionization cross section. The FIT ef-
fect is the trend seen when the abundance enhancement in the wind is plottedagainst
the FIT of the element considered (Figure 2). While an errorbar can be easily placed
on the ordinate values of such plot, the uncertainty on the abscissa cannotbe easily
determined, due to the reasons frequently exposed in this workshop. In the following,
we will discuss this issue with two specific examples.

2. Sulfur

A previous value of the sulfur FIT was calculated by Marsch et al. (1995) and Geiss
(1998). Giammanco et al. (2008) reported a revised value obtained usingthe solar
spectrum given by Curdt et al. (2001) and the measured photoionizationspectrum by
Joshi et al. (1987), obtaining a FIT value in much better agreement with the overall trend
observed in the other ions (Figure 2, violet arrow). If the calculation is repeated with
the theoretical cross-section by Mendoza & Zeippen (1988), a value larger by a factor
1.5 is obtained (red arrow in Figure 2.), in worse agreement with the expected trend,
although still better than the original point by Marsch et al. (1995) and Geiss (1998)
(green arrow). Since Figure 2 seems to suggest that the measured data are accurate, the
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Figure 1. Enrichment factors relative to the solar photosphere ordered according
to their FIP.

Figure 2. Enrichment factors relative to the solar photosphere arranged according
to their FIT. The dashed line represents a fitting function tothe data Giammanco et al.
2008. For sulfur, the diamond pointed at by a green arrow indicates the data point
by Marsch et al. (1995) and Geiss (1998); the asterisk pointed at by a violet arrow
the data point by Giammanco et al. (2008); the red circle pointed at by a red arrow
represents the computation by Giammanco et al. (2008) basedon the theoretical
photoionization cross section by Mendoza & Zeippen (1988).

difference between the measured and the theoretical cross section data can be used as a
rough estimate of the uncertainty affecting the latter.
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3. Phosphorus

For the case of phosphorus, Giammanco et al. (2008) made a FIT estimation based on
the theoretical photoionization cross section by Mendoza & Zeippen (1988) that yields
a value of 3.37 s (Figure 2). In this case, there is no previous calculation tocompare
with, but the data point seem to be too far to the right (high FITs) with respect to
the expected position, although the large error on the measured abundance makes it
compatible with the curve. We could speculate whether the theoretical cross section
for phosphorus is affected by a similar uncertainty as the one that seems to affect sulfur
theoretical data.

4. Conclusions

The interpretation of quantities based on theoretical determinations of atomic data is
difficult when the uncertainty on the latter is unknown. In this short contribution,we
showed an example of how rough estimates of such uncertainties can be obtained in
selected cases. However, such estimates should be used with caution and verified with
independent methods.
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Abstract. We describe an ongoing project to migrate the emission-lineanalysis
packagenebular from its current environment, IRAF, to a modern programmingenvi-
ronment where it can be used as a set of stand-alone programs,called by user scripts,
or configured as a set of web services. We are also updating thesupporting atomic data
where they have been superseded by superior calculations ormeasurements.

1. Introduction

Thenebular package was developed for the analysis of collisionally excited emission
lines that are commonly observed in astrophysical nebulae (see Shaw & Dufour 1995).
It can be used in several ways to compute physical diagnostics and ionic abundances,
given emission line intensities. For example, the code can be fed line ratios to compute
electron temperature (Te) and density (Ne); givenTe andNe, it can predict line emis-
sivities; and givenTe, Ne and an observed flux, it can compute the ionic abundance.

The representation of the atom innebular is surprisingly simple: an atom is sim-
ply an n-level system (most often 5- or 8-level, but the number is limited only bythe
availability of atom data). The energy levels, statistical weights, transition probabili-
ties, and collision strengths are all read from FITS files at run-time. With these data and
choices for Te and Ne, the population matrix is solved and the line volume emissivities
are computed.

