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Abstract. We present a high resolution spectral atlas of the HgMn star HD 175640 covering the 3040−10 000 Å region.
UVES spectra observed with 90 000−110 000 resolving power and signal to noise ratio ranging from 200 to 400 are compared
with a synthetic spectrum computed with the SYNTHE code (Kurucz 1993b). The model atmosphere is an ATLAS12 model
(Kurucz 1997) with parameters Teff = 12 000 K, log g = 3.95, ξ = 0 km s−1. The stellar individual abundances in ATLAS12 were
derived from an iterative procedure. The starting atomic line lists downloaded from the Kurucz website have been improved and
extended by examining different sources in the literature and by comparing the computed profiles with the observed spectrum.
The high quality of the data allowed us to study the isotopic and hyperfine structure for several lines of Mn , Ga , Ba , Pt ,
Hg , and Hg . Numerous weak emission lines from Cr  and Ti  have been identified in the red part of the spectrum, starting
at ≈λ 5847 Å. Two emission lines of C  (mult. 10, mult. 9) have been observed for the first time. All Cr  and Ti  emission
lines originate from the high excitation states (χlow >∼ 89 000 cm−1 for Cr  and χlow >∼ 62 000 cm−1 for Ti ) with large tran-
sition probabilities (log g f > −1.00). The synthetic spectrum superimposed on the observed spectrum as well as the adopted
improved atomic line lists are available at the CDS and http://wwwuser.oat.ts.astro.it/castelli/stars.html. An
extended discussion on each identified ion and related atomic data is available both on the quoted website and in an electronic
Appendix to the paper.
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1. Introduction

HD 175640 (HR 7143) is to a large extent representative of the
HgMn stars, which constitute a well defined subgroup of chem-
ically peculiar (CP) stars of late B spectral types in the temper-
ature range 10 000–14 000 K. The most distinctive features are
extreme atmospheric overabundances of Hg (up to 6 dex) and
of Mn (up to 3 dex).

In the present study we undertook a detailed spectroscopic
analysis of UVES spectra of HD 175640 in the whole region
3040–10 000 Å. The high quality of the UV-Visual Echelle
Spectrograph UVES at the 8 m UT2 telescope, its high res-
olution (R = 90 000–110 000) and high signal-to-noise ra-
tio (200–400), the large wavelength coverage, the low v sini
(2.5 km s−1) of HD 175640 and its nature as a single star, led us

� Based on observations obtained at the European Southern
Observatory, Paranal, Chile (ESO program No. 67.D-0579).
�� Appendices is only available in electronic form at
http://www.edpsciences.org
��� Atlas is available in electronic form at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/425/263

to compute a synthetic spectrum for the whole observed in-
terval. We used Kurucz codes and Kurucz line lists that we
modified and implemented as explained in Sect. 4. The final
results, which are available at the CDS and in our website1,
are the plots of the superimposed observed and synthetic spec-
tra supplied with the line identifications as well as the modi-
fied Kurucz line lists that we adopted for the computations. An
extended discussion of each ion analyzed during the prepara-
tion of the atlas is available in the electronic Appendix A of
the paper.

The atlas of HD 175640 increases the number of those al-
ready published in a similar form. They are the o Peg atlas in
the region λλ3826−4882 Å (Gulliver et al. 2004) and the Deneb
atlas in the region λλ3825−5212 Å (Albayrak et al. 2003).
In analogy with the two atlases quoted above the present one
should also provide useful guidance for studies of other stars
with similar spectral type. We wish to point out the much larger
wavelength coverage (3040−10 000 Å) of our atlas.

Compiling the atlas has required an abundance analysis
for the 48 ions listed in Table 1 to which 9 more ions with

1 http://wwwuser.oat.ts.astro.it/castelli/stars.html
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Table 1. Abundances log(Nelem/Ntot) for HD 175640.

HD 175640 Sun
measured adopted [Element] λ region

H −0.008163 −0.036023
He  −1.73 −1.73 −1.11 [−0.62] Vis
Be  −10.64 −10.64 −10.64 [0.00] UV
C  −4.11 ± 0.23 −4.00 −3.52 [−0.59] Vis
C  −4.05 ± 0.16 −4.00 −3.52 [−0.53] Vis
N  ≤−5.78 −5.78 −4.12 <[−1.66] Vis
O  −3.18 ± 0.11 −3.18 −3.21 [+0.03] Vis
Ne  −4.35 −4.35 −3.96 [−0.39] Vis
Na  −5.47: −5.47 −5.71 [+0.24] Vis
Mg  −4.64 ± 0.06 −4.69 −4.46 [−0.18] Vis
Mg  −4.71 ± 0.07 −4.69 −4.46 [−0.25] Vis
Al  <−7.50 −7.50 −5.57 <[−1.93] Vis
Si  −4.72 ± 0.08 −4.71 −4.49 [−0.23] Vis
Si  −4.58 ± 0.04 −4.71 −4.49 [−0.09] Vis
P  −6.28 ± 0.08 −6.28 −6.59 [+0.31] Vis
S  −5.12 ± 0.03 −5.12 −4.71 [−0.41] Vis
Ca  −5.26 −5.54 −5.68 [+0.42] Vis
Ca  −5.67 ± 0.25 −5.54 −5.68 [+0.01] UV(−5.83 ± 0.06); Vis(−5.62 ± 0.26)
Sc  −9.08 ± 0.15 −9.08 −8.87 [−0.21] UV(−8.89 ± 0.03); Vis(−9.21 ± 0.08)
Ti  −5.67 ± 0.11 −5.67 −7.02 [+1.35] UV(−5.59 ± 0.09); Vis(−5.72 ± 0.08)
V  ≤−9.04 −9.04 −8.04 <[−1.00] UV
Cr  −5.22 ± 0.09 −5.36 −6.37 [+1.15] UV(−5.18 ± 0.05); Vis(−5.24 ± 0.06)
Cr  −5.41 ± 0.07 −5.36 −6.37 [+0.96] UV(−5.34 ± 0.06); Vis(−5.41 ± 0.07)
Mn  −4.20 ± 0.08 −4.20 −6.65 [+2.45] UV(−4.22 ± 0.08); Vis(−4.19 ± 0.08)
Mn  −4.25 ± 0.04 −4.20 −6.65 [+2.40] UV
Fe  −4.78 ± 0.08 −4.83 −4.54 [−0.24] UV(−4.90 ± 0.06); Vis(−4.75 ± 0.05)
Fe  −4.84 ± 0.13 −4.83 −4.54 [−0.30] Vis
Co  −8.08: −8.08 −7.12 [−0.96]: UV
Ni  −6.09 ± 0.16 −6.09 −5.79 [−0.30] UV(−6.01 ± 0.13); Vis(−6.14 ± 0.16)
Cu  −6.52 −6.88 −7.83 [+0.95] UV
Ga  −5.43 ± 0.04 −5.43 −9.16 [+3.73] Vis
Br  −7.12 ± 0.04 −7.12 −9.41 [+2.29] Vis
Sr  −8.41 −8.41 −9.07 [+0.66] Vis
Y  −6.66 ± 0.20 −6.66 −9.80 [+3.14] UV(−6.42 ± 0.06); Vis(−6.79 ± 0.10)
Zr  −8.67 ± 0.17 −8.67 −9.44 [+0.77] UV(−8.65 ± 0.18); Vis(−8.78)
Rh  −8.50: −8.50 −10.92 [+2.42]: UV
Pd  −6.41 ± 0.30 −6.41 −10.35 [+3.94] UV
Xe  −5.96 ± 0.20 −5.96 −9.83 [+3.87] Vis
Ba  −9.27 −9.27 −9.91 [+0.64] Vis
Pr  −9.62: −9.62 −11.33 [+1.71]: Vis
Nd  −9.57 ± 0.08: −9.60 −10.54 [+0.97]: Vis
Yb  −8.10 ± 0.19 −8.10 −10.96 [+2.86] UV(−7.82); Vis(−8.20 ± 0.10)
Yb  −7.31 ± 0.01 −8.10 −10.96 [+3.66] UV
Os  −10.55: −10.55 −10.55 [0.0]: UV
Ir  −10.65: −10.65 −10.65 [0.0]: UV
Pt  −7.63 −7.63 −10.20 [+2.57] Vis
Au  −7.51 ± 0.06 −7.51 −11.03 [+3.52] Vis
Hg  −6.19 ± 0.18 −6.30 −10.91 [+4.72] Vis
Hg  −6.53 ± 0.23 −6.30 −10.91 [+4.38] Vis

dubious identifications or with no measurable lines can be
added. They are B , O , S , Zn , Zn , Ga , As , Ce ,

and Ce . Previous abundance determinations based on a few
selected lines are those of Sadakane et al. (1985) for Be , B ;
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Dworetsky & Buday (2000) for Ne ; Smith (1993) for Mg,
Al, Si; Smith & Dworetsky (1993) and Jomaron et al. (1999)
for Cr , Mn , Fe , Co , Ni ; Sadakane et al. (1988) and
Smith (1996) for Cu , Zn ; Smith (1996) and Dworetsky et al.
(1998) for Ga ; Smith (1997) and Dolk et al. (2003) for Hg ,
Hg . We therefore extended the abundance analysis to more
elements than those previously examined for this star.

The presence of emission lines was discovered for the first
time in this star by Wahlgren & Hubrig (2000) in spectra ob-
served in the intervals 6005–6095 Å and 6105–6190 Å. While
most of them were identified as Ti  and Cr  lines, others could
not be classified. In this paper we extended the search for the
presence of emission lines to a larger wavelength interval than
that explored by Wahlgren & Hubrig (2000). The nature of
these emission lines remains unclear. A systematic investiga-
tion of the emission lines and the production of identification
line lists in stars with different stellar parameters such as effec-
tive temperature, gravity, chemical composition, magnetic field
strength, and rotational velocity would allow us to put tighter
constraints on the modelling of the origin of emission lines in
the HgMn, He-weak and PGa stars. Because the emission lines
may be correlated with abundance stratification (Sigut 2001),
UVES spectra also present an excellent opportunity to further
investigate the vertical stratification of different chemical ele-
ments through the determination of the abundances from lines
of the same ions formed on either side of the Balmer jump. For
Ca , Sc , Ti , Cr , Cr , Mn , Fe , Ni , Y , Zr , and Yb 
we compared abundances from lines lying shortward and long-
ward of the Balmer discontinuity. Savanov & Hubrig (2003) al-
ready discussed the presence of Cr stratification in HD 175640
by analyzing Cr  lines on the wings of Hβ.

2. Observations

The spectrum of HD 175640 was recorded on June 13, 2001
at ESO with the VLT UV-Visual Echelle Spectrograph UVES
at UT2. We used the UVES DIC1 and DIC2 standard settings
covering the spectral range from 3030 Å to 10 000 Å. The
slit width was set to 0.′′3 for the red arm, corresponding to
a resolving power of λ/∆λ ≈ 1.1 × 105. For the blue arm,
we used a slit width of 0.′′4 to achieve a resolving power of
≈0.9 × 105. The spectra were reduced by the UVES pipeline
Data Reduction Software (version 1.4.0), which is an evolved
version of the ECHELLE context of MIDAS. The manual for
the UVES pipeline can be found on the ESO web page2. The
signal-to-noise ratios of the resulting UVES spectra are very
high, ranging from 200 in the near UV to 400 in the visual
region.

There are two gaps in the observed range at
λλ 5759−5835 Å and 8519−8656 Å, which are caused
by the physical gap between the two detector chips of the red
CCD mosaic. Furthermore, the λλ 9074−9098 Å range cannot
be used, as the spectrum quality is poor in this interval. The
observed spectrum was shifted in wavelength in order to be
superimposed on the computed spectrum. The shift ranges

2 http://www.eso.org/observing/dfo/quality/UVES/
pipeline/pipe−gen.html

from 33.5 km s−1 in the ultraviolet to 34.5 km s−1 in the red,
indicating an uncertainty of about 1.0 km s−1 in the wavelength
calibration.

When the continuum was drawn in the spectrum reduced
with the UVES pipeline, we noticed strong distortions, mostly
in the ultraviolet, conspicuous jumps corresponding to the
boundaries of the orders, and several spurious absorptions.
Therefore we renormalised the unmerged spectra order by or-
der from 3040 Å to 7000 Å. For λ > 7000 Å, we adopted for the
analysis the spectrum reduced with the UVES pipeline owing
to the large undulations affecting the order by order spectra.
As a consequence there are jumps in the red spectrum which
modify the lines lying just where the jump occurs, as for in-
stance Mn  at 8784 Å. There are also jumps at 8776.5 Å
and 9316 Å, which could be confused with He  8776.77 Å
and with an emission line, respectively. Another jump occurs
at 9038.3 Å.

The continuum was subjectively drawn by connecting the
highest points of the spectrum by a straight line. When needed,
it was then adjusted in steps of 6 Å intervals with the help of
the synthetic spectrum. The continuous level just longward of
the Balmer and Paschen discontinuities is highly uncertain. It
was also very difficult to drawn it at the position of the Balmer
and Paschen lines owing to the jumps and distortions of the
échelle spectra. For this reason we did not use hydrogen lines
for the analysis.

Equivalent widths were measured in the spectra by direct
integration of the line profiles with the trapezium rule. A suit-
able number of points, which depends on the profile shape and
intensity, was adopted for each measurament.

3. The synthetic spectrum

The synthetic spectrum was computed with the SYNTHE code
(Kurucz 1993b) and with an opacity sampling ATLAS12 model
(Kurucz 1997) computed for the individual abundances of
the star.

Stellar parameters have been previously determined by
Hubrig et al. (1999) from Strömgren photometry and high res-
olution spectra in the framework of a spectroscopic search for
magnetic fields in HgMn stars. We adopted the same values
for the present analysis, namely Teff = 12 000 K, log g =
3.95, microturbulent velocity ξ = 0 km s−1 and rotational ve-
locity v sini = 2.5 km s−1. Although Hubrig & Castelli (2001)
suggested the possible presence of a weak variable magnetic
field in this star, we did not consider any Zeeman effect in the
computed spectrum. The spectrum was broadened for v sini =
2.5 km s−1 and for a Gaussian instrumental profile with re-
solving power 90 000 shortward of the Balmer discontinuity
and 110 000 longward of the Balmer discontinuity.

The final synthetic spectrum is the result of an iterative
procedure. An opacity distribution function ATLAS9 (Kurucz
1993a) model atmosphere computed with solar abundances for
all the elements was used in the SYNTHE code to gener-
ate a preliminary synthetic spectrum. The abundances in the
synthetic spectrum were then modified to get agreement be-
tween observed and computed profiles of selected lines. The
individual abundances estimated in that way were then used
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for computing an ATLAS12 model. This model and the mea-
sured equivalent widths of unblended lines with critically eval-
uated log g f s were the input data of the WIDTH code (Kurucz
1993a) which yields abundances from equivalent widths. A fi-
nal ATLAS12 model computed for the average abundances de-
rived from equivalent widths or, in a few cases, from line pro-
files, was the final input model used for computing the final
synthetic spectrum. The final adopted abundances are listed
in Table 1, Col. 3. They are logarithmic abundances rela-
tive to the total number of atoms Ntot. The second column of
Table 1 shows the average abundances derived from the mea-
sured equivalent widths or from comparison of observed and
computed profiles. Column 4 shows the solar abundances from
Grevesse & Sauval (1998), where the scale log(Nelem) relative
to log(NH) = 12 was changed to the scale log(Nelem/Ntot); Col. 5
gives the over- or underabundance of the ions in HD 175640
relative to the solar abundances. The last column indicates
whether lines lying shortward (UV) or longward (Vis) of the
Balmer discontinuity (placed at λ = 3647 Å) were used for
the abundance determination. When both regions were used,
the average abundance from each region is given in paren-
theses. The aim of this separation is to investigate the
presence of vertical abundance stratifications. Each of the
57 ions considered for the analysis is extensively dis-
cussed in the Appendix A. Tables of the input and out-
put line data for WIDTH can also be found in Appendix A
(Tables A.1–A.3).

Figure 1 compares the T− logτross relation of the ATLAS9
and ATLAS12 models used for HD 175640. The He under-
abundance of HD 175640 is the main cause of the different tem-
perature stratifications, in contrast with the statement of Norris
(1971) that the helium abundance has little effect on the tem-
perature structure. Abundances from the equivalent widths of
Mn  and Mn  lines and of Fe  and Fe  lines did not indicate
any need for a model parameter redetermination.

Starting from λ = 5500 Å telluric absorptions were
also approximately modelled by using telluric lines of the
HITRAN database3 converted into the SYNTHE format by
Kurucz (1998, private communication). The computed telluric
spectrum was simply superimposed on the observed and com-
puted spectra without performing any instrumental broaden-
ing and convolution with the synthetic spectrum. The atlas is
made up of the superimposed plots of the observed spectrum,
the computed stellar spectrum supplied with the line identifica-
tions, and the computed telluric spectrum.

4. Line data

Atomic line lists from the Kurucz database4 have provided the
basis for the line data. They contain data mostly from the lit-
erature for light and heavy elements and computed by Kurucz
(1992) for the iron group elements. In this case the critically
evaluated transition probabilities from Martin et al. (1988) and
Fuhr et al. (1988) were adopted for the lines in common. The

3 http://cfa-www.harvard.edu/HITRAN
4 http://kurucz.harvard.edu/linelists/gf100

Fig. 1. The T− logτross relation of an ATLAS9 model computed for
solar abundances for all the elements (solid line) is compared with the
T− logτross relation of an ATLAS12 model computed with the indi-
vidual abundances of HD 175640 (dotted line). Model parameters are
Teff = 12 000 K, log g = 3.95, ξ = 0 km s−1.

files that we downloaded from the Kurucz website differ from
those available in Kurucz & Bell (1995) for the Fe  line data.

We implemented the files gf0400.100, gf0500.100,
gf0600.100, gf0800.100 and gf1200.100, which cover the
range 3040–10 000 Å, by replacing several log g f s with more
up-to-date determinations and by adding missing lines, Stark
broadening parameters, and hyperfine and isotopic compo-
nents. In particular, we compared the line data of all the el-
ements identified in HD 175640 on the basis of the Kurucz
line lists with the line data from the NIST database5 and from
Wiese et al. (1996) for CNO. Generally, we preferred for our
analysis NIST and Wiese et al. (1996) log g f s, although the
differences with Kurucz’s data are very small for most of the
lines. We added several O  lines from Wiese et al. (1996),
and a few Br  and several Xe  lines from NIST. We also
examined other sources for specific elements like Si  (Lanz
& Artru 1985), Ti  (Pickering et al. 2002), Cr  (Sigut &
Landstreet 1990), Ga  (Isberg & Litzén 1985; Ryabchikova
& Smirnov 1994; Nielsen et al. 2000), Y  (Nilsson et al.
1991), Xe  (Hansen & Persson 1987), Ce  (Biémont et al.
1999), Pr  (Biémont et al. 2001b), Nd  (Zhang et al. 2002),
Yb  (Biémont et al. 1998), Yb  (Biémont et al. 2001a),
Pt  (Dworetsky et al. 1984), Au  (Rosberg & Wyart 1997),
Hg  (Benck et al. 1989) and Hg  (Sansonetti & Reader 2001;
Proffitt et al. 1999). Actually, for the Rare Earth Elements we
examined the DREAM database6.

5 http://physics.nist.gov/cgi-bin/AtData/lines−form
6 http://www.umh.ac.be/astro/dream.shtml
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Because the Stark effect is an important line broaden-
ing mechanism in HD 175640 we also scrutinized the Stark
line data. In the Kurucz line lists the damping constants
γS = 4πcw/λ2 are taken from the literature when available. The
Griem (1974) tables are the source for the damping constants
of a large number of light element lines, while for all the lines
of the iron group elements the damping constants are due to
Kurucz’s (1992) computations. The γS value for T = 20 000 K
is that adopted in the line lists. We added Stark damping con-
stants from Lanz et al. (1988) for some Si  lines not consid-
ered by Griem (1974). Damping constants not available from
the literature are computed inside the SYNTHE code with an
approximate formula (Kurucz & Avrett 1981).

Lines of He  are computed separately. Stark profiles are
given in tabular form as function of temperature, electron den-
sity and ion density for the He  lines at 4026 Å, 4387 Å,
4471 Å and 4922 Å. The Stark profiles for the first two lines
were taken from Shamey (1969), those for the last two lines
from Barnard et al. (1974) and Barnard et al. (1975), respec-
tively. The Stark profile for the given model atmosphere is com-
puted by interpolating in the tables. For some other He  lines,
Stark profiles are obtained by interpolating for temperature
the Stark widths and shifts taken from the Griem (1974) ta-
bles. For a few He  lines not available in Griem (1974) we
added Stark widths and shifts computed by Dimitrijević &
Sahal-Bréchot (1990) with a semiempirical approach. Figure 2
compares two synthetic profiles for He I at 4009.26 Å pre-
dicted by the HD 175640 model atmosphere. They differ only
in the Stark damping constant, which is computed according
to the approximation made in the SYNTHE code in one case,
and is derived from the Stark widths and shifts computed by
Dimitijevic̀ & Sahal-Brèchot (1990) in the other case. This last
profile agrees with the observed spectrum which is also plotted
in Fig. 2. The large influence of the Stark effect, in spite of the
weakness of the line, is evident from the figure.

Thanks to the very high resolution of the UVES spectra,
isotopic shifts and hyperfine splittings are well detectable in
several profiles, in particular those of Mn , Ga  and Hg . As a
consequence, we may expect good agreement in their observed
and computed profiles only when isotopic and hyperfine struc-
tures are taken into account in the computations. But these data
are rather scarse in the literature, so that only few lines can
be accurately computed. We included in the line list hyperfine
components for some lines of Mn  (Holt et al. 1999); isotopic
and hyperfine components for some lines of Ga  (Karlsson &
Litzén 2000), Pt  (Engleman 1989), Hg  (Dolk et al. 2003),
and Hg  (Dolk et al. 2003); isotopic components for Ba  at
4554.03 Å (Becker & Werth 1983; Becker et al. 1968). When
the hyperfine components were not directly available in the lit-
erature, but only the A and B hyperfine constants were given,
we used them in the HYPERFINE code (Kurucz & Bell 1995)
for computing the hyperfine wavelengths and the correspond-
ing hyperfine log g f s. Figure 3 shows the extreme hyperfine
broadening which affects the Mn  lines at 7353.549 Å and
7415.803 Å. In the figure each observed profile is compared
with two synthetic profiles which differ in the hyperfine struc-
ture. One profile was computed by considering the hyperfine
structure, the other profile was computed without it.

Fig. 2. Two synthetic profiles of He  400.9257 nm differing only in
the Stark damping constants are compared with the observations (full
thin line). The thick line shows the profile computed with the Stark
widths and shifts from Dimitrijević & Sahal-Bréchot (1990), the dot-
ted line shows the profile computed with the approximate Stark damp-
ing constant yielded by the SYNTHE code (Kurucz & Avrett 1981)
when it is not available from the literature. We used the model for
HD 175640 having parameters Teff = 12 000 K, log g = 3.95, micro-
turbulent velocity ξ = 0 km s−1. The synthetic profiles are also broad-
ened for v sin i = 2.5 km s−1 and for a Gaussian instrumental profile
with 110 000 resolving power.

