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ABSTRACT

Aims. In spite of large overabundances of Xe  observed in numerous mercury-manganese (HgMn) stars, Xe  oscillator strengths are only
available for a very limited number of transitions. As a consequence, several unidentified lines in the spectra of HgMn stars could be due
to Xe . In addition, some predicted Xe  lines are redshifted by about 0.1 Å from stellar unidentified lines, raising the question about the
wavelength accuracy of the Xe  line data available in the literature. For these reasons we investigated the Xe  lines lying in the 3900-4521 Å,
4769-7542 Å, and 7660-8000 Å spectral ranges of four well-studied HgMn stars.
Methods. We compared the Xe  wavelengths listed in the NIST database with the position of the lines observed in the high-resolution UVES
spectrum of the xenon-overabundant, slowly rotating HgMn star HR 6000, and we modified them when needed. We derived astrophysical
oscillator strengths for all the Xe  observed lines and compared them with the literature values, when available. We checked the stellar atomic
data derived from HR 6000 by using them to compute synthetic spectra for three other xenon-overabundant, slowly rotating HgMn stars,
HD 71066, 46 Aql, and HD 175640. In this framework, we performed a complete abundance analysis of HD 71066, while we relied on our
previous works for the other stars.
Results. We find that all the lines with wavelengths related to the 6d and 7s energy levels have a corresponding unidentified spectral line,
blueshifted by the same quantity of about 0.1 Å in all the four stars, so that we identified these lines as coming from Xe  and modified their
NIST wavelength value according to the observed stellar value. We find that the Xe  stellar oscillator strengths may differ from one star to
another from 0.0 dex to 0.3 dex. We adopted the average of the oscillator strengths derived from the four stars as final astrophysical oscillator
strength.
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1. Introduction

Several studies of mercury-manganese (HgMn) stars have
pointed out the presence of xenon with overabundances up to
5 dex relative to the solar value log(NXe/Ntot)=−9.87 (Grevesse
& Sauval 1998). This is, for instance, the case of κCnc and
33 Gem, for which abundances equal to −4.87±0.13dex and
−4.90±0.07dex were determined by Dworetsky et al. (2008).
The xenon overabundance implies the presence of numerous
Xe  lines in the spectra of the HgMn stars, but the Xe  transi-
tion probabilities are very incomplete, when we compare the
large number of transitions listed in the NIST database and
the small number of them with an associated log g f -value. As
a consequence, the computed spectra do not include numer-
ous Xe  lines, raising the doubt that some unidentified lines
could just be due to Xe . In addition, we noticed that the wave-
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lengths of several Xe  lines are close, but not coincident with
the wavelength of some unidentified stellar lines (Castelli &
Hubrig 2007), so that we wondered about the accuracy of the
wavelength determination from laboratory spectra.

The most complete work on Xe  is that of Hansen &
Persson (1987), who analyzed all the published (Boyce 1936;
Humphreys 1939) and unpublished Xe  lines from 392 Å to
10220 Å obtained in laboratory by Humphreys and Boyce. In
their discussion on the wavelength accuracy, Hansen & Persson
(1987) pointed out that the wavelength accuracy for many
lines is too low to be satisfactory, mostly owing to the widely
varying quality of the experimental data they used. They an-
nounced new experimental work to improve the Xe  atomic
data. Unfortunately, this work has never been published up to
now, all the more so that some preliminary results had indi-
cated that, for the high 6d and 7s levels, there were shifts of
about 0.5 cm−1 between the energy levels determined from the
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Humphrey wavelengths and the energy levels determined from
the new data. This energy difference corresponds to a difference
of 0.1 Å in wavelengths.

Saloman (2004), who performed a critical compilation of
all the work on energy levels and wavelengths of Xe  made up
to that time, adopted the data from Hansen & Persson (1987)
for almost all the lines of the optical region. The Saloman
(2004) critical compilation is the one adopted by the NIST
database.

To study wavelengths and log g f -values of the Xe  lines
having intensities ≥ 100 in the NIST line list, we used UVES
spectra of the four xenon overabundant HgMn stars HR 6000,
HD 71066, 46 Aql, and HD 175640. They are slowly rotat-
ing stars with vsini 1.5 km s−1, 1.5 km s−1, 1.0 km s−1, and
2.5 km s−1, respectively.

We already performed a complete abundance analysis for
HD 175640 (Castelli & Hubrig 2004a)1 and for HR 6000 and
46 Aql (Castelli et al. 2009)2. To be consistent with the other
papers, we present here an abundance analysis of HD 71066,
which was studied with the same methods as adopted for the
other stars. A previous work on HD 71066, related to verti-
cal abundance stratification in HgMn stars, was performed by
Thiam et al. (2010), who adopted the same observations as are
used in this paper. We note, however, that no mention about
Xe  was made in their study.

2. Observations and data reduction

All the stars were observed at the European Southern
Observatory (ESO) using the Very Large Telescope Ultraviolet
and Visible Echelle Spectrograph (UVES) with a resolving
power ranging from 80000 to 110000.

HD 175640 was observed on June 13, 2001 (Castelli &
Hubrig 2004a). HR 6000, 46 Aql, and HD 71066 were part of
the same observational run (ESO program 076.D-0169(A)).
The spectra of HR 6000 were observed on September 19, 2005,
those of 46 Aql on October 18, 2005 (Castelli et al., 2009),
while the spectra of HD 71066 were taken on October 27, 2005.
Because Nunez et al. (2010) found spectral variations in 19
HgMn stars out of a sample of 28 HgMn stars analyzed, we
investigate about a possible variability of HD 71066 by com-
paring the spectrum observed in 2005 with an UVES spectrum
observed in April 2004. We did not find any clear indication of
variability.

The spectra of the four stars cover the region 3030 −
10000 Å. For HD 175640 there are two gaps at λλ 5759 −
5835 Å and 8519 − 8656 Å. For the other three stars, the gaps
occur at 4520 − 4769 Å and 7536 − 7660 Å. All the spectra
were reduced by the UVES pipeline Data Reduction Software
(Ballester et al. 2000). We analyzed flux-calibrated spectra for
the 3050-5750Å region and RED−SCI−POINT spectra for the
5750-9460Å interval, in that flux-calibrated reduction for the
red spectra was not implemented in the pipeline reduction pro-
cedure.

1 http://wwwuser.oat.ts.astro.it/castelli/hd175640/hd175640.html
2 http://wwwuser.oat.ts.astro.it/castelli/hr6000new/hr6000.html

The measurement procedures on the spectra of HD 175640,
HR 6000, and 46 Aql were described in Castelli & Hubrig
(2004a) and Castelli & Hubrig (2007). The spectra of
HD 71066 were normalized to the continuum using the IRAF
continuum task. The equivalent widths were measured by a
Gaussian fitting using the IRAF splot task.

The signal-to-noise ratio (S/N) is different for the different
stars. In the spectra of HD 175640, it ranges from 200 in the
near UV to 400 in the visual region. It is higher than the S/N
of the spectra of the other three stars, which were observed in
a different epoch. Furthermore, for each star, it is different in
the different spectral intervals. For instance, for HR 6000, it is
about 100 in the 5800−6800Å interval and lowers to about 25
at 7400 Å (REDL spectrum). It is about 50 at 7800 Å and de-
creases to about 25 at 9400 Å (REDU spectrum). This behavior
is similar for 46 Aql and HD 71066. At 6800 Å the S/N is about
100 for HR 6000, 70 for 46 Aql, 100 for HD 71066, and 125 for
HD 175640.

3. The HgMn star HD 71066

Previous studies of HD 71066 (κ2 Vol, HR 3302) have pointed
out the isotopic anomaly of Hg (Dolk et al. 2003; Thiam et al.
2010). No vertical abundance stratification for Ti, Cr, and Fe is
found by Thiam et al. (2010). No presence of magnetic field is
found both from the inspection of the equivalent widths of the
Fe  lines at 6147.7 Å and 6149.2 Å ( Hubrig et al. 1999) and
after using the FORS 1 spectropolarimeter at the VLT (Hubrig
et al. 2006).

3.1. Model parameters and abundances of HD 71066

The starting model parameters of HD 71066, Teff=12045 K,
and log g=3.9 were derived both from the Strömgren photom-
etry and the Fe  − Fe  ionization equilibrium constraint.

The observed colors (b−y)=−0.053, m=0.122, c=0.731
β=2.769 were taken from the Hauck & Mermilliod (1998)
Catalogue3. The synthetic colors were taken from the grid
computed by Castelli for [M/H]=0 and microturbulent veloc-
ity ξ=0 km sec−1 4. Zero reddening was adopted for this star, in
agreement with the results from the UVBYLIST code of Moon
(1985). Observed c and β indices are reproduced by synthetic
indices for model parameters Teff=12045 K and log g=3.9

The parameters from the photometry were used for com-
puting an ATLAS9 model with solar abundances for all the el-
ements and zero microturbulent velocity. Using the WIDTH
code (Kurucz 2005), we derived the Fe  and Fe  abundance
from the equivalent widths of 12 Fe  lines and 26 Fe  lines.
Seven of the Fe  lines are transitions between high-excitation
energy levels, and they have experimental log g f -values. They
were used to determine the iron abundance, in that they are
rather independent of Teff and log g (Castelli et al., 2009).
Then, we searched for the model atmosphere giving this same
abundance from both Fe  lines and low-excitation Fe  lines.
All the adopted lines are listed in Table A.1 of Appendix A (on-

3 http://obswww.unige.ch/ gcpd/gcpd.html
4 http://wwwuser.oat.ts.astro.it/castelli/colors/uvbybeta.html
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Table 2. The strongest emission lines in HD 71066, with the atomic data and configurations from the Kurucz website (see footnote 5)

λ(Å) elem log g f χlow Jlow lower config. χup Jup upper config. Rc obs. Rc comp.