The structure of thenebular software is conceptually simple but has powerful
features. As described by Shaw et al. (1998), the software is data-driven, so that the
input atomic data are not hardwired and can easily be changed without re-compiling the
source code. This feature, allows comparisons among different data sources. Also, for
a given ion, users may employ any recognized line ratio by creating an expression for
the desired transitions. There is also a choice of interstellar extinction laws to deredden
data.
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2. The past and future of nebular

The nebular software evolved from a five-level program originally written in FOR-
TRAN (see De Robertis et al. 1987 ). It was later rewritten in SPP and included as a
package in IRAF (Shaw & Dufour 1995). We are now recasting the source code base to
a modern programming environment, python, in order to enhance the code portability,
to allow the implementation of GUI and web interfaces, and to make it simple for the
user to extend the original functionality of the code beyond its original scope. Python is
an interpreted, high-level programming language that enjoys wide use in thescientific
community.

Python has a number of desirable features. It is free, open source, and with a re-
markable volume of online documentation. It supports an object-oriented programming
style, emphasizing data and methods rather than procedures. It can be scripted to add
functionalities to web pages, and has several frameworks for GUI programming. It has
an interface to FITS files. It has a vast built-in object-types library and allows enormous
flexibility in the definition of data objects. One important asset is that the user has direct
access to internal objects in such a way that intermediate results of calculations can be
used outside the algorithms of the program.

The current functionalities ofnebular will be preserved in the new environment,
and new features will be added. The following is a list of some intended enhancements:

• Add new ions, includings-process elements

• Make it easier to use infrared ratios for analysis

• Allow simultaneous determinations ofNe andTe from pairs of line ratios

• Determine abundances for He and other light ions from recombination lines

• Perform error analysis ofNe, Te and abundances

• Add recipes for computing total elemental abundances from ionic abundances,
using common or user-defined ICF formulae

• Create VO-compatible web services to providenebular over the internet.

• Organize the atomic reference data in an efficient way

• Provide the code with more extensive documentation, adapted to different kinds
of users

2.1. The atomic database

The input atomic data are in FITS format. The data for a given ion are contained in
a FITS file with three extensions: the first is the header and contains the general data
(e.g., the name, charge, ground-state configuration, etc., of the ion); thesecond contains
the energy levels, statistical weights and transition probabilities; the third contains the
table of effective collision strengths as a function ofTe. The files follow the same
format used in the IRAF version ofnebular for backward compatibility.

Users will have the possibility of implementing alternative sources of atomic data
in order to compare with default choices of other codes or among different published
data for the same ion.
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2.2. Documentation

Documentation is key to efficient use and maintenance, and it should reflect both what
the code does (the physical problem) and how it does it (the algorithms usedto solve
it and the content of files, including both the code itself and the atomic database). The
documentation will also describe what has changed with respect to IRAF and give full
information on specific details, such as which atomic data are available, how to select
a different set of atomic data, and how to add new options to the atomic database.

Acknowledgments. We thank the Instituto de Astrofı́sica de Canarias for hosting
and sponsoring this meeting.
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Abstract. We present early results from a new code which can efficiently and ro-
bustly quantify the statistical uncertainties associatedwith abundance determinations
in ionised nebulae. The code, which uses a Monte Carlo approach to propagate uncer-
tainties, is demonstrated on some previously published line fluxes, and we describe the
results.

We also discuss systematic uncertainties. We analyse the same nebula with three
different sets of atomic data, and we show that significant uncertainties can arise in the
atomic data even for very common ions. The effect of these uncertainties on the derived
chemical abundances can be comparable to the statistical uncertainties arising from line
flux measurements.

1. Introduction

Emission line analyses of photoionised nebulae are frequently used to determine chem-
ical abundances, both in our own and other galaxies. Understanding theabundances
in H ii regions, planetary nebulae and other objects is crucial to understandinghow
stars form heavy elements and how galaxies chemically evolve. The techniques behind
these abundance determinations are many decades old, and yet some important aspects
remain poorly understood. For example, the reasons why recombination lines always
give higher abundances for heavy elements than collisionally excited lines from the
same ion are not yet known.

Given the necessity of accurately determining the chemical abundances ofpho-
toionised nebulae, it is also important to be able to accurately quantify the uncertain-
ties associated with those abundances. The uncertainties can be categorised as either
statistical or systematic. Statistical uncertainties can be estimated using analyticalap-
proaches, but it is quite common for papers on nebular abundances notto quote any
uncertainties at all, or to give only estimates of line flux measurement uncertainties.
Systematic uncertainties are more difficult to quantify and are frequently disregarded.