Isotopic and hyperfine components for Mn , Ga , Ba ,
Hg , and Hg  are discussed and listed in Appendix A
(Tables A.6–A.9).

5. Discussion

The inspection of the atlas of HD 175640 shows a very large
number of identified absorptions. The spectrum is crowded
with Mn , Mn , Ti  and Cr  lines. In addition to H , other
identified species are He , Be , C , C , O , O , Ne , Na ,
Mg , Mg , Si , Si , P , S , S , Ca , Ca , Sc , Ti , Cr ,
Cr , Mn , Mn , Fe , Fe , Co (?), Ni , Cu , Ga , Ga ,
Br , Sr , Y , Zr , Rh , Pd , Xe , Ba , Pr (?),Nd (?),
Yb , Yb , Os (?), Ir (?), Pt , Au , Hg  and Hg . Here,
the question marks indicate doubtful identifications. A previ-
ous identification work in the range 3050–6750 Å based on
the same spectrum studied by us was performed by Bord et al.
(2003)7 by using the wavelength coincidence statistics (WCS)
method. They also identified Pd  which was missed by us (see
Appendix A). The Bord et al. (2003) analysis as well as our at-
las show that numerous features, in particular for λ > 5000 Å,
could not be identified. A list of unidentified lines in the range
4700–5800 Å is available in Appendix A (Table A.10). This
region is approximately the same covered by the table of un-
analyzed lines in HR 7775 in Wahlgren et al. (2000). The com-
parison of the two lists of unidentified lines has given a very
small number of coincidences. In HD 175640, several uniden-
tified absorptions coincide with lines of Mn  and Cr  having
log g f values too low to yield a predicted profile of intensity
similar to the observed one.

7 http://www.astro.lsa.umich.edu/users/cowley/
AAS0503Don/P7143.htm
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Fig. 3. The observed profiles (thick full lines) of Mn  at λλ 735.3549 and 741.5803 nm are compared with synthetic profiles computed once
without any hyperfine structure (dotted lines) and once with hyperfine structure (thin full lines). The meaning of the line identification labels
like 486 25.01 29889 813 is: 486, last 3 digits of wavelength in nm (735.3486); 25.01, element (25) and charge (01), i.e. Mn ; 29889, lower
energy level in cm−1; 813, per mil residual flux of the isolated line before rotation.

Numerous weak emission lines from Cr  and Ti  have
been identified in the red part of the spectrum, starting at
≈λ 5847 Å. They are all the Ti  lines with the lower exci-
tation potential >∼62 000 cm−1 and log g f > −1.0 and all the
Cr  lines with the lower excitation potential >∼89 000 cm−1 and
log g f > −0.8. The observed emission lines of Ti  and Cr 
are tabulated in Appendix A (Tables A.4 and A.5) together
with a few unidentified observed emission lines (Table A.11).
Emission lines of C  at 9335.148 Å (mult. 10) and 9405.730 Å
(mult. 9) have been observed for the first time. No clear
Mn  emission lines were observed in HD 175640.

Considering the observational material at our disposal we
notice that it is possible to identify different subgroups of
HgMn stars on the basis of which ions appear in emission.
46 Aql (HD 186122) was the first HgMn star where emis-
sion lines of Mn  were detected (Sigut et al. 2000). Wahlgren
& Hubrig (2000) found additional emission lines originating
from the ions Fe  and Cr . Emission lines of Mn  have fur-
ther been found in HD 16727 and HD 41040. However, some
other HgMn stars (e.g., HD 175640, HD 71066, HD 11073 or
HD 178640) show exclusively Cr  and Ti  emission lines. The
hypothesis has been made that the presence of emission lines
of a particular element is correlated in some way with its abun-
dance (Wahlgren & Hubrig 2000). Sigut (2001) explains the
emission lines as due to NLTE effects interlocked with vertical
stratified abundances of particular elements. However, there is
also a group of HgMn stars which does not exhibit emission
lines at all (e.g. HD 49606, HD 77350 or HD 78316). At the
moment, the very small sample of HgMn stars with observed
emission lines cannot answer the question of what excitation

process leads to the weak emission lines. The proper identi-
fication and tabulation of emission lines in the spectrum of
HD 175640 should help to advance and to test the theoretical
explanation of their origin.

We can see in the atlas that unpredicted red components af-
fect the K and H Ca  profiles at 3933 Å and 3968 Å and the
Na  profiles at 5890 Å and 5896 Å. Their circumstellar or in-
terstellar origin should be further investigated. An unexpected
redshift of 0.2 Å for the Ca  profiles at 8498 Å and 8662 Å
was explained by Castelli & Hubrig (2004) by an anomalous
isotopic composition of Ca in HD 175640. The only other ele-
ment in HD 175640 with an anomalous isotopic composition is
Hg (Dolk et al. 2003).

Abundances for 49 ions from 40 elements (Table 1) were
determined from both equivalent width and line profile anal-
yses. The analysis of each ion is extensively discussed in
Appendix A. The abundances for a number of ions (He ,
C -C , O , Na , P , S , Ca -Ca , Sc , Ti , Br , Sr , Y ,
Zr , Rh , Pd , Xe , Ba , Nd , Yb -Yb , Pt  and Au )
are reported here for the first time. The main interest in car-
rying out the abundance study of HD 175640 comes from the
fact that no convincing explanation of the origin of HgMn stars
presently exists and that the physical mechanisms producing
observed abundance anomalies are not fully understood (e.g.,
Hubrig & Mathys 1995; Leckrone et al. 1999; Dolk et al. 2003).
Abundance determinations from the analysis of stellar spectra
play a critical and defining role for testing the several mecha-
nisms that have been proposed to explain the development of
the anomalies.



F. Castelli and S. Hubrig: The spectrum of HD 175640 269

The examination of Table 1 shows that both excesses and
deficiencies occur in the atmosphere. Compared to the solar
abundance, Hg is the most overabundant element. It exceeds
the solar abundance by a factor >104. It is followed by Ga,
Y, Pd, Xe, Yb , and Au, which have abundances larger than
the solar ones by factors of the order of 103. Mn, Br, Yb ,
and Pt are overabundant by factors larger than 102, while Cr
and Ti are overabundant by factors of the order of 10. Elements
overabundant in a lesser degree are Cu ([+0.95]), Sr ([+0.66)],
Zr ([0.77]), Ba ([+0.64]), and Nd ([+0.97]). The most under-
abundant elements are N, Al and V, which could not be iden-
tified in the spectrum, so that their underabundances of [−1.7],
[−1.9] and [−1.0], respectively, are only upper limits. Other
underabundant elements are He ([−0.62]), C ([−0.55]) and
Co ([−0.96]). The abundances of the remaining elements lie
within the limits of ±0.5 dex.

Only a few observational studies have been carried out to
test the vertical abundance stratification of certain elements in
HgMn stars (Alecian 1982; Lanz et al. 1993; Savanov & Hubrig
2003). Our study of HD 175640 revealed different abundances
of singly ionized ions lying on either side of the Balmer jump.
The differences are within the limits of the standard deviations
for Ca , Cr , Cr , Mn , Ni , Zr . They are larger than the
standard deviations for Sc , Ti , Fe , Y , and Yb . In the near
UV, these elements give abundances larger than those derived
from the visual lines, except for Fe  for which the opposite is
true.

Possible signs of an ionization anomaly have been found
from the study of Cr , Cr  and Yb , Yb  lines. The aver-
age abundance obtained from lines of Cr  is lower by 0.2 dex
than from lines of Cr . For the REE Yb, we find that the aver-
age abundance from the Yb  lines is 0.8 dex higher than that
from the Yb  lines. The 0.2 dex abundance difference from Cr 
and Cr  lines seems to confirm the vertical Cr stratification in-
ferred by Savanov & Hubrig (2003) from Cr  lines lying on the
wings of Hβ at different distances from the core, although they
found the larger abundance difference of 0.6 dex. No sign of
vertical Cr abundance stratification comes from the abundances
of Cr  and Cr  lines lying on either side of the Balmer jump.

Finally, the synthetic spectrum analysis has shown some
deficiencies of the UVES spectrum reduction procedures re-
lated to small uncertainties in the wavelength calibrations as
well as to large jumps and undulations of the échelle spectra.
All these shortcomings contribute to reducing the agreement
of the computed spectra with the observed spectra in certain
wavelength regions.
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Appendix A: The element by element analysis

All the elements which contribute to the spectrum of
HD 175640 are individually considered here. Tables A.1–A.3
list respectively the lines of the light elements, of the iron group
elements and of the elements with atomic number Z ≥ 30 which
were analyzed for abundance purposes. In all three tables the
lines of each element are arranged in increasing wavelength or-
der. Multiplet numbers are mostly taken from Moore (1972),
except for He . In this case multiplet numbers from NIST and
from Wiese et al. (1966) (the ones in parenthesis) are given.
For each line, the log g f value, its reference, and the lower
excitation potential are listed. In Table A.1 the Stark damp-
ing constant log (γS/Ne) for T = 20 000 K and its reference are
added. There are no damping constants for He  in Table A.1 be-
cause they were obtained by interpolating for temperature and,
for a few lines, also for electron and ion density, in tables of
Stark broadening parameters or Stark profiles (Sect. 4), whose
reference can be found in Col. 7. In Table A.3, the excitation
potential of the upper level is added. In all the tables the last
three columns show the measured equivalent width, the corre-
sponding abundance, and the remarks, if any needed. When no
equivalent width is given, the abundance was derived from the
comparison of observed and computed profiles. This kind of
determination was mostly performed when different transitions
belonging to the same multiplet are observed as a single pro-
file. The average abundance and its standard deviation (when
more lines were measured) are given at the top of the subtable
relative to the given ion.

Helium (2)-He : By varying the He abundance in steps of
0.01 dex we obtained log(N(He)/Ntot) = −1.73 (i.e. [−0.62])
from the comparison of the computed and observed profiles
of the lines listed in Table A.1. All the weak lines are fully
consistent with the adopted abundance, while some differences
between observations and computations occur for the strongest
lines. Figure A.1 shows that the blue wing of λ 4026 Å is not
well reproduced, while the computed cores of λλ 4471 and
6678 Å are slightly too strong. We did not find any trace of
the 3He isotope for the line at 6678 Å, so that we assumed that
the He isotopic ratio is the terrestrial one.

The weakness of all the He I lines observed in HD 175640
may justify the LTE assumption.

Beryllium (4)-Be : The only unblended line observed in
the spectrum is the Be  resonance line at 3130.420 Å,
mult. 1. The abundance log(N(Be)/Ntot) = −10.64 derived from
the equivalent width is solar. Sadakane et al. (1985) found
log(N(Be)/N(H)) < −9.7 from IUE spectra. The other Be  line
of mult. 1 at 3131.065 Å is predicted weak for the above abun-
dance and is heavy blended with Mn . A weak unidentified
absorption at 5270.3 Å can hardly be due to Be  5270.28 Å
mult. 3 as the other, stronger line of the same multiplet
at 5270.815 Å is not observed.

The log g f values of the Kurucz line list, which were taken
from Biémont et al. (1977), were used for the lines examined

here. They do not differ by more than 0.005 dex from those
available in the NIST database.

Boron (5)-Not observed: There are no observed absorptions
at the position of B  3451.287 Å, mult. 1. An absorp-
tion at 3451.32 Å identified as Fe  3451.318 Å is much
stronger than predicted both when log g f = −1.519 from the
Kurucz database and log g f = −1.651 from Raassen & Uylings
(1998) are used. We could speculate that boron contributes
to the observed absorption, provided that its wavelength is
3451.320 Å and that it is highly overabundant. However,
Sadakane et al. (1985) derived from IUE spectra a boron un-
derabundance of the order of [−1.4]. Therefore we assume that
no boron lines are observable in our spectra.

Carbon (6)-C ,C : The most striking characteristic of carbon
is the presence of the two strong emission lines of C  mult. 10
at 8335.148 Å and C mult. 9 at 9405.730 Å. They are shown in
Fig. A.2, where the observed spectrum, the computed spectrum
and the telluric spectrum are superimposed.

There is no doubt that the carbon abundance is subsolar,
but it is difficult to fix its exact value owing to the position
of the strongest C  and C  lines in the red part of the spec-
trum where they are either embedded in strong telluric absorp-
tions or heavily blended with them. Examples are C  mult. 3
at 9061.431 Å, 7231.33 Å and 7236.42 Å and C  mult. 2 at
9620.777 Å and 9658.430 Å. In addition, the spectrum is of bad
quality in the 9074–9098 Å region, just where three C  lines of
mult. 3 (λλ 9078.288, 9088.513 and 9094.830 Å) could have
been measured.

The few C  and C  lines that have measurable equivalent
widths are listed in Table A.1. We remark that C  mult. 4 at
3918.968 Å seems to blueshifted relatively to the wavelength
taken from Wiese et al. (1996). If the shift is not real it could
be blended with an unknown component. The average abun-
dance from C  is −4.11 ± 0.23 dex, that from C  is −4.05 ±
0.16 dex, while the average abundance from all C  and C  lines
is −4.08 ± 0.20 dex. After comparison of the synthetic spec-
trum with the observed spectrum we assumed log(N(C)/Ntot) =
−4.00.

According to Hempel & Holweger (2003) no NLTE correc-
tions are needed for the carbon lines examined in HD 175640
because no negligible NLTE effects are predicted in late B-type
stars for lines with equivalent widths larger than 100 mÅ.

Nitrogen (7)-Not observed: There are no nitrogen lines ob-
served in the spectrum. The computed N  lines of mult. 1
at 8680–8728 Å disappear for log(N(N)/Ntot) = −5.78. We
adopted this value as upper limit for the nitrogen abundance.
It corresponds to an underabundance of [−1.66].

Oxygen (8)-O ,O : We identified a large number of O  lines,
and two O  lines of mult. 1 (4641.82 Å and 4649.14 Å) that
were so weak that no measuraments of their equivalent widths
were performed. All the O  lines analyzed in the spectrum are
listed in Table A.1.
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Table A.1. Abundances of the light elements.

Mult. λ(Å) log g f Ref.a χlow(cm−1) log(γS/Ne) Ref.b W(mÅ) log(NZ/Ntot) Notes

He  log N(He )/Ntot = −1.73
88 (22) 3819.6020 −2.968 NIST 169 086.87 DS90 −1.73
88 (22) 3819.6028 −1.045 NIST 169 086.87 DS90 −1.73
88 (22) 3819.6028 −1.794 NIST 169 086.87 DS90 −1.73
88 (22) 3819.6131 −1.794 NIST 169 086.95 DS90 −1.73
88 (22) 3819.6139 −1.315 NIST 169 086.95 DS90 −1.73
88 (22) 3819.7573 −1.668 NIST 169 087.93 DS90 −1.73
82 (20) 3867.4723 −2.055 NIST 169 086.87 DS90 −1.73
82 (20) 3867.4837 −2.276 NIST 169 086.95 DS90 −1.73
82 (20) 3867.6315 −2.754 NIST 169 087.93 DS90 −1.73
32 (58) 3926.5443 −1.647 NIST 171 155.00 DS90 −1.73 Not observed
31 (55) 4009.2565 −1.473 NIST 171 135.00 DS90 −1.73 Not observed
25 (54) 4023.9798 −2.577 NIST 171 135.00 DS90 −1.73 On the wing of He  4026
87 (18) 4026.1844 −2.625 NIST 169 086.87 SM69 −1.73 Bad fit for the blue wing
87 (18) 4026.1859 −1.448 NIST 169 086.87 SM69 −1.73
87 (18) 4026.1860 −0.701 NIST 168 086.87 SM69 −1.73
87 (18) 4026.1968 −1.449 NIST 169 086.95 SM69 −1.73
87 (18) 4026.1983 −0.972 NIST 169 086.95 SM69 −1.73
87 (18) 4026.3570 −1.324 NIST 169 087.93 SM69 −1.73
81 (16) 4120.8108 −1.738 NIST 169 086.87 G74 −1.73 On the red wing of Hδ
81 (16) 4120.8237 −1.961 NIST 169 086.95 G74 −1.73
81 (16) 4120.9916 −2.437 NIST 169 087.93 G74 −1.73
30 (53) 4143.7590 −1.196 NIST 171 135.00 DS90 −1.73 Not observed
24 (52) 4168.9716 −2.338 NIST 171 135.00 DS90 −1.73 Not observed
29 (51) 4387.9291 −0.883 NIST 171 135.00 SM69 −1.73
23 (50) 4437.5536 −2.034 NIST 171 135.00 G74 −1.73
86 (14) 4471.4704 −2.203 NIST 169 086.87 BCS1 −1.73
86 (14) 4471.4741 −1.026 NIST 169 086.87 BCS1 −1.73
86 (14) 4471.4743 −0.278 NIST 169 086.87 BCS1 −1.73
86 (14) 4471.4856 −1.025 NIST 169 086.95 BCS1 −1.73
86 (14) 4471.4893 −0.550 NIST 169 086.95 BCS1 −1.73
86 (14) 4471.6832 −0.903 NIST 169 087.93 BCS1 −1.73
80 (12) 4713.1392 −1.230 NIST 169 086.87 G74 −1.73 Blend with Cr , Fe 
80 (12) 4713.1562 −1.452 NIST 169 086.94 G74 −1.73
80 (12) 4713.3757 −1.928 NIST 169 087.93 G74 −1.73
28 (48) 4921.9310 −0.435 NIST 171 135.00 BCS2 −1.73
13 ( 4) 5015.6776 −0.820 NIST 166 277.54 G74 −1.73 Blend with Fe 

22 (47) 5047.7384 −1.601 NIST 171 135.00 G74 −1.73 Blend with Fe 
85 (11) 5875.5987 −1.516 NIST 169 086.87 G74 −1.73
85 (11) 5875.6139 −0.341 NIST 169 086.87 G74 −1.73
85 (11) 5875.6148 +0.408 NIST 169 086.87 G74 −1.73
85 (11) 5875.6251 −0.340 NIST 169 086.95 G74 −1.73
85 (11) 5875.6403 +0.137 NIST 169 086.95 G74 −1.73
85 (11) 5875.9663 −0.215 NIST 169 087.93 G74 −1.73
27 (46) 6678.1517 +0.329 NIST 171 135.00 G74 −1.73
79 (10) 7065.179 −0.461 NIST 169 086.87 G74 −1.73
79 (10) 7065.217 −0.682 NIST 169 086.95 G74 −1.73
79 (10) 7065.710 −1.160 NIST 169 087.93 G74 −1.73

Be  log N(Be )/Ntot = −10.64
1 3130.420 −0.168 K,BIE 0.00 −5.80 G74 (K) 7.12 −10.64

C  log N(C )/Ntot = −4.11 ± 0.23
6 4771.747 −1.866 CNO 60 393.14 −4.59 G74 1.58 −3.82

13 4932.049 −1.658 CNO 61 981.82 −4.32 G74 1.19 −4.05
3 9062.487 −0.456 CNO 60 333.43 −5.32 G74 24.41 −3.98
3 9111.807 −0.298 CNO 60 393.14 −5.32 G74 21.88 −4.19
2 9603.034 −0.896 CNO 60 333.43 −5.40 G74 3.05: −4.49

C  log N(C )/Ntot = −4.05 ± 0.16
4 3918.968 −0.533 CNO 131 724.37 −4.93 G74 12.23 −3.95
6 4267.261 +0.717 CNO 145 550.70 −4.76 G74 22.57 −3.87
2 6578.052 −0.026 CNO 116 537.65 −5.35 G74 8.68 −4.31 On the wing of Hα
2 6582.882 −0.328 CNO 116 537.65 −5.35 G74 7.60 −4.08 On the wing of Hα
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Table A.1. continued.

Mult. λ(Å) log g f Ref.a χlow(cm−1) log(γS/Ne) Ref.b W(mÅ) log(NZ/Ntot) Notes

O  log N(O )/Ntot = −3.18 ± 0.11
3 3947.295 −2.096 CNO 73 768.20 −4.70 G74 6.54 −3.40
3 3947.481 −2.244 CNO 73 768.20 −4.70 G74 −3.40
3 3947.586 −2.467 CNO 73 768.20 −4.70 G74 −3.40
5 4368.190 −2.665 CNO 76 794.98 −4.68 G74 −3.20
5 4368.242 −1.964 CNO 76 794.98 −4.68 G74 −3.20
5 4368.258 −2.818 CNO 76 794.98 −4.68 G74 −3.20

14 4967.380 −2.086 CNO 86 625.76 − − No fit
14 4967.380 −1.997 CNO 86 625.76 − − No fit
14 4967.380 −2.329 CNO 86 625.76 − − No fit
14 4967.880 −1.660 CNO 86 627.78 − − No fit
14 4967.880 −1.865 CNO 86 627.78 − − No fit
14 4967.880 −2.454 CNO 86 627.78 − − No fit
14 4968.790 −1.375 CNO 86 631.45 − − No fit
14 4968.790 −1.961 CNO 86 631.45 − − No fit
14 4968.790 −2.087 CNO 86 631.45 − − No fit
13 5020.218 −1.725 CNO 86 631.45 − − 2.87 −3.35
12 5329.096 −1.938 CNO 86 625.76 −3.43 G74 −3.27
12 5329.099 −1.586 CNO 86 625.76 −3.43 G74 −3.27
12 5329.107 −1.695 CNO 86 625.76 −3.43 G74 −3.27
12 5329.673 −2.063 CNO 86 627.78 −3.43 G74 ≤−3.27 Blend with Mn 
12 5329.681 −1.473 CNO 86 627.78 −3.43 G74 ≤−3.27 Blend with Mn 
12 5329.690 −1.269 CNO 86 627.78 −3.43 G74 ≤−3.27 Blend with Mn 
12 5330.735 −1.570 CNO 86 631.45 −3.43 G74 −3.27
12 5330.741 −0.984 CNO 86 631.45 −3.43 G74 −3.27
11 5435.178 −1.766 CNO 86 625.76 −3.82 G74 4.20 −3.20
11 5435.775 −1.544 CNO 86 627.78 −3.82 G74 5.99 −3.16
11 5436.862 −1.398 CNO 86 631.45 −3.82 G74 7.49 −3.20
10 6155.961 −1.363 CNO 86 625.76 −3.96 G74 −3.17
10 6155.971 −1.011 CNO 86 625.76 −3.96 G74 −3.17
10 6155.989 −1.120 CNO 86 625.76 −3.96 G74 −3.17
10 6156.737 −1.488 CNO 86 627.78 −3.96 G74 −3.17
10 6156.755 −0.899 CNO 86 627.78 −3.96 G74 −3.17
10 6156.778 −0.694 CNO 86 627.78 −3.96 G74 −3.17
10 6158.149 −1.841 CNO 86 631.45 −3.96 G74 −3.17 Blend with Cr , Cr 
10 6158.172 −0.996 CNO 86 631.45 −3.96 G74 −3.17 Blend with Cr , Cr 
10 6158.187 −0.409 CNO 86 631.45 −3.96 G74 −3.17 Blend with Cr , Cr 
9 6453.602 −1.288 CNO 86 625.76 −4.28 G74 7.34 −3.24
9 6454.444 −1.066 CNO 86 627.78 −4.28 G74 11.95 −3.23
9 6455.977 −0.920 CNO 86 631.45 −4.28 G74 (−3.27) Blend with Ga 

21 7001.899 −1.489 CNO 88 630.59 −3.93 G74 −3.27 Blend with Mn 
21 7001.922 −1.012 CNO 88 630.59 −3.93 G74 −3.27 Blend with Mn 
21 7002.173 −2.644 CNO 88 631.15 −3.93 G74 −3.22
21 7002.196 −1.489 CNO 88 631.15 −3.93 G74 −3.22
21 7002.230 −0.741 CNO 88 631.15 −3.93 G74 −3.22
21 7002.250 −1.364 CNO 88 631.30 −3.93 G74 −3.22
38 7156.701 +0.288 CNO 102 662.03 −5.35 G74 23.70 −3.11
1 7771.944 +0.369 CNO 73 768.20 −5.55 G74 190.78 −2.04 No fit
1 7774.166 +0.223 CNO 73 768.20 −5.55 G74 174.48 −2.08 No fit
1 7775.388 +0.001 CNO 73 768.20 −5.55 G74 148.12 −2.20 No fit

35 7947.548 +0.500 K, NBS 101 135.41 −5.54 G74 32.22 −3.02
35 7950.803 +0.340 K, NBS 101 147.53 −5.54 G74 25.98 −3.09
35 7952.159 +0.170 K, NBS 101 155.42 −5.54 G74 21.46 −3.14
34 8221.824 +0.313 CNO 101 135.41 −5.40 G74 −3.10
4 8446.247 −0.463 CNO 76 794.98 −5.44 G74 No fit
4 8446.359 +0.236 CNO 76 794.98 −5.44 G74 No fit
4 8446.758 +0.014 CNO 76 794.98 −5.44 G74 No fit

37 8820.423 +0.379 CNO 102 662.03 −5.51 G74 43.43 −3.04
8 9260.806 −0.242 CNO 86 625.76 −4.95 G74 No fit
8 9260.848 +0.110 CNO 86 625.76 −4.95 G74 No fit
8 9260.848 +0.001 CNO 86 625.76 −4.95 G74 No fit



F. Castelli and S. Hubrig: The spectrum of HD 175640, Online Material p 5

Table A.1. continued.