5987.384 Ti  +0.649 64979.278 3.5 (3F)4d e4G 81676.439 4.5 (3F)4f 2[4] 1.012 0.983
6001.400 Ti  +0.724 65095.972 4.5 (3F)4d e4G 81754.137 5.5 (3F)4f 2[5] 1.012 0.981
6029.278 Ti  +0.653 65308.434 4.5 (3F)4d e4H 81889.576 5.5 (3F)4f 3[6] 1.025 0.984
6125.861 Mn  +0.788 82144.480 3.0 (6S)4d e5D 98464.200 4.0 (6S)4f 5F 1.023 0.896
6181.354 Cr  +0.184 89812.420 2.5 (5D)4d f4D 105985.630 3.5 (5D)4f 4[4] 1.010 0.996
6182.340 Cr  +0.402 89336.890 2.5 (5D)4d e4P 105507.520 3.5 (5D)4f 2[3] 1.015 0.992
6285.601 Cr  −0.229 89885.080 3.5 (5D)4d f4D 105790.060 4.5 (5D)4f 4F 1.011 0.998
6526.302 Cr  +0.253 89885.080 3.5 (5D)4d f4D 105203.460 4.5 (3F)sp r4F 1.010 0.996
6551.373 Cr  +0.201 90725.870 3.5 (5D)4d e4F 105985.630 3.5 (5D)4f 4[4] 1.018 0.997
6585.241 Cr  +0.815 90850.960 4.5 (5D)4d e4F 106032.240 5.5 (5D)4f 4[6] 1.028 0.987
6592.341 Cr  +0.287 90512.560 1.5 (5D)4d e4F 105677.490 2.5 (5D)4f 3[3] 1.014 0.996
6636.427 Cr  +0.573 90725.870 3.5 (5D)4d e4F 105790.060 4.5 (5D)4f 4F 1.020 0.992
6961.439 Ti  +0.663 67822.582 4.5 (3F)4d e2G 82183.467 5.5 (3F)4f 4[6] 1.025 0.991
6982.307 Ti  +0.401 67606.162 3.5 (3F)4d e2G 81924.126 4.5 (3F)4f 3[4] 1.015 0.995
8335.148 C  −0.437 61981.820 1.0 p3s 1P 73975.910 0.0 p3p 1S 1.023 0.889
9405.730 C  +0.285 61981.820 1.0 r3s 1P 72610.720 2.0 p3p 1D 1.088 0.730

line material). We find that the ATLAS9 model with the pa-
rameters Teff=12045 K, log g=3.9 derived from the Strömgren
photometry meets the requirement of same iron abundance
from all the different kinds of iron lines. In fact, it gives an
average abundance log(N(Fe )/Ntot) equal to −3.88±0.08 from
the Fe  lines, −3.92±0.12 from the low-excitation Fe  lines,
and −3.84±0.05 from the Fe  high-excitation lines.

The ATLAS9 model was used to derive the abundance for
all those elements that show lines in the synthetic spectrum
when solar abundance is adopted for them. Whenever possi-
ble, equivalent widths were measured to derive the abundances.
For weak and blended lines and for lines that are blends of tran-
sitions belonging to the same multiplet, such as Mg  4481 Å,
He  lines, and most O  profiles, we derived the abundance from
the line profiles. The synthetic spectrum was also used to de-
termine upper abundance limits from those lines predicted for
solar abundances, but not observed.

The SYNTHE code (Kurucz 1993), together with updated
Kurucz line lists (Castelli & Hubrig 2004a; Castelli & Kurucz
2010), were used to compute the synthetic spectrum. The syn-
thetic spectrum was broadened for the instrumental profile and
for a rotational velocity vsini=1.5 km s−1, which was derived
from the comparison of the observed and computed profile of
Mg  at 4481 Å.

Once all the abundances had been determined in this way,
we computed an ATLAS12 model for the individual abun-
dances having the same parameters as the ATLAS9 model. We
used the seven Fe  high-excitation lines to determine the new
iron abundance. The ATLAS12 parameters were then modified
until obtaining the same iron abundance, within the error lim-
its, from both the Fe  lines and the low-excitation Fe  lines.
The average iron abundances from Fe , Fe  low-excitation,
and Fe  high-excitation lines are −3.85±0.07, −3.87±0.12,
and −3.81±0.05, respectively, for an ATLAS12 model with pa-
rameters Teff=12000 K and log g=4.1. This model also leads to
good agreement between the observed and computed Hα pro-
files. The abundances of HD 71066 derived from the ATLAS12

model either from equivalent widths or line profiles are listed
in Table 1.

We also see As  lines at 4466.348 (weak), 4494.23 (weak),
5105.58, 5231.38, 5331.23, 5497.727, 5558.09, 5651.32,
6110.07, and 6170.27Å were observed in the spectrum. Owing
to the lack of log g f -values for all the optical As  transitions,
we can only infer overabundance of this element in HD 71066.
A guessed abundance of −6.3 dex for arsenic was derived from
measured equivalent widths and from guessed log g f -values
(Table A.1 and Table 1).

In addition to the overabundance of arsenic and to the large
overabundance of iron ([+0.69]), overabundances of P ([+1.5]),
Na ([+0.2]), Ti ([+0.6]), Cr ([+0.2]), Mn ([+0.7]), Sr ([+0.8]),
Y([+2.2]), Xe ([+4.4]), Nd([+0.9]), Dy ([+1.0], Au ([+3.9]),
and Hg ([+4.5]) were observed. The other elements - He, Be,
C ,N, O, Ne, Mg, Al, Si, S, Ca, S, V, Co, Ni, Cu, and Zn - are
underabundant.

No Pt  lines were observed. A weak line at 4046.58 Å
is Hg  at 4046.56, which is surely not blended with Pt  at
4046.433Å, because the spectral resolution is high enough, and
the rotational velocity is low enough to permit us to see Pt 
when it is present. Furthermore, the line observed is reproduced
well by assuming the mercury abundance and the isotopic com-
position deduced from Hg  at 3984 Å (Sect. 3.3).

The comparison with the abundances by Thiam et al.
(2010) has shown close agreement between the two determi-
nations. Because Thiam et al. (2010) use an ATLAS9 model
computed for solar abundances, the ATLAS12 model com-
puted for an individual abundance may be estimated as unnec-
essary. However, in addition to the closer values for the Fe  and
Fe  abundances obtained with the ATLAS12 model, the con-
sistency of the elemental abundances in the model and in the
synthetic spectrum generally gives better agreement between
the observed and computed profiles, in particular for the hy-
drogen profiles when He-weak stars are concerned.
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Table 4. Atomic data for selected Xe II lines

λ(Ritz) Int. χlow Term χup Term log g f log(γS /Ne)(cm3 s−1)

(Å) (cm−1) (cm−1) NIST Dj PD

4844.32 2000 93068.44 (3P2)6s [2]5/2 113705.40 (3P2)6p [3]7/2 +0.491 −5.347 −5.420
5292.21 1000 93068.44 (3P2)6s [2]5/2 111958.89 (3P2)6p [2]5/2 +0.351 −5.482 −5.450
5419.14 2000 95064.38 (3P2)6s [2]3/2 113512.36 (3P2)6p [3]5/2 +0.215 −5.481 −5.518
5438.97 400 102799.07 (3P1)6s [1]3/2 121179.80 (3P1)6p [0]1/2 −0.183 −5.544 −5.369
5472.61 500 95437.67 (3P2)5d [3]7/2 113705.40 (3P2)6p [3]7/2 −0.449 −5.482
5531.06 400 95437.67 (3P2)5d [3]7/2 113512.36 (3P2)6p [3]5/2 −0.616 −5.504
5719.61 200 96033.48 (3P2)5d [2]3/2 113512.36 (3P2)6p [3]5/2 −0.746
5976.46 1000 95064.38 (3P2)6s [2]3/2 111792.17 (3P2)6p [2]3/2 −0.222 −5.545 −5.556
6036.20 500 95396.74 (3P2)5d [2]5/2 111958.89 (3P2)6p [2]5/2 −0.609 −5.535
6051.15 1000 95437.67 (3P2)5d [3]7/2 111958.89 (3P2)6p [2]5/2 −0.252 −5.515
6097.59 1000 95396.74 (3P2)5d [2]5/2 111792.17 (3P2)6p [2]3/2 −0.237
6990.88 2000 99404.99 (3P2)5d [4]9/2 113705.40 (3P2)6p [3]7/2 +0.200 −5.476

Table 5. Xenon abundance from the measured equivalent widths of HR 6000, 46 Aql, HD 71066, and HD 175640, for each star, using ATLAS12
models with parameters Teff and log g given in the table.

HR 6000 HD 71066 46 Aql HD 175640
[Teff ,log g] [13450,4.30] [12000,4.10] [12560,3.80] [12000,3.95]

λ(Å) W(mÅ) abund W(mÅ) abund W(mÅ) abund W(mÅ) abund

4844.33 28.80 −5.10 20.72 −5.21 17.94 −5.67 11.33 −5.86
5292.21 30.19 −4.98 19.72 −5.20 16.52 −5.63 10.80 −5.81
5419.14 23.63 −5.02 14.27 −5.24 13.34 −5.56 7.75 −5.80
5438.97 5.71 −5.42 2.93 −5.55 2.59 −5.85 −− −−

5472.61 7.56 −5.34 5.03 −5.34 2.85 −5.90 −− −−

5531.06 4.13 −5.52 1.87 −5.71 2.05 −5.89 −− −−

5719.61 4.29 −5.30 1.40 −5.64 −− −− 1.79 −5.58
5976.46 11.34 −5.18 4.74 −5.49 3.43 −5.93 1.60 −6.15
6036.20 6.74 −5.14 2.44 −5.45 2.31 −5.73 −− −−

6051.15 9.56 −5.25 4.59 −5.44 3.65 −5.84 1.46 −6.13
6097.59 6.79 −5.49 3.93 −5.53 2.57 −6.03 1.94 −5.99
6990.88 11.20 −5.18 5.18 −5.36 5.59 −5.61 2.52 −5.86

aver abund. −5.25±0.17 −5.43±0.16 −5.79±0.15 −5.90±0.17

3.2. Emission lines

Emission lines were observed for C , Ti , Cr , Mn , and pos-
sibly for Fe . Most emissions are so weak that we stated their
presence mostly on the basis of the emissions observed in other
stars, in particular HD 175640 (Castelli & Hubrig 2004a). The
emissions greater than the spectral noise are those listed in
Table 2. The atomic data are taken from the Kurucz database5.
For Mn  mult. 13, only the transition at 6125.861Å shows
true emission, while the other lines at λλ 6122.434, 6126.225,
6128.734, 6129.033, 6130.796, and 6131.923Å are observed
to be much weaker than computed, so that we assume that also
these Mn II lines are affected by emission.