In this short paper we present a new code to reliably estimate statistical uncer-
tainties, and discuss methods which may give insights into systematic uncertainties,
including those in atomic data.
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2. Statistical uncertainties

We first present a method for reliably estimating statistical uncertainties. The typical
method used to calculate chemical abundances in photoionised nebulae involves the
following stages:

(i) Correction for interstellar extinction

(ii) Determination of temperatures and densities

(iii) Determination of ionic abundances

(iv) Estimation of total elemental abundances

Steps (ii) and (iii) often divide the nebula into two or three zones of differing
ionisation state.

Computer codes to carry out these analysis steps are commonly written, and sev-
eral are freely available. Taking as a starting point many codes previouslydeveloped to
carry out individual stages in this process, we have written a new code,with a particular
emphasis on estimating the uncertainties in the final abundance determinations.

Typical analytical methods for propagating uncertainties involving partial differ-
ential equations inherently assume normally-distributed uncertainties. The maths in-
volves truncated series expansions, thus implicitly assuming that the uncertainties are
small relative to the measured values. Significantly non-Gaussian distributions of un-
certainties may result from the physics of ionised nebulae, in which line emissivities
of collisionally excited lines vary exponentially with temperature, and in spectrawith
poor signal-to-noise, the assumption of small symmetric uncertainties may be violated.
We therefore adopt an alternative approach, based on a Monte Carlo method.

Our code first of all reads in a line list and uncertainties. For each line, a random
number is then drawn from a Gaussian distribution with mean zero andσ=1. The
quoted uncertainty is multiplied by the random number and added to the quoted flux.
The standard empirical analysis is then carried out on this line list. The process is
repeated many times. The outputs from all the realisations can then be compared to
assess the uncertainties on the derived quantities. Early experiments showthat 10,000
iterations of this procedure are generally sufficient to well sample the final distributions
of uncertainties.

To test our code, we reanalysed line fluxes for the Cat’s Eye Nebula (NGC 6543)
originally presented by Wesson & Liu (2004). These authors, in common withmany
others, did not quote uncertainties on their derived quantities but only mentioned the
statistical uncertainties on their line fluxes. We ran our new code 10,000 times on their
list of line fluxes and uncertainties.

In Figure 1 we show some of the results of this experiment. The figure shows
histograms showing the distributions of values obtained for c(Hβ), the logarithmic ex-
tinction at Hβ; T([O iii]), the temperature derived from the [Oiii] λ4959+5007

λ4363 line ratio;
ne([O ii]); He/H; O/H derived from collisionally excited lines and recombination lines;
and the ratio between the two (the abundance discrepancy). c(Hβ) turns out to be rather
poorly constrained even in this well-observed object, and the uncertainty on the derived
He/H abundance ratio is∼5%. In the case of oxygen, the uncertainty on the abun-
dance from recombination lines is smaller than that from collisionally excited lines,
showing that in the nebula, the insensitivity of RL abundance determinations tothe
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Figure 1. Statistical uncertainties on various derived quantities in our reanalysis
of published line fluxes of NGC 6543, the Cat’s Eye Nebula. Thehistograms are
based on 10,000 analyses of the line fluxes, varying the line fluxes randomly in
each iteration to sample the distribution of probable outcomes assuming normally-
distributed line flux uncertainties.
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assumed physical conditions outweighs the larger uncertainty on the measurements of
these weaker lines.

NGC 6543 is a bright, well studied nebula, and the fluxes presented by Wesson &
Liu (2004) have small uncertainties. The uncertainties on the derived quantities are also
relatively small and are generally approximately Gaussian. More interestingwill be to
apply this code to less deep observations; we plan now to apply this code to a variety
of observations to see just how well constrained chemical abundances are, especially in
extragalactic systems. In Stock et al. (in preparation) we use the code on observations
of Wolf-Rayet ejecta nebula and find markedly non-Gaussian uncertaintydistributions.