Mult. λ(Å) log g f Ref.a χlow(cm−1) log(γS/Ne) Ref.b W(mÅ) log(NZ/Ntot) Notes

O  cont.
8 9262.582 −0.367 CNO 86 627.78 −4.95 G74 No fit
8 9262.670 +0.223 CNO 86 627.78 −4.95 G74 No fit
8 9262.776 +0.427 CNO 86 627.78 −4.95 G74 No fit
8 9265.826 −0.719 CNO 86 631.45 −4.95 G74 No fit
8 9265.932 +0.126 CNO 86 631.45 −4.95 G74 No fit
8 9266.006 +0.712 CNO 86 631.45 −4.95 G74 No fit

Ne  log N(Ne )/Ntot = −4.35
1 7032.413 −0.294 NIST 134 041.840 −6.32 G74 2.23 −4.35

Na  log N(Na )/Ntot = −5.47
6 5688.205 −0.450 K, KP 16 973.37 −5.68 G74 −5.47: Blend with telluric lines
1 5889.950 +0.112 NIST 0.00 −5.64 G74 −5.47: Blend interstell./circumstell. line
1 5895.924 −0.191 NIST 0.00 −5.64 G74 −5.47: Blend interstell./ circumstell. line
4 8183.255 +0.260 NIST 16 956.17 −5.52 G74 ≥−5.47: Blend with telluric line
4 8194.790 −0.441 NIST 16 973.37 −5.52 G74 −5.47
4 8194.824 +0.514 NIST 16 973.37 −5.52 G74 −5.47

Mg  log N(Mg )/Ntot = −4.64 ± 0.06
40 4702.991 −0.374 NIST 35 051.26 −3.98 G74 2.09 −4.72
2 5167.321 −0.856 NIST 21 850.41 −5.27 G74 5.80 −4.57
2 5172.684 −0.380 NIST 21 870.46 −5.27 G74 13.74 −4.63
2 5183.604 −0.158 NIST 21 911.18 −5.27 G74 −4.58 Blend with Fe ,Ti 

Mg  log N(Mg )/Ntot = −4.71 ± 0.07
10 4384.637 −0.792 NIST 80 619.50 −4.02 G74 24.11 −4.81
10 4390.514 −1.706 NIST 80 650.02 −4.02 G74 39.57 −4.76
10 4390.572 −0.530 NIST 80 650.02 −4.02 G74 39.57 −4.76
9 4427.994 −1.201 NIST 80 619.50 −4.40 G74 13.44 −4.70
4 4481.126 +0.730 NIST 71 490.19 −4.68 G74 −4.69 Bad fit for the core
4 4481.150 −0.570 NIST 71 490.19 −4.68 G74 −4.69 Bad fit for the core
4 4481.325 +0.575 NIST 71 490.06 −4.68 G74 −4.69 Bad fit for the core
8 7877.054 +0.390 NIST 80 619.50 −4.54 G74 64.50 −4.68
8 7896.042 −0.303 NIST 80 650.02 −4.54 G74 28.14 −4.77
8 7896.366 +0.647 NIST 80 650.02 −4.54 G74 85.58 −4.56 Blend with telluric line
− 8213.987 −0.279 NIST 80 619.50 −4.77 G74 −4.81 At the Paschen limit
− 8234.636 +0.024 NIST 80 650.02 −4.77 G74 −4.81 Blend with telluric line
− 9631.891 +0.663 NIST 93 310.59 − − 57.42 −4.69
− 9631.95 −0.639 NIST 93 310.59 − − −4.69
− 9632.430 +0.507 NIST 93 311.11 − − 47.05 −4.72

Si  log N(Si )/Ntot = −4.72 ± 0.08
1 3853.665 −1.517 K, BBCB 55 309.35 −4.91 G74 60.94 −4.77
1 3856.018 −0.557 K, BBCB 55 325.18 −4.91 G74 108.86 −4.81
1 3862.595 −0.817 K, BBCB 55 309.35 −4.91 G74 98.75 −4.71

3.01 4072.709 −2.367 K, SG 79 338.50 −4.51 LDA 1.95 −4.75
3.01 4075.452 −1.403 K, SG 79 355.02 −4.51 LDA 15.18 −4.72
7.26 4190.724 −0.351 LA 108 820.60 −5.07 LDA 7.52 −4.66
7.26 4198.133 −0.611 LA 108 778.70 −5.07 LDA 4.99 −4.59

5 5041.024 +0.174 NIST 81 191.34 −4.70 G74 73.40 −4.65
5 5055.984 +0.441 NIST 81 251.32 −4.70 G74 90.48 −4.65
5 5056.317 −0.535 NIST 81 251.32 −4.70 G74 38.52 −4.63

7.03 5466.432 −0.190 NIST 101 023.05 −3.85 G74 11.11 −4.74
7.33 5669.563 +0.266 LA 114 529.14 − − 5.68 −4.75
7.33 5688.817 +0.106 LA 114 414.58 − − 3.22 −4.87

4 5957.559 −0.349 NIST 81 191.34 −4.91 G74 37.52 −4.65
4 5978.930 −0.061 NIST 81 251.32 −4.91 G74 49.34 −4.65

7.02 7848.816 +0.335 NIST 101 023.05 −4.25 G74 11.81 −4.81
7.02 7849.722 +0.492 NIST 101 024.35 −4.25 G74 13.41 −4.89

Si  log N(Si )/Ntot = −4.58 ± 0.04
2 4552.622 +0.292 NIST 153 377.05 − − 4.01 −4.62
2 4567.840 +0.069 NIST 153 377.05 − − 3.15 −4.54

Owing to the triplet and quintet nature of most of the
transitions, the oxygen abundance was estimated both from

the profiles and from the equivalent widths. The adopted fi-
nal value log(N(O)/Ntot) = −3.18 ± 0.11 is the average abun-
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Table A.1. continued.

Mult. λ(Å) log g f Ref.a χlow(cm1) γS Ref.b W(mÅ) log(NZ/Ntot) Notes

P  log N(P )/Ntot = −6.28 ± 0.08
7 5296.077 −0.134 K, HI 87 124.60 − − 2.20 −6.33
6 5316.055 −0.341 K, HI 86 743.96 −4.09 G74 1.66 −6.28
6 5344.729 −0.329 K, HI 86 597.55 −4.09 G74 1.88 −6.24
6 5386.895 −0.305 K, HI 86 743.96 −4.09 G74 1.72 −6.29
6 5425.880 +0.241 K, HI 87 124.60 −4.09 G74 4.20 −6.39
5 6024.178 +0.137 K, HI 87 124.60 −4.40 G74 1.37 −6.20
5 6034.039 −0.209 K, HI 86 597.55 −4.40 G74 2.15 −6.15
5 6043.084 +0.384 K, HI 87 124.60 −4.40 G74 4.09 −6.41
5 6034.039 −0.209 K, HI 86 597.55 −4.40 G74 2.15

S  log N(S )/Ntot = −5.12 ± 0.03
44 4153.068 +0.617 NIST 128 233.20 − − 8.25 −5.09
44 4162.665 +0.777 NIST 128 599.16 − − 9.53 −5.13
1 5027.203 −0.705 NIST 105 599.06 − − 3.05 −5.08
1 5142.322 −0.822 NIST 106 044.24 − − 1.92 −5.13

39 5212.620 +0.318 NIST 121 530.02 − − 3.64 −5.17
6 5453.855 +0.482 NIST 110 268.60 − − 11.70 −5.10

Ca  log N(Ca )/Ntot = −5.26
2 4226.728 +0.244 NIST 0.00 −5.74 G74 2.4 −5.26

Ca  log N(Ca )/Ntot = −5.67 ± 0.25
4 3158.869 +0.252 K, BWL 25 191.51 −5.07 G74 46.4 −5.90
4 3179.331 +0.512 K, BWL 25 414.40 −5.07 G74 57.4 −5.76
4 3181.275 −0.448 K, BWL 25 414.40 −5.07 G74 29.7 −5.83
3 3706.024 −0.447 K, BWL 25 191.51 −5.09 G74 −5.54 Wings of H15, H16

3 3736.902 −0.147 K, BWL 25 414.40 −5.09 G74 −5.60 Red wing of H13

1 3933.664 +0.134 K, BWL 0.00 −5.52 G74 −5.54 Bump on the red wing
1 3968.469 −0.179 K, BWL 0.00 −5.52 G74 −5.54 Blue wing of Hε , red

component
15 5001.479 −0.517 K, BWL 60 533.53 −4.24 G74 −5.64 Blend with Fe 
15 5019.971 −0.257 K, BWL 60 611.28 −4.24 G74 −5.64 Blend with Fe 
15 5021.138 −1.217 K, BWL 60 611.28 −4.24 G74 −5.54: Weak
14 5285.266 −1.153 K, BWL 60 533.02 −4.30 G74 −5.54: Weak
14 5307.224 −0.853 K, BWL 60 611.28 −4.30 G74 − Blend with an unknown

component
13 8201.720 +0.315 K, BWL 60 533.02 −4.62 G74 − Telluric line
13 8248.796 +0.572 NIST 60 611.28 −4.62 G74 −6.40 At the Paschen limit
13 8254.721 −0.388 NIST 60 611.28 −4.62 G74 −5.8?? Weak, at the Paschen

limit
2 8498.023 −1.312 K, BWL 13 650.19 −5.55 G74 −5.54 Shifted by +0.2 Å, blue

wing of P15

2 8542.091 −0.362 K, BWL 13 710.88 −5.55 G74 No observations
2 8662.141 −0.623 K, BWL 13 650.19 −5.55 G74 −5.20 Shifted by +0.2 Å, blue

wing of P13

12 9854.759 −0.228 K, BWL 60 533.02 −4.66 G74 ≤−5.54 Bad spectrum, low S/N
12 9931.374 +0.072 K, BWL 60 611.28 −4.66 G74 ≤−5.54 Bad spectrum, low S/N

a “K” before another log g f source means that the log g f is from Kurucz files available at http://kurucz.harvard.edu/linelists/gf100
(BBCB) Berry et al. (1971); (BIE) Biémont (1977); (BWL) Black et al. (1972); (CNO) Wiese et al. (1996);
(HI) Hibbert (1988); (KP) Kurucz & Peytremann (1975); (LA) Lanz & Artru (1985); (NBS) Wiese et al. (1966); (NIST)
http://physics.nist.gov/cgi-bin/AtData/lines−form; (SG) Schulz-Gulde (1969).
b (BCS1) Barnard et al. (1974); (BCS2) Barnard et al. (1975); (DS90) Dimitrijevic & Sahal-Bréchot (1990); (G74) Griem (1974); (LDA) Lanz
et al. (1988); (SM69) Shamey (1969).

dance derived only from the equivalent widths, provided that
the lines of multiplets 1, 4 and 8 and all the lines with Stark
broadening parameter not available from the literature are ex-
cluded from the mean. In fact, lines computed with the ap-
proximate Stark profiles of the SYNTHE code are too strong,
as are the lines of mult. 14 at 4967–4968 Å. Furthermore,
the comparison of the LTE computed spectrum with the ob-

served spectrum has shown the inadequacy of the LTE mod-
els for reproducing the infrared strong O  lines, in particular
those of mult. 1, 4 and 8 at 7773.4 Å, 8446.5 Å and 9263.9 Å,
respectively. Numerous papers deal with the NLTE correc-
tions for these lines in B-type stars. The most recent one is
Hempel & Holweger (2003). We point out that the observed
profiles of these lines cannot be reproduced in LTE even when
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Table A.2. Abundances of the iron group elements.

Mult. λ(Å) log g f Ref.a χlow W(mÅ) log(NZ)/Ntot) Notes

Sc  log N(Sc )/Ntot = −9.08 ± 0.15
3 3580.925 −0.070 K, MFW 0.00 2.02 −8.89
2 3613.829 +0.520 K, MFW 177.76 5.81 −8.96
2 3630.742 +0.340 K, MFW 67.76 4.28 −8.94
2 3642.784 +0.180 K, MFW 0.00 2.73 −8.99
7 4246.822 +0.320 K, MFW 2540.95 4.44 −9.37

15 4314.083 −0.100 K, MFW 4987.79 1.96 −9.17
14 4374.457 −0.440 K, MFW 4987.79 1.07 −9.10
31 5526.790 +0.130 K, MFW 14261.32 0.86 −9.19

Ti  log N(Ti )/Ntot = −5.67 ± 0.11
5 3072.107 −0.620 PTP 225.73 61.34 −5.43
4 3121.598 −2.360 PTP 0.00 16.36 −5.51
4 3130.798 −1.190 PTP 94.10 44.49 −5.54

10 3145.396 −2.600 PTP 983.89 7.31 −5.69
4 3157.393 −2.170 PTP 94.10 18.33 −5.61

10 3161.201 −0.690 PTP 908.02 54.92 −5.57
10 3161.769 −0.550 PTP 983.89 59.71 −5.52
10 3162.566 −0.380 PTP 1087.32 60.63 −5.65
10 3168.518 −0.200 PTP 1215.84 66.26 −5.61
3 3214.767 −1.400 PTP 393.44 38.79 −5.53
2 3222.841 −0.420 PTP 94.10 63.99 −5.55
3 3226.769 −1.840 PTP 225.73 26.00 −5.61
2 3234.514 +0.430 PTP 393.44 86.84 −5.67

23 3236.119 −0.430 PTP 8710.44 48.44 −5.53
2 3236.572 +0.240 PTP 225.73 79.21 −5.70
2 3239.036 +0.070 PTP 94.10 76.96 −5.60

23 3239.661 −0.200 PTP 8744.25 76.96 −5.53
2 3241.983 −0.030 PTP 0.00 76.81 −5.51

23 3249.366 −1.360 PTP 8710.44 24.74 −5.57
2 3251.908 −0.590 PTP 94.10 59.53 −5.55
2 3254.245 −0.560 PTP 393.44 58.86 −5.58
7 3308.803 −1.140 PTP 1087.32 41.01 −5.64
7 3318.023 −1.040 PTP 983.89 46.15 −5.55
7 3343.761 −1.150 PTP 1215.84 40.92 −5.63
7 3346.741 −1.060 PTP 1087.42 45.59 −5.54
1 3361.212 +0.430 PTP 225.73 84.33 −5.69
1 3372.793 +0.280 PTP 94.10 79.51 −5.69
1 3380.279 −0.570 K, MFW 393.44 61.97 −5.44
1 3383.759 +0.160 PTP 0.00 87.01 −5.36
6 3477.180 −0.960 PTP 983.89 46.13 −5.61
6 3489.736 −1.980 PTP 1087.32 17.60 −5.71
6 3500.330 −2.100 PTP 983.89 18.55 −5.56

15 3561.575 −1.940 PTP 4268.58 11.65 −5.81
15 3573.731 −1.490 PTP 4628.58 24.62 −5.66
15 3587.131 −1.590 PTP 4897.65 22.00 −5.65
15 3596.047 −1.030 PTP 4897.65 37.79 −5.58
34 3900.539 −0.200 PTP 9118.26 76.60 −5.96
34 3913.461 −0.420 PTP 8997.71 77.23 −5.73
11 4012.383 −1.840 PTP 4628.58 41.10 −5.67
87 4053.821 −1.130 PTP 15265.62 40.03 −5.76
21 4161.529 −2.360 K, MFW 8744.25 17.44 −5.55

105 4163.644 −0.130 PTP 20891.66 62.40 −5.77
20 4287.873 −1.790 PTP 8710.44 27.82 −5.82
41 4290.215 −0.850 PTP 9395.71 65.27 −5.71
20 4294.094 −0.930 PTP 8744.25 63.27 −5.72
41 4300.042 −0.440 PTP 9518.06 78.06 −5.74
41 4301.922 −1.150 PTP 9363.62 54.33 −5.73
41 4312.860 −1.100 PTP 9518.05 57.56 −5.68
41 4314.971 −1.100 PTP 9363.62 55.37 −5.75
41 4320.950 −1.800 PTP 9395.71 24.78 −5.85
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Table A.2. continued.

Mult. λ(Å) log g f Ref.a χlow W(mÅ) log(NZ )/Ntot) Notes

Ti  cont.
104 4367.652 −0.860 PTP 20 891.66 35.88 −5.80
93 4374.816 −1.610 PTP 16 625.11 21.38 −5.70

104 4386.847 −0.960 PTP 20 951.62 31.82 −5.80
51 4394.059 −1.780 PTP 9850.90 30.58 −5.69
19 4395.031 −0.540 PTP 8744.25 79.02 −5.64
51 4399.765 −1.190 PTP 9975.92 54.35 −5.66

115 4411.072 −0.670 PTP 24 961.03 31.84 −5.84
40 4417.714 −1.190 PTP 9395.71 55.39 −5.66
51 4418.331 −1.970 PTP 9395.71 19.61 −5.80
40 4441.729 −2.330 PTP 9518.06 11.70 −5.76
19 4443.801 −0.720 PTP 8710.44 72.95 −5.65
19 4450.482 −1.520 PTP 8744.25 42.66 −5.72
40 4464.448 −1.810 PTP 9363.62 28.90 −5.74
31 4468.492 −0.600 K, MFW 9118.26 75.93 −5.65

115 4488.325 −0.510 PTP 25 192.79 37.27 −5.84
31 4501.270 −0.770 PTP 8997.71 71.44 −5.63
50 4533.960 −0.530 PTP 9975.92 77.23 −5.64
60 4544.016 −2.580 PTP 10 024.73 6.49 −5.77
50 4563.757 −0.690 PTP 9850.90 68.15 −5.76
82 4571.971 −0.320 PTP 12 676.97 81.77 −5.56
59 4657.206 −2.240 PTP 10 024.73 12.39 −5.79
49 4708.662 −2.340 PTP 9975.92 10.08 −5.80
92 4779.985 −1.370 K, MFW 16 515.86 32.07 −5.65
17 4798.532 −2.680 PTP 8710.44 7.48 −5.69
92 4805.085 −1.100 K, MFW 16 625.11 45.57 −5.57

114 4911.195 −0.610 PTP 25 192.79 36.40 −5.76
113 5069.092 −1.820 PTP 25 192.79 5.75 −5.66
113 5072.287 −1.060 PTP 25 192.79 20.15 −5.75
− 5154.070 −1.750 PTP 12 628.73 22.57 −5.77

86 5185.902 −1.490 PTP 15 265.62 32.05 −5.61
− 5188.687 −1.050 PTP 12 758.11 50.88 −5.72
− 5226.538 −1.260 PTP 12 628.73 44.34 −5.69

103 5268.615 −1.620 K, MFW 20 951.62 11.80 −5.76
− 5336.786 −1.590 PTP 12 758.11 29.32 −5.73
− 5381.021 −1.920 PTP 12 628.73 16.59 −5.78

Cr  log N(Cr )/Ntot = −5.22 ± 0.09
4 3578.686 +0.409 K, MFW 0.00 6.26 −5.17
4 3593.485 +0.307 K, MFW 0.00 4.52 −5.24
4 3605.329 +0.197 K, MFW 0.00 4.41 −5.14
1 4254.336 −0.114 K, MFW 0.00 6.40 −5.27
1 4274.797 −0.231 K, MFW 0.00 4.23 −5.35
1 4289.717 −0.361 K, MFW 0.00 3.28 −5.34
7 5204.511 −0.208 K, MFW 7593.15 2.54 −5.16
7 5206.037 +0.019 K, MFW 7593.15 4.93 −5.08
7 5208.425 +0.158 K, MFW 7593.15 4.62 −5.25

Cr  log N(Cr )/Ntot = −5.41 ± 0.07
5 3118.646 −0.000 K, MFW 19 528.25 74.61 −5.38
5 3120.359 +0.120 K, MFW 19 631.17 78.48 −5.38

54 3122.596 −0.110 K, MFW 33 694.15 49.42 −5.25
39 4539.595 −2.280 SL 32 603.40 13.96 −5.42
44 4558.650 −0.410 SL 32 854.31 79.21 −5.34
39 4565.770 −1.860 SL 32 603.40 27.00 −5.43
− 4587.264 −1.648 K, MFW 52 321.01 3.77 −5.53

44 4588.199 −0.643 K, MFW 32 836.68 71.39 −5.35
44 4592.049 −1.217 K, MFW 32 854.95 44.53 −5.58
44 4616.629 −1.291 K, MFW 32 844.76 44.28 −5.51
44 4618.803 −0.860 SL 32 854.95 64.13 −5.35
44 4634.070 −0.990 SL 32 844.76 57.91 −5.41
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Table A.2. continued.