3.3. Isotopic anomalies

We found an anomalous isotopic composition in HD 71066 for
mercury and calcium. Dolk et al. (2003) have determined an

5 http://kurucz.harvard.edu/atoms.html

Fig. 1. Comparison of astrophysical log g f -values of Xe  derived
from HR 6000 with the log g f -values of the NIST critical compila-
tion.
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Table 1. Abundances log(Nelem/Ntot) for HD 71066.

elem HD 71066 Star-Sun Suna Thiam et al.(2010)
[12000K,4.1] [12010,3.95]

He  ≤ −2.28 ≤ [−1.23] −1.05 −2.30±0.40
Be  −10.79 [−0.15] −10.64
C  −3.90 [−0.38] −3.52 −3.89±0.10
N  ≤ −5.50 ≤−1.38 −4.12
O  −3.61±0.05 [−0.40] −3.21 −3.61±0.14
Ne  ≤ −4.70 ≤[−0.74] −3.96
Na  −5.51 ±0.08 [+0.20] −5.71
Mg  −5.32 ±0.05 [−0.86] −4.46
Mg  −5.40 [−0.94] −4.46 −5.46±0.01
Al  ≤−7.30 ≤[−1.73] −5.57
Al  ≤−7.30 ≤[−1.73] −5.57
Si  −4.61±0.19 [−0.12] −4.49 −4.58±0.07
P  −5.06±0.13 [+1.53] −6.59 −4.87±0.22
P  −5.13 [+1.46] −6.59
S  −5.77±0.11 [−1.06] −4.71 −5.66±0.20
Ca  −6.50±0.21: [−0.82] −5.68 −6.02
Sc  ≤−10.50 ≤[−1.63] −8.87
Ti  −6.45±0.06 [+0.57] −7.02 −6.52±0.05
V  ≤−10.0 ≤[−1.96] −8.04
Cr  −6.17±0.06 [+0.20] −6.37 −6.28±0.09
Mn  −5.95±0.04 [+0.70] −6.65 −5.81±0.20
Fe  −3.85±0.06 [+0.69] −4.54 −3.98±0.06
Fe  −3.85±0.13 [+0.69] −4.54 −3.87±0.14
Co  ≤−7.88 ≤[−0.76] −7.12
Ni  ≤−7.90 ≤[−2.11] −5.79
Cu  ≤−7.83 ≤[0.00] −7.83
Zn  ≤−7.94 ≤[−0.5] −7.44
As  −6.3: +3.37: −9.67
Sr  −8.27 [+0.8] −9.07 −8.35
Y  −7.57±0.08 [+2.23] −9.80
Xe  −5.43±0.16 [+4.44] −9.87
Nd  −9.63±0.01 [+0.91] −10.54
Dy  −9.90 [+1.00] −10.90
Au  −7.12±0.03 [+3.91] −11.03
Hg  −6.40 [+4.51] −10.91 −6.38±0.28
Hg  −6.40 [+4.51] −10.91 −6.53±0.33

a Solar abundances are from Grevesse & Sauval (1998).

Table 3. The isotopic mixture (IM) (in %) of Hg in HD 71066 from
the Hg  line at 3984 Å as derived by us , Dolk et al. (2003) (DWH),
and Thiam et al.(2010) (TLKW)

isotope λ(Å) IM log(IM) IM IM
this work DWH TLK

196 3983.771 0.5 −2.30 0.1±0.1 1.1
198 3983.839 0.5 −2.30 0.1±0.2 4.0
199a 3983.844 0.5 −2.30 0.1±0.2 3.4
199b 3983.853 0.5 −2.30 0.1±0.2 3.4
200 3983.912 0.5 −2.30 0.1±0.1 15.2
201a 3983.932 0.5 −2.30 0.1±0.3 66.9
201b 3983.941 0.5 −2.30 0.1±0.3 66.9
202 3983.993 2.5 −1.60 1.5±0.3 8.1
204 3984.072 95.0 −0.022 98.0±1.5 1.3

Fig. 2. Comparison of astrophysical log g f -values of Xe  derived
from HR 6000 with the astrophysical log g f -values derived from
HD 71066.

Fig. 3. Comparison of astrophysical log g f -values of Xe  derived
from HR 6000 with the astrophysical log g f -values derived from
46 Aql.

anomalous isotopic composition for Hg by analyzing the line
of Hg  at 3984 Å. Table 3 shows that our results agree with
theirs, while they are somewhat different from those of Thiam
et al. (2010). We also obtained very good agreement between
the observed and computed line Hg  at 4046.5 Å by adopting
the same isotopic composition and abundance (−6.4 dex) de-
rived from Hg  at 3984 Å.

The lines of the Ca  infrared triplet at λλ 8498.023,
8542.091, and 8662.14 Å are redshifted by 0.16 dex. Such a
shift, observed in numerous HgMn stars and Ap stars (Cowley
et al. 2007) was discovered by Castelli & Hubrig (2004b), who
interpret it as due to an anomalous calcium isotopic composi-
tion.

4. The Xenon abundance in HR 6000, HD 71066,
46 Aql, and HD 175640

To compute the Xe  line spectrum we derived the xenon
abundance in each star from the equivalent widths of a set
of unblended Xe  lines. The WIDTH code (Kurucz 2005)
was used. The selected lines and their atomic data are listed
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Fig. 4. Comparison of astrophysical log g f -values of Xe  derived
from HR 6000 with the astrophysical log g f -values derived from
HD 175640.

in Table 4. Wavelengths and log g f -values were taken from
the NIST database (Version 4)6. We assumed the classical ra-
diative damping constant γR=0.2223x1016/λ2 s−1 for λ in Å.
For Stark broadening we used the experimental results from
Djurovic et al. (2006). Because they are given for a tempera-
ture of T=22000 K, we investigated the effect of the temper-
ature on the Stark damping constant γS . We interpolated for
T=12000 K in the tables from Popovic & Dimitrijevic (1996),
which list Stark widths computed at different temperatures. The
last two columns of Table 4 compare γS values from Djurovic
et al. (2006) (Dj) with the interpolated values for temperature
from Popovic & Dimitrijevic (1996)(PD). We found that the
differences in γS from the two sources do not affect the abun-
dances more than 0.01 dex. The approximations of the WIDTH
code were used (Castelli 2005) for no available Stark damping
constants and for Van der Waals damping constants.

The measured equivalent widths of the selected Xe  lines
and the corresponding abundances are given in Table 5.

5. Stellar wavelengths and the astrophysical
log g f -values for Xe II

Because xenon is more abundant in HR 6000 than in the other
stars, we searched in the HR 6000 spectra for those Xe  lines
with an intensity equal to or higher than 100 in the NIST line
list. When these lines were observed in the spectra, they were
added in our line list. For lines with no available log g f -values,
we assigned guessed values based on the line intensity. We ex-
amined the interval 3900-8000Å with two gaps in the 4525−
4780 Å and 7536 − 7660 Å regions, due to the lack of spectra
in these ranges.

A synthetic spectrum for HR 6000 was computed for the
xenon abundance given in Table 5 and for the abundances of
all the other elements as derived by Castelli et al. (2009). In
all the stars, the wavelength scale was fixed by shifting the ob-
served spectrum on the computed spectrum until overimpos-
ing some lines with well-determined wavelength values such as

6 http://www.nist.gov/pml/data/asd.cfm

Ca  3933.663Å, Mg  4481.126Å, 4481.150Å , 4481.325Å ,
and several strong Fe  lines.

For all the considered Xe  lines, we adjusted the log g f -
value until the observed and computed profiles agree best. For
several lines we also adjusted the NIST wavelength, because
we noticed that, while they do not have an observed counter-
part, they are close to an unidentified stellar line with wave-
length blueshifted up to 0.1 Å from the predicted Xe  line.

The astrophysical log g f -values and the adjusted wave-
lengths were then checked on the three other stars by compar-
ing their observed spectra with synthetic spectra computed with
the Xe  wavelengths and oscillator strengths obtained from the
spectrum of HR 6000. The Xe  abundances adopted for the
three stars are those given in Table 5. Table B.1 in Appendix B
lists wavelengths and log g f -values as derived from the four
stars. We found that for all the examined transitions, the stel-
lar wavelength is the same in the four stars, except for the
lines at 5260.44 Å and 6343.96 Å. The largest difference be-
tween stellar and NIST wavelength is −0.13 Å observed for the
line at 4330.52 Å. This line, as well as all the other lines with
∆λ∼−0.1 Å has a 6d or a 7s level as upper level. The uncer-
tainty of the energy of these levels is on the order of 0.5 cm−1

according to Hansen & Persson (1987).
Figures 1, 2, 3, and 4 show the comparison of the

HR 6000 astrophysical log g f -values for Xe  with the log g f -
values taken from the NIST database and with the astro-
physical log g f -values derived from the spectra of HD 71066,
46 Aql, and HD 175640, respectively (Table B.1, col. 5). The
largest discrepancy with the NIST data occurs for the line at
4414.84 Å. We adopted the stellar log g f -value for it because
it gives an excellent agreement between the observed and com-
puted profiles in all the four stars we examined. The compari-
son of the astrophysical log g f -values of HR 6000 with those
from the other stars shows that they are on average lower by
about 0.04-0.05dex than those from the other stars and that the
mean square deviation from the average increases with the de-
crease in the xenon abundance. We note that the weaker a line,
the more uncertain its astrophysical log g f -value, mostly when
the noise is not negligible. In particular, red spectra are affected
both by rather large noise and by numerous telluric lines that
lower the accuracy of the results.

The final line list for Xe  is shown in Table 6. Columns 1
and 2 give the wavelength derived from the stellar spectra and
the astrophysical log g f -value obtained by averaging the astro-
physical log g f -values from the four stars. The associated error
is the standard deviation from the mean. When it is not given,
it means that the log g f -value was obtained from only one star.
Columns 3 and 4 list log g f -values from the literature and the
source. The literature sources are the NIST database, version
4 (NIST4), and Zı́elińska et al. (2002) (ZBD). Zı́elińska et al.
(2002) estimate that, in general, their experimental transition
rates agree with the NIST critical compilation made by Reader
et al. (1980), which is the one adopted in the NIST4 database.

The last column gives the γS tark parameter, which was de-
termined as described in Sect. 4. Figure 5 shows, for each stud-
ied star, the comparison of the observed and computed spectra
in the region of the Xe  line with wavelength 4462.190Å, ac-
cording to the NIST database, and 4462.090Å, according to
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Fig. 5. Comparison for the four stars of the observed (black line) and computed (red line) spectra in the region of the Xe  line with wavelength
446.2190 nm according to the NIST database (left panel) and with wavelength 446.2090 nm according to this paper (right panel). The line iden-
tification can be decoded as follows: for the first line, 898 last 3 digits of wavelength 446.0898 nm; 26 atomic number of iron; .01 charge/100;
i.e., 26.01 identifies the line as Fe ; 91 070 is the energy of the lower level in cm−1; 919 is the residual central intensity in per mil. The Xe 
line is identified by 54.01.

Table 6. The wavelength shift of 0.1 Å and the astrophysical
log g f value of +0.33, which are the same for all the stars, pro-
vide excellent agreement between the observed and computed
Xe  profiles.

6. Conclusions

From the high resolution stellar spectra of four HgMn stars we
derived both wavelengths and log g f -values for 100 Xe  lines,
which should also be observable in the spectra of numerous
others chemically peculiar B-type stars. Of these lines, only 22
lines have log g f -values available in the NIST database. The
NIST wavelength of two of them, 4180.10 Å and 4330.52 Å,

differs by about 0.1 Å from that observed in the spectra. There
is a total of 27 lines in our sample for which the observed wave-
length differs from the NIST wavelength by more than −0.06 Å
with the maximum shift of −0.13 Å for the line at 4330.52Å.
We believe that the wavelength differences are mostly the re-
sult of uncorrect energy levels, in that they are all related to 6d
or 7s levels, which have an uncertainty of about 0.5 cm−1 ac-
cording to Hansen & Persson (1987). This hypothesis seems us
to be more relastic than that of some isotopic anomaly for Xe .
For instance, using the isotopic wavelengths from Alvarez et
al. (1979), Castelli & Hubrig (2007) excluded that the blueshift
of 0.03 Å observed for the Xe  line at 6051.15Å can be due
to some isotopic anomaly. Instead, because no isotopic compo-
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sition was considered in our computations, owing to the lack
of isotopic wavelengths for Xe , we could explain the larger
astrophysical log g f -value than the experimental one obtained
for a few lines with the presence of the xenon isotopes, which
should not be neglected in the computations of the strongest
Xe  line profiles. Good examples are the lines at 4844.33 Å,
5292.22 Å, and 5419.155Å (Table 6).