The alpha version of our code is available fromrwesson@star.ucl.ac.uk on
request; we plan to make a beta version freely available in the near future.

3. Systematic uncertainties

Assessing systematic uncertainties in abundance determinations is more difficult than
assessing statistical uncertainties; the sources of the uncertainty and theirmagnitude
may be unknown and unquantifiable. We consider here two methods to account for
sources of statistical uncertainties.

Firstly, we are particularly interested in the role that accurate atomic data plays
in abundance determinations, and so we consider the effect of different atomic data.
Originally, the atomic data used in our empirical approach was collated from a variety
of sources. We later made the decision to take atomic data from the CHIANTI database,
originally using Version 5.2 (Landi et al. 2006). However, we and otherpeople noticed
that for some ions, the data in CHIANTI 5.2 was in fact inferior to previouslypublished
data. Kisielius et al. (2009) discuss the atomic data for [Oii]; we also find that the
atomic data for [Siii] must be incorrect as it predicts aλ9532/λ9070 intensity ratio
which disagrees with astronomical observations, while previous calculations agree.

Subsequently, we have adapted the CHIANTI 6 database (Dere et al. 2009) so
that our code can use it. We have carried out our empirical analysis threetimes with
three different sets of atomic data, and some of our results are shown in Figure 2.
We find that using different sets of atomic data makes a significant difference to the
derived results. For some elements, noticeably nitrogen and sulphur for which the
ionisation correction factor is very large, this difference is comparable to or larger than
the statistical uncertainties.

Another approach to understanding systematic effects is to use a computer code
to construct realistic physical models of ionised nebulae, producing lists ofpredicted
emission line fluxes. One can then apply the empirical analysis techniques to these
synthetic line lists, to see how well the input physical conditions are recovered. This
method has been recently used by Ercolano et al. (2010) to investigate the effect of
the spatial distribution of ionising sources on abundance determinations in Hii regions.
They found that if only one temperature diagnostic was available (eg, the [Oiii] nebular-
to-auroral line ratio), then abundance determinations could be significantlyin error, de-
pending on the distribution of the ionised sources. However, if two or more diagnostics
were available and a zone-based approach adopted, then the bias was typically less than
0.05 dex. By using our empirical analysis code in conjunction with the 3D photoionisa-
tion codemocassinwe plan to further investigate the systematic uncertainties associated
with empirical abundance analysis techniques.
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Figure 2. Analyses of NGC 6543 line fluxes using different sets of atomic data.
The histograms are the results of 10,000 Monte Carlo iterations using the CHIANTI
5.2 database except for [Oii] and [S iii] for which we use older atomic data. The
coloured lines represent the results of a single analysis ofthe line fluxes without
uncertainty propagation. The magnitude of the effect of varying the atomic data can
then be compared to the magnitude of the statistical uncertainties.
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4. Conclusions

We have written a new code to facilitate abundance determinations from emissionline
spectra of photoionised nebulae. The code propagates uncertainties using a Monte
Carlo technique, which gives robust estimates of statistical uncertainties, avoiding as-
sumptions made in analytical approaches which may be violated in typical observations
of nebulae. We have used the code to reanalyse observations of NGC 6543.

By running the code using different sets of atomic data, we have investigated the
effect of dataset choice on final abundances. We find that the choice of atomic data can
make a significant difference to the derived quantities, comparable in magnitude to the
statistical uncertainties on some quantities in the case of NGC 6543.
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Abstract.
This workshop brought together scientists (including atomic physicists, theoreti-

cal astrophysicists and astronomers) concerned with the completeness and accuracy of
atomic data for astrophysical applications. The topics covered in the workshop included
the evaluation of uncertainties in atomic data, the propagation of such uncertainties in
chemical abundances, and the feedback between observations and calculations. On
a different level, we also discussed communication issues such ashow to ensure that
atomic data are correctly understood and used, and which forum is the best one for a
fluid interaction between all communities involved in the production and use of atomic
data. This paper reports on the discussions held during the workshop and introduces
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AstroAtom, a blog created as a platform for timely and open discussionson the needs
and concerns over atomic data, and their effects on astronomical research.