Mult. λ(Å) log g f Ref.a χlow W(mÅ) log(NZ)/Ntot) Notes

Cr  cont.
− 4697.598 −1.882 K, MFW 45 730.58 6.36 −5.44

30 4812.337 −1.995 K, K88 31 168.58 24.44 −5.44
30 4824.127 −0.970 SL 31 219.35 65.81 −5.28
30 4836.229 −2.000 SL 31 117.39 25.57 −5.38
43 5237.329 −1.160 K, MFW 32 854.31 53.12 −5.38
23 5246.768 −2.450 K, MFW 29 951.88 14.55 −5.39
43 5279.880 −2.100 K, MFW 32 854.31 21.07 −5.33
24 5305.860 −2.080 K, MFW 30 864.76 24.27 −5.38
43 5308.440 −1.810 K, MFW 32 836.68 24.04 −5.53
43 5310.700 −2.280 K, MFW 32 844.76 14.54 −5.38
43 5313.590 −1.650 K, MFW 32 854.95 34.42 −5.40
23 5420.922 −2.360 K, MFW 30 307.44 13.80 −5.48
50 5502.067 −1.990 K, MFW 33 618.94 20.73 −5.40
50 5508.606 −2.110 K, MFW 33 521.11 16.35 −5.43

105 6053.466 −2.160 K, MFW 38 269.59 8.21 −5.44
Mn  log N(Mn )/Ntot = −4.20 ± 0.08

8 3577.868 +0.160 K, MFW 17 052.29 6.54 −4.29
8 3595.107 −0.860 K, MFW 17 451.52 0.75 −4.27
8 3607.526 −0.440 K, MFW 17 282.00 2.21 −4.21
8 3608.481 −0.370 K, MFW 17 451.52 3.18 −4.09
5 4018.100 −0.309 K, MFW 17 052.29 12.27 −4.18
2 4030.753 −0.470 K, MFW 0.00 40.68 −4.18 (W, log(N/Ntot)JDA) = (41.0,−4.35)b

2 4034.483 −0.811 K, MFW 0.00 23.85 −4.32 (W, log(N/Ntot)JDA) = (23.0,−4.50)b

5 4041.355 +0.258 K, MFW 17 052.29 36.24 −4.02
5 4055.544 −0.070 K, MFW 17 282.00 17.59 −4.20
5 4070.278 −0.950 K, MFW 17 637.15 2.81 −4.22
5 4082.939 −0.354 K, MFW 17 568.48 10.33 −4.20

22 4453.012 −0.490 K, MFW 23 719.52 3.39 −4.24
28 4457.044 −0.555 K, MFW 24 788.05 1.66 −4.43
28 4458.254 +0.042 K, MFW 24 788.05 7.42 −4.33
28 4461.079 −0.380 K, MFW 24 802.25 4.22 −4.18
28 4462.031 +0.320 K, MFW 24 802.25 14.74 −4.25
22 4464.682 −0.104 K, MFW 23 549.20 6.79 −4.31
− 4479.393 +0.010 K, MFW 41 230.30 1.74 −3.99

22 4490.080 −0.522 K, MFW 23 818.87 3.30 −4.21
22 4502.213 −0.345 K, MFW 23 549.20 4.60 −4.26
− 4626.530 +0.210 K, MFW 38 008.70 4.76 −3.92

21 4727.461 −0.470 K, MFW 23 549.20 3.96 −4.20
21 4739.110 −0.490 K, MFW 23 719.52 3.46 −4.23
21 4762.367 +0.425 K, MFW 23 296.67 20.45 −4.24
21 4765.846 −0.080 K, MFW 23 719.52 9.77 −4.14
21 4766.418 +0.100 K, MFW 23 549.20 13.73 −4.14
16 4783.427 +0.042 K, MFW 18 531.64 21.56 −4.12
16 4823.524 +0.144 K, MFW 18 705.37 23.71 −4.14
27 6013.480 −0.251 K, MFW 25 779.32 5.92 −4.13
27 6021.790 +0.034 K, MFW 24 802.25 9.24 −4.19

Mn  log N(Mn )/Ntot = −4.25 ± 0.04
3 3441.988 −0.272 K, MFW 14 325.86 176.9 −4.27
3 3460.316 −0.542 K, MFW 14 593.82 140.3 −4.25
3 3482.905 −0.740 K, MFW 14 781.19 117.2 −4.28
3 3488.677 −0.864 K, MFW 14 910.18 108.8 −4.26
3 3495.833 −1.218 K, MFW 14 959.84 92.87 −4.15
3 3496.809 −1.687 K, MFW 14 781.19 69.99 −4.27
3 3497.526 −1.330 K, MFW 14 901.18 82.89 −4.26

The Mn  lines used by Jomaron et al. (1999) (JDA)
− 3917.318 −1.147 K, K88 55 759.27 39.59 −4.55 (W, log(N/Ntot)JDA) = (43.5,−4.52)b

− 4363.258 −1.909 K, K88 44 899.82 39.35 −4.43 (W, log(N/Ntot)JDA) = (37.5,−4.54)b

− 4365.219 −1.350 K, K88 53 017.16 40.60 −4.46 (W, log(N/Ntot)JDA) = (40.5,−4.59)b

− 4478.635 −0.950 K, K88 53 597.13 54.37 −4.39 (W, log(N/Ntot)JDA) = (55.0,−4.66)b
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Table A.2. continued.

Mult. λ(Å) log g f Ref.a χlow W(mÅ) log(NZ)/Ntot) Notes

Fe  log N(Fe )/Ntot = −4.78 ± 0.08
23 3581.193 +0.406 K, FMW 6928.27 6.90 −4.84
23 3618.768 +0.000 K, FMW 7985.78 2.06 −4.97
43 4005.242 −0.610 K, FMW 12 560.93 1.96 −4.75
43 4045.812 +0.280 K, FMW 11 976.24 12.67 −4.78
43 4071.738 −0.022 K, FMW 12 698.55 6.26 −4.78
42 4202.029 −0.708 K, FMW 11 976.24 1.94 −4.70

419 4219.360 +0.120 K, FMW 28 819.95 1.02 −4.81
152 4235.936 −0.341 K, FMW 19 562.44 1.12 −4.86
42 4271.760 −0.164 K, FMW 11 976.24 6.74 −4.67
41 4383.545 +0.200 K, FMW 11 976.24 12.06 −4.74
41 4404.750 −0.142 K, FMW 12 560.93 6.09 −4.71
41 4415.122 −0.615 K, FMW 12 968.55 2.00 −4.72

Fe  log N(Fe )/Ntot = −4.84 ± 0.13
173 3906.035 −1.830 K, FMW 44 929.55 15.01 −4.80

3 3914.503 −4.050 K, FMW 13 473.41 4.38 −5.04
173 3935.962 −1.860 K, FMW 44 915.05 16.00 −4.73

3 3938.290 −3.890 K, FMW 13 471.41 8.55 −4.88
3 3945.210 −4.250 K, FMW 13 673.18 3.84 −4.89

28 4122.668 −3.380 K, FMW 20 830.58 10.98 −4.83
27 4128.748 −3.770 K, FMW 20 830.58 6.90 −4.67
28 4178.862 −2.480 K, FMW 20 830.58 34.36 −4.96
28 4258.154 −3.400 K, FMW 21 812.05 7.57 −4.94
27 4273.326 −3.258 K, FMW 21 812.05 10.74 −4.90
28 4296.572 −3.010 K, FMW 21 812.05 19.75 −4.80
27 4303.176 −2.490 K, FMW 21 812.05 34.78 −4.88
28 4369.411 −3.670 K, FMW 22 409.85 5.04 −4.83
27 4385.387 −2.570 K, FMW 22 409.85 24.50 −5.06
32 4413.601 −3.870 K, FMW 21 581.64 2.06 −5.09
27 4416.830 −2.600 K, FMW 22 409.85 30.13 −4.86
37 4491.405 −2.700 K, FMW 23 031.30 24.60 −4.88
38 4508.288 −2.210 K, FMW 23 031.30 37.25 −5.01
37 4515.339 −2.480 K, FMW 23 939.36 31.54 −4.85
37 4520.224 −2.600 K, FMW 22 637.21 29.09 −4.88
38 4522.634 −2.030 K, FMW 22 939.36 44.78 −4.98
38 4541.524 −3.050 K, FMW 23 031.30 17.41 −4.76

186 4549.192 −1.870 K, FMW 47 674.72 15.09 −4.57
38 4549.474 −1.750 K, FMW 22 810.36 53.65 −5.01
37 4555.893 −2.290 K, FMW 22 810.36 34.65 −5.02
38 4576.340 −3.040 K, FMW 22 939.36 18.15 −4.75
37 4582.835 −3.100 K, FMW 22 939.36 12.89 −4.89
38 4583.837 −2.020 K, FMW 22 637.21 55.43 −4.69
38 4620.521 −3.280 K, FMW 22 810.36 10.08 −4.85

186 4635.316 −1.650 K, FMW 47 674.72 18.70 −4.65
43 4656.981 −3.630 K, FMW 23 317.63 5.90 −4.74
37 4666.758 −3.330 K, FMW 22 810.36 9.50 −4.83
25 4670.182 −4.100 K, FMW 20 830.58 2.12 −4.89
43 4731.453 −3.360 K, FMW 23 317.63 13.19 −4.59
42 4923.927 −1.320 K, FMW 23 317.63 75.84 −4.73
36 4993.358 −3.650 K, FMW 22 637.20 4.71 −4.86
42 5018.440 −1.220 K, FMW 23 317.63 83.50 −4.64
35 5132.669 −4.180 K, FMW 22 637.20 2.35 −4.65
42 5169.033 −0.870 K, FMW 23 317.63 88.23 −4.86
49 5197.577 −2.100 K, FMW 26 055.42 36.50 −4.93
49 5234.625 −2.050 K, FMW 25 981.63 37.62 −4.95
− 5247.952 +0.630 K, FMW 84 938.18 11.82 −5.02
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Table A.2. continued.

Mult. λ(Å) log g f Ref.a χlow W(mÅ) log(NZ)/Ntot) Notes

Fe  cont.
185 5272.397 −2.030 K, FMW 48 039.09 9.61 −4.60

49 5276.002 −1.940 K, FMW 25 805.33 39.99 −5.00
41 5284.109 −3.190 K, FMW 23 317.63 13.28 −4.74
49 5316.615 −1.850 K, FMW 25 428.78 47.28 −4.90
49 5425.257 −3.360 K, FMW 25 805.33 3.74 −5.05
− 5506.195 +0.950 K, FMW 84 863.35 21.48 −4.90

55 5534.847 −2.930 K, FMW 26 170.18 16.85 −4.68
− 5961.705 +0.699 K, FMW 86 124.30 13.10 −4.88

46 6084.110 −3.980 K, FMW 25 805.33 1.95 −4.70
74 6149.258 −2.724 K, K88 31 368.45 10.38 −4.81
− 6383.722 −2.271 K, FMW 44 784.76 3.01 −5.05

74 6416.919 −2.850 K, FMW 31 387.95 8.55 −4.78
74 6456.383 −2.300 K, FMW 31 483.176 25.58 −4.64

Ni  log N(Ni )/Ntot = −6.09 ± 0.16
1 3274.916 −2.805 K03 23 108.28 2.20 −6.03
5 3290.534 −2.755 K03 25 036.38 1.67 −6.08
1 3290.683 −3.016 K03 23 796.18 2.28 −5.76
1 3350.419 −2.355 K03 23 796.18 5.77 −5.94
1 3373.969 −2.006 K03 23 108.28 10.27 −5.99
4 3401.766 −2.682 K03 24 788.20 1.58 −6.17
4 3407.300 −1.855 K03 24 835.93 9.51 −6.07
1 3454.164 −2.146 K03 23 796.18 6.73 −6.04
4 3471.386 −1.902 K03 24 835.93 8.71 −6.06
1 3513.987 −1.507 K03 23 108.28 19.35 −5.97
4 3576.764 −1.676 K03 24 788.20 11.65 −6.08

12 4015.474 −2.410 K03 32 523.54 3.79 −6.35
11 4067.031 −1.834 K03 32 499.53 10.74 −6.41
10 4192.065 −3.270 K03 32 523.54 1.12 −6.04
9 4244.779 −3.095 K03 32 523.54 0.89 −6.31

a “K” before another log g f source means that the log g f is from Kurucz files available at http://kurucz.harvard.edu/linelists/gf100
(FMW) Fuhr et al. (1988); (K88) Kurucz (1988); (K03) Kurucz (2003); (MFW) Martin et al. (1988); (PTP) Pickering et al. (2002); (SL) Sigut
& Landstreet (1990).
b Equivalent widths W and abundances from Jomaron et al. (1999) (JDA).

the LTE overabundance derived from the measured equivalent
widths is adopted. Figure A.3 compares the observed profiles
of the O  triplet at 7773.4 Å with profiles computed with two
different abundances, −3.18 dex and −2.10 dex. The first abun-
dance is the one we adopted for oxygen in HD 175640 while
the second abundance is the one we derived from the equiva-
lent widths of the lines of O  triplet mult. 1. In the first case the
computed cores are much weaker than the observed ones, in
the second case the increased abundance increases not only the
cores but also the wings, so that the profiles become broader
and broader and will never agree with the observed ones.

The −3.18 dex oxygen abundance is only +0.3 dex larger
than the solar one (Grevesse & Sauval 1998). However, a de-
tailed NLTE analysis of O  lines is required before drawing
any conclusion on the oxygen abundance in HD 175640.

Neon (10)-Ne : Only very weak lines of Ne  were identi-
fied. The equivalent width of Ne  at 7032.4131 Å, mult. 1
gives log(N(Ne)/Ntot) = −4.35. All the weak observed lines

agree with the lines predicted by this abundance. An exam-
ple is Ne  at 6506.528 Å. Neon is therefore underabundant by
about 0.4 dex with respect to the solar abundance. Dworetsky
& Buday (2000) assign an upper limit log(N(Ne)/N(H))≤ −4.9
to the neon abundance obtained from an NLTE analysis.

Sodium (11)-Na : All the Na  lines observed in the spectrum
(Table A.1) are either blended with telluric lines or are affected
by a red component of interstellar or circumstellar origin, as
are the lines of mult. 1 at 5889.95 Å and 5895.92 Å. For this
reason, the abundance log(N(Na)/Ntot) = −5.47, corresponding
to an overabundance of +0.2 dex, is only a rough estimate.

Magnesium (12)-Mg ,Mg : Several Mg  and Mg  lines can
be observed in the spectrum, but only a few of them are un-
blended. Almost all the lines in the red part of the spectrum are
affected by telluric absorptions, as for instance the two strong
lines of Mg  mult. 1 at 9218.25 Å and 9244.26 Å, so that they
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Table A.3. Abundances of elements with Z ≥ 31.

Mult λ(Å) log g f Ref.a χlow(cm−1) χup(cm−1) W(mÅ) log N/Ntot Notes

Ga  log N(Ga )/Ntot = −5.43 ± 0.04
− 4251.149 +0.35 RS94 113 815.92 137 332.35 −5.20
− 4254.075 −0.23 RS94 113 842.19 137 342.44 −5.20
− 4255.722 +0.634 NKW, RS94 113 842.19 137 333.33 −5.45 Bad fit, missing components
− 4255.937 −0.32 NKW, RS94 113 842.19 137 332.35 −5.45: Blend with (wrong?) Mn 
− 4262.014 +0.98 RS94 113 883.19 137 339.64 −5.45 Blend with Cr +Cr 
− 5338.240 +0.43 RS94 118 430.20 137 157.48 −5.65: Bad fit
− 5360.402 +0.42 RS94 118 518.47 137 168.47 −5.45
− 5363.585 +0.06 NKW 118 518.47 137 157.48 −5.45 Blend with (wrong?) Cr 
− 5416.318 +0.64 RS94 118 727.89 137 185.30 −5.25
− 5421.275 −0.05 NKW 118 727.89 137 168.47 −5.45
− 6334.069 +1.00 RS94 102 944.55 118 727.89 −5.65
− 6419.239 +0.57 RS94 102 944.55 118 518.47 −5.55 Blend with (wrong?) Cr 
− 6455.923 −0.08 RS94 102 944.55 118 430.02 −5.45 Blend with O 

guessed log g f s for Ga 
− 4261.478 −1.10 GUESS 113 883.19 137 342.44
− 4263.136 −0.50 GUESS 113 883.19 137 333.33
− 5219.658 +0.35 GUESS 120 550.27 139 703.28
− 7198.450 +0.25 GUESS 106 662.21 120 550.27
− 7792.260 +0.00 GUESS 107 720.56 120 550.27

Br  log N(Br )/Ntot = −7.12 ± 0.04
− 4704.850 +0.408 NIST 93 921.34 115 176.00 1.09 −7.16
− 4785.500 +0.208 NIST 93 921.54 114 818.00 0.85 −7.07

Sr  log N(Sr )/Ntot = −8.41
1 4077.709 +0.151 NIST 0.00 24 516.65 26.66 −8.41

Y  log N(Y )/Ntot = −6.66 ± 0.20
10 3195.616 −0.420 K, HL 840.21 32 124.04 28.64 −6.35
10 3200.272 −0.430 K, HL 1045.08 32 283.40 26.37 −6.45
10 3203.322 −0.370 K, HL 840.21 32 048.78 27.86 −6.44
10 3216.682 −0.020 K, HL 1045.08 32 124.04 35.67 −6.35
10 3242.280 +0.210 K, HL 1449.81 32 283.40 40.16 −6.32
18 3327.878 +0.130 K, CC 3296.18 33 336.72 32.32 −6.51

3 3496.081 −0.720 K, HL 0.00 28 595.27 20.64 −6.48
9 3549.005 −0.280 K, HL 1045.08 29 213.95 27.34 −6.48
9 3584.514 −0.410 K, HL 840.21 28 730.01 24.78 −6.49
9 3600.741 +0.280 K, HL 1044.81 29 213.95 42.41 −6.24
9 3601.919 −0.180 K, HL 840.21 28 595.27 32.75 −6.30
9 3611.044 +0.110 K, HL 1045.08 28 730.07 33.79 −6.52
2 3633.122 −0.100 K, HL 1045.08 27 516.69 30.44 −6.54
7 3818.341 −0.980 K, HL 1045.08 27 227.04 23.35 −6.90

16 3930.660 −1.610 K, HL 3296.18 28 730.01 8.63 −6.76
6 3950.352 −0.490 K, HL 840.21 26 147.25 39.01 −6.84

16 3951.593 −1.980 K, HL 3296.18 28 595.27 3.22 −6.88
6 3982.594 −0.490 K, HL 1045.08 26 147.25 36.23 −6.94
5 4199.277 −2.150 K, HL 840.21 24 647.13 3.55 −6.82
1 4204.695 −1.760 K, HL 0.00 23 776.24 7.89 −6.87
5 4235.729 −1.500 K, HL 1045.08 24 647.13 10.66 −6.91
5 4309.631 −0.750 K, HL 1449.81 24 647.13 30.09 −6.89
5 4358.728 −1.329 K, HL 840.21 23 776.24 14.58 −6.91

22 4883.684 +0.070 K, HL 8743.32 29 213.94 46.51 −6.64
22 4900.120 −0.090 K, HL 8328.04 28 730.01 42.70 −6.66
20 4982.129 −1.290 K, HL 8328.04 28 394.18 7.22 −6.88
20 5087.416 −0.170 K, HL 8743.32 28 394.18 38.33 −6.72
20 5119.112 −1.360 K, HL 8003.12 27 532.32 7.41 −6.82
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Table A.3. continued.

Mult. λ(Å) log g f Ref.a χlow(cm−1) χup(cm−1) W(mÅ) log(NZ)/Ntot) Notes

Y  cont.
20 5200.406 −0.570 K, HL 8003.12 27 227.04 25.20 −6.83
20 5205.724 −0.342 K, HL 8328.04 27 532.32 35.39 −6.68
27 5473.388 −1.020 K, HL 14 081.26 32 283.40 7.68 −6.76
27 5480.732 −0.990 K, HL 13 833.38 32 124.04 7.38 −6.82
27 5497.408 −0.580 K, HL 14 098.07 32 283.40 18.31 −6.68
27 5546.009 −1.100 K, HL 14 098.07 32 124.04 7.44 −6.69
38 5662.925 +0.160 K, CC 15 682.90 33 336.72 40.07 −6.51
34 5728.890 −1.120 K, HL 14 832.85 32 283.40 5.61 −6.76
32 7881.881 −0.572 K, HL 14 832.85 27 516.69 11.95 −6.82

Zr  log N(Zr )/Ntot = −8.67 ± 0.17
3 3279.266 −0.230 K, CC’ 736.44 31 249.28 2.47 −8.35
1 3391.982 +0.463 K, CC’ 1322.91 30 795.74 5.15 −8.63

46 3479.383 +0.170 K, BG 5752.92 34 485.42 1.00 −8.83
10 3496.192 +0.189 K, CC 314.67 28 909.04 2.60 −8.78
41 4149.217 −0.030 K, CC 6467.61 30 561.75 2.34 −8.78

Rh  log N(Rh )/Ntot = −8.50:
1 3162.284 +0.000 K, GUESS 28 834.60 60 448.40
5 3187.875 +0.000 K, GUESS 27 801.40 59 161.50
1 3207.285 +0.000 K, GUESS 25 376.90 56 547.30
2 3233.314 +0.000 K, GUESS 27 439.40 58 358.50
6 3267.480 +0.000 K, GUESS 31 730.50 62 326.10
5 3307.348 +0.000 K, GUESS 28 131.40 58 358.50
4 3477.823? +0.000 K, GUESS 27 801.40 56 547.30

Pd  log N(Pd )/Ntot = −6.41 ± 0.30
3 3242.700 −0.070 K, BG 6564.11 37 393.71 3.63 −5.96
2 3404.579 +0.320 K, BG 6564.11 35 927.89 2.67 −6.47
9 3553.080 +0.540 K, CB 11 721.77 39 858.33 0.82 −6.89
2 3609.547 +0.050 K, BG 7754.40 35 451.40 1.39 −6.40
1 3634.690 +0.090 K, CB 6564.11 34 068.93 2.02 −6.33

Xe  log N(Xe )/Ntot = −5.96 ± 0.20
− 4603.01 0.018 WM80 95 064.00 116 783.00 3.62 −6.32
− 4844.33 0.491 WM80 93 068.00 113 705.00 11.33 −6.04
− 5292.22 0.351 WM80 93 068.00 111 959.00 10.80 −5.81
− 5372.39 −0.211 WM80 95 064.00 113 673.00 3.12 −5.96
− 5419.15 0.215 WM80 95 064.00 113 512.00 7.75 −5.80
− 5719.60 −0.746 WM80 96 033.00 113 512.00 1.79 −5.58
− 5976.46 −0.222 WM80 95 054.00 111 782.00 1.60 −6.12
− 6051.15 −0.252 WM80 95 438.00 111 959.00 1.46 −6.12
− 6097.59 −0.237 WM80 95 397.00 111 792.00 1.94 −5.99
− 6990.88 +0.200 WM80 99 405.00 113 705.00 2.52 −5.86 λobs = 6990.82 Å

Other identified weak Xe  lines
− 5260.44 −0.437 WM80 104 250.00 123 255.00
− 5261.95 +0.150 WM80 112 925.00 131 924.00
− 5438.96 −0.183 WM80 102 799.00 121 180.00
− 5472.61 −0.449 WM80 95 437.00 113 705.00 Blend Cr 
− 5531.07 −0.616 WM80 95 437.00 113 512.00
− 6036.20 −0.609 WM80 95 397.00 111 959.00

can not be used for any abundance determination. Furthermore,
there are some lines for which the Stark broadening parameters
are lacking, like Mg  at 5401.52 Å and at 5401.56 Å, so that
their computed profiles are very different from the observed
ones.

The average abundance from Mg  lines with measurable
equivalent widths is −4.64 ± 0.06 dex, that from Mg  is
−4.71 ± 0.07 dex, while the average abundance from all the
Mg  and Mg  lines is log(N(Mg)/Ntot) = −4.69 ± 0.07, cor-
responding to an underabundance of [−0.23]. The average
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Table A.3. continued.

