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ABSTRACT. Non-local thermodynamical equi-
librium (non-LTE) line formation for neutral and
singly-ionized zirconium is considered for the first
time through a range of stellar parameters when the
Zr abundance varies from the solar value down to
[Zr/H] = – 3. The model atom includes 63 combined
energy levels of Zr I, 247 levels of Zr II and the
ground state of Zr III. It is shown that the Zr I levels
are depopulated relative to their thermodynamic
equilibrium populations in the line formation layers
with logτ5000 < 0.1 resulting in weakening the Zr I
lines relative to their LTE strengths. The ground
state and low-excitation levels of Zr II keep their LTE
populations throughout the atmosphere, while the
excited levels of Zr II are overpopulated. This leads to
weakening the Zr II lines arising from the ground state
or low-excited levels. The role of inelastic collisions
with hydrogen atoms in the statistical equilibrium
of Zr I/II is estimated empirically from inspection of
their different influences on Zr I and Zr II lines in
the solar spectrum. The mean non-LTE abundance
of zirconium in the solar atmosphere is determined as
logεZr,� = 2.61±0.09 from the lines of two ionization
stages, Zr I and Zr II. The dependence of non-LTE
effects on the atmospheric parameters is considered
for a small grid of model atmospheres with Teff

= 5500K, logg = 2.0 and 4.0, [M/H] = –3.0, –2.0,
–1.0, and 0.0. The departures from LTE increase
with increasing the luminosity and decreasing metal
abundance (metallicity).
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1. Introduction

One believes that elements beyond the iron group
are produced by neutron-capture reactions which are
distinguished into slow (s-) and rapid (r-) process de-
pending on the neutron density flux available. In ones
turn, the slow process is subdivided into the main and
the weak components. The weak s-process can run in
the cores of massive (M ≥ 20 M�) stars during hy-
drostatic helium-core burning, and the main s-process

occurs in intermediate-mass (2 - 4 M�), asymptotic-
giant-branch (AGB) stars during unstable burning in
the double shell source. According to Käppeler et al.
[10], the weak s-process produces nuclei with an atomic
mass A ≤ 90. The r-process is associated with type II
supernovae (SNeII). The different zirconium isotopes
(A=90, 91, 92, 94, 96) can be produced by various
types of n-capture reactions. The current nucleosyn-
thesis models are unable to predict the yields of ele-
ments in the r-process and give only very approximate
estimates for the weak s-process. Therefore, one needs
to reconstruct the history of the heavy-element enrich-
ment of the interstellar medium on an observational
basis and to provide accurate observational constraints
to nucleosynthesis models.

In our recent work [17], the zirconium abundance
was determined at the assumption of local thermody-
namical equilibrium (LTE) in the atmospheres of 52
stars belonging to the Galactic thin disk, thick disk
and halo. In the halo stars, a large overabundance of
zirconium relative to barium is found up to log(Zr/Ba)
= 1.8 at [Ba/H] = −3.8 (Figure 1). The Zr/Ba ratio

Figure 1: log(Zr/Ba) abundance ratios as a function of
[Ba/H] plotted based on the data from [4] and [17].

decreases with increasing the barium abundance and
approaches to solar value in the thin disk stars. Ac-
cording to the current conceptions, the heavy elements
in the early Galaxy were synthesized by pure r-process.
Travaglio et al. [21] and Arlandini et al. [2] predict that
the [Zr/Ba] ratio must be constant at [Fe/H] < −1.5.
The observed trend points to the existence in the early
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Galaxy of some additional source of synthesis of zirco-
nium with only little contribution to barium.

The aim of this work is to check whether the
departures from LTE can affect the observational
finding on an evolutionary behavior of the stellar
zirconium abundances.

2. The model atom

Energy levels. In the atmospheres of cool stars with
Teff = 5500 - 6500 K, the major fraction of zirco-
nium is represented by Zr II and a fraction of Zr I
does not exceed several parts in a thousand. Zr II
is a species of our main interest because only Zr II
lines are observed in metal-poor stars. We use all
measured energy levels of Zr II with an excitation
energy up to Eexc = 8.75 eV available in the NIST
(http://physics.nist.gov/PhysRefData) database and
in Malcheva et al. [16]. However, an ionization en-
ergy of Zr II is 13.13 eV, and we use the predicted
high-excitation levels from calculations of H. Nilsson
[18] in order to provide close coupling to the next ion-
ization stage. The model atom of Zr I includes the
measured levels from the NIST and VALD (Kupka et
al. [11]) databases with Eexc up to 4.25 eV. In total,
the model atom is based on 148 levels of Zr I and 772
levels of Zr II. The levels with small energy differences
were combined into single level. The resulting model
atom consists of 63 levels of Zr I, 247 levels of Zr II,
and the ground state of Zr III. Fine structure is allowed
for low excited levels of Zr II with Eexc < 5 eV.