1. Introduction

Atomic data, such as energy levels, radiative transition probabilities and collisional
excitation rates, are a necessary ingredient in the modelling of astrophysical plasmas.
When choosing which data to use for a particular calculation, astrophysicists need to
assess which particular dataset is the most reliable and decide how to fill in gaps in
selected datasets. Additionally, they often wish to assess the uncertainties in the chosen
data in order to know how they will affect the accuracy of their final results. These are
formidable tasks for those lacking a deep knowledge of atomic physics, andyet results
may depend strongly on such choices. The workshopUncertainties in Atomic Data and
How They Propagate in Chemical Abundances, held in Tenerife (Spain) during 25—27
October 2010, was devoted to explore these issues and their solutions. Inthis paper
we report on the discussions held and the main conclusions that were drawn during the
workshop. Since many of these issues can be mitigated, if not solved, by a more fluid
communication between experts in the various fields involved, the workshop wrapped
up with a commitment to put in place a mechanism to favour such communication.

2. Do Uncertainties Matter?

The answer is certainly yes! Many important astrophysical questions, including the
synthesis of primordial He, stellar evolution models, stellar atmosphere models,yields
for supernovae of various types, etc., depend upon accurate atomic data. More directly,
the interpretation of comparisons between theory and observations depends critically on
thorough assessments of the uncertainties in chemical abundances that are derived from
atomic data. Accurately quantifying the effect of uncertainties is often difficult because
of the complex ways in which different types of atomic data affect the calculations. For
example, in computing elemental abundances from emission lines in a spectrum one
has, on the one hand, the effects of uncertainties from collisional excitation rates and
transitions probabilities on the derived ionic abundances, and, on the other, the effects
of photoionization and recombination rates on the ionization correction factors.

2.1. How Large Are Typical Uncertainties?

The point of computing accurate atomic data is to enable reliable determinations to be
made of chemical abundances in a variety of physical contexts. In orderto achieve the
necessary level of accuracy to address important scientific questions aproper account-
ing of the contributions from all sources of uncertainty is essential. A recent study
of chemical abundances derived for a common sample of ionized nebulae by multiple
authors showed surprisingly large discrepancies: from∼40% to as much as a factor
of a few. The analysis showed that a number of factors were responsible, including
problems with observing technique, imprecise calibration, differing analysis methods,
wavelength coverage of the critical transitions and spectral resolution. Uncertainties in
the atomic data undoubtedly also contributed, though they are often difficult to quantify.
With care, observational uncertainties can be kept below 10%.
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For atomic data there is no such thing as a “typical” magnitude of uncertainty be-
cause uncertainties are governed by many factors. Generally speaking, uncertainties in
energy levels are smaller than uncertainties in transition probabilities, which are in turn
smaller than those in collisional rates (see also Bautista 2011 for more details).The
uncertainties in collisional data for weak transitions are larger than those in data for
strong transitions. Near energy thresholds, collision strengths are oftendominated by
resonances, and the accuracy of a calculation depends on the exact position (apart from
width and magnitude) of these resonances, which is difficult to pin down theoretically.
For the same reason, the accuracy cannot be the same in all temperature ranges, as not
all the energy ranges are equally affected by resonances. The same effect is observed
in dielectronic recombination. All in all, for a typical ion and typical conditions of
interest in nebular astrophysics, the uncertainty in transitional probabilitiesfor strong
dipole allowed transitions are∼ 10%, in transition probabilities for forbidden transi-
tions∼ 30%, and in (effective) collision strengths∼ 30− 50% (but bear in mind that
these are just rough guidelines and should not be intepreted as representative of any
specific ion). In addition to the data themselves, users should ideally be provided with
a quantitative estimate of the accuracy associated with them (in way similar to the NIST
compilation). Alas, since there are no standardized ways to quantify uncertainties on
atomic calculations, one will not often find them quoted in a paper, and usershave to
make their own assessment of the accuracy of the data they use. How? Thesimplest
solution is always to ask either the author or other specialists who might be ableto give,
if not a formal error estimate, at least an informed opinion on the data. Otherusers may
also be helpful by providing information on which data they use, why, and whether they
get consistent results with them.