Mult. λ(Å) log g f Ref.a χlow(cm−1) χup(cm−1) W(mÅ) log(NZ)/Ntot) Notes

identified Xe  lines with no available log g f
− 4448.13 0.00 GUESS 123 112.54 145 587.61
− 4921.48 0.00 GUESS 102 799.07 123 112.54
− 5339.33 0.00 GUESS 93 068.44 111 792.17
− 5368.07 0.00 GUESS 105 947.55 124 571.09
− 5525.53 0.00 GUESS 124 289.45 142 382.13
− 5667.56 0.00 GUESS 96 033.48 113 679.89

Ba  log N(Ba )/Ntot = −9.27
− 4554.029 +0.163 K, NBS 0.00 21 952.42 −9.27
− 4934.076 −0.150 K, NBS 0.00 20 261.56 1.041 −9.35

Pr  log N(Pr )/Ntot = −9.62
− 5299.969 −0.530 DREAM 2893.14 21 755.84 −9.62

Nd  log N(Nd )/Ntot = −9.57 ± 0.08
− 5127.044 −1.080 DREAM 2388.00 21 887.00 1.08 −9.50
− 5203.924 −1.190 DREAM 0.00 19 211.00 0.82 −9.65

Yb  log N(Yb )/Ntot = −8.10 ± 0.19
− 3478.834 +0.460 DREAM 30 224.33 58 961.37 3.457 −7.82
− 4180.810 −0.290 DREAM 30 392.23 54 304.30 1.064 −8.33
− 5335.159 −0.260 DREAM 30 562.79 49 301.16 1.865 −8.08
− 5352.954 −0.340 DREAM 30 224.33 48 900.41 1.280 −8.19

Yb  log N(Yb )/Ntot = −7.31 ± 0.01
− 3325.514 −1.35 DREAM 42 425.00 72 487.00 3.24 −7.31
− 3384.013 −0.58 DREAM 53 365.00 82 907.00 3.63 −7.32

Pt  log N(Pt )/Ntot = −7.63
− 4514.124 −1.48 DSJ 29 261.97 51 408.37 −7.63

Au  log N(Au )/Ntot = −7.51 ± 0.06
− 4016.672 −1.88 RW 48 510.89 73 403.84 1.06 −7.58
− 4052.790 −1.69 RW 48 510.89 73 178.29 2.09 −7.45

Hg  log N(Hg )/Ntot = −6.19 ± 0.18
− 4046.599 −0.818 BLD 37 645.08 62 350.46 0.89 −6.37
− 5460.731 −0.185 BLD 44 042.98 62 350.46 3.05 −6.01

Hg  log N(Hg )/Ntot = −6.53 ± 0.23
− 3983.890 −1.520 PS,SR 35 514.00 60 608.00 −6.30
− 6149.470 +0.150 SR 95 714.41 111 971.46 1.95 −6.58

a “K” before another log g f source means that the log g f is from Kurucz files available at http://kurucz.harvard.edu/linelists/gf100
(BLD) Benck et al. (1989); (BG) Biémont et al. (1981); (CB) Corliss & Bozman (1962); (CC) Cowley & Corliss (1983);
(CC’) Cowley & Corliss (1983), out the fitting range; (DJS) Dworetsky et al. (1984); (DREAM) Biémont et al. (1999),
http://www.umh.ac.be/ astro/dream.shtml; (GUESS) guessed values; (HL) Hannaford et al. (1982); (NBS) Miles & Wiese (1969);
(NIST) http://physics.nist.gov/cgi-bin/AtData/lines−form; (NKW) Nielsen et al. (2000); (PS) Proffitt et al. (1999); (SR)
Sansonetti & Reader (2001); (RS94) Ryabchikova & Smirnov (1994); (RW) Rosberg & Wyart (1997); (WM80) Wiese & Martin (1980).

Mg abundance gives an excellent agreement between the ob-
served and computed wings of the Mg  lines at 4481 Å, but
the computed cores are less deep than the observed ones.

Smith (1993) derived log(N(Mg)/N(H)) = −5.00 ± 0.18
from IUE spectra.

Aluminium (13)-Not observed: There are no aluminium lines
observed in the spectrum, except for a feature at 4663.05 Å,
which could be identified as Al  mult. 2 at 4663.046 Å.
However, the abundance log(N(Al)/Ntot) = −6.75 from the
measured equivalent width 4.51 mA is too high when used to
predict all the other unobserved Al  and Al  lines. We there-

fore assumed that this line is due to some other unidentified
element. The computed lines of Al  mult. 1 at 3944.009 Å and
3961.523 Å disappear for the abundance −7.50 dex, which cor-
responds to an underabundance [−1.93]. We adopted this value
as upper limit for the aluminium abundance.

From IUE spectra Smith (1993) derived log(N(Al)/N(H))=
−7.02 ± 0.31.

Silicon (14)-Si ,Si : Numerous Si  lines and two weak
Si  lines of mult. 2 at 4552.6 Å and 4567.8 Å were observed
in the spectrum. The intense Si  line of mult. 3 at 3905.52 Å is
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Fig. A.1. Comparison of observed (thick line) and computed (thin line) profiles of He  402.6, 438.7, 447.1 and 667.8 nm. The meaning of the
line identification labels like 547 26.01 36252 769 is: 547, last 3 digits of wavelength in nm (402.4547); 26.01, element (26) and charge (01),
i.e. Fe ; 36252, lower energy level in cm−1; 769, per mil residual flux of isolated line before rotation.

Fig. A.2. Observed emissions at the position of C  833.5148 nm and C  940.5730 nm. Observed spectrum (thick line), stellar synthetic spectrum
(thin line), and telluric synthetic spectrum (dotted line) are superimposed. The meaning of the identification labels is the same as that given in
the caption of Fig. A.1.
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Fig. A.3. Synthetic LTE profiles of O  triplet mult. 1 at 777.2–777.5 nm computed with two different oxygen abundances, −3.18 dex (thin line)
and −2.10 dex (dotted line), are compared with the observed profiles (thick line). The first abundance is the average abundance from selected
equivalent widths (see text) the second abundance is that derived from the equivalent widths of the O  triplet mult. 1 lines. Increasing the
O  abundance does not reduce the disgreement between the observed and computed profiles. The meaning of the identification labels is the
same as that given in the caption of Fig. A.1.

heavily blended with a strong unidentified component, which
is very probably a too weak predicted Mn  line at 3905.452 Å.

It was not easy to fix the Si abundance from the Si  lines
on the basis of the Kurucz line lists only. In fact, they include
all the Si  lines of the Moore (1965) multiplet tables, but miss-
ing Stark broadening parameters for some lines and the use of
guessed oscillator strengths in several cases produced discor-
dant abundances from the different lines. We implemented the
silicon atomic data in the Kurucz line lists by replacing numer-
ous guessed log g f s with those we derived from the multiplet
oscillator strengths available in Lanz & Artru (1985) (LA) and
by adding the radiative and Stark broadening parameters from
Lanz et al. (1988) for a few lines.

We compared a few Si  oscillator strengths of the Kurucz
line lists taken from Kurucz & Peytremann (1975)(KP) with
log g f s from LA. They agree for almost all the lines. However,
the KP log g f s of a few lines not studied by LA produced
profiles much stronger than the observed ones. These lines
are Si  mult. 20 at 3997.926 Å and Si  at 4002.592 Å,
4028.465 Å and 4035.278 Å due to the 3p2 2P−3d′2D transi-
tion. The KP log g f s of the last three lines, −0.610, −0.360
and −1.300 were replaced by −2.75, −3.10 and −2.60 de-
rived from the comparison of observed and computed pro-
files when the Si II average abundance −4.72 dex from
Table A.1 is adopted. Also the guessed log g f s of the Si  lines
at 3991.780 Å and 4016.188 Å produce profiles which do not
fit the observed spectrum.

We measured the equivalent widths of the Si  and
Si III lines listed in Table A.1. The average abundances are
−4.72 ± 0.08 dex and −4.58 ± 0.04 dex, respectively. The aver-

age abundance from all Si  and Si  lines is −4.71 ± 0.09 dex,
which was adopted as final silicon abundance.

The LTE synthetic spectrum does not correctly predict the
strong Si  lines of mult. 2 at 6347.11 Å and 6371.37 Å. The
behaviour is analogous to that we showed in Fig. A.3 for
the O  lines of mult. 1. The cores of the observed profiles
are stronger than those computed for the average abundance
−4.71 dex, while the observed wings are narrower than the
computed ones. An increase of the abundance increases both
the cores and the wings of the computed profiles, so that their
shape is always different from that observed in the spectrum.

From IUE spectra Smith (1993) derived log(N(Si)/N(H)) =
−4.60 ± 0.10.

Phosphorus (15)-P : Only weak P  lines can be observed in
the spectrum. We did not any change in the Kurucz line lists,
except for the log g f of the lines at 3505.995 Å, 3786.581 Å
and 6301.933 Å which yield computed lines which are not ob-
served. In spite of Hibbert (1988) being the source quoted by
Kurucz for these lines, a check of the log g f s derived from the
transition probabilities Al listed by Hibbert (1988) has shown
that they are different from those of the Kurucz line lists. We
derived −4.540, −2.719 and −2.455, respectively. The mea-
sured equivalent widths of the lines listed in Table A.1 give
log(N(P)/Ntot) = −6.28 ± 0.08, corresponding to an overabun-
dance of [+0.3].

Sulfur (16)-S ,S : Several weak S  lines can be observed
in the spectrum. The average abundance from the measured
equivalent widths (Table A.1) is −5.12 ± 0.3 dex, correspond-
ing to the underabundance [−0.41].
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Fig. A.4. Comparison of the observed Ca  K and H profiles (thick line) with the computed ones (thin line). A bump can be observed on the red
side of Ca  K while an unidentified red component is well detectable on the red wing of Ca  H. The meaning of the identification labels is the
same as that given in the caption of Fig. A.1.

For this abundance, the lines of S  mult. 1 at 9212.863 Å
and 9237.538 Å are predicted to be much weaker than
what is observed. Possibly, NLTE computations could ex-
plain the discrepancy. We did not use them for the abundance
determination.

Calcium (20)-Ca ,Ca : There is a large scatter in the abun-
dances derived from Ca  and Ca  and also from the different
Ca  lines.

Only Ca mult. 2 at 4226.728 Å is observed. The abundance
from the equivalent width is log(N(Ca)/Ntot) = −5.26.

Most of the relevant Ca  lines lie on the wings of hy-
drogen profiles, except Ca  mult. 4 at 3158.8 Å, 3179.3 Å
and 3181.2 Å. The average abundance from the equivalent
widths of the three lines is log(N(Ca)/Ntot) = −5.83 ± 0.06.
Abundances from other lines were derived by comparing ob-
served and computed profiles. Both lines of Ca  mult. 1 at
3933.663 Å (K-line) and 3968.469 Å (H-line) are affected by
a red component of unknown origin (Fig. A.4). While a small
bump is detectable on the red side of the K-line core, a com-
ponent is well detectable on the red wing of the H-line. If the
red components are neglected, the abundance from the H and
K profiles is log(N(Ca)/Ntot) = −5.54, in agreement with the
abundances from other Ca  lines observed in the 3700–6000 Å
region, which range from −5.54 to −5.64 dex.

There are only two lines of the infrared Ca  triplet that
can be observed in the spectrum. They are λλ 8498.023 Å
and 8662.141 Å; the third line at 8542.091 Å is lost in the
gap between the UVES èchelle orders. The two Ca  lines are
redshifted by 0.2 Å from the expected position of the lab-
oratory wavelength. This shift was explained by Castelli &
Hubrig (2004) as due to an anomalous Ca isotopic mixture,
in which the heaviest stable isotope 48Ca is more abundant
than the isotope 40Ca, which is instead the predominant one

in the terrestrial mixture. While the abundance from the first
profile is −5.54 dex in agreement with the determinations from
most Ca  lines, the abundance from the second profile is more
than 0.3 dex larger, indicating possible NLTE effects.

Also the Ca II doublet at 8912.07 Å and 8927.36 Å is ob-
servable, but the lines predicted by the abundance of −5.54 dex
are much stronger than what is observed. We did not use them
for the average abundance determination owing to the unknown
accuracy of their log g f s taken from Kurucz & Peytremann
(1975). No other log g f sources for these lines were found.
Both profiles are redshifted by about 0.03 Å, but this value is
close to the uncertainties in the wavelength scale.

The line at 8248.796 Å, Ca  mult. 13, is a weak observed
feature reproduced by an abundance of −6.40 dex.

We adopted as final abundance for computing the synthetic
spectrum log(N(Ca)/Ntot) = −5.54.

Scandium (21)-Sc : The abundance from the near-ultraviolet
Sc  lines is solar and is 0.3 dex higher than that from the visual
lines. We adopted as final value the average abundance from all
the Sc  lines, log(N(Sc)/Ntot) = −9.08 ± 0.15 dex.

Titanium (22)-Ti : We identified numerous Ti  lines. All the
lines with high excitation potential (χlow >� 62 000 cm−1, i.e.
7.7 eV) and large transition probabilities (log g f > −1.00)
are in emission. They can be observed starting from Ti  at
5846.579 Å. All the identified Ti  emission lines are listed
in Table A.4. The columns Rc(obs) and Rc(calc) give the flux
normalised to the continuum at the center of the line in the
observed and synthetic spectra, respectively. Rc(obs) is a mea-
sure of the intensity of the observed emission. We assumed that
some lines listed in Table A.4, although observed as absorp-
tions, are affected by an emission reducing their intensity. They
are all the lines with Rc(obs) ≤ 1.0. Owing to the uncertainties
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Table A.4. The Ti  emission lines. The line data are from Kurucz & Bell (1995).

λcalc(Å) Elem. log g f Elow(cm−1) Conf. Eup(cm−1) Conf. Rc(obs) Rc(calc) Notesa

5846.579 Ti  −0.689 64 979.150 (3F)4d e4G 82 078.430 (3F)4f 4G 1.006 0.993
5921.937 Ti  −0.024 64 979.150 (3F)4d e4G 81 860.840 (3F)4f 4G 1.013 0.971
5928.521 Ti  −0.045 64 979.150 (3F)4d e4G 81 842.090 (3F)4f 2G 1.005 0.973
5929.696 Ti  +0.376 65 243.460 (3F)4d e4G 82 103.060 (3F)4f 4G 1.006 0.936
5937.320 Ti  −0.061 65 446.270 (3F)4d e4H 82 284.220 (3F)4f 2I 1.000 0.975
5937.412 Ti  +0.152 64 886.480 (3F)4d e4G 81 724.170 (3F)4f 4G 1.008 0.958
5940.344 Ti  +0.464 65 243.460 (3F)4d e4G 82 072.840 (3F)4f 4H 1.007 0.924
5940.764 Ti  −0.004 65 095.800 (3F)4d e4G 81 923.990 (3F)4f 2H 1.011 0.971
5944.674 Ti  −0.591 65 095.800 (3F)4d e4G 81 912.920 (3F)4f 4F 1.006 0.992
5961.332 Ti  −0.317 65 308.300 (3F)4d e4H 82 086.430 (3F)4f 4G 1.009 0.986
5965.298 Ti  −0.220 64 979.150 (3F)4d e4G 81 738.130 (3F)4f 4I 1.009 0.982
5969.800 Ti  −0.529 65 274.600 (3F)4d 4D 82 020.940 (3F)4f 4D 1.005 0.991
5969.818 Ti  −0.534 65 095.800 (3F)4d e4G 81 842.090 (3F)4f 2G 1.005 0.991
5971.648 Ti  +0.634 64 866.480 (3F)4d e4G 81 627.640 (3F)4f 4H 1.037 0.893
5979.141 Ti  −0.326 65 598.730 (3F)4d 4D 82 318.910 (3F)4f 2D 1.016 0.987 ?
5983.979 Ti  −0.182 64 979.150 (3F)4d e4G 81 685.810 (3F)4f 2G 1.000 0.979
5987.388 Ti  +0.673 64 979.150 (3F)4d e4G 81 676.300 (3F)4f 4H 1.046 0.886
5988.980 Ti  +0.012 65 308.300 (3F)4d e4H 82 001.010 (3F)4f 2I 1.016 0.971
5989.486 Ti  −0.205 65 460.010 (3F)4d f2F 82 151.310 (3F)4f 2F 1.004 0.982
5990.839 Ti  −0.105 65 460.010 (3F)4d f2F 82 147.540 (3F)4f 4F 1.002 0.978
5994.938 Ti  +0.808 65 243.460 (3F)4d e4G 81 919.580 (3F)4f 4I 1.013 0.861
5995.668 Ti  −0.348 65 186.750 (3F)4d e4H 81 860.840 (3F)4f 4G 1.000 0.987
5995.708 Ti  +0.184 65 460.010 (3F)4d f2F 82 133.990 (3F)4f 4D 1.000 0.959
6001.395 Ti  +0.751 65 095.800 (3F)4d e4G 81 753.980 (3F)4f 4H 1.051 0.872
6001.895 Ti  +0.193 65 446.270 (3F)4d e4H 82 103.060 (3F)4f 4G 1.004 0.959
6002.418 Ti  +0.280 65 186.750 (3F)4d e4H 81 842.090 (3F)4f 2G 1.022 0.948
6005.194 Ti  −0.202 65 598.730 (3F)4d 4D 82 246.370 (3F)4f 4D 1.000 0.983
6005.786 Ti  −0.217 65 243.460 (3F)4d e4G 81 889.460 (3F)4f 4I 1.000 0.983
6012.750 Ti  +1.103 65 590.190 (3F)4d e4H 82 216.910 (3F)4f 4I 0.995 0.792
6012.804 Ti  +0.743 65 446.270 (3F)4d e4H 82 072.840 (3F)4f 4H 0.993 0.879
6015.753 Ti  −0.040 65 460.010 (3F)4d f2F 82 078.430 (3F)4f 4G 1.000 0.975
6022.697 Ti  −0.367 65 397.570 (3F)4d 4D 81 966.830 (3F)4f 4P 1.000 0.988
6024.933 Ti ∗ −0.091 65 274.600 (3F)4d 4D 81 867.700 (3F)4f 4P 1.015 0.977
6024.940 Ti ∗ +0.152 65 213.800 (3F)4d 4D 81 806.880 (3F)4f 4F 1.015 0.961
6029.271 Ti  +0.670 65 308.300 (3F)4d e4H 81 889.460 (3F)4f 4I 1.053 0.892
6039.682 Ti  +0.264 65 598.730 (3F)4d 4D 82 151.310 (3F)4f 2F 1.012 0.953
6040.120 Ti  +0.650 65 186.750 (3F)4d e4H 81 738.130 (3F)4f 4I 1.036 0.896
6041.058 Ti  +0.288 65 598.730 (3F)4d 4D 82 147.540 (3F)4f 4F 1.000 0.951
6042.201 Ti  +0.169 65 397.570 (3F)4d 4D 81 943.250 (3F)4f 2F 1.035 0.961
6046.008 Ti  −0.278 65 598.730 (3F)4d 4D 82 133.990 (3F)4f 4D 1.021 0.986
6046.546 Ti  +0.126 65 308.300 (3F)4d e4H 81 842.090 (3F)4f 2G 1.000 0.964
6053.297 Ti  +0.169 65 397.570 (3F)4d 4D 81 912.920 (3F)4f 4F 1.014 0.961
6059.156 Ti  +0.143 65 274.600 (3F)4d 4D 81 773.980 (3F)4f 4F 1.024 0.963
6065.306 Ti  +0.379 65 590.190 (3F)4d e4H 82 072.840 (3F)4f 4H 1.000 0.941
6066.392 Ti  +0.121 65 598.730 (3F)4d 4D 82 078.430 (3F)4f 4G 1.024 0.966
6068.745 Ti  +0.558 65 446.270 (3F)4d e4H 81 919.580 (3F)4f 4I 1.000 0.915
6072.446 Ti  +0.141 65 397.570 (3F)4d 4D 81 860.840 (3F)4f 4G 1.009 0.963
6073.760 Ti  −0.139 65 314.270 (3F)4d f2F 81 773.980 (3F)4f 4F 1.022 0.980
6076.270 Ti  −0.037 65 460.010 (3F)4d 4D 81 724.170 (3F)4f 4G 1.008 0.975
6078.941 Ti  +0.206 65 308.300 (3F)4d e4H 81 753.980 (3F)4f 4H 1.011 0.958
6079.862 Ti  −0.009 65 446.270 (3F)4d e4H 81 889.460 (3F)4f 4I 1.007 0.974
6080.712 Ti  +0.003 65 186.750 (3F)4d e4H 81 627.640 (3F)4f 4H 1.000 0.972
6102.542 Ti  +0.178 65 460.010 (3F)4d f2F 81 842.090 (3F)4f 2G 1.011 0.961
6106.471 Ti  +0.416 65 314.270 (3F)4d f2F 81 685.810 (3F)4f 2G 1.042 0.936
6107.791 Ti  −0.371 65 308.300 (3F)4d e4H 81 676.300 (3F)4f 4H 1.004 0.988
6123.782 Ti  −0.325 65 598.730 (3F)4d 4D 81 923.990 (3F)4f 2H 1.006 0.987
6128.245 Ti  −0.629 65 314.270 (3F)4d f2F 81 627.640 (3F)4f 4H 1.008 0.993
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Table A.4. continued.

