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Abstract. This fifth paper in a sequence on abundance 
analyses of roAp stars features several improvements and 
complements over the previous investigations: 
i. The new VALD-2 atomic data base was used which sig
nificantly improves the analysis of C, N, 0, and rare earth 
elements (REE) and in particular includes also some dou
bly ionized REE species. 
ii. An individual opacity distribution function table was 
generated for a successful synthesis of photometric indices 
of this very peculiar star. 
iii. The influence of a (rather strong) magnetic field on 
abundance determinations is studied and presented for 30 
elements. 
iv. Our investigation of 33 elements (45 ions) is the hith
erto most complete chemical analysis of a chemically pe
culiar star, using modern tools. 

Similar to the four roAp stars analysed by us so far 
(0: Cir: Kupka et al. 1996, HD 203932: Gelbmann et al. 
1997, ,Equ: Ryabchikova et al. 1997a, and HD 24712: 
Ryabchikova et al. 1997b) we find nearly solar abundances 
of Fe and Ni, and a definite overabundance of Cr and espe
cially Co. Rare earth elements have large overabundances, 
whereas C and 0 are underabundant relative to the Sun. 
This pattern seems to be a common property of the chem
ically peculiar (CP2, Ap) stars. 

A new and most striking result is the discovery of the 
anomalous line strengths of the second ions of REE re
sulting in an abundance increase of up to +1.5 dex, com
pared to values obtained from lines of the first ions. This 
anomaly is not found in non-roAp and "normal" stars. 

Key words: stars: abundances - atmospheres - chemi
cally peculiar - fundamental parameters - individual: HD 
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1. Introduction 

Rapidly oscillating Ap (roAp) stars are a cool subgroup 
of CP2 stars and oscillate usually with multiple periods 
ranging from a few minutes up to about 20 minutes. Con
sidering their position on the HR-diagram which implies 
a mass between one and two solar masses, such short pe
riods are indicative for non-radial, high overtone, low or
der acoustic ]rmodes. According to the hitherto most suc
cessful oblique pulsator model (Kurtz 1982) pulsation and 
magnetic field axes are aligned, but oblique to the axis of 
rotation. This scenario and other characteristics of roAp 
stars are well described in various reviews (e.g., Kurtz 
1990, Matthews 1997, and references therein). 

The purpose of our project on abundance analyses 
of roAp stars is to provide accurate fundamental pa
rameters of this astrophysically very interesting group 
of stars which constitutes an unique laboratory for test
ing important domains of stellar pulsation theory and of 
magneto-hydrodynamics communicated through oscilla
tion (Gautschy et al. 1999, Matthews et al. 1999). In par
ticular we derive Teff' logg, abundances and magnetic field 
parameters which provide important boundary conditions 
needed for stellar pulsation models and we investigate the 
effects of a surface magnetic field on abundance determi
nation. 

The roAp star HD 166473 (CD -37°12303, V694 CrA) 
with V = 7.95 mag is classified by Houk (1982) 
as an Ap(SRCREu) star. Hauck & Mermilliod (1980) 
list Stromgren indices of b - y = 0.213, ml =0.311 and 
Cl = 0.538. Based on (3 = 2.801 (Martinez 1993), and us
ing Crawford's (1979) A-type star calibration we deter
mine ~ml = -0.127 and ~Cl = -0.101. Both indices 
are the most negative of all known roAp stars, except for 
Przybylski's star. The dominating pulsation frequency is 
at 1.892 mHz with a peak-to-peak amplitude of 0.49 mmag 
(Kurtz & Martinez 1987). 

A variable surface magnetic field ranging from 8.6 to 
6.4 kG was discovered by Mathys et al. (1997) using high
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resolution spectra in the region centered on A 6150 A. The 
average of these spectra was used for our abundance analy
sis. The variation of the magnetic field modulus indicates 
a very long period beyond 3 yr which implies a v . sin i 
of clearly less than 1 km S-1. Both effects, slow rotation 
and large magnetic field, are responsible for intensifica
tion effects in specific spectral regions which strongly de
pend on the atomic line Zeeman pattern, and which can
not be described any more in terms of magnetic "pseudo
microturbulence", a successful concept, e.g., for "y Equ 
(Ryabchikova et al. 1997a) and HD 24712 (Ryabchikova 
et al. 1997b). In the following we present the results of 
our abundance analysis for HD 166473 based on synthetic 
spectra which include magnetic field effects in the radia
tion transfer. 