On the basis of the wavelength shifts observed in the stellar
spectra we redetermined the energy of three 7s, one 5d, and
eighteen 6d levels. These levels, together with the old and new
energy values, are listed in Table 7. We would like to point out
that the new energy values depend, of course, on the accuracy
of the energy of the lower level.

The identification of the Xe  lines and their consequent
addition in the line lists, increases the accuracy of the syn-
thetic spectra for the CP stars. In fact, it is important to be
able to reproduce their high-resolution spectra well, because
these stars are an excellent tool for extending laboratory spec-
trum analyses for several elements. An example is the determi-
nation of new high-excitation energy levels for Fe  from the
same UVES spectra of HR 6000 used for this paper (Castelli &
Kurucz 2010). For instance, As  is another element observed
in some CP stars for which not even one log g f -value in the op-
tical region has been found in the literature. As  has not only
been observed in 46 Aql (Sadakane et al. 2001, Castelli et al.
2009), but also in HD 71066, as we have shown in this paper.
If only one log g f value were given for it, we could derive as-
trophysical log g f -values for the other lines, just as we did for
Xe .

The abundance analysis of HD 71066 has pointed out the
overabundances of Y , Nd , Dy , and Au  for the first time,
in addition to the Xe  and As  overabundances. Those of other
elements, in particular Hg, P, Ti, Cr, Mn, Fe, and Sr, have al-
ready been stated by Thiam et al. (2010) and confirmed by us.

We found that HD 71066 is a typical HgMn star with Hg
and Ca isotopic anomalies and emission lines for C , Ti , Cr ,
and Mn . He  is underabundant and the shape of its profiles in-
dicates the presence of helium vertical abundance stratification
in the atmosphere.
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Table 7. A few 7s, 5d, and 6d even Xe II energy levels from Hansen
& Persson (1987) modified according to the wavelength positions
observed in the UVES spectra of HR 6000, HD 71066, 46 Aql, and
HD 175640

Term level value (cm−1)
NIST This paper

5s25p4(3P2)7s [2]5/2 132518.82 132519.23
[2]3/2 133189.42 133189.94

5s25p4(3P0)7s [0]1/2 140883.42 140883.79
5s25p4(1D2)5d [0]1/2 135060.97 135061.36
5s25p4(3P2)6d [4]9/2 136109.65 136110.13

[4]7/2 136597.81 136598.48
[3]7/2 135507.32 135507.72
[3]5/2 139094.28 139094.83
[2]5/2 135547.13 135547.53
[2]3/2 135708.32 135708.72
[1]3/2 139640.43 139640.61
[1]1/2 136554.11 136554.47

5s25p4(3P1)6d [3]7/2 145587.61 145588.12
[3]5/2 146927.86 146928.34
[2]3/2 145940.34 145940.79
[1]3/2 148085.19 148085.36
[1]1/2 145222.72 145223.16

5s25p4(3P0)6d [2]5/2 144384.90 144385.45
[2]3/2 144140.16 144140.69

5s25p4(1D2)6d [4]9/2 152806.73 152806.73 ?
[4]7/2 152708.92 152709.19
[1]3/2 153584.09 153584.02
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Appendix A: The lines used for the abundance
analysis of HD 71066

Table A.1 lists the lines that were used to derive the abundances
of HD 71066. The wording “not obs” is given for lines not
present in the spectra, while the wordings “profile” and “blend”
are given for lines observed well in the spectra, but that do
not have measurable equivalent widths either because the noise
affects the profile too much or because other components af-
fect the line. These wordings also indicate lines for which ad-
equate equivalent widths cannot be computed, as in the cases
of Mg  at 4481 Å which is a blend of transitions belonging to
the same multiplet, of most Mn  lines that are affected by hy-
perfine structure, of the Ca  infrared triplet, which is a blend
of isotopic components, and so on. For the remaining lines the
measured equivelent widths are given in the table.

Appendix B: The investigated Xe  lines in
HR 6000, HD 71066, 46 Aql, and HD 175640

Table B.1 gives the details on the determination of the Xe 
wavelengths and log g f -values from the spectra of the four
stars. It lists in successive columns the laboratory wavelengths
and the line intensity taken from the NIST database (foot-
note 6), the stellar wavelengths as derived from HR 6000,
HD 71066, 46 Aql, and HD 175640. If the observed wavelength
is the same in all the stars, only that of HR 6000 is given.
HR 6000, HD 71066, 46 Aql, and HD 175640 are indicated in
col. 6 with the numbers 1,2, 3, and 4, respectively. A question
mark means uncertain determinations from that star. The wave-
length difference ∆λ=λ(stellar)-λ(lab) is given in col. 4. The
energy and the configuration of the lower and upper level of the
transition are given in cols. 7,8,9, and 10, respectively. The last
column adds some notes about the observed lines. Table B.1
lists also the NIST log g f -values and the log g f -values derived
from the experimental transition rates determined by Zı́elińska
et al. (2002).
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Table A.1. Abundances of HD 71066 from the ATLAS12 model with parameters Teff=12000 K, log g=4.1
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−
·�½ µ�¸ Ø}¾DÙ ¶&Ó�¸�Ô�·�½ ¶&Ð Â�Õ Î�Ö)× Ã −

¸�½ Ó�Ó
∆λ Ú}Û ·�½ ¶&¸

Sc  ¼�º�¼�¸�½ Ñ�º�º
+
·�½ º�¼�º Í#Ò Á ¿+¼ º�Ô�¼�·�½ Ð�Ô�· Ü Î�ÏDÎ�Ý Æ ≤−

¶&·�½ Ô
Sc  ¼�Ó�¶	¼�½ ·�Ñ�Ó

−
·�½ ¶	·�· Í#Ò Á ¿+¼ ¼�Ð�Ñ�µ�½ µ�Ð�· Ü Î�ÏDÎ�Ý Æ ≤−

¶&·�½ Ô

Ti  ¼�¶�¸�Ó�½ ¸�¼�¼
−
·�½ ¶&Ó�· Þß¿JÞ º�·�Ñ�Ð�¶�½ ¸�¸�· ¼�·�½ ¶�µ

−
¸�½ ¼�Ô

Ti  ¼�º�Ñ�µ�½ Ñ�µ�Ó
−
¶�½ µ�Ð�· Þß¿JÞ Ñ�µ�¶&·�½ ¼�¼�· Ð�½ ·�Ð

−
¸�½ Ô�¶

Ti  ¼�º�Ð�·�½ º�¶�Ô
−
·�½ Ñ�Ô�· Þß¿JÞ Ð�Ó�Ð�Ô�½ µ�¶	· Ó�µ�½ Ñ�Ñ

−
¸�½ Ô�¶

Ti  ¼�º�Ð�¼�½ ·�Ð�¼
−
·�½ Ð�Ó�· Þß¿JÞ Ð�µ�¼�¼�½ º�Ô�· ¼�·�½ ·�¶

−
¸�½ ¼�¶

Ti  ¼�Ó�·�·�½ ·�¼�º
−
·�½ ¼�¼�· Þß¿JÞ Ð�Ô�¶�Ñ�½ ·�¸�· Ô�µ�½ º�Ð

−
¸�½ Ó�Ð

Ti  ¼�Ó�·�¶�½ Ð�º�º
−
¶�½ ¶&Ô�· Þß¿JÞ Ð�Ó�¸�Ó�½ ¸�º�· º�¼�½ Ñ�Ó

−
¸�½ Ô�Ô

Ti  ¼�Ó�¸�µ�½ ¸�Ô�º
−
·�½ Ñ�¸�· Þß¿JÞ º�·�Ñ�Ð�¶�½ ¸�¸�· ¶�º�½ Ô�º

−
¸�½ Ô�Ó

Ti  ¼�Ó�Ð�Ô�½ ·�Ó�¶
−
·�½ Ô�¼�· Þß¿JÞ Ñ�µ�¼�¼�½ º�Ô�· Ô�Ô�½ µ�Ð

−
¸�½ Ó�Ñ

Ti  ¼�Ó�Ð�Ð�½ µ�¸�Ô
−
¶�½ ¶&Ð�· Þß¿JÞ Ð�Ð�µ�Ô�½ Ð�º�· º�¼�½ ¸�¼

−
¸�½ Ð�¼

Ti  ¼�¼�¶�¶�½ ·�µ�º
−
·�½ ¸�µ�· Þß¿JÞ º�¼�Ð�¸�¶�½ ·�Ó�· ¶�Ó�½ º�Ô

−
¸�½ ¼�Ñ

Ti  ¼�¼�¶&µ�½ µ�¶&¼
−
¶�½ ¶&Ð�· Þß¿JÞ Ð�Ó�Ð�Ô�½ µ�¶	· º�¼�½ ¸�Ð

−
¸�½ ¼�¼

Ti  ¼�¼�¼�Ó�½ Ñ�¶&·
−
·�½ µ�º�· Þß¿JÞ Ñ�µ�¶&·�½ ¼�¼�· ¼�Ð�½ Ñ�Ô

−
¸�½ Ó�µ

Ti  ¼�¼�¸�¼�½ ¼�¼�Ñ
−
¶�½ Ñ�¶&· Þß¿JÞ Ð�Ó�¸�Ó�½ ¸�º�· Ð�½ Ñ�Ô

−
¸�½ ¼�º

Ti  ¼�¼�¸�Ñ�½ ¼�Ð�º
−
·�½ ¸�º�· Í#Ò Á ¿+¼ Ð�¶�¶�Ñ�½ º�¸�· Ô�¶�½ Ñ�¸

−
¸�½ ¼�¶

Ti  ¼�¼�Ñ�Ñ�½ Ó�º�Ô
−
·�½ Ô�¶&· Þß¿JÞ º�Ô�¶�Ð�º�½ µ�¶	· ¶�¸�½ Ð�º

−
¸�½ ¼�¸

Ti  ¼�Ñ�·�Ô�½ ·�Ñ�Ô
−
¶�½ ¶&º�· Í#Ò Á ¿+¼ ¶�¸�¸�º�Ô�½ ¶�¶	· ¶�Ñ�½ µ�Ð

−
¸�½ Ó�¶

Ti  ¼�Ð�¶�¶�½ ¶&Ð�Ô
−
·�½ ¸�¶&· Þß¿JÞ º�Ô�¶�Ð�º�½ µ�Ð�· ¶&¼�½ ¼�·

−
¸�½ ¼�¼

V  Ó�·�Ð�Ó�½ ¶	·�Ô
+
·�½ Ô�Ô�Ð à®¶	·�á Ó�¶�¸�º�½ Ñ�·�· Ü Î�ÏDÎ�Ý Æ ≤−

¶&·�½ ·
V  Ó�¶&·�º�½ º�Ð�¼

+
·�½ ¼�Ó�¼ à®¶	·�á º�Ð�¸�Ñ�½ º�º�· Ü Î�ÏDÎ�Ý Æ ≤−

¶&·�½ ·
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â#ãOä�å	æ�ç�ç�è å&é�æ�æ�æ�ê ë�ì å�ê í�î[å&é�ï
ð�ñ`ò	ó	ô ò	õ