λcalc(Å) Elem. log g f Elow(cm−1) Conf. Eup(cm−1) Conf. Rc(obs) Rc(calc) Notesa

6141.516 Ti  −0.325 65 460.010 (3F)4d f2F 81 738.130 (3F)4f 4I 1.000 0.987
6418.376 Ti  +0.001 66 794.010 (3F)4d 2P 82 369.970 (3F)4f 2P 1.007 0.980
6431.383 Ti  −0.366 66 521.010 (3F)4d 2P 82 043.850 (3F)4f 4P 1.009 0.991
6439.486 Ti  −0.071 66 794.010 (3F)4d 2P 82 318.910 (3F)4f 2D 1.008 0.983
6445.572 Ti  −0.947 66 794.010 (3F)4d 2P 82 304.250 (3F)4f 4S 1.023 0.998 Broad
6961.471 Ti  +0.716 67 822.490 (3F)4d e2G 82 183.310 (3F)4f 2H 1.064 0.934
6982.314 Ti  +0.454 67 606.640 (3F)4d e2G 81 923.990 (3F)4f 2H 1.015 0.960
7012.686 Ti  +0.244 67 822.490 (3F)4d e2G 82 078.430 (3F)4f 4G 1.025 0.979
7050.978 Ti  +0.118 67 822.490 (3F)4d e2G 82 001.010 (3F)4f 2I 1.018 0.984
7074.144 Ti  +0.075 67 606.040 (3F)4d e2G 81 738.130 (3F)4f 4I 1.017 0.986
7100.431 Ti  −0.040 67 606.040 (3F)4d e2G 81 685.810 (3F)4f 2G 1.013 0.989
7105.230 Ti  −0.099 67 606.040 (3F)4d e2G 81 676.300 (3F)4f 4H 1.010 0.990
7225.270 Ti  +0.335 68 482.410 (3F)4d 2D 82 318.910 (3F)4f 2D 1.025 0.978
7296.684 Ti  −0.401 68 364.390 (3F)4d 2D 82 065.470 (3F)4f 2D 1.025 0.996
7297.291 Ti  +1.006 68 584.280 (3F)4d e2H 82 284.220 (3F)4f 2I 1.039 0.918
7313.279 Ti  +0.793 68 331.020 (3F)4d e2H 82 001.010 (3F)4f 2I 1.051 0.944
7351.440 Ti  +0.237 68 331.020 (3F)4d e2H 82 183.310 (3F)4f 2H 1.026 0.983
7426.911 Ti  −0.902 68 482.410 (3F)4d 2D 81 943.250 (3F)4f 2F 1.008 0.999 ?
7443.684 Ti  −0.580 68 482.410 (3F)4d 2D 81 912.920 (3F)4f 4F 1.005 0.997 ?
7447.870 Ti  +0.122 68 331.020 (3F)4d e2H 81 753.980 (3F)4f 4H 1.006 0.987 ?
7574.057 Ti  −0.703 68 951.980 (3F)4d f4F 82 151.310 (3F)4f 2F 1.012 0.998
7653.044 Ti  +0.606 69 084.440 (3F)4d f4F 82 147.540 (3F)4f 4F 1.016 0.969
7679.192 Ti  +0.661 69 084.440 (3F)4d f4F 82 103.060 (3F)4f 4G 1.013 0.965
7681.729 Ti  +0.194 68 846.520 (3F)4d f4F 81 860.840 (3F)4f 4G 1.012 0.987
7706.784 Ti  +0.346 68 951.980 (3F)4d f4F 81 923.990 (3F)4f 2H 1.020 0.982
7713.367 Ti  +0.273 68 951.980 (3F)4d f4F 81 912.920 (3F)4f 4F 1.011 0.985
7716.915 Ti  +0.429 68 769.190 (3F)4d f4F 81 724.170 (3F)4f 4G 1.010 0.978
7733.343 Ti  +0.035 68 846.520 (3F)4d f4F 81 773.980 (3F)4f 4F 1.013 0.991
7786.450 Ti  +0.251 68 846.520 (3F)4d f4F 81 685.810 (3F)4f 2G 1.011 0.986
7805.972 Ti  +0.128 71 461.590 (3F)5p 4G 84 268.770 (3F)5d 4G 1.006 0.991 ?
7820.346 Ti  +0.296 71 586.060 (3F)5p 4G 84 369.700 (3F)5d 4G 1.011 0.987
7824.913 Ti  +0.984 71 945.900 (3F)5p 4G 84 722.080 (3F)5d 4H 1.024 0.946
7831.699 Ti  +0.423 71 747.460 (3F)5p 4G 84 512.570 (3F)5d 4G 1.016 0.983
7845.102 Ti  +0.821 71 747.460 (3F)5p 4G 84 490.760 (3F)5d 4H 1.007 0.960
7856.805 Ti  +0.003 68 951.980 (3F)4d f4F 81 676.300 (3F)4f 4H 1.003 0.990 ?
7869.297 Ti  +0.616 71 461.590 (3F)5p 4G 84 165.710 (3F)5d 4H 1.000 0.973 ?
7880.457 Ti  +0.506 71 945.900 (3F)5p 4G 84 632.030 (3F)5d 4G 1.005 0.980 ?
7994.391 Ti  +0.566 72 126.700 (3F)5p 4F 84 632.030 (3F)5d 4G 1.017 0.979
8838.415 Ti  +0.517 71 945.900 (3F)5p 4G 83 257.040 (3F)6s 4F 1.016 0.973 ?
8926.578 Ti  +0.349 63 445.880 (3F)5s e2F 74 645.080 (3F)5p 2D 1.023 0.946
9654.718 Ti  +0.418 63 445.880 (3F)5s e2F 73 800.670 (2D)sp 2F 1.053 0.946
9907.939 Ti  −0.003 62 180.160 (3F)5s e4F 72 270.310 (3F)5p 4D 1.023 0.969
9931.897 Ti  +0.209 62 272.160 (3F)5s e4F 72 337.970 (3F)5p 4D 1.059 0.953 Bad spectrum
9956.695 Ti  +0.397 62 410.780 (3F)5s e4F 72 451.520 (3F)5p 4D 1.012 0.934 Bad spectrum
9983.462 Ti  +0.557 62 595.030 (3F)5s e4F 72 608.850 (3F)5p 4D 1.058 0.915

a The symbol “*” indicates blended lines. The symbol “?” indicates doubtful emissions.

in the position of the continuum and in the log g f data, the
only unquestionable emissions are those with Rc(obs) ≥ 1.01.
Figure A.5 shows the Ti  emission at 6029.27 Å.

We adopted wavelengths and experimental log g f s from
Pickering et al. (2002) for most of the Ti  lines with λ <
5500 Å instead of the data from the Kurucz files, although sev-

eral of them are from the Martin et al. (1988) critical com-
pilation. We found that the Pickering et al. (2002) data im-
prove the agreement between the observed and computed spec-
tra considerably.

Abundances from equivalent widths are given in Table A.2.
The average abundance is −5.67 ± 0.11 dex, so that Ti is over-
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Fig. A.5. Observed emission lines at the position of Ti  602.9271 nm (left panel, thick line) and of Cr  658.5241 nm and Cr  658.7020 nm
(right panel, thick line). The thin line is the synthetic spectrum. The meaning of the identification labels is the same as that given in the caption
of Fig. A.1.

abundant by 1.35 ± 0.11 dex. However, there is a small dif-
ference of 0.13 dex between the average abundance from lines
shortward and longward of the Balmer discontinuity. The val-
ues are −5.59 ± 0.09 dex and −5.72 ± 0.08 dex, respectively.

Vanadium (23)-Not observed: No lines of vanadium were ob-
served in the spectrum. We fixed an upper limit of −9.04 dex
for the vanadium abundance from V  mult. 1 at 3100 Å. It
corresponds to an underabundance [V/H] = −1.0,

Chromium (24)-Cr ,Cr : We identified several Cr  and nu-
merous Cr  lines. All the Cr  lines with high excitation po-
tential (χlow larger than 89 000 cm−1, i.e. 11 eV) and large tran-
sition probabilities (log g f > −0.8) are in emission. They can
be observed starting from Cr  at 6121.434 Å. All the identi-
fied Cr  emission lines are listed in Table A.5. The meaning of
the columns is the same as in Table A.4. Figure A.5 shows the
Cr  emissions at 6285.241 Å and 6587.020 Å.

Sigut & Landstreet (1990) pointed out the large uncer-
tainty affecting the Cr  log g f s. For the 4050–4650 Å inter-
val, they reduced the discrepancies related to different sources
by renormalising the Cr  oscillator strengths from Wujec &
Weniger (1981) on a scale different from that adopted by
Martin et al. (1988)(MFW). We adopted log g f s from MFW
when the source is Kostyk & Orlova (1983) and from Sigut
& Landstreet (1990) when the source is Wujec & Weniger
(1981), except for Cr  λλ 4587.30, 4697.61 and 4715.12 Å.
We kept log g f s from MFW for the three lines on the basis of
the comparison of the observed and computed spectra. For Cr 
at 4812.34 Å we adopted log g f = −1.995 from the Kurucz line
lists in accordance with the discussion of Sigut & Landstreet
(1990). For all the Cr  lines not considered by MFW we used
log g f s from the Kurucz line lists without any renormalisation.

There are small wavelength differences in MFW and in the
Kurucz line lists for a few Cr  lines. The wavelengths from
Kurucz agree better with the observations. In several cases both
the wavelengths from MFW and from the Kurucz line lists do
not agree with the position of the observed lines. Examples
are the Cr  lines at λλ 5308.46 Å, 5310.73 Å and 5313.61 Å,
where the wavelengths are from MFW.

The average Cr  abundance is 0.2 dex larger than that
from Cr . The abundances are −5.22 ± 0.09 dex and −5.41 ±
0.07 dex, respectively. The average abundances from Cr  lines
lying shortward and longward of the Balmer discontinuity are
within the error limits. The average abundance from all the Cr 
and Cr  lines is −5.36 ± 0.11 dex, corresponding to an over-
abundance of [+1.01].

Smith & Dworetsky (1993) obtained log(N(Cr)/N(H)) =
−5.5 ± 0.1 from an IUE spectra analysis.

Manganese (25)-Mn ,Mn : The spectrum is so rich in Mn 
and Mn  lines that HD 175640 could be used as an ideal labo-
ratory for studying the manganese spectrum.

The bulk of log g f data for Mn  lines comes from
Kurucz (1992) computations, so that no spectral analyses of
HgMn stars would be possible without the Kurucz data for
this ion. Unfortunately, critical evaluations are unavailable for
many of the Mn  lines, especially in the visible region.

There are numerous exceptionally broadened Mn  lines in
the spectrum. This characteristic, which seems to be common
to all HgMn stars, was first shown up by Jomaron et al. (1999),
who explained it as due to hyperfine splitting. They were not
fully able to reproduce the exceptionally broadened profiles
owing to the lack of Mn  hyperfine structure experimental
data. These measurements were made later on by Holt et al.
(1999), who confirmed the findings of Jamaron et al. (1999).

Isotope 25 is the only isotope of manganese. We added in
the line lists the hyperfine components of several Mn  lines
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Table A.5. The Cr  emission lines. The line data are from Kurucz & Bell (1995).

λcalc(Å) Elem. log g f Elow(cm−1) Conf. Eup(cm−1) Conf. Rc(obs) Rc(calc) Notesa

6121.434 Cr  −0.280 89 277.950 (5D)4d e4P 105 609.470 (5D)4f 6G 1.000 0.992 ?

6128.189 Cr  −0.492 89 325.320 (5D)4d e4G 105 638.840 (5D)4f 6F 1.007 0.995

6158.621 Cr  +0.718 89 174.080 (5D)4d e4G 105 406.990 (5D)4f 4H 0.990 0.928

6161.031 Cr  +0.573 89 056.020 (5D)4d e4G 105 282.580 (5D)4f 4H 1.002 0.945

6172.927 Cr  −0.239 89 336.890 (5D)4d e4P 105 532.180 (5D)4f 4D 1.012 0.991

6179.226 Cr  −0.055 89 724.270 (5D)4d f4D 105 903.050 (5D)4f 4F 1.007 0.987

6181.354 Cr  +0.189 89 812.420 (5D)4d f4D 105 985.630 (5D)4f 4F 1.017 0.978

6182.340 Cr  +0.452 89 336.890 (5D)4d e4P 105 507.520 (5D)4f 4D 1.023 0.960

6186.315 Cr  +0.336 89 885.080 (5D)4d f4D 106 045.320 (5D)4f 4G 1.009 0.971

6193.551 Cr  +0.012 89 056.020 (5D)4d e4G 105 197.380 (5D)4f 6H 1.000 0.984

6209.250 Cr  −0.169 89 885.080 (5D)4d f4D 105 985.630 (5D)4f 4F 1.009 0.990

6213.078 Cr  +0.037 89 812.420 (5D)4d f4D 105 903.050 (5D)4f 4F 1.008 0.985

6213.538 Cr  +0.143 89 174.080 (5D)4d e4G 105 263.520 (5D)4f 6H 1.000 0.979

6231.676 Cr  +0.061 89 325.320 (5D)4d e4G 105 367.930 (5D)4f 6H 1.000 0.983

6237.002 Cr  −0.104 89 254.560 (5D)4d e4P 105 283.470 (5D)4f 4P 1.003 0.988

6285.601 Cr  −0.229 89 885.080 (5D)4d f4D 105 790.060 (5D)4f 4F 1.028 0.992

6299.534 Cr  −0.679 89 336.890 (5D)4d e4P 105 206.690 (4F)sp p4D 1.015 1.000

6301.413 Cr  −0.162 89 812.420 (5D)4d f4D 105 677.490 (5D)4f 4G 1.009 0.990

6309.669 Cr  −0.013 89 277.950 (5D)4d e4P 105 122.260 (5D)4f 4P 1.013 0.986

6311.509 Cr  −0.190 89 885.080 (5D)4d f4D 105 724.770 (5D)4f 4G 1.008 0.991

6324.198 Cr  −0.121 89 724.270 (5D)4d f4D 105 532.180 (5D)4f 4D 1.015 0.990

6369.654 Cr  −0.692 89 812.420 (5D)4d f4D 105 507.520 (5D)4f 4D 1.008 0.997

6399.280 Cr  +0.004 89 885.080 (5D)4d f4D 105 507.520 (5D)4f 4D 1.004 0.987

6501.575 Cr  −0.310 90 608.990 (5D)4d e4F 105 985.630 (5D)4f 4F 1.011 0.994

6526.302 Cr  +0.173 89 885.080 (5D)4d f4D 105 203.460 (4F)sp r4F 1.003 0.982

6536.680 Cr  +0.026 90 680.990 (5D)4d e4F 105 903.050 (5D)4f 4F 1.016 0.988

6551.373 Cr  +0.229 90 725.870 (5D)4d e4F 105 985.630 (5D)4f 4F 1.025 0.982

6579.572 Cr  +0.215 90 850.960 (5D)4d e4F 106 045.320 (5D)4f 4G 1.019 0.983

6585.241 Cr  +0.829 90 850.960 (5D)4d e4F 106 032.240 (5D)4f 4G 1.030 0.939

6592.341 Cr  +0.217 90 512.560 (5D)4d e4F 105 677.490 (5D)4f 4G 1.021 0.982

6613.776 Cr  +0.485 90 608.990 (5D)4d e4F 105 724.770 (5D)4f 4G 1.007 0.968

6636.427 Cr  +0.573 90 725.870 (5D)4d e4F 105 790.060 (5D)4f 4F 1.029 0.963

6656.120 Cr  +0.066 90 512.560 (5D)4d e4F 105 532.180 (5D)4f 4D 1.005 0.987

7211.765 Cr  +0.656 93 143.880 (5D)5p 6F 107 006.290 (5D)5d 6G 1.000 0.963

7226.064 Cr  +0.791 93 276.860 (5D)5p 6F 107 111.840 (5D)5d 6G 1.011 0.953

7242.963 Cr  +0.904 93 444.170 (5D)5p 6F 107 246.870 (5D)5d 6G 1.000 0.943

7394.889 Cr  +0.451 94 177.180 (5D)5p 6D 107 696.310 (5D)5d 6D 1.000 0.980

9448.293 Cr  +0.179 84 495.700 (5D)5s e4D 95 076.720 (5D)5p 4D 1.048 0.956

9951.294 Cr  +0.126 84 209.880 (5D)5s e4D 94 256.070 (5D)5p 4F 1.042 0.971

9952.493 Cr  +0.318 84 320.210 (5D)5s e4D 94 365.190 (5D)5p 4F 1.024 0.957

9970.727 Cr  +0.477 84 495.700 (5D)5s e4D 94 522.310 (5D)5p 4F 1.048 0.943

9974.826 Cr  +0.535 84 726.710 (5D)6s e4D 94 749.200 (5D)5p 4F 1.024 0.938

a The symbol “?” indicates doubtful emissions.
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showing a large broadening in the spectrum. We adopted either
the hyperfine log g f s taken from Holt et al. (1999) or we used
the HYPERFINE code (Kurucz & Bell 1995) to compute hy-
perfine wavelengths and log g f s from the A and B hyperfine
constants measured by Holt et al. (1999). Unfortunately, they
cover only part of the Mn II levels.

The comparison of the wavelengths measured by Holt et al.
(1999) with those from the Kurucz line lists has yielded non-
negligible differences in some cases. The comparison of the
observations with spectra computed with the two sets of wave-
lengths has favoured the Holt et al. (1999) data so that they
were adopted in the line lists. Finally, in the Kurucz line lists
the wavelengths of the lines of mult. 13 at 6122–6132 Å were
replaced by the wavelengths measured by Johansson et al.
(1995).

Table A.6 lists line data and (total or partial) hyperfine split-
ting for a large sample of Mn  lines. The multiplet number
when available, the adopted wavelength, the adopted log g f ,
its source, the lower and upper excitation potentials in cm−1

and the total (or partial) hyperfine splitting hfstot are listed in
successive columns. Here hfstot indicates the separation of the
outermost components. Wavelengths marked with an asterisk
were taken from Holt et al. (1999), while the others are from
the Kurucz line lists. “hfs" just after the wavelength indicates
that we added the hyperfine components of that line in the
line lists. The hyperfine splitting hfstot listed in Col. 7 is to-
tal or partial according to whether the A and B constants are
known for both levels or for only one of the levels involved in
the transition. Some lines showing a large broadening in the
observed spectrum, but lacking hyperfine data for computing
the synthetic spectrum, are also listed in the table. Figure 3
in the main paper shows the extreme hyperfine broadening
which affects the Mn  lines at 7353.549 Å and 7415.803 Å.
Other lines much broader than the computed ones are those at
9407.0 Å(Fig. A.2), 9408.7 Å and 9446.8 Å, in spite of the
hyperfine splitting of the upper level being considered in the
computations. The hyperfine splitting of their lower level is un-
known and this is probably the reason for the disagreement.

No Mn  emission lines are observed in the spectrum but
there are some lines in the red part of the spectrum which are
much weaker than the predicted ones. This disagreement could
be explained either with an superimposed emission or with
wrong line data. The most remarkable features are those pre-
dicted at λλ 9867.0, 9903.836, 9904.464, 9905.269, 9906.221
and 9907.212 Å.

The Mn abundance log (N(Mn)/Ntot) = −4.20, correspond-
ing to [Mn/H] = +2.4, was derived from the measured equiv-
alent widths (Table A.2) of both Mn  and Mn  lines having
critically evaluated log g f s available in Martin et al. (1988).
Therefore, for Mn , only the lines of Mn  mult. 3 at 3464.0 Å
were used. Hyperfine structure has negligible effects on these
lines.

We have added in Table A.2 the abundances from the
Mn  lines at λλ 3917.318, 4363.25, 4365.220 and 4478.637 Å,
which were used by Jomaron et al. (1999) to study the Mn
abundance in a given sample of HgMn stars. We excluded
them from the averaged abundance determination. The average
abundance from the four lines is −4.46 ± 0.06 dex. The dis-

crepancy with the average abundance from the other examined
lines amounts to −0.26 dex, which could be interpreted as an
indication of manganese stratification. However, the log g f un-
certainties prevent us from drawing any firm conclusion about
manganese stratification insomuch that the average abundances
from Mn  (−4.19 ± 0.10 dex) and Mn  (−4.25 ± 0.04 dex) are
within the error limits. Also the differences between the aver-
age abundances from Mn  lines lying shortward and longward
of the Balmer discontinuity are well within the error limits.

For comparison, we recall that the average abundances
log(N(Mn)/N(H)) from Jomaron et al. (1999) are −4.44 ± 0.05
for Mn  and −4.54 ± 0.05 for Mn . Smith et al. (1993) derived
log(N(Mn)/N(H)) = −4.35 ± 0.05 from the Mn  resonance
lines at 2576 Å, 2593 Å, and 2605 Å measured in IUE spectra.

Iron (26)-Fe ,Fe : The average Fe abundance from the equiv-
alent widths of all the examined Fe  and Fe  lines (Table A.2)
is log(N(Fe)/Ntot) = −4.83 ± 0.13, corresponding to an under-
abundance of [−0.3]. The average abundance from Fe  lines,
−4.78 ± 0.08 dex, agrees within the error limits with the aver-
age abundance from Fe  lines, −4.84 ± 0.13 dex, while the
abundances from the Fe  lines shortward and longward of
the Balmer discontinuity differ by 0.15 dex, which is more than
the error limits. Lines lying in the near UV give the lower abun-
dance value. The Fe  abundance from this study is the same as
that derived by Hubrig & Castelli (2001) using only the equiv-
alent width of the Fe  line at 6149.258 Å measured in a spec-
trum observed at CFHT.

Smith & Dworetsky (1993) found log(N(Fe)/N(H)) =
−5.05 ± 0.05 from the analysis of IUE spectra.

Cobalt (27)-Co  (Not observed?): No cobalt lines were ob-
served in the UVES spectra, except for Co  mult. 2 at
3501.717 Å, which could also be noise as well. The com-
puted profile reproduces the observed spectrum for an abun-
dance log(N(Co)/Ntot) = −8.08, which is about ten times lower
than the solar abundance. We adopted the above value.

Smith & Dworetsky (1993) derived an upper limit
log(N(Co)/N(H)) ≤ −9.0 ± 0.5 from an IUE spectra analysis.

Nickel (28)-Ni : The equivalent widths of the measured
Ni  lines (Table A.2) give an underabundance [−0.3] if log g f s
recomputed by Kurucz (2003) are used for all the lines ex-
amined (Table A.2). Instead, if log g f s from Heise (1974)
are used, the nickel underabundance changes from [−0.3]
to [−0.8]. There are no Ni  critically evaluated log g f s in the
NIST database for the whole wavelength region studied by us.
We adopted the abundance log(N(Ni)/Ntot) = −6.09 ± 0.16,
which is that based on the Kurucz (2003) log g f s. Smith &
Dworetsky (1993) found log(N(Ni)/N(H)) = −6.2 ± 0.3 from
their analysis of IUE spectra.

Copper (29)-Cu : While no Cu  lines were observed, the
Cu  line at 3247.540 Å was measured. It is probably blended
with some unknown component, as it is asymmetric, with a
more extended red wing. In fact, the abundance−6.52 dex from
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Table A.6. Line data and total hyperfine splitting in a sample of Mn  lines.