Radiative bound-bound (b-b) rates. For Zr II, we take
into account 1070 experimental oscillator strengths
from [14] and 8266 theoretical ones from [18]. For Zr I,
we use only experimental oscillator strengths taken
from the NIST and VALD databases for 247 transi-
tions.

Photoionization cross-sections. We apply hydro-
genic approximation because no accurate data is avail-
able.

Collisional rates. The electron impact excitation is
taken into account using the van Regemorter′s formula
[22] for the allowed transitions and using a line col-
lision strength, Ωij = 1 for the forbidden transitions.
The electron impact ionization is calculated using the
Drawin′s formula [8]. In the atmospheres of cool stars,
a number of neutral hydrogen atoms is much larger
than a number of electrons. Therefore, one also needs
to take into account collisions with hydrogen atoms.
We use the Steenbock & Holweger′s formula [19]
for allowed transitions and Takeda′s approximation
[20] for forbidden transitions. Since both formulas
provide only an order of magnitude accuracy, we made
test calculations varying a scaling factor to these for-
mulas, kH, between 0 and 1 to determine it empirically.

3. Methods and codes

In our calculations, we use plane-parallel, homoge-
neous, blanketed model atmospheres computed using
the MAFAGS code [9]. We set an α-element enhance-
ment [α/Fe] = 0 for the models with [M/H] > −0.6
and [α/Fe] = 0.4 for the less metallicity models. We
use a revised version of the DETAIL program [7] based
on the accelerated Λ-iteration in order to solve the
coupled radiative transfer and statistical equilibrium
equations. The departure coefficients obtained from
DETAIL are then applied to compute synthetic line
profiles via the SIU program developed by T. Gehren
and J. Reetz at the University of Munich. The list of
spectral lines includes all atomic and molecular lines
from tables of Kurucz [13].

4. Mechanisms of departure from LTE

Figure 2 shows the departure coefficients,

bi =
ni

n∗
i

of the selected levels of Zr I and Zr II as a function
of continuum optical depth τ5000 at λ = 5000Å in the
solar atmosphere. Here, ni and n∗

i are the statistical
equilibrium and LTE (Saha-Boltzmann) number den-
sities, respectively. We find that the ground state and
low-excitation levels of Zr II keep their LTE popula-
tions, but other levels of Zr II are overpopulated due
to radiative pumping from the ground state and low ex-
cited levels. When hydrogenic collisions are neglected
for forbidden transitions, a small depopulation of some
low exited levels is seen at log τ5000 < −2. Oppo-
site, most Zr I levels are depopulated everywhere above
log τ5000 = 0 due to ultraviolet overionization.

We find that for every Zr I and Zr II line used in the
zirconium abundance analysis, the upper level is over-
populated relative to the lower level of the transition.
In the visual spectral range, a line source function is

Sν ≈ Bν

bj

bi

,

where bj and bi are the departure coefficients of the up-
per and lower levels, respectively, and Bν is the Planck
function. Since the upper level is overpopulated rela-
tive to the lower level,

bj

bi

> 1

is valid, and, consequently, Sν > Bν . As a result, the
line is weakened. Thus, in order to fit the observed
profile of the line, one needs to increase an abundance
of the zirconium. The non-LTE effects lead to positive
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Figure 2: Departure coefficients of some Zr I/II levels
as a function of log τ5000 in the solar atmosphere.

non-LTE abundance corrections.

5. Analysis of the Zr I and Zr II lines in the

solar spectrum

5.1. The spectral line sample

The abundance of zirconium in the solar atmosphere
was determined in several papers under the LTE as-
sumption. Biémont et al [5] used the equivalent width
method for 34 lines of Zr I and 24 lines of Zr II. They
have obtained the mean abundances derived from the
lines of two ionization stages to be consistent, but with
large abundance errors of up to 0.21 dex.

Ljung et al. [14] use the equivalent widths for 7
most reliable lines of Zr II and determine the solar
Zr abundance with the abundance error of 0.02 dex.
Bogdanovich et al. [6] apply theoretical oscillator
strengths and determine the solar Zr abundance from
21 lines of Zr I and 15 lines of Zr II. Having inspected
the zirconium lines in the solar flux spectrum [12] we
find that many of them are blended and the equivalent
width method cannot provide correct calculations
of the blending lines effect. We conclude that most
lines from the Biémont′s line list cannot be used

in abundance analysis. We find only 6 relatively
unblended lines of Zr I and 10 lines of Zr II which can
be reliably used to determine the zirconium abundance
in the solar atmosphere.