λ ö Å ÷ log g f ø òhù ì a χlow ú öüû Å ÷ log(NZ)/Ntot ÷ ýDþ�ÿ ò	õ
Cr  ë���å&é�ì ����ä

−
å�ì ����ä �®å&æ��	� ��å�å�ç���ì 
���æ ç�ì æ�ä

−
ç�ì é�é

Cr  ë���é�ë�ì å&é�ä
−
æ�ì ����æ �®å&æ��	� ��å&é�å���ì ��
�æ ����ì ��ç

−
ç�ì æ�ç

Cr  ë�����ç�ì é�é��
−
å�ì ��ç�� �®å&æ��	� ��å�å�å�ä�ì ����æ ä�ì ���

−
ç�ì å�ç

Cr  
�é���ä�ì ��é��
−
å�ì å�ç�æ ý� ð îJë ��é���
�ë�ì ��å	æ é�é�ì ë��

−
ç�ì é�ë

Cr  
�é�ë�ç�ì ä�ç��
−
é�ì ë�ç�æ ý� ð îJë é�����
�å�ì ����æ é�ì ���

−
ç�ì å�ä

Mn  ����å&ä�ì ��å��
−
å�ì å���
 �}æ������ 
�
�ä�
���ì é�ä�æ ñ � þ���� ò −


�ì ���
Mn  ë���ç���ì é�
�
 b −

å�ì ����ä �}æ������ ë�ë�������ì ��é�æ ñ � þ���� ò −

�ì ���

Mn  ë���ç�
�ì é�å�ä b −
å�ì ��ë�ë �}æ������ ë�ë�������ì ��é�æ ñ � þ���� ò −


�ì ���
Mn  ë�ë�ä���ì ç���ä b −

æ�ì ��ë�
 �}æ������ 
���
���ä�ì å���æ ñ � þ���� ò −

�ì ���

Mn  ë���æ�ç�ì ��é��
−
å�ì 
�ä�å �}æ������ ë���ç���ç�ì å�é�æ ñ � þ���� ò −

ç�ì æ��

Fe  ��
���å�ì å����
+
æ�ì ë�æ�ç � ú æ�ç ç���é���ì é�ä é���ì é��

−
��ì ç��

Fe  ��ç�å���ì ä�ç��
−
æ�ì æ�æ�� � ú æ�ç ä�����
�ì ä�� å�
�ì ë��

−
��ì ���

Fe  ë�æ�æ�
�ì é�ë�é
−
æ�ì ç�å&æ � ú æ�ç å&é�
�ç�æ�ì ��� å&ë�ì ë�æ

−
��ì ��ä

Fe  ë�æ�ä�å�ì ä����
−
æ�ì æ�é�é � ú æ�ç å&é�ç�����ì 
�
 ��å�ì æ�æ

−
��ì ��å

Fe  ë�é�æ�é�ì æ�é��
−
æ�ì ä�æ�� � ú æ�ç å�å���ä�ç�ì é�ë å���ì ë�ë

−
��ì ��


Fe  ë�é�å���ì ��ç�æ
+
æ�ì æ�æ�æ � ú æ�ç é�����å���ì ��
 ä�ì ��æ

−
��ì ��é

Fe  ë�é���
�ì ����ç
−
æ�ì ��ë�å � ú æ�ç å���
�ç�é�ì ë�ë å�é�ì é�ä

−
��ì ��å

Fe  ë�é�ä�å�ì ä�ç�æ
−
æ�ì å�ç�ë � ú æ�ç å�å���ä�ç�ì é�ë ��æ�ì ç��

−
��ì ��ë

Fe  ë�������ì 
�ë�

+
æ�ì é�æ�æ � ú æ�ç å�å���ä�ç�ì é�ë ë���ì å&æ

−
��ì ��


Fe  ë�ë�æ�ë�ì ä�
�æ
−
æ�ì å&ë�é � ú æ�ç å&é�
�ç�æ�ì ��� é���ì é�é

−
��ì ��ä

Fe  ë�ë�å�
�ì å&é�é
−
æ�ì ç�å�
 � ú æ�ç å&é���ç���ì 
�
 å&ë�ì ë��

−
��ì ��ë

Fe  
���ç�ë�ì ��ä�å
+
æ�ì é�é�� � ú æ�ç ��
���
�ç�ì ë�æ ��ì ä�ä

−
��ì ��ç

Fe  ë�å�é���ì ä�ë��
−
��ì 
���æ � ú æ�ç é�æ�����æ�ì 
�� ��å�ì ��


−
��ì ��é

Fe  ë�å�ä���ì ��ç�é
−
é�ì ë�ë�æ � ú æ�ç é�æ�����æ�ì 
�� ç�ä�ì ��ç

−
��ì ��ç

Fe  ë�é�ä���ì ��é�ç
−
��ì ��æ�æ � ú æ�ç é�å���å&é�ì æ�
 ë�å�ì ��æ

−
��ì ��ç

Fe  ë�é���ç�ì 
�ä�é
−
é�ì ����æ � ú æ�ç é�å���å&é�ì æ�
 
�ë�ì å�ç

−
��ì ��


Fe  ë���ç���ì ë�å�å
−
��ì 
���æ � ú æ�ç é�é�ë�æ���ì ��
 é�ä�ì ä�


−
��ì ���

Fe  ë�ë�å���ì ç�æ�å
−
ë�ì å���æ � ú æ�ç é�å�
���å�ì ç�ë å�
�ì ���

−
��ì ä�


Fe  ë�ë�å&ç�ì ����æ
−
é�ì ç�æ�æ � ú æ�ç é�é�ë�æ���ì ��
 ç�ë�ì ë�ä

−
��ì ���

Fe  ë�ë���å�ì ë�æ�

−
é�ì ç�ë�æ � ú æ�ç é���æ���å�ì ��æ 
�ä�ì 
�ä

−
��ì ��ç

Fe  ë�
�æ���ì é����
−
é�ì ��
�æ � ú æ�ç é���æ���å�ì ��æ ä���ì ��é

−
��ì ä�ç

Fe  ë�
�å�
�ì �����
−
é�ì ��ç�æ � ú æ�ç é���������ì ��ç ç�
�ì æ�å

−
��ì ��ë

Fe  ë���å���ì é���

+
æ�ì æ�å�ç ��æ�ä ��é���ä���ì ä�å ����ì é�é

−
��ì ä�ä

Fe  ë�������ì ��
��
−
��ì ç���æ � ú æ�ç é�é�ç���ä�ì é�æ é�ç�ì ���

−
��ì ���

Fe  
�æ�æ�å�ì ��
��
+
æ�ì ����� ��æ�ä ��é���
���ì ç�
 ç�
�ì ���

−
��ì ��


Fe  
�æ���æ�ì ç���å
+
æ�ì ë���å � ú æ�ç ��é���ä���ì ç�� ë�ë�ì é��

−
��ì ��ä

Fe  
�æ���
�ì ä�æ�æ
+
æ�ì ç���æ � ú æ�ç ��é���ä���ì ç�� 
�é�ì ��ë

−
��ì ��ë
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������������! ��"������!# $�% ��# &(')��"�*
+-,/.�0�1 .�2

λ 3 Å 4 log g f 5 .76 % a χlow 8 3:9 Å 4 log(NZ)/Ntot 4 ;<�= .�2
Fe  > ��$�$!% ? > " +

�!% ?���� @ 8 ��� A�$�$�"�$!% ?�� "�?�% B�A
−
$!% "�$

Fe  > "�$���% B > � +
�!% >�> � @ 8 ��� A�$�B�?�A�% ��A $!��% "�B

−
?�% A�A

Fe  > "����!% " > $ +
��% ��B�� C���� A�$�A���?�% ?�A � > % $�$ −

?�% A�$
Fe  > "�����% ����" −

��% B���� @ 8 ��� " > A�� > % ?�? ����% > " −
?�% B >

Fe  > ?�?�B�% > B�" +
�!% > ��A C���� A�$�"�B���% A�� $�$!% > � −

?�% A >
Fe  > $!��$!% A > " −

�!% " > A C���� A�$�A���?�% ?�A "��!% A��
−
?�% ��"

Fe  > $�" > % " > � −
?�% ?�B�� @ 8 ��� " > A�� > % ?�? ?���% ��B

−
?�% ��$

Fe  > $�� > % B�?�" +
�!% ?�$�A @ 8 ��� A > ����B�% ��� ?�A�% ���

−
?�% ���

Fe  > $�B�?�% A�?�� +
�!% " > B @ 8 ��� A�$���A > % "�� ?�?�% ��?

−
?�% A��

Fe  >�> ����% ��B�B +
�!% B�"�? C���� A�$�A���?�% ?�A > ?�% B > −

?�% A�B
Fe  >�> ���!% ��A�? +

�!% ��$�? C���� A > ��A�$!% ��� "���% ? > −
?�% ���

Co  $������!% � > � −
��% � > � DE����F < "���$�A�$�% ?���� G-H .�I-J

≤−
��% A�A

Ni  $�������% ��?��
−
��% A�?�$ DK��? ; 1 ?�"�$�B�B�% > ?�� G-H .�I-J

≤−
��% B��

Cu  $�B���B�% ��?�$
+
�!% ��B�� DK��?�FML ��� >�> ��A�% B�A > I <�=N< G 2 ≤−

��% A

Zn  $�B�����% ��" > +
�!% > $�� ;O + 'M$ B���B���B�% ��$�� I <�=N< G 2 ≤−

��% B�$

As  $�$�����% ?�$�A
As  $�$�B�$!% "�?��
As  > ��� > % > A A�� > ��A�% B�" > ?�% ��$
As  > "�?���% ?�A ��B���"�A�% ?�?�� ?�% ���
As  > ?�?���% "�? A�� > ��A�% B�" > ��% ���
As  > $�B���% ��"�� ��A���?���% A�B�? $!% > " G-H .�I-J
As  >�>�> A�% ��B ��B���"�A�% ?�?�� ��% ��� G-H .�I-J
As  > � > ��% ?�" A�� > ��A�% B�" > B�% "�B
As  �������!% ��� A�"�A���B�% "���$ "�% ?�"
As  �������!% "�� ��B���"�A�% ?�?�� "�% ��" G-H .�I-J

Sr  $�������% ����B
+
�!% � > � ;O + 'M$ �!% ����� ?�"�% $ > −

A�% "��

Y  ?�B > �!% ?�$�B −
�!% $�A > ;O + 'M$ A�$���% "���? ����% ?�A

−
��% ��A

Y  $�A�A�?�% ��A�"
+
�!% ����� ;O + 'M$ A���$�?�% ?���� " > % "�" −

��% $�B
Y  $�B����!% ��"��

−
�!% ��B�� ;O + 'M$ A�?�"�A�% ��$�� "��!% > � −

��% > "
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PQ�R�S�T�U�U!V S�W�T�T�T�X Y!Z S�X []\S�W�^
_-`/a�b�c a�d