Mult. λa(Å) log g f Ref.b χlow(cm−1) χup(cm−1) hfstot(Å) Notesc

− 3159.302,hfs −1.720 K, K88 62 587.50 94 230.90 0.077 No fit, TWC
− 3330.778,hfs −0.659 K, K88 37 851.47 67 865.85 0.031
− 3364.213 −1.956 K, K88 52 383.72 82 099.82 no data hfs
− 3366.028,hfs −2.880 K, K88 43 696.19 73 396.26 0.045 No fit, TWC
− 3366.121,hfs −2.181 K, K88 43 696.19 73 395.44 0.052 No fit, TWC
− 3418.232,hfs −2.024 K, K88 44 138.96 73 385.46 0.031
1 3438.974 −2.293 K, MFW 9472.97 38 543.08 no data hfs
3 3441.988,hfs −0.272 K, MFW 14 325.86 43 370.51 0.011
− 3457.801,hfs −2.338 K, K88 43 395.38 72 307.21 0.061 No fit, TWC
1 3460.030,hfs −2.561 K, K88 9472.97 38 543.08 0.026
3 3460.316,hfs −0.542 K, MFW 14 593.82 43 484.64 0.015
− 3461.458,hfs −1.614 K, K88 44 899.82 73 781.11 0.044
− 3462.341,hfs −2.099 K, K88 44 521.52 73 395.44 0.013 No fit
3 3474.040,hfs −0.999 K, MFW 14 593.82 43 370.51 0.011
3 3474.129,hfs −1.089 K, MFW 14 781.19 43 557.14 0.018
3 3482.905,hfs −0.740 K, MFW 14 781.19 43 484.64 0.014
3 3488.677,hfs −0.864 K, MFW 14 901.18 43 557.14 0.018
3 3495.833,hfs −1.218 K, MFW 14 959.84 43 557.14 0.018
3 3496.809,hfs −1.687 K, MFW 14 781.19 43 370.51 0.009
3 3497.526,hfs −1.330 K, MFW 14 901.18 43 484.64 0.014
− 3509.939,hfs −1.324 K, K88 43 528.64 72 011.02 0.096
− 3685.051,hfs −1.299 K, K88 43 528.64 70 657.58 0.106 Blend with Mn  3685.042 Å
− 3695.917,hfs −1.966 K, K88 43 696.19 70 745.38 0.072
− 3763.730 −1.360 K, K88 41 182.53 67 744.37 no data hfs
− 3812.239 −1.897 K, K88 44 521.52 70 745.38 no data hfs
− 3844.161 −1.379 K, K88 44 521.52 70 527.62 no data hfs
− 3848.574 −3.333 K, K88 44 521.52 70 497.80 no data hfs
− 3897.604,hfs −1.697 K, K88 43 395.38 69 044.90 0.078 No fit, TSC
− 3917.318,hfs −1.147 K, K88 55 759.27 81 279.71 0.046
− 3943.858,hfs −2.464 K, K88 43 696.19 69 044.90 0.082 No fit, TWC
− 3995.317,hfs −2.441 K, K88 43 395.38 68 417.61 0.096 No fit, TSC
− 4000.033,hfs −1.212 K, K88 62 587.50 87 580.23 0.123 No fit, TSC
− 4039.681,hfs −3.357 K, K88 43 537.18 68 284.62 0.097
− 4136.902 −1.290 K, K88 49 517.58 73 683.44 no data hfs
2 4174.318 −3.548 K, K88 14 593.820 38 543.08 0.001
2 4205.375∗ −3.376 K, K88 14 593.820 38 366.18 0.039
7 4206.368∗ ,hfs −1.566 K, K88 43 528.64 67 295.43 0.129
2 4207.234 −4.470 K, K88 14 781.190 38 543.08 0.002 No fit, TSC
− 4237.861∗ −2.959 K, K88 43 311.30 66 901.44 0.002
2 4238.785∗ −3.626 K, K88 14 781.190 38 366.18 0.038
− 4239.184∗ ,hfs −2.250 K, K88 43 311.30 66 894.09 0.050
− 4240.385∗ −2.066 K, K88 49 820.16 73 396.26 0.071
− 4242.329∗ −1.262 K, K88 49 820.16 73 385.46 0.057 Blend with Cr 
− 4242.920∗ −2.992 K, K88 43 339.42 66 901.44 0.035
7 4244.246∗ −2.396 K, K88 43 339.42 66 894.09 0.038
− 4247.954∗ −3.379 K, K88 43 395.38 66 929.52 0.087 TWC, large disagreement
− 4251.727∗ −1.058 K, K88 49 882.15 73 395.44 0.012
− 4252.961∗ −1.138 K, K88 49 889.86 73 396.26 0.018 Blend with Mn 
7 4253.018∗ −2.403 K, K88 43 395.38 66 901.44 0.08 Blend with Mn 
− 4253.124∗ −2.092 K, K88 49 889.86 73 395.44 0.018 Blend with Mn 
7 4259.191∗ ,hfs −1.589 K, K88 43 537.18 67 009.16 0.094
2 4260.462∗ −4.246 K, K88 14 901.180 38 366.180 0.038 TSC
− 4281.948∗ −2.554 K, K88 43 339.42 66 686.70 0.029 Blend with Mn 
− 4282.490,hfs −1.679 K, K88 44 521.52 67 865.85 0.052
6 4283.766∗ ,hfs −2.204 K, K88 43 339.42 66 676.78 0.028
6 4284.429 −2.265 K, K88 43 311.30 66 645.07 0.025
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Table A.6. continued.

Mult. λa(Å) log g f Ref.b χlow(cm−1) χup(cm−1) hfstot(Å) Notesc

− 4288.067∗ −1.890 K, K88 33 906.57 77 220.56 0.013
− 4289.595∗ −3.306 K, K88 43 339.42 66 645.07 0.027 TWC
6 4292.233∗,hfs −2.226 K, K88 43 395.38 66 686.70 0.077 No fit, TWC
6 4300.254∗,hfs −2.880 K, K88 43 395.38 66 643.31 0.079 No fit, TWC
− 4302.957∗ −6.136 K, K88 43 696.19 66 929.52 0.093 Observed, not predicted
− 4308.153∗ −1.723 K, K88 43 696.19 66 901.44 0.092
− 4317.720∗ −1.917 K, K88 55 759.27 78 913.17 0.032
6 4325.047∗,hfs −2.299 K, K88 43 528.64 66 643.31 0.119
6 4326.643∗,hfs −1.254 K, K88 43 537.18 66 643.31 0.091
− 4336.959∗ −2.551 K, K88 43 850.42 66 901.44 0.020
− 4338.345∗ −2.090 K, K88 43 850.42 66 894.09 0.039
− 4382.579∗ −1.977 K, K88 44 745.46 67 766.76 0.041
6 4343.983∗,hfs −1.095 K, K88 43 528.64 66 542.53 0.118
6 4345.593∗ −2.164 K, K88 43 537.18 66 542.53 0.090
− 4346.406∗ −1.544 K, K88 52 718.80 75 719.93 0.004
− 4348.396∗,hfs −1.500 K, K88 43 696.19 66 686.70 0.082
− 4356.628∗ −2.026 K, K88 43 696.19 66 643.31 0.084
− 4363.254∗ −1.909 K, K88 44 899.82 67 812.05 0.041
− 4365.220∗ −1.350 K, K88 53 017.16 75 919.09 0.006
− 4377.744∗,hfs −2.144 K, K88 43 850.42 66 686.70 0.017
− 4379.644∗,hfs −1.850 K, K88 43 850.42 66 676.78 0.018
− 4385.738∗ −3.029 K, K88 43 850.42 66 645.07 0.016
− 4403.513∗ −1.804 K, K88 53 017.16 75 719.93 0.004
− 4434.062∗ −1.514 K, K88 53 017.16 75 563.49 0.000 Blend with Mg 
− 4441.996∗ −2.355 K, K88 44 138.96 66 645.07 0.026
− 4478.635∗ −0.950 K, K88 53 597.13 75 919.09 0.007
− 4518.953∗ −1.329 K, K88 53 597.13 75 719.93 0.007
5 4727.841,hfs −2.017 K, K88 43 311.30 64 456.69 0.015 No fit
5 4730.395,hfs −2.147 K, K88 43 339.42 64 473.39 0.047
5 4738.290,hfs −2.244 K, K88 43 395.38 64 494.14 0.115 No fit
5 4755.727,hfs −1.242 K, K88 43 528.64 64 550.04 0.176 Large disagreement
5 4764.728,hfs −1.351 K, K88 43 537.18 64 518.87 0.136 Large disagreement
− 5102.517 −1.934 K, K88 48 317.85 67 910.56 no data hfs
− 5177.648 −1.772 K, K88 48 435.96 67 744.37 no data hfs
− 5294.315 −0.037 K, K88 79 540.87 98 423.80 no data hfs
− 5295.384 +0.360 K, K88 79 544.68 98 423.80 no data hfs
− 5295.412 +0.360 K, K88 79 544.68 98 423.70 no data hfs
− 6008.190 −1.271 K, K88 83 255.79 99 895.13 no data hfs
− 6009.205 −1.050 K, K88 83 255.79 99 892.32 no data hfs
− 6009.858 −1.096 K, K88 83 255.79 99 890.51 no data hfs
− 6411.004,hfs −1.487 K, K88 66 452.53 82 136.40 0.105
− 7083.538∗ −3.089 K, K88 53 698.70 67 812.05 0.103
− 7098.194∗ −3.083 K, K88 53 781.71 67 865.85 0.076
− 7106.329∗ −2.171 K, K88 53 698.70 67 766.76 0.108
− 7110.354∗ −1.923 K, K88 53 805.80 67 865.85 0.077
− 7125.441∗ −2.059 K, K88 53 781.71 67 812.05 0.077
− 7137.694∗ −2.976 K, K88 53 805.80 67 812.05 0.073
− 7148.506∗ −3.016 K, K88 53 781.71 67 766.76 0.105 Blend with telluric lines
− 7323.762∗ −3.210 K, K88 54 846.24 68 496.61 0.055
− 7330.577∗,hfs −2.713 K, K88 29 919.43 43 557.14 0.359
− 7347.813∗,hfs −3.814 K, K88 29 951.42 43 557.14 0.253
− 7353.549∗,hfs −2.726 K, K88 29 889.52 43 484.64 0.385
− 7369.763∗,hfs −3.174 K, K88 29 919.43 43 484.64 0.350
− 7373.426∗ −2.806 K, K88 54 938.19 68 496.61 0.068
− 7387.184∗,hfs −2.553 K, K88 29 951.42 43 484.64 0.242
− 7415.803∗,hfs −2.202 K, K88 29 889.52 43 370.51 0.373
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Table A.6. continued.

Mult. λa(Å) log g f Ref.b χlow(cm−1) χup(cm−1) hfstot(Å) Notesc

− 7416.637∗ −3.703 K, K88 54 938.19 68 417.61 0.061

− 7432.294∗ ,hfs −2.498 K, K88 29 919.43 43 370.51 0.337

− 7471.581∗ −2.877 K, K88 55 166.31 68 496.61 0.094

− 7490.309∗ −3.019 K, K88 62 572.20 75 919.09 0.196

− 7490.752∗ −2.779 K, K88 65 567.07 78 913.17 0.081

− 7498.931∗ −2.282 K, K88 62 587.50 75 919.09 0.416 Not observed

− 7515.955∗ −2.917 K, K88 55 116.31 68 417.61 0.087 Blend with Fe 

− 7942.111∗ −2.456 K, K88 55 696.99 68 284.62 0.148

− 9407.015,hfs −2.554 K, K88 32 857.19 43 484.64 0.109 TWC

− 9408.696,hfs −2.951 K, K88 32 859.09 43 484.64 0.109 TWC

− 9446.846,hfs −2.389 K, K88 32 787.87 43 370.51 0.079 TWC

a (hfs) the hyperfine components are included in the adopted line lists; (*) the wavelength is from Holt et al. (1999).
b “K” before another log g f source means that the log g f is from Kurucz files available at http://kurucz.harvard.edu/linelists/gf100
K88: Kurucz (1988); MFW: Martin et al. (1988).
c (TWC) the computed profile is weaker than the observed one; (TSC) the computed profile is stronger than the observed one; (hfs) observed
hyperfine broadening.

the equivalent width 5.96 mA gives a too strong computed
profile. On the basis of the synthetic spectrum we adopted
log(N(Cu)/Ntot) = −6.88, corresponding to an overabundance
of [+0.95]. This value well reproduces also Cu  3273.954 Å
which is blended with Mn  3274.044 Å.

Smith (1994) derived log(N(Cu)/N(H)) = −6.85 ± 0.15
from Cu  lines observed in IUE spectra.

Zinc (30)-Not observed: No zinc lines were observed. Smith
(1994) found log(N(Zn)/N(H)) = −9.22 ± 0.30 from Zn  lines
observed in IUE spectra. This corresponds to an underabun-
dance [−1.8].

Gallium (31)-Ga ,Ga : There are only two Ga  lines in the
studied range with available log g f s in the NIST database.
They are Ga  mult. 1 at 4032.990 Å and 4172.039 Å. Both
lines were observed in the spectrum, but they were not mea-
sured owing to their blending with other lines. Other Ga  lines
can be found in the Kurucz line lists with guessed log g f val-
ues. The line at 6396.560 Å, if present, is heavily blended with
Mn  6396.565 Å.

There are no Ga  lines in the Kurucz line lists and there
are no Ga  log g f s in the NIST database for the studied re-
gion. We used the Isberg & Litzén (1985) Ga  line list to
identify Ga  lines in the spectrum and we searched the lit-
erature for Ga  oscillator strengths. The most complete set
of log g f s in the optical region is that from Ryabchikova &
Smirnov (1994) who consider 12 Ga  lines. However, the
log g f uncertainty can be estimated when different determi-
nations are compared. For instance, for the line at 6334 Å there
is the choice between log g f = +1.00 from Ryabchikova &
Smirnov (1994) and log g f = +0.36 from Lanz et al. (1993),
while for the line at 5421.275 Å the log g f value is +0.55

according to Ryabchikova & Smirnov (1994) and −0.05 ac-
cording to Nielsen et al. (2000). The comparison of the ob-
served and computed profiles has led us to adopt +1.00 in the
first case and −0.05 in the second case. In general, we adopted
the Nielsen et al. (2000) log g f s, which are the same as those
given by Ryabchikova & Smirnov (1994) for almost all the an-
alyzed lines. For the transitions at 4255 Å we separated the
4255.722 Å and 4255.937 Å contributions. We replaced the
global log g f = +0.68 with log g f = +0.634 and log g f =
−0.320, respectively (Nielsen et al. 2000).

Several Ga  profiles are affected by isotopic and hyper-
fine broadening. Ga  in HgMn stars was discussed by Nielsen
et al. (2000) and by Dworetsky et al. (1998). Gallium has two
stable isotopes Ga69 and Ga71 with relative terrestrial abun-
dances 0.60108 and 0.39892 (Anders & Grevesse 1989). Lines
from each isotope are affected by hyperfine splitting of the lev-
els. Karlsson & Litzèn (2000) measured the isotopic and the hy-
perfine structure of 18 Ga  lines by means of Fourier transform
spectroscopy. They obtained hyperfine A constants for 8 levels.
The B constants were found to be close to zero. We used the
A constants in the HYPERFINE code (Kurucz & Bell 1995) to
compute hyperfine log g f s for 8 lines with λ > 5000 Å. Their
hyperfine and isotopic wavelengths were taken from Karlsson
& Litzèn (2000). For 7 Ga  lines at 4251–4263 Å, arising from
the 4d–4f transition, Karlsson & Litzèn (2000) measured the
wavelengths and the relative intensities of numerous compo-
nents. We estimated the log g f of each component from the
ratio of the intensity of the component to the total intensity of
the components. We did not use the standard formulae of the
LS coupling (Cowley et al. 2000) owing to the lack in Table 3
of Karlsson & Litzén (2000) of the F total angular momentum
for the lower and upper level of the transitions.

The Ga  isotopic and hyperfine components that we de-
rived from Karlsson & Litzèn (2000) for 15 Ga  lines are
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Table A.7. The Ga  lines analysed. When the two isotopes Ga69 and Ga71 are considered separately, the oscillator strengths are log g f (Ga69) =
−0.222 and log g f (Ga71) = −0.398.

Isot. λ(Å) log g fiso log g fhfs log g fcomp Isot. λ(Å) log g fiso log g fhfs log g fcomp

4251.149 log g ftot = +0.35 5360.4022 log g ftot = +0.42
69+71 4251.112 0.0 −2.049 −1.699 71 5360.314 −0.398 −1.079 −1.057
69+71 4251.130 0.0 −0.766 −0.416 69 5360.334 −0.222 −1.079 −0.881
69+71 4251.167 0.0 −0.086 +0.264 71 5360.335 −0.398 −1.079 −1.057

4254.075 log g ftot = −0.23 69 5360.350 −0.222 −1.079 −0.881
69+71 4254.047 0.0 −0.338 −0.568 71 5360.357 −0.398 −0.678 −0.656
69+71 4250.070 0.0 −0.599 −0.829 69 5360.368 −0.222 −0.678 −0.480
69+71 4254.092 0.0 −0.741 −0.971 71 5360.391 −0.398 −0.972 −0.950
69+71 4254.111 0.0 −0.970 −1.200 71 5360.394 −0.222 −0.972 −0.774

4255.722 log g ftot = +0.634 69 5360.411 −0.222 −1.778 −1.580
69+71 4255.622 0.0 −1.385 −0.751 71 5360.412 −0.398 −1.778 −1.756
69+71 4255.642 0.0 −1.406 −0.772 69 5360.432 −0.222 −0.398 −0.200
69+71 4255.657 0.0 −1.534 −0.900 71 5360.438 −0.398 −0.398 −0.376
69+71 4255.672 0.0 −1.148 −0.514 69 5360.469 −0.222 −1.046 −0.848
69+71 4255.688 0.0 −1.746 −1.112 71 5360.486 −0.398 −1.044 −1.022
69+71 4255.716 0.0 −0.453 +0.181 69 5360.496 −0.222 −2.000 −1.802
69+71 4255.742 0.0 −1.200 −0.566 71 5360.521 −0.398 −2.000 −1.978
69+71 4255.774 0.0 −0.597 +0.037 5363.5854 log g ftot = +0.06
69+71 4255.791 0.0 −0.876 −0.242 71 5363.353 −0.398 −1.556 −1.894

4255.937 log g ftot = −0.32 69 5363.402 −0.222 −1.556 −1.718
69+71 4255.818 0.0 −1.631 −1.951 71 5363.416 −0.398 −0.857 −1.195
69+71 4255.839 0.0 −1.915 −2.235 71 5363.430 −0.398 −0.857 −1.195
69+71 4255.857 0.0 −1.330 −1.650 69 5363.451 −0.222 −0.857 −1.019
69+71 4255.904 0.0 −0.677 −0.997 69 5363.463 −0.222 −0.857 −1.019
69+71 4255.924 0.0 −0.839 −1.159 71 5363.493 −0.398 −1.352 −1.690
69+71 4255.949 0.0 −1.251 −1.571 69 5363.512 −0.222 −1.352 −1.514
69+71 4255.971 0.0 −1.100 −1.420 69 5363.594 −0.222 −0.824 −0.986
69+71 4255.994 0.0 −0.718 −1.038 71 5363.597 −0.398 −0.824 −1.162
69+71 4256.013 0.0 −0.899 −1.219 69 5363.613 −0.222 −0.824 −0.986

4261.4780 log g ftot = −1.10 71 5363.621 −0.398 −0.824 −1.162
69+71 4261.432 0.0 −0.757 −1.857 69 5363.695 −0.222 −0.456 −0.618
69+71 4261.448 0.0 −0.699 −1.799 71 5363.725 −0.398 −0.456 −0.794
69+71 4261.477 0.0 −1.000 −2.100 5416.3179 log g ftot = +0.64
69+71 4261.509 0.0 −0.280 −1.380 71 5416.287 −0.398 −0.796 −0.554

4262.014 log g ftot = +0.98 71 5416.292 −0.398 −1.000 −0.758
69+71 4262.010 0.0 −0.016 +0.964 69 5416.295 −0.222 −0.796 −0.378
69+71 4262.051 0.0 −1.525 −0.545 71 5416.296 −0.398 −0.611 −0.369
69+71 4262.067 0.0 −2.228 −1.248 69 5416.299 −0.222 −1.000 −0.582

4263.1361 log g ftot = −0.50 69 5416.302 −0.222 −0.611 −0.193
69+71 4262.983 0.0 −1.204 −1.704 71 5416.320 −0.398 −0.447 −0.205
69+71 4263.018 0.0 −1.169 −1.669 69 5416.321 −0.222 −0.447 −0.029
69+71 4263.050 0.0 −1.204 −1.704 69 5416.350 −0.222 −1.398 −0.980
69+71 4263.070 0.0 −1.137 −1.637 71 5416.356 −0.398 −1.398 −1.156
69+71 4263.097 0.0 −1.505 −2.005 69 5416.378 −0.222 −1.282 −0.864
69+71 4263.113 0.0 −1.584 −2.084 71 5416.393 −0.398 −1.282 −1.040
69+71 4263.144 0.0 −0.593 −1.093 69 5416.419 −0.222 −1.389 −0.971
69+71 4263.176 0.0 −1.505 −2.005 69 5416.433 −0.222 −2.544 −2.126
69+71 4263.239 0.0 −0.621 −1.121 71 5416.444 −0.398 −1.389 −1.147
69+71 4263.266 0.0 −0.821 −1.321 71 5416.462 −0.398 −2.544 −2.302

5338.240 log g ftot = +0.43 69 5416.495 −0.222 −2.690 −2.272
71 5338.137 −0.398 −0.778 −0.746 71 5416.541 −0.398 −2.690 −2.448
69 5338.159 −0.222 −0.783 −0.575
71 5338.199 −0.398 −0.477 −0.445
69 5338.208 −0.222 −0.475 −0.267
69 5338.289 −0.222 −0.301 −0.093
71 5338.302 −0.398 −0.301 −0.269
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Table A.7. continued.

Isot. λ(Å) log g fiso log g fhfs log g fcomp Isot. λ(Å) log g fiso log g fhfs log g fcomp

5421.2746 log g ftot = −0.05 6334.0688 log g ftot = +1.00

71 5421.122 −0.398 −1.301 −1.749 71 6333.911 −0.398 −1.079 −0.477

71 5421.143 −0.398 −1.301 −1.749 69 6333.948 −0.222 −1.079 −0.301

71 5421.152 −0.398 −1.155 −1.603 71 6333.964 −0.398 −0.678 +0.076

69 5421.156 −0.222 −1.301 −1.573 69 6333.989 −0.222 −0.678 +0.100

69 5421.172 −0.222 −1.301 −1.573 71 6333.998 −0.398 −1.079 −0.477

69 5421.179 −0.222 −1.155 −1.427 69 6334.017 −0.222 −1.079 −0.301

71 5421.186 −0.398 −1.097 −1.545 69 6334.089 −0.222 −0.398 +0.380

69 5421.206 −0.222 −1.097 −1.369 71 6334.091 −0.398 −0.398 +0.204

71 5421.207 −0.398 −1.301 −1.749 69 6334.104 −0.222 −0.972 −0.194

71 5421.211 −0.398 −1.243 −1.691 71 6334.110 −0.398 −0.972 −0.370

69 5421.223 −0.222 −1.301 −1.573 69 6334.173 −0.222 −1.778 −1.000

69 5421.226 −0.222 −1.243 −1.515 71 6334.198 −0.398 −1.778 −1.176

71 5421.259 −0.398 −0.762 −1.210 69 6334.250 −0.222 −1.046 −0.268

69 5421.264 −0.222 −0.762 −1.034 71 6334.295 −0.398 −1.046 −0.444

69 5421.291 −0.222 −1.155 −1.427 69 6334.365 −0.222 −2.000 −1.222

71 5421.294 −0.398 −1.155 −1.603 71 6334.442 −0.398 −2.000 −1.398

69 5421.344 −0.222 −0.465 −0.737 6455.9231 log g ftot = −0.08

71 5421.361 −0.398 −0.465 −0.913 71 6455.578 −0.398 −0.778 −1.256

69 5421.382 −0.222 −1.243 −1.515 69 6455.653 −0.222 −0.778 −1.080

71 5421.409 −0.398 −1.243 −1.691 71 6455.784 −0.398 −0.477 −0.955

6419.2391 log g ftot = +0.57 69 6455.816 −0.222 −0.477 −0.779

71 6418.970 −0.398 −0.859 −0.687 69 6456.087 −0.222 −0.301 −0.603

71 6418.991 −0.398 −0.824 −0.652 71 6456.123 −0.398 −0.301 −0.779

69 6419.030 −0.222 −0.857 −0.509

69 6419.047 −0.222 −0.824 −0.476

71 6419.080 −0.398 −1.556 −1.384

69 6419.117 −0.222 −1.556 −1.208

71 6419.175 −0.398 −1.352 −1.180

69 6419.191 −0.222 −1.352 −1.004

69 6419.278 −0.222 −0.857 −0.509

71 6419.284 −0.398 −0.857 −0.685

69 6419.315 −0.222 −0.456 −0.108

71 6419.332 −0.398 −0.456 −0.284

69 6419.459 −0.222 −0.824 −0.476

71 6419.516 −0.398 −0.824 −0.652

listed in Table A.7. We included them in the Kurucz line lists.
Table A.7 is formed by subtables, one for each line investi-
gated. The wavelength and the log g f of the examined transi-
tion are given in italics at the top of each subtable. The wave-
lengths of the isotopic and hyperfine components follow. They
are listed in Col. 2 in increasing wavelength order. Columns 3
and 4 show the oscillator strengths of the isotopic and hyper-
fine components, log g fiso and log g fhfs, respectively. The total
oscillator strength of each component, log g fcomp, is given in
the last column. It was obtained by summing the log g f of the
whole transition with log g fiso and log g fhfs.