An indication of the accuracy of a given dataset can be obtained by comparing it
to other calculations, to laboratory measurements or to observational data. In the first
case, the dataset is compared to previously published data: consistency among them
suggests that the results have converged, while lack of consistency canbe interpreted
as an indication of residual uncertainty, depending on how optimistic one is in his as-
sessment of new data (which are generally, but not always, more reliable than the old
ones; see, e.g., the discussion in Aggarwal 2011). Unfortunately, consistency may also
mean that both calculations suffer from a common, unknown bias. The most useful pa-
pers discuss the differences between old and new data determinations, but regrettably
this is not always the case.

Few laboratory data are available to compare against calculations due to the tech-
nical difficulty and the high cost of producing them. Energy levels are almost the only
kind of data for which obtaining laboratory data is feasible. Measurements of colli-
sional cross sections at a few energies may also be helpful for validatingtheory, but they
may be intrinsically uncertain and suffer from the obvious limitation of not covering an
entire energy range. It would certainly be desirable if more support were given for lab-
oratory measurements to improve on this aspect since, for many quantities, laboratory
measurements are still insufficient to provide enough estimates on the uncertainties.

Finally, theoretical data can be benchmarked against observations to provide es-
timates of uncertainties; real-life examples are the comparison between the observed
and predicted [Oiii] 4959/5007 ratio, the [Sii] temperature, or the intensities of the [Ne
V] infrared lines in nebulae (see e.g. the talks by R. A. Shaw and C. Mendoza). For
the XUV, comparisons between observed and predicted line intensities suchas those
made in the benchmark work of Del Zanna (2011) are also useful. Duringthe work-
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shop, we identified the need for high-quality spectral observations, from the X-ray to
the infrared, to properly benchmark atomic data. Of course, observed line intensities
are subject to their own observational errors, and in many cases the comparison also
depends on modelling assumptions.

2.2. How Can Uncertainties Be Reduced?

Reducing uncertainties is a path that involves computing better and more extensive
atomic calculations and benchmarking the results of these against experimental deter-
minations and astronomical observations. This is too often an arduous process that
requires effective interaction among all participants. One of the critical factors in im-
proving the uncertainties is the adoption by the astronomical community of the “best”
atomic data, however defined. In practice there are only a modest number of tools that
astronomers use for abundance calculations, and the curators for someof them (Cloudy,
Chianti, IRAF/nebular) have participated in this conference. Keeping these tools up to
date is one way to promote the use of the best available data. Another usefulapproach
is for the authors of these tools to compare their calculations on reference datasets on a
regular basis. It is also important for the curators of these tools both to makeit easy for
users to see what atomic data are being used and to cite the primary sources of the data
in their papers. The process also needs technical and human resources, which are often
limited by lack of proper funding and job opportunities for scientists in the field,to the
point where maintaining expertise through future generations seems to be in jeopardy.

3. How Can Communication be Improved?

Fluent interaction between astrophysicists and atomic physicists has immediate benefits
to all parties. It helps astrophysicists in deciding among different sources of atomic data
and their uncertainties. It benefits producers of atomic data in helping them identify the
most pressing user needs as well as opportunities for benchmarking the atomic data.
An example of this is the following shopping list of urgently-needed atomic data,which
was assembled during the workshop:

• Photoionization cross sections of neutral and singly ionized iron and trans-iron
species

• Revision of the Einstein A-values for the allowed transitions of Sii and Siii

• Dielectronic recombination of Sii and Siii

• High-n collision strengths for Li and Na

• Revision of the Nev infrared diagnostics in nebulae

• Atomic data for low-ionization (singly, doubly and triply)s-process elements:
Se, Br, Kr, Rb, Xe, Ba and Pb

We believe that this kind of communication between data users and producersis
key to making the most of the existing data. In the workshop, we have considered sev-
eral alternative formats for such a forum and finally decided to open a blog devoted to
the discussion of atomic data and their astrophysical applications at the web address
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http://astroatom.wordpress.com/. We hope that our blog will soon become both a com-
munication channel and a repository of handy information on atomic data. If you are
interested in participating, you are welcome to register and send your contribution.
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