λ e Å f log g f g a7h Z a χlow i e:j Å f log(NZ)/Ntot f kl�m a�d
Xe  Y�n�Y�Y!Z o�o

+
T!Z Y�p kq _ \MY p�o�T�U�n�Z Y�Y�T W�T�Z R�W

− r Z Y�o
Xe  r W�p�W�Z W�S +

T!Z o r kq _ \MY p�o�T�U�n�Z Y�Y�T S�p�Z R�W
− r Z W�T

Xe  r Y!S�p�Z S�Y +
T!Z W�S kq _ \MY p r T�U�Y!Z o�n S�Y�Z W�R

− r Z W�Y
Xe  r Y�o�n�Z p�R −

T!Z S�p kq _ \MY S�T�W�R�p�p�Z T�R W�Z p�o
− r Z r�r

Xe  r Y�R�W�Z U�S −
T!Z Y r kq _ \MY p r Y�o�R�Z U�R r Z T�o − r Z o�Y

Xe  r�r o�S�Z T�U −
T!Z U�W kq _ \MY p r Y�o�R�Z U�R S�Z n�R

− r Z R�S
Xe  r R�S�p�Z U�S −

T!Z R�Y kq _ \MY p�U�T�o�o�Z Y�n S�Z Y�T
− r Z U�Y

Xe  r p�R�U�Z Y�U −
T!Z W�W kq _ \MY p r T�U�Y!Z o�n Y�Z R�T

− r Z Y�p
Xe  U�T�o�U�Z W�T

−
T!Z U�S kq _ \MY p r o�p�U�Z R�Y W�Z Y�Y

− r Z Y r
Xe  U�T r S�Z S r −

T!Z W r kq _ \MY p r Y�o�R�Z U�R Y�Z r p − r Z Y�Y
Xe  U�T�p�R�Z r p −

T!Z W�Y kq _ \MY p r Y�o�U�Z R�Y o�Z p�o
− r Z r o

Xe  U�p�p�T!Z n�n
+
T!Z W�T kq _ \MY p�p�Y�T�p�Z p�p r Z S�n − r Z o�U

Nd  Y�p�W�R�Z Y�n�n
−
T!Z n�o Q gts [)u o�R�S r Z S�Z R�n

−
p�Z U�o

Nd  r W�p�Y!Z S�S�o −
T!Z U r Q gts [)u T�Z Y�Z S�W

−
p�Z U�W

Dy  o�p�o�T!Z U�Y�T
−
T!Z n�n Q gts [)u T�Z `wv l�x�y a −

p�Z p�T

Au  Y�T!S�U�Z T�U�R
−
S�Z n�n g i n�Y r S�T!Z n�p�Y W�Z o�p

−
R�Z S r

Au  Y�T r W�Z R�p�T −
S�Z U�p g i n�Y r S�T!Z n�p�Y o�Z p�p

−
R�Z T�n

Hg  Y�o r n�Z o�S�Y −
T!Z o�W�S kq _ \MY o�p�Y�S�W�Z o�T�T `wv l�x/y a −

U�Z Y�T

Hg  o�p�n�o�Z n�p�T
−
S�Z r S kq _ \MY o r�r S�Y!Z T�T�T `wv l�x/y a −

U�Z Y�T
Hg  r U�R�R�Z S�T�W +

T!Z n�W kq _ \MY S�T r�r Y�o�Z T�T�T r Z r U −
U�Z S�p z y a�{-|

a He  `wv l�x/y a�d	}	a�v~aEb l�j `-� m a)��d|-a�d~b�v�c z a�|�c {��M��d m a y y c�� P � z v�c � e W�T�T�Y � f Z�\t� aE}	����a y a�{w� m � dt��{-| log g f � ��� y �wa�dN��v�a j � y m c ` y a m ��� y �wa�d Z
b \t� a ��� `/a�v x {wa)d m v��wb m �-v�aK}	��db l {-d�c |-a�v~a�|�c { m � a y c {waK`-v l�x�y aEb l�j `w� m � m c l {wd ZQ gNs [)u��/� c��a j�l { m a m � y Z e S�p�p�p f ��� m�m ` � ��� } o�Z � j�l {wd Z ��b Z z a � ��d m v l � |-v�a�� j Z d � m~j�y:�
kq _ \tY�� kq _ \�[ m~l�j c b�_!`�a�b m v�� Q � m � z ��d~a X ��a�v~d�c l { Y � m � m�m ` � ��� ` ��� d~c b�d Z {wc d m Z � l � � ` j�y � |-� m � � ��d�| Z b7h j��� i T�U���� � � vt� i c a�d�a e W�T�T�U f���� [�(� � � y y ��� � a�v e S�p�U�R f�� ��[E�/� ��{-��� [ v m v�� e S�p�n r�f���� \ � � � c b���a�v�c {w��a m � y Z e W�T�T�W f����T�R��/� l � ��{-d�d l { e W�T�T�R f�� KT�o k c �/� m~m ` � ��� ���wv��-b�� Z � ��v¡����v�| Z a�|w� � � m�l�j d ��W�n�T!S�� ��h W�n�T!S�Z ` l d � KT�o �	� ��� m�m ` � ��� ���wv��-b�� Z � ��v¡����v�| Z a�|-� � � m~l�j d ��W�p�T!S�� ��h W�p�T!S�Z ` l d � KT�U � l ��� m�m ` � ��� ���-v��wb�� Z � ��v¡����v�| Z a�|-� � � m~l�j d ��W�R�T�S�� ��h W�R�T�S�Z ` l d � KT�p�u { �w� m�m ` � ��� ���-v��wb�� Z � ��v¡����v�| Z a�|-� � � m~l�j d ��W r T�S�� ��h W r T�S�Z ` l d � �S�T�¢E��� m�m ` � ��� ���wv��-b�� Z � ��v¡����v�| Z a�|-� � � m~l�j d ��W�o�T!S�� ��h W�o�T!S�Z ` l d � �S�T �	v �/� m~m ` � ��� ���wv��-b�� Z � ��v¡����v�| Z a�|w� � � m�l�j d ��W�Y�T!S�� ��h W�Y�T!S�Z ` l d �£~ K¤¥z a7h l v�a¦��{ l�m � a�v log g f d l �-v�b�a j a���{wd m � � m�m � a log g f c d§h:v l�j¨m � a   �-v��wb�� x�y a�d�������c y � z y a©� m � m�m ` � ��� ���-v��wb�� Z � ��v�����v~| Z a�|-� � y c {-a y c d m d � ��h S�T�T�� � c {`w��v m c b�� y ��v �w  � �w  �-v��wb��E� � a � m v~a j ��{w{ e S�p�R r�f�� u g �N��u c y y a�vMa m � y Z e S�p�R�S f��
g i � gNl d z a�v��ª� i � ��v m«e S�p�p�R f Z
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Table B.1. Xe II lines examined in HR 6000, HD 71066, 46 Aql, and HD 175640. The stars are indicated in col. 6 with the numbers 1,2,3,
and 4, respectively. The “N” in column 5 indicates that the log g f -value was taken from the NIST database, while “ZBD” indicates data from
Zı́elińska et al. (2002)

λ ¬:�®�¯w° ±³²�´7µ λ ¬:¶�´~·�¸ ¸ ®�¹~° ∆λ log g f χlow ¬:º�» −1 ° ¼½·�¹�» χup ¬:º�» −1 ° ¼½·�¹�» ¾N¿�´~·�¶
À�Á�Â�Ã µ Á�Ä Ä�Â�Â À�Á�Â�Ã µ Å�Æ Â −

Â µ Â�Á −
Â µ Ã�Ç Ä Ä�Ä�À�Ç�Ä Æ�µ À�È ¬ 3 É 2 ° È�Ê Ë À�Ì

5/2
Ä�À�Á�Â�Á�Í µ Æ�Å ¬ 3 É 2 ° È�Î Ë À�Ì

5/2

−
Â µ Å Â Æ ¯-¸ ·�² Î
−
Â µ Á�Â À ¯-¸ ·�² ÎÍ�Â�À�Ã µ Æ Á Ä�Â�Â Í�Â�À�Ã µ Æ È�Â −

Â µ Â�À −
Ä µ Â�Â Ä�Ï Æ Ï À Ä�Ä�Ä�Ã�Á Æ�µ Ä�Ã ¬ 3 É 2 ° È�Ê Ë Æ Ì 3/2 Ä�À�È�Ç�Ç�Í µ Ä�Ä ¬ 3 É 2 ° È�Î Ë Ä�Ì

1/2 ¯-¹�¿�® Î§Ð ·�®�Ñ�¯w¸ ·�² ÎÍ�Â�À�Ã µ Ç�Á Æ Â�Â Í�Â�À�Ã µ Í�Ã�Â −
Â µ Ä Æ −

Â µ Ã�Ç Ä�Ï Æ Ï À Ä Æ Ä�Ä�Ã�Á µ Å Â ¬ 3 É 1 ° È�Ê Ë Â�Ì
1/2

Ä�Í�Ç�Á�Í�Â µ À�Í ¬ 3 É 1 ° È�Î Ë Æ Ì 3/2 ¯-¹�¿�® Î§Ð ·�®�Ñ�¯w¸ ·�² ÎÍ�Â�Ç�Ã µ Í�È Æ Â�Â Í�Â�Ç�Ã µ À�È�Â −
Â µ Ä�Â −

Â µ Å Â!Ò Ä�Ï Æ�Ó Ï À Ä�Ä�Ä�Á�Ç Å�µ Å Á ¬ 3 É 2 ° È�Ê Ë Æ Ì 5/2 Ä�À�È�Ç�Á�Ã µ Å Ä ¬ 3 É 2 ° È�Î Ë Í�Ì
7/2 ¯-¸ ·�² ÎÍ!Ä�Ç Å�µ Â�Í Æ Â�Â Í!Ä�Ç�Ã µ Á Å Â −

Â µ Â�È −
Â µ È�Â Ä�Ï Æ�Ó Ï À Ä Æ Ä�Ä�Ã�Á µ Å Â ¬ 3 É 1 ° È�Ê Ë Â�Ì

1/2
Ä�Í�Ç Æ�Æ�Æ�µ Ã Æ ¬ 3 É 1 ° È�Î Ë Ä�Ì

1/2 ¯-¸ ·�² ÎÍ!Ä�È Æ�µ Ä�È È�Â Í!Ä�È Æ�µ Ä�È�Â +
Â µ Â�Â −

Ä µ È�Â Ä Ä�Â�Ã�Á�Â�Í µ Ç�Â ¬ 3 É 1 ° Ç�Î Ë Ä7Ì
3/2

Ä�À�Ä�Á Æ À µ Ã�Á ¬ 1 Ô 2 ° È�Ê Ë Æ Ì 3/2 ¯-¸ ·�² Î�Ï Ð ·�®�Ñ Ï À ²w¿�Õ ¶�·
−
Ä µ Ç�Ç ÆÍ!Ä Å Â µ Ä�Â Ä�Â�Â�Â Í!Ä Å Â µ Â�Â�Ã −