5.2 The zirconium abundance in the solar atmo-
sphere

We make calculations for a model atmosphere with
Teff = 5780 K, logg = 4.44, microturbulence velocity
Vmic = 0.9 kms−1. Our synthetic flux profiles are con-
volved with a profile that combines a rotational broad-
ening of 1.8 kms−1 and broadening by macroturbu-
lence with a radial-tangential profile of Vmac which was
allowed to vary between 2.4 kms−1 and 4 kms−1 for
different lines. Figure 3 shows the best fits of the se-
lected Zr I and Zr II lines achieved with the Zr abun-
dance log εZr = 2.57 dex for Zr I 4687 Å and 2.68 dex
for Zr II 4208 Å .
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Figure 3: Best non-LTE fits of the solar Zr I 4687Å
and Zr II 4208Å lines. See text for more details.

The largest uncertainty of our non-LTE calculations
is connected with a treatment of hydrogenic collisions.
According to various investigations, the Steenbock &
Holweger′s formula [19] overestimates Cij(H). We de-
termine a scaling factor, kH, to this formula from anal-
ysis of the Zr I and Zr II lines in the solar spec-
trum. The test calculations are performed for 8 cases,
namely, LTE, non-LTE neglecting hydrogen collisions,
non-LTE including hydrogen collisions only for allowed



4 Odessa Astronomical Publications, vol. 21 (2008)

transitions with kH = 0.1, 0.33, 1.0, and non-LTE in-
cluding hydrogen collisions for both allowed and forbid-
den transitions with kH = 0.1, 0.33, 1.0. For each case,
we determine the average element abundances from the
Zr I lines and from the Zr II lines. The results are
presented in Figure 4. It is evident, every non-LTE
case provides the smaller discrepancy between the ele-
ment abundances from two ionization stages than the
LTE case where the abundance difference is log εZrII –
log εZrI = 0.27.

If hydrogen collisions are neglected, the non-LTE ef-
fects are maximal. We prefer the case when hydrogen
collisions are taken into account for both allowed and
forbidden transitions with kH = 0.1. In this case, a well
agreement is simultaneously achieved between the ele-
ment abundances from two ionization stages, log εZrII

– log εZrI = 0.04, as well as between the solar average
Zr abundance (log εZr = 2.61±0.09) and the meteoritic
value (log εZr = 2.57 [3], 2.60 [15] and 2.61 [1]). We
use an usual abundance scale where log εH = 12 for
hydrogen.

Figure 4: Mean abundances determined from the solar
Zr I (circles) and Zr II (triangles) lines for various line
formation treatments compared to the meteoritic Zr
abundance from [1] (continuous line), [3] (dotted line),
and [15] (dashed line). See text for more details.

6. Non-LTE effects as a function of stellar

parameters

We calculate a non-LTE abundance correction,
∆NLTE = εNLTE – εLTE, for the Zr II lines for a
small grid of model atmospheres with an effective
temperature Teff = 5500 K, logg = 2.0 and 4.0,
and [M/H] = –3.0, –2.0, –1.0, and 0.0. The results
are shown in the Figure 5. It can be seen that the
non-LTE effects are small for logg = 4.0: ∆NLTE

does not exceed 0.06 dex. For logg = 2.0, ∆NLTE

depends strongly on metallisity and increases from 0
up to 0.6 dex with decreasing [M/H] from 0 to –2.

Figure 5: Non-LTE abundance corrections for lines of
Zr II 3479, 3505, 4208 ÅÅ (the values at logg = 2,
triangles), and Zr II 3505, 3714, 4208 ÅÅ (the values
at logg = 4, circles) as a function of stellar parameters.

This is due to decreasing the electron number density
and, hence, decreasing collisional rates. The non-LTE
abundance corrections start to decrease with further
decreasing [M/H] due to a shift of the line formation
depth to deeper layers.

7. Conclusions

We have treated the model atom of Zr I/II including
63 combined levels of Zr I, 247 levels of Zr II and
the ground state of Zr III. We show that the excited
levels of Zr II are overpopulated relative to their LTE
populations, while the Zr I levels are underpopulated.
We deduce from analysis of the Zr I and Zr II lines in
the solar spectrum that one needs to take into account
hydrogenic collisions in SE calculations for both
allowed and forbidden transitions with a scaling factor
kH = 0.1 to the Steenbock & Holweger′s formula.
In this case, the absolute abundance of zirconium in
the solar atmosphere amounts 2.61±0.09 dex. Test
calculations for the grid of model atmospheres with
Teff = 5500 K show that the non-LTE effects are small
for dwarf stars with logg = 4.0. In giants (logg = 2.0),
the non-LTE abundance corrections depend strongly
on metallicity and increase from 0 up to 0.6 dex with
decreasing [M/H] from 0 to –2. They start to decrease
with further decreasing [M/H].
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