The Ga  lines analyzed in HD 175640, their log g f ,
the source, and the abundances derived from the line pro-

files are shown in Table A.3. The average abundance is
log(N(Ga)/Ntot) = −5.43 ± 0.04, corresponding to an overabun-
dance [+3.73]. A few other Ga  lines not used for abundance
purposes have been added to Table A.3. Their log g f is that
which gives the best agreement between the observed and com-
puted profiles for the adopted abundance.

The analysis of the individual Ga  lines shows that the ob-
served Ga  profile at λ 4251 Å is slightly broader and stronger
than that computed for the adopted −5.43 dex abundance. A
similar behaviour was pointed out by Nielsen et al. (2000) in
κ Cnc and in HR 7775. The line could be blended with an
unknown blue absorption line. The observed Ga  profile at
λ 4255.7–4255.9 would be better reproduced if the predicted
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Fig. A.6. The observed profiles (thick full lines) of Ga  at λλ 536.03, 541.63, 641.89, 641.93, and 645.65–645.68 nm are compared with
synthetic profiles computed once without any hyperfine structure (dotted lines) and once with hyperfine structure included in the computations
(thin full lines) The meaning of the identification labels is the same as that given in the caption of Fig. A.1.

Mn  at 5256.014 Å is dropped. The observed and computed
profiles of the blend Cr  4261.9 Å, Ga  4262.0 Å agree rather
well. Although hfs and isotopic structures are not well evident
in the Ga  lines observed at 5338.24 Å, 5360.40 Å, 5363.58 Å,
5416.31 Å and 5421.27 Å, the synthetic profiles reproduce well
the observed ones only when the fine structures are considered
in the computations. Large structures due to the isotopic and
hyperfine splittings can be observed in the lines at 6334 Å,
6419 Å and 6456 Å. Figure A.6 compares each of the profiles
observed at 5360.4 Å, 5421.3 Å, 6419.0 Å and 6456.0 Å with
two synthetic profiles, one computed with isotopic and hyper-
fine structures, the other without them.

Dworetsky et al. (1998) obtained log(N(Ga)/N(H)) =
−5.36 ± 0.14 for this star.

Arsenic (33)-As  (Not observed?): Sadakane et al. (2001)
identified in the 5100–6400 Å region of the HgMn stars
46 Aquilae eight absorption features at 5105.58 Å, 5107.55 Å,
5231.38 Å, 5331.23 Å, 5497.73 Å, 5558.09 Å, 5651.32 Å and

at 6110.07 Å as As . We observed weak unidentified fea-
tures in HD 175640 only at 5331.23 Å, 5497.73 Å, 5558.09 Å
and 5651.32 Å. Other As  lines listed in the NIST database,
even with stronger intensities, are not detectable in the spec-
trum. This suggests that other elements than As  may produce
the four weak unidentified lines. We did not find in the litera-
ture any log g f for As  in the visible region.

Bromine (35)-Br : Only the three Br  lines at 4704.85 Å,
4785.50 Å and 4816.70 Å have log g f values in the
NIST database. We measured the equivalent widths of the first
two lines, which yielded a Br overabundance of [+2.3].

Strontium (38)-Sr : Only few Sr  lines were identified in the
spectrum. The equivalent width of the unique Sr  unblended
line at 4077.71 Å yields log (N(Sr)/Ntot) = −8.41, correspond-
ing to an overabundance of [+0.7]. This value correctly repro-
duces the other observed Sr  blended lines, in particular the
blend at 4215.5 Å having Sr  λ 4215.52 Å as main component.



F. Castelli and S. Hubrig: The spectrum of HD 175640, Online Material p 29

Yttrium (39)-Y : Although numerous Y  unblended lines
were identified in the spectrum on the basis of the Kurucz
line lists, only half of them could be used for abundance pur-
poses, owing to the lack of log g f values for a large number
of Y  transitions. Lines with unknown log g f s have guessed
values in the Kurucz line lists so that the predicted lines in the
synthetic spectrum have fictitious intensities.

The most reliable log g f source is Hannaford et al. (1982),
who provided experimental values. Some other log g f s in the
Kurucz line lists were obtained from a fitting procedure from
Cowley & Corliss (1983). However, log g f s of lines with en-
ergy levels lying outside the validity range of the fitting proce-
dure predict lines so much stronger than the observed ones that
they should be considered unreliable values.

Nilsson et al. (1991) have measured Y  wavelengths in the
region 1000–48 800 Å. We added a few lines from Nilsson et al.
(1991) in the Kurucz line lists and assigned guessed log g f s
to them. We also replaced a few wavelengths in the Kurucz
database with wavelengths measured by Nilsson et al. (1991)
as they agree better with the position of the observed lines.

The average abundance from the equivalent widths of the
lines listed in Table A.3 is log(N(Y )/Ntot) = −6.66 ± 0.20,
corresponding to [Y/H] = +3.14. However, there is a differ-
ence of 0.4 dex between the average abundances derived from
lines lying shortward or longward of the Balmer discontinuity.
These abundances are −6.42 ± 0.06 dex and −6.79 ± 0.10 dex,
respectively.

Zirconium (40)-Zr : Only a few weak Zr  lines were identi-
fied. From the equivalent widths listed in Table A.3 we derived
an overabundance [Zr/H] = +0.77.

Rhodium (45)-Rh : We identified all the Rh  lines listed in
Table A.3. Owing to the lack of log g f s for them, we used
the guessed oscillator strengths from the Kurucz line lists.
Assuming log g f = 0.00 for Rh  at λ 3233.314 Å the abun-
dance is −8.50 dex, viz. Rh  should be overabundant by
about [+2.4]. The wavelengths in the Kurucz line lists are
slightly different from those given in the Moore (1972) tables.
The observed wavelengths correspond better with the Moore
than to the Kurucz data. When needed, we modified the wave-
lengths in the Kurucz line lists to match the position of the ob-
served lines. For the lines embedded in blends the wavelengths
from Moore (1972) were adopted.

Palladium (46)-Pd , Pd : Several very weak Pd  lines in-
cluded in the Kurucz line lists were identified in the spectrum.
The measured equivalent widths (Table A.3) give an average
overabundance [+3.94].

The log g f sources in the Kurucz database are Biémont
et al. (1981) and Corliss & Bozman (1962).

We did not identify Pd  owing to the lack of these lines in
our line lists. However, as pointed out by the referee Dr. C.R.
Cowley, they were identified in HD 175640 by Bord et al.

Table A.8. Isotopic and hyperfine structure of Ba  4554 Å.

Isot. λ(Å) log g fiso log g fhfs log g fcomp

4554.029 log g ftot = +0.163

137 4553.995 −0.950 −0.806 −1.573

137 4553.997 −0.950 −0.806 −1.573

137 4553.998 −0.950 −1.204 −1.991

135 4553.999 −1.181 −0.806 −1.824

135 4554.001 −1.181 −0.806 −1.824

135 4554.001 −1.181 −1.204 −2.222

138 4554.029 −0.144 0.000 +0.019

134 4554.029 −1.617 0.000 −1.454

136 4554.029 −1.105 0.000 −0.942

135 4554.046 −1.181 −0.359 −1.377

135 4554.049 −1.181 −0.806 −1.824

137 4554.049 −0.950 −0.359 −1.146

135 4554.050 −1.181 −1.505 −2.523

137 4554.051 −0.950 −0.806 −1.573

137 4554.052 −0.950 −1.505 −2.291

(2003)8. Two Pd  lines can be seen as unidentified features
in our synthetic spectrum at 3243.1 Å and 3267.4 Å.

Xenon (54)-Xe : Numerous Xe  lines were identified in the
spectrum. Because no Xe  lines are included in the Kurucz
line lists, we added all the Xe  lines available in Wiese &
Martin (1980). From lines with measurable equivalent widths
(Table A.3) we obtained log(N(Xe)/Ntot) = −5.96± 0.20, corre-
sponding to an overabundance [Xe/H] = +3.87 dex. We added
in Table A.3 some other weak Xe  lines with no measurable
equivalent widths, but which are well reproduced in the syn-
thetic spectrum by the above abundance. We also added in
Table A.3 a few other Xe  lines observed in the spectrum.
Their wavelengths and energy levels were taken from Hansen
& Persson (1987). We assigned a fictitious log g f = 0.00 to
them to be able to compute an approximate profile in the syn-
thetic spectrum.

Barium (56)-Ba : Only two very weak Ba  lines at 4554.03 Å
and 4934.08 Å were identified in the spectrum.

Barium has seven isotopes, Ba130, Ba132, Ba134, Ba135,
Ba136, Ba137 and Ba138. The stable ones are those with mass
numbers 134 to 138. The lines of odd isotopes of Ba are
affected by hyperfine structure. We considered all the iso-
topic and hyperfine components for computing the Ba  profile
at 4554.03 Å. They are listed in Table A.8. The hfs components
were computed with the HYPERFINE code (Kurucz & Bell
1995) using the hyperfine constants A and B taken from Becker
& Werth (1983) and Becker et al. (1968). The isotopic intensi-

8 http://www.astro.lsa.umich.edu/users/cowley/
AAS0503Don/P7143.htm
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ties are from Anders & Grevesse (1989). The wavelength and
the log g f of the whole transition were taken from Miles &
Wiese (1969). However, the line at λ 4554.03 Å is so weak in
HD 175640 that hyperfine and isotopic broadenings do not con-
tribute to the profile in a significant way. The abundance from
this profile is log(N(Ba)/Ntot) = −9.27, which corresponds to
an overabundance [+0.64].

Cerium (58)-Not observed?: Numerous Ce  lines are consid-
ered in the Kurucz line lists, but no Ce  lines. We added to the
Kurucz line lists only those Ce  lines which were studied by
Bord et al. (1997), but we adopted the log g f values available
in the DREAM database.

No Ce  lines can be identified in the spectrum, although
some weak Ce  lines could be present (i.e. λ 5079.682). The
abundance log(N(Ce)/Ntot) = −7.8 derived from Ce  predicts
very strong unobserved Ce  lines. We assumed Ce solar abun-
dance for computing the synthetic spectrum although a large
overabundance of Ce  compared to that of Ce  cannot be
excluded.

Praseodymium (59)-Pr : There are numerous Pr  lines in
the Kurucz line lists, but none of Pr . We added only those
Pr  lines which were studied by Dolk et al. (2002), but
we adopted the log g f values from Biémont et al. (2001b)
for them.

No lines of Pr  were observed, but lines of Pr  may be
present. With the aid of the synthetic spectrum we identified
Pr  lines at 5264.433 Å, 5299.969 Å and 7781.985 Å. The
abundance which fits the profile of the second unblended line
is log(N(Pr)/Ntot) =−9.62, corresponding to an overabundance
[Pr/H] = +1.7. This is not in conflict with the predicted inten-
sity of the first line which is blended with Mg  and with that of
the last line, which is at the level of the noise. However, other
weak Pr  lines with no observed counterparts are predicted for
this abundance.

Neodymium (60)-Nd : There are numerous Nd  lines in the
Kurucz line lists, but none of Nd . We added only those
Nd  lines which were studied by Dolk et al. (2002), but we
adopted the log g f values from Zhang et al. (2002), available
in the DREAM database.

We identified weak lines of Nd  at λλ 5102.455,
5127.044, 5203.902 and 5203.924 Å. They are rather well
reproduced by the abundance log(N(Nd)/Ntot) = −9.60, corre-
sponding to an overabundance [Nd/H]= +0.94. Weak Nd  ab-
sorption features not in conflict with the observations are pre-
dicted for this abundance at 4903.241 Å and 4927.488 Å.

Ytterbium (70)-Yb ,Yb : Among the REE, only Yb 
and Yb  have been identified without any doubt in this star
(Bord et al. 2003).

There are numerous Yb  lines in the Kurucz line lists,
but none of Yb . We added Yb  lines from Biémont et al.
(2001a) and replaced the Yb  log g f s of the Kurucz line lists

with those from Biémont et al. (1998). All the Biémont et al.
(2001a; 1998) log g f s were taken from the DREAM database.

The average abundance from the Yb  equivalent widths
is log(N(Y)/Ntot) = −8.10 ± 0.19 (Table A.3). If log g f s
from the Kurucz database are used, the abundance is −8.31 ±
0.16. The average abundance from the Yb  equivalent widths
is log(N(Yb)/Ntot) = −7.3, namely 0.7 dex higher than that
from Yb  (Table A.3). The synthetic spectrum was computed
with log(N(Yb)/Ntot) = −8.10.

Osmium (76)-Os : Only four Os  lines are available in the
Kurucz line lists for the studied region. They lie shortward of
the Balmer discontinuity. The line at 3173.931 Å is predicted
in the synthetic spectrum for solar abundance. It is a very weak
line not in conflict with the observed spectrum.

Iridium (77)-Ir : Only the line of Ir  at 3042.553 Å is avail-
able in the Kurucz line lists for the studied region. The line pro-
file computed for a solar iridium abundance agrees well with
the observed spectrum.

Platinum (78)-Pt  We investigated the presence in the spec-
trum of the Pt  lines listed by Engleman (1989). Two lines
were identified, λ 4061.644 Å and λ 4514.124 Å. The first
produces an asymmetric profile centered at the position of
Fe  λ 4061.782 Å, the second can be unambigously observed.

There are no Pt II lines in the Kurucz line lists. We
added the seven Pt II lines for which astrophysical log g f s
from Dworetsky et al. (1984) are available. For the lines at
4046.443 Å, 4288.371 Å, and 4514.124 Å we also consid-
ered the isotopic and hyperfine wavelengths from Engleman
(1989) together with the isotopic composition from Anders &
Grevesse (1989). From the line profile at 4514.124 Å we ob-
tained a Pt  abundance of −7.63 dex, corresponding to an over-
abundance [+2.57].

The line at λ 4061.644 Å computed for the above abun-
dance contributes to the observed blend, but the line pre-
dicted at λ 4046.443 Å is not observed. There are also very
weak predicted Pt  lines with no observable counterparts at
λλ 4288.371 Å and 4034.181 Å.

Unfortunately, we did not find neither experimental nor
theoretical log g f s for Pt  lines lying shortward of the
Balmer discontinuity.

Gold (79)-Au : There are no Au  lines in the Kurucz line lists.
We added the Au  lines from Rosberg & Wyart (1997) for the
range 3040–10 000 Å.

We identified and measured the equivalent widths of two
lines at 4016.672 and 4052.790 Å, respectively. The average
abundance is log(N(Au)/Ntot) = −7.51 ± 0.06, corresponding
to an overabundance [Au/H] = +3.52.

Mercury (80)-Hg ,Hg : For λ > 4000 Å we replaced log g f s
of the Kurucz line lists with the log g f s from Benck et al.
(1989) for Hg . We took wavelengths and log g f s from
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Table A.9. Isotopic and hyperfine structure of H  at 4358 Å and Hg 
at 3984 and 6149 Å.

Isot. λ(Å) log g fiso log g fhfs log g fcomp

Hg  4358.3 Å log g ftot = −0.323

199a 4358.175 −1.301 −0.959 −2.583

201a 4358.228 −1.301 −0.832 −2.456

201b 4358.341 −1.301 −0.862 −2.486

201c 4358.288 −1.301 −1.552 −3.176

199b 4358.314 −1.301 −0.259 −1.883

201d 4358.316 −1.301 −1.352 −2.976

204 4358.320 −1.523 0.000 −1.846

202 4358.326 −0.432 0.000 −0.755

200 4358.332 −0.456 0.000 −0.779

198 4358.337 −0.886 0.000 −1.209

196 4358.341 −50.000 0.000 −50.323

201e 4358.352 −1.301 −0.462 −2.086

201f 4358.362 −1.301 −0.862 −2.486

199c 4358.379 −1.301 −0.649 −2.273

201g 4358.442 −1.301 −0.832 −2.456

199d 4358.520 −1.301 −0.959 −2.583

Hg  3983.89 Å log g ftot = −1.520

196 3983.771 0.000 −50.000 −51.520

198 3983.839 −0.886 0.000 −2.406

199a 3983.844 −1.301 −0.373 −3.194

199b 3983.853 −1.301 −0.240 −3.061

200 3983.912 −0.456 0.000 −1.976

201a 3983.932 −1.301 −0.438 −3.259

201b 3983.941 −1.301 −0.201 −3.022

202 3983.993 −0.432 0.000 −1.952

204 3984.072 −1.523 0.000 −3.043

Hg  6149.47 Å log g ftot = +0.150

199a 6149.419 −1.301 −0.436 −1.587

201a 6149.451 −1.301 −0.239 −1.390

204 6149.461 −1.523 0.000 −1.373

202 6149.469 −0.432 0.000 −0.282

200 6149.477 −0.456 0.000 −0.306

198 6149.483 −0.886 0.000 −0.736

199b 6149.504 −1.301 −0.198 −1.349

201b 6149.513 −1.301 −0.373 −1.524

Sansonetti & Reader (2001) for Hg . Only for the Hg  line
at 3984 Å did we adopt log g f = −1.520, which is the mean
value of −1.529 dex from Proffitt et al. (1999) and −1.510 dex
from Sansonetti & Reader (2001).

Mercury has seven isotopes: 196, 198, 199, 200, 201, 202
and 204. The isotopes 199 and 201 are affected by hyperfine
splitting. We considered all the isotopic and hyperfine compo-
nents for computing Hg  at 4358 Å and Hg  at 3984 Å and
6149 Å. They are listed in Table A.9 The hyperfine oscilla-

tor strengths were taken from Dolk et al. (2003). The mercury
isotopic composition of HD 175640 was derived from Hg 
at 3984 Å by assuming log(N(Hg)/Ntot) = −6.30. It is very dif-
ferent from the terrestrial one and very close to that found by
Dolk et al. (2003). We recall that the terrestrial log g fiso val-
ues of the isotopes 196, 198, 199, 200, 201, 202 and 204 are
−2.814, −1.001, −0.773, −0.636, −0.880, −0.525 and −1.163,
respectively (Anders & Grevesse 1989).

The abundance −6.30 dex that we derived from Hg  at
λ 3984 Å was used to compute the synthetic spectrum. Four
Hg  lines at 3125.665 Å, 4046.56 Å, 4358.3 Å, and 5460.73 Å
and five Hg  lines at 3984 Å, 5425.253 Å 5677.105 Å, 6149 Å,
and 7944.555 Å are predicted for this abundance. The com-
puted profiles of the first three Hg  lines are slightly stronger
than the observed ones, while Hg  at 5460.731 Å is predicted
weaker than observed. The line of Hg  at 5425.253 Å is
heavy blended with Fe  λ 5425.257 Å. The whole predicted
blend is stronger than the observed one. Hg  at 5677.105 Å
and 7944.555 Å are not observed but they are predicted in
the synthetic spectrum. Finally, the computed line of Hg  at
6149.475 Å is slightly stronger than the observed one.

We could conclude that, except for Hg  at 5460.731 Å, the
abundance derived from Hg  λ 3984 Å is too large in spite
of its agreement with that found by Dolk et al. (2003), which is
log(N(Hg)/Ntot) = −6.35 ± 0.15 Furthermore, this abundance is
lower than that. derived by Smith (1997) from Hg  at 1942 Å,
which was estimated to lie between −6.25 and −6.15 dex.
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Table A.10. Unidentified absorption lines.

λcalc(Å) Notesa λcalc(Å) Notesa λcalc(Å) Notesa

4735.55 Mn  4635.542? 5166.20 5304.65
4753.20 Mn  4753.226, Mn  4753.179 5167.125 5305.15
4783.15 5167.7 5305.40
4927.12 5167.82 5306.35
4942.10 bl Fe  4942.177 5170.125 5308.80
4977.53 5171.30 5311.075
4991.60 5176.725 5321.825
5031.28 5177.40 5327.15
5036.30 5179.15 5327.75
5037.87 5179.55 5329.35
5038.30 5181.65 5330.55 Br 
5038.87 Cr  5038.87? 5186.10 5331.23 As ?
5040.12 5190.00 5332.975
5043.65 5190.45 5336.20
5044.55 5192.75 5340.25
5057.00 Hf  5057.03? 5193.725 5341.7
5058.15 Hf  5058.15? 5194.40 5342.05
5073.45 5195.10 5348.35
5084.30 5195.225 5350.70
5090.60 5195.95 5354.40
5091.60 Mn  5091.608, strong 5210.55 5355.90
5098.28 Strong 5215.20 5357.1
5101.83 5221.05 5359.75
5104.75 5222.175 5383.5
5105.85 Mn  5105.889, As ? strong 5225.25 5390.60
5121.87 5225.35 5410.35
5122.05 5226.05 5451.75
5126.00 5228.625 5482.7
5126.20 5234.30 5497.7 As ?
5126.83 5236.00 5505.75
5127.20 5236.35 5506.35
5127.33 5236.45 5513.425
5128.48 5237.675 5515.20
5128.60 5238.475 5516.00
5130.00 5239.35 5518.075
5130.17 5240.325 5518.20
5130.63 5240.575 5518.525
5131.70 5241.20 5521.875
5132.00 5244.975 5533.1
5134.06 5245.075 5533.4
5134.16 5246.55 5536.575
5135.27 5247.70 5537.075
5136.15 5248.35 5537.45
5136.30 5257.35 5558.075 As ?
5138.60 5258.675 5620.00
5139.07 5260.100 5651.3 As ?
5139.25 Fe  5139.251 5261.20 5660.5
5140.20 5261.60 5706.35 Si  5706.37?
5145.50 5270.30 5734.3
5148.55 5272.05 5753.85
5149.25 5274.20
5152.70 5277.80
5152.98 5281.35
5153.78 5282.225
5156.45 5282.50
5157.50 5283.075
5158.07 5284.00
5163.00 5284.575
5163.58 5288.825
5164.92 5290.10
5165.70 5300.125

a The symbol “?" indicates possible identifications.
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Table A.11. Unidentified emission lines.

λobs(Å) Rc(obs) Notesa λobs(Å) Rc(obs) Notesa λobs(Å) Rc(obs) Notesa

6000.15 1.018 6745.32 1.013 Cr  6745.239? 8732.65 1.016

6037.93 1.020 6814.40 1.031 8761.60 1.022 Mn  8761.644?

6146.07 1.013 6845.15 1.037 9032.95 1.035

6177.50 1.027 6849.80 1.010 9036.12 1.086

6255.37 1.018 7453.67 1.013 9208.45 1.041 Mn  9208.604?

6312.25 1.021 7662.90 1.042 9242.65 1.033 Mn  9242.744?

6344.80 1.019 8493.12 1.022 9394.00 1.055

6447.10 1.018 8676.70 1.020 9497.465 1.021 Fe ?

6534.15 1.025 8706.30 1.007 9573.25 1.051

6618.50 1.016 8721.55 1.013

a The symbol “?” indicates possible identifications.