Â µ Â�Á�À −
Â µ À�Ç ¾ Ä�Ï Æ Ï À Ä Æ Á�È�È�Ã µ À�Ç ¬ 1 Ô 2 ° È�Ê Ë Ä7Ì

3/2
Ä�Ç�À�Ç Å Í µ Â�Á ¬ 1 Ô 2 ° È�Î Ë Ä�Ì

3/2 ¯-¸ ·�² ÎÍ!Ä�Á�À µ Ä�Ç Ç�Â�Â Í!Ä�Á�À µ Ä�Â�Â −
Â µ Â�Ç −

Â µ È�Â Ä Ä Æ�Å�Å È�Ã µ Æ Â ¬ 1 Ô 2 ° È�Ê Ë À�Ì
5/2

Ä�Ç Æ Ã�Â Å�µ Á Æ ¬ 1 Ô 2 ° È�Î Ë Í�Ì
7/2Í Æ Â Å�µ Í Å Í�Â�Â Í Æ Â Å�µ À�Á�Ä −

Â µ Â Å Á −
Â µ Í�Â Ä�Ï Í Ä�Ä�Ä�Ã�Á Æ�µ Ä�Ã ¬ 3 É 2 ° È�Ê Ë Æ Ì 3/2 Ä�À�Ç�Ç�Í�Ã µ Ä�À ¬ 3 É 2 ° È�Î Ë Æ Ì 5/2
−
Â µ À�È Æ Ï ÀÍ Æ Â�Á µ Í�Ã Æ Â�Â Í Æ Â�Á µ À�Ã�Â −

Â µ Ä�Â −
Â µ Ã�Â Ä�Ï Æ Ï À�Ï Í Ó Ä�Ä�Ä�Á�Ç Å�µ Å Á ¬ 3 É 2 ° È�Ê Ë Æ Ì 5/2 Ä�À�Ç�Ã�Â Å�µ À Æ ¬ 3 É 2 ° È�Î Ë Æ Ì 3/2 Í ¯-¸ ·�² ÎÍ Æ Ä�À µ Ã Æ Í�Â�Â Í Æ Ä�À µ È Æ Â −

Â µ Ä�Â −
Â µ À�Â Ä Ä Æ Â�Í!Ä�Í µ Å Ã ¬ 3 É 0 ° È�Ê Ë Ä7Ì

1/2
Ä�Í�Í�Ä�Í�Â µ Ä�È ¬ 3 É 0 ° È�Î Ë Æ Ì 3/2 ¯-¸ ·�² Î

−
Â µ Æ Ç Æ Ï Í
−
Â µ Â Å À

Í Æ Ä�Ç µ È�Â Æ Â�Â Í Æ Ä�Ç µ È Æ Â +
Â µ Â Æ −

Ä µ Â�Ç Ä�Ï Æ Ï À Á�À�Â�È Å�µ Í�Í ¬ 3 É 2 ° È ¶ Ë Æ Ì 5/2 Ä�Ä�È�Ã Å À µ Â�Á ¬ 3 É 2 ° È�Ê Ë Ä�Ì
3/2 ¯-¸ ·�² ÎÍ Æ�Æ À µ Â�Â Í�Â�Â Í Æ�Æ�Æ�µ Á�Â�Â −

Â µ Ä�Â +
Â µ Ç�Ç Ä Ä Æ À Æ Ç�Í µ È�Â ¬ 3 É 1 ° È�Ê Ë Æ Ì 3/2 Ä�Í�È�Á Æ Ã µ Å È ¬ 3 É 1 ° È�Î Ë À�Ì

5/2

+
Â µ Å Ç Æ Ï À
+
Â µ À�Â Í

Í Æ À Å�µ Æ Ç Ç�Â�Â Í Æ À Å�µ Ä�À�Ç −
Â µ Ä�Ä�Ç −

Â µ Ä Å Ä Ä�Ä�Ä�Á�Ç Å�µ Å Á ¬ 3 É 2 ° È�Ê Ë Æ Ì 5/2 Ä�À�Ç�Ç�Í�Ã µ Ä�À ¬ 3 É 2 ° È�Î Ë Æ Ì 5/2
−
Â µ Ä�À Æ
−
Â µ Æ À À
−
Â µ Í�Â Í

Í Æ Í�Ç µ À Å Ç�Â�Â Í Æ Í�Ç µ À�Â�Â −
Â µ Â Å −

Â µ Â Å Ä Ä�Ä�Ä�Á�Ç Å�µ Å Á ¬ 3 É 2 ° È�Ê Ë Æ Ì 5/2 Ä�À�Ç�Ç�Â�Ã µ À Æ ¬ 3 É 2 ° È�Î Ë À�Ì
7/2

−
Â µ Ä�Â Æ Ï À
−
Â µ Æ Ç Í

Í Æ Ç�Ä µ Ç�Ã Ä�Â�Â Í Æ Ç�Ä µ Ç�Í�Â −
Â µ Â�À −

Â µ È�Â Ä Ó Ä Æ Í�Ç�Ã�Ä µ Â�Á ¬ 3 É 1 ° È�Ê Ë Ä7Ì
1/2

Ä�Í Å Â Å Ç µ Ä�Á ¬ 3 É 1 ° È�Î Ë Ä�Ì
3/2 ¯-¸ ·�² Î

−
Â µ Ç�Ç Æ�Ó ¯-¸ ·�² ÎÍ Æ Á�È µ Í�Â Ç�Â�Â Í Æ Á�È µ À Æ Â −

Â µ Â Å −
Â µ Å Ç Ä�Ï Æ Ï À�Ï Í Ä�Ä�Ä�Ã�Á Æ�µ Ä�Ã ¬ 3 É 2 ° È�Ê Ë Æ Ì 3/2 Ä�À�Ç�Â�È�Â µ Á�Ã ¬ 1 Ô 2 ° Ç�Î Ë Â�Ì

1/2Í�À�À�Â µ Ç Æ Ä�Â�Â�Â Í�À�À�Â µ À�Á�Â −
Â µ Ä�À +

Â µ À�Â Ä�Ï Æ Ï À�Ï Í Ä�Ä�À�Ç�Ä Æ�µ À�È ¬ 3 É 2 ° È�Ê Ë À�Ì
5/2

Ä�À�È�Ç�Á�Ã µ Å Ä ¬ 3 É 2 ° È�Î Ë Í�Ì
7/2

+
Â µ Í�Á Å�¾Í�À�È�Á µ Æ Â Æ Â�Â Í�À�È�Á µ Ä�Â�Â −

Â µ Ä�Â −
Â µ Ã�Ç Ä Ä�Ä�À�È�Ã Æ�µ Å Á ¬ 3 É 2 ° È�Ê Ë Ä7Ì

1/2
Ä�À�È�Ç�Ç�Í µ Ä�Ä ¬ 3 É 2 ° È�Î Ë Ä�Ì

1/2

−
Â µ Ã�Â Æ�Ó Ï À Æ«¯-¸ ·�² ÎÍ�À�Ã�À µ Ã Å Ä�Â�Â Í�À�Ã�À µ Ã�Â�Â −

Â µ Â Å −
Â µ Ã�Â Ä�Ï Æ�Ó Ï À Ó Ä�Ä�È�Ã Å À µ Â�Á ¬ 3 É 2 ° È�Ê Ë Ä7Ì

3/2
Ä�À�Á�È�Í�Â µ Í�À ¬ 3 É 2 ° È�Î Ë Ä�Ì

3/2 ¯-¸ ·�² ÎÍ�À Å Í µ Á�À È�Â Í�À Å Í µ Á�Ä −
Â µ Â Æ −

Ä µ Á�Ç Ä�Ï À Á�Â Å Ã�À µ Å À Ç ¶ Ç�Ê 6 2 Ö
1/2

Ä�Ä�À�È�Ã Æ�µ Å Á ¬ 3 É 2 ° È�Ê Ë Ä�Ì
1/2 ¯-¸ ·�² Î

≤ − Æ�µ Ç�Â Æ ²-¿�´N¿�¯-¶�·�¹�×�· ÎÍ�À�Á�À µ Æ Â Ç�Â�Â Í�À�Á�À µ Â�Á�Â −
Â µ Ä�Ä +

Â µ Â�Â Ä�Ï Æ Ï À�Ï Í Ó Ä Æ Ä�È Æ�Å�µ Å�Æ ¬ 3 É 0 ° È�Ê Ë Ä7Ì
3/2

Ä�Í�Í�À Å Í µ Á�Â ¬ 3 É 0 ° È�Î Ë Æ Ì 5/2Í�À�Á�Ç µ Ã�Ã Ç�Â�Â Í�À�Á�Ç µ Ã�Ã�Â�Ò Â µ Â�Â +
Â µ Â�Â Ä Ó Ï Æ�Ó Ï À Ó Ä�À�Â�Â�È�À µ Á�È ¬ 1 Ô 2 ° È�Ê Ë À�Ì

7/2
Ä�Ç Æ�Å Â�È µ Ã�À ¬ 1 Ô 2 ° È�Î Ë Í�Ì

9/2 ¯-¸ ·�² Î
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Table B.1. cont.

λ Ø:Ù�Ú�ÛwÜ Ý³Þ�ß7à λ Ø:á¡ß~â�ã ã Ú�ä�Ü ∆λ log g f χlow Ø:å�æ −1 Ü ç�â�ä�æ χup Ø:å�æ −1 Ü ç½â�ä�æ èé�ß~â�á
ê�ê!ë�ê à ì ê í�î�î ê�ê!ë�ê à ì ê î à î�î −

î à ï î ë�ð ñ�ð í ë�î�ò ï�ó í à ë�ê Ø 1 ô 2 Ü�ó�õ ö í�÷ 7/2 ë�í�ñ�ñ�î�ø à ø ó Ø 1 ô 2 Ü�ó�õ ö ñ�÷ 5/2 ñ�ð ê Û-ã â�Þ-ù
+
î à ñ�ê�í èê�ê!ë ó�à î�ø ë ï î ê�ê!ë ó�à î�ò�î +

î à î�ñ −
î à ì î ë�ú ë�ñ�ê�ñ ì ò à ê ï Ø 3 û 1 Ü~ó�õ ö ë7÷ 3/2 ë�ê ó ò�ñ�ø à ì�ó Ø 3 û 1 Ü�ó�ù ö í�÷ 5/2 í Þ-é�ü á~âê�ê�ê ì�à ë�í ï î�î ê�ê�ê ì�à î�ñ ï −

î à ë�î ï +
î à î ï ë�ð ê ë�ñ�í�ë�ë�ñ à ï ê Ø 3 û 1 Ü~ó�õ ö ñ�÷ 5/2 ë�ê ï�ï�ì ø à ó ë Ø 3 û 1 Ü�ó�ù ö í�÷ 7/2
+
î à ë ï ñ�ð í

ê�ê ó ñ à ë�ò ë�î�î�î ê�ê ó ñ à î�ò�î −
î à ë�î +

î à í�í ë�ð ñ�ð í ë�ë�í�ø�î ï�à ê�î Ø 3 û 2 Ü~ó�õ ö í�÷ 7/2 ë�í ó ë�î�ò à ó�ï Ø 3 û 2 Ü�ó�ù ö ê�÷ 9/2 ê Û-ã â�Þ-ù
− − −−ê�ø ì ø à ø�ø ë�î�î ê�ø ì ø à ø�ø î à î�î −

î à ì�ì ë ë�ë�ë�í�ñ ó�à ò ó Ø 3 û 1 Ü~ï�ù ö ñ�÷ 3/2 ë�í�ñ�ñ�î�ø à ø ó Ø 1 ô 2 Ü�ó�õ ö ñ�÷ 5/2 Þwé�ü á�â ú
−
î à ì î ñ�ð í

ê ì ë ì�à î�ñ ñ�î�î ê ì ë�ø à ò ì −
î à î�ê −

ë à ñ ï ë�ð ñ�ð ê ò ó î�í�í à ê ì Ø 3 û 2 Ü~ï�ù ö ñ�÷ 3/2 ë�ë ó ø ì í à î�ò Ø 3 û 2 Ü�ó�õ ö ë�÷ 3/2 í Ú�ä¡ß�ü ýþÚ�å7ßê ì ñ�í à í ï í�î�î ê ì ñ�í à ñ ï −
î à ë�î −

î à ó�ï ë�ð ñ�ð í ë�ë�ë�ø�ò�ñ à ë�ø Ø 3 û 2 Ü~ó�õ ö ñ�÷ 3/2 ë�í�ñ ï ë ì�à ì ñ Ø 3 û 2 Ü ø á ö ñ�÷ 5/2 ê Û-ã â�Þ-ùê ì ê�ê à í�í ñ�î�î�î ê ì ê�ê à í�í î à î�î +
î à ó�ï ë ò�í�î ó�ì�à ê�ê Ø 3 û 2 Ü~ó�á ö ñ�÷ 5/2 ë�ë�í�ø�î ï�à ê�î Ø 3 û 2 Ü�ó�õ ö í�÷ 7/2
+
î à ó î ñ�ð í�ð ê
+
î à ê�ò�ë è
+
î à ï ë�î ± î à î�ñ�ø�ÿ�� ôê ì ø ó�à ï î ï î�î ê ì ø ó�à ï î î à î�î +
î à ë�î ë�ð ñ�ð í ë�î�ò ï�ó í à ë�ê Ø 1 ô 2 Ü�ó�á ö ñ�÷ 5/2 ë�í�î�î ó í à ò ó Ø 1 ô 2 Ü�ó�õ ö í�÷ 7/2 ê Û-ã â�Þ-ù
+
î à ñ ï�ï�èê ì�ì í à ï í ó î�î ê ì�ì í à ï í î à î�î −
î à ñ ï ë�ð ñ�ð í ë�î!ë�ë ï ø à ê ì Ø 3 û 0 Ü~ó�á ö î�÷ 1/2 ë�ñ�ë ó ñ ì�à ì ñ Ø 3 û 0 Ü�ó�õ ö ë�÷ 3/2ê ì�ì ê à ë ï ë�î�î ê ì�ì ê à î�ò −

î à î ó −
î à ì î ë ë�ñ�î�ê!ë�ê à ì ø Ø 3 û 0 Ü~ó�õ ö ë7÷ 1/2 ë�ê�î ì�ì í à ê�ñ Ø 3 û 0 Ü ø á ö î�÷ 1/2 ñ�ð í�ð ê Þwé�ßé�Ûwá�àê ì�ì ø à í�î í�î�î ê ì�ì ø à í�î î à î�î −
î à ò�î ë�ð ê ë�î�ñ�ø�ò�ò à î�ø Ø 3 û 1 Ü~ó�á ö ë7÷ 3/2 ë�ñ�í�ñ ï ê à ó î Ø 3 û 1 Ü�ó�õ ö ñ�÷ 3/2
−
î à ì î ñ�ð í

ê ì ò�î à î�ò�î í�î�î ê ì ò�î à î ì�ï −
î à î�î ï −

ë à ñ�î ë�ð í�ð ê ò�í�î ó�ì�à ê�ê Ø 3 û 2 Ü~ó�á ö ñ�÷ 5/2 ë�ë�í ï ë�í à í ó Ø 3 û 2 Ü�ó�õ ö í�÷ 5/2
−
ë à ë�î ñ
−
î à ø ï ê ± î à î�ñ�ñ�ÿ�� ôê�ò�ë�ò à ó�ó ñ�î�î ê�ò�ë�ò à ó�ó î à î�î −
î à ò ï ë�ð ñ î�ê�ñ ï î à î ó Ø 3 û 1 Ü~ï�ù ö ë7÷ 1/2 ë�ñ�ê ï ø�ë à î�ò Ø 3 û 1 Ü�ó�õ ö ë�÷ 1/2
−
î à ó�ï í
−
î à ì�ï ê

ê�ò�ñ�ë à ê ì ì î�î ê�ò�ñ�ë à ê ì î à î�î +
î à ë�î ë�ð ñ�ð í ë�î�ñ�ø�ò�ò à î�ø Ø 3 û 1 Ü~ó�á ö ë7÷ 3/2 ë�ñ�í�ë�ë�ñ à ï ê Ø 3 û 1 Ü�ó�õ ö ñ�÷ 5/2
−
î à ë�î ê

ê�ò�ø�ë à ø�ë ñ�î�î ê�ò�ø�ë à ó�ì −
î à î�í −

î à ø ï ë�ð ñ�ð í�ð ê ë�ë�ò�î ì�ï�à ê�ò à Ø 1 ô 2 Ü�ï�ù ö í�÷ 5/2 ë�í�ò�ë�ò�í à ì î Ø 3 û 2 Ü ø õ ö ë�÷ 3/2 ñ�ð í�ð ê Þwé�ü á�âê�ò�ø�ñ à ø�ë ê�î�î ê�ò�ø�ñ à ø�î −
î à î!ë −

î à ï�ï ë�ð ñ�ð í�ð ê ë�î�ò ï�ó í à ë�ê Ø 1 ô 2 Ü�ó�á ö ñ�÷ 5/2 ë�ñ�ò ó�ó ø à í ï Ø 1 ô 2 Ü�ó�õ ö ë�÷ 3/2ê�ò ì�ì�à ø�ø í�î�î ê�ò ì�ì�à ø�ñ ï −
î à î�ê ï −

ë à î�î ë ë�î�ê�ñ ï î à î ó Ø 3 û 1 Ü~ï�ù ö ë7÷ 1/2 ë�ñ�ê�ñ ì ò à ê ï Ø 3 û 1 Ü�ó�õ ö ë�÷ 3/2 Ûwã â�Þ-ù
−
î à ì î ñ�ð í�ð ê

ï î�ê�ê à ò�ñ ë ï î ï î�ê�ê à ò�ñ î à î�î −
î à ì î ë�ð ñ�ð ê ë�ë�ñ�ò�ñ�ê à ì ê Ø 1 ô 2 Ü�ó�á ö ñ�÷ 3/2 ë�í�ñ�ø�ê�ë à ë ï Ø 1 ô 2 Ü�ó�õ ö ë�÷ 1/2 í�ð ê Þ-é�ü á�â

ï î ì î à ó ñ ó î�î ï î ì î à ï ë −
î à ë�ë −

î à í�î ë�ð í ë�ë�í ï ë�ñ à í ó Ø 3 û 2 Ü~ó�õ ö í�÷ 5/2 ë�í�í�ë ì ò à ê�ñ Ø 3 û 2 Ü ø á ö ñ�÷ 3/2
−
î à î ï ñ

ï ë�ñ�ñ à ê�ñ ñ�î�î ï ë�ñ�ñ à í�ë −
î à ë�ë −

î à ï î ë ë�ë�í ó ø�ñ à ì ò Ø 3 û 2 Ü~ó�õ ö ë7÷ 1/2 ë�í�í�ë ì ò à ê�ñ Ø 3 û 2 Ü ø á ö ñ�÷ 3/2 ê Þ-é�ü á~â
−
î à í�î ñ�ð í í Û-ã â�Þ-ù

ï ë ì�ì�à î�ê ñ�î�î ï ë ì�ì�à î ì +
î à î�ê −

ë à ë�î ë�ð í ë�ñ�í�ë�ë�ñ à ï ê Ø 3 û 1 Ü~ó�õ ö ñ�÷ 5/2 ë�ê�ñ�í ì ñ à ë�í Ø 3 û 1 Ü ø á ö ë�÷ 3/2 ñ Û-ã â�Þ-ù ð!ê Þwé�ß)é�Û-á
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λ �������
	 ������ λ ��������� � ����	 ∆λ log g f χlow ����� −1 	 ������� χup ����� −1 	 � ����� !#"$�����
%�&('() � *�* &()() %�&('() � * & −

) � )�& −
) � *�+�,$! -(. * - ) * &(%() � )�' � 3 / 1 	 %(0 1 -�2 1/2 - & + &�% *3� '$) � 3 / 1 	 '$4 1 & 2 3/2
−
) � &(% &

%�&('() � *�* ) � )() −
) � + % +%�&(' -�� 5 % &()() %�&(' -(� 5 % ) � )() +
) � &(% -�. & . + -(- & 5 & *6� 7(* � 1 8 2 	 ' � 1 & 2 3/2 -$+6-95 & +6� ,(5 � 1 8 2 	 '$4 1 & 2 3/2
+
) � - %() !%�&(' 76� +6- %$) %�&(' 7�� &�% −

) � )�' − -�� )() - - )�% +�-$+�� +�+ � 3 / 2 	 %(0 1 -�2 3/2 - & * & 7(56� * % � 3 / 1 	 '$4 1 -�2 3/2
−
) � 7 ) &
−
) � , ) +�. *%�& 5 & � &�& - )�)() %�& 5 & � &�& ) � )() +
) � '$) - 5�+ )�' 7�� *�* � 3 / 2 	 ' � 1 & 2 5/2 -�-�-95 % 76� 7(5 � 3 / 2 	 '$4 1 & 2 5/2
+
) � * % & . +�. *
+
) � + % -�!
+
) � +(7 & ± ) � ) -$+(:�; 8% + ) 56� & , &()() % + ) 5�� & , ) � )() −
) � 5 % -�. & . +�. * - )�& ,(5�5�� ) , � 3 / 1 	 ' � 1 -�2 3/2 - & - '�& 76� 7 & � 3 / 0 	 '$4 1 -�2 3/2% +�-$+6� 7�, 7 )() % +�-$+�� , ' −

) � -(- −
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