2. Observations 

cially high value of Vmicro =4.0 km S-1 was chosen, simply 
to compensate for missing magnetic intensification caused 
by a field of 8.6 kG. The naming convention used for the 
models includes Teff' logg, [M/H]' and Vmicro, for example: 
7900g44p10k4. 

The final synthetic spectrum was computed with the 
SYNTHMAG code (Piskunov 1999), based on a radiation 
transfer in the presence of a magnetic field. The large mi
croturbulence was used only for model calculations, while 
for spectrum synthesis the microturbulence was set to 
zero, because a strong magnetic field supresses any turbu
lent motions, which is corroborated by the investigation 
of other roAp stars (see Paper I - Paper IV). 

The ESO-NTT set-up as described in Gelbmann et al. "~r~)~:~~j:-~~;',, '>" 
(1997) was used for the observations and all subsequent ii' \: ;: IW!'0~-'.;;·-_ 
reductions, merging of echelle orders to one continuous 
spectrum and normalization to the continuum were done 
with IRAF and are referred to as "low resolution spec
tra" in this paper. The Abundance Analysis Procedure ~ 
software package AAP (Gelbmann 1995) was used to de- ,.~ 
rive the basic stellar parameters and abundance pattern. ' 
If not mentioned otherwise, all procedures were the same O'i 

as described in our series of Paper I to Paper IV. 
An additional high resolution spectrum (ESO CAT- ~ 
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CES instrument, R = 122000) ranging from 6123 to 6178 A OO~~~ ._ -~ .• A _.

which shows resolved Zeeman components was available. 
This spectrum is an average of six individual spectra which 
were observed almost at the same phase and close to mag
netic maximum and they are described in Mathys et al. 
(1997). 

3. Model atmosphere 

To determine atmospheric parameters and abundances for 
a star with peculiarities similar to HD 166473 is quite dif
ficult. In Sec. 1 it was already mentioned that this star 
has the most peculiar photometric colours next to Przy
bylski's star (HD 101065) which probably are a result of a 
large overabundance of rare earth elements (see Sec.4.3). 
Only HD 101065 appears to be even more abnormal in this 
respect. 

To determine the starting values for the model at
mosphere of HD 166473 we used the software package 
TEMPLOGG (Rogers 1995) which takes advantage of cal
ibrations of the Stromgren system (Crawford 1979, and 
subsequent calibrations) and we derived a Teff =7900 K 
and log 9 = 4.4. For the initial model atmosphere we used 
[l\1/H]= +1.00, which is close enough to the photometric 
estimate of [M/H] = +1.27 and which is a standard abun
dance value for Kurucz's scaled solar model atmospheres 
(Kurucz 1993). For the microturbulent velocity an artifi-

Fig. 1. Comparison between the observed H,B line profile and 
three different synthetic profiles. The solid line represents the 
model 7700g42p05k4, the dashed line - 8000g42p05k4, and the 
dash-dotted line - 7500g42p05k4. 

After several iterations of the whole synthesis pro
cedure (for technical details see Gelbmann et al. 1997, 
Gelbmann 1998), we arrived at a compromise model with 
the following parameters: Teff = 7700 K, log 9 = 4.2, and 
[M/H] = +0.50. Unfortunately, this model does not sat
isfy all criteria for a consistent spectrum analysis. Al
though it reproduces reasonably well the H,B line, the 
Stromgren colours, and provides an ionization equilib
rium, it still cannot remove a slight dependency of the 
abundance on the lower levels exitation energy of spec
trallines for both Fe I and Fe II. A higher temperature 
would be needed to remove this trend, but simultane
ously it would degrade the fit to photometric indices 
and the H,B line profile. On the other hand, a Kurucz 
model atmosphere with Vmicro=2 km s-1, Teff = 7250 K, 
log 9 =4.5, and [M/H] = + 1.00 formally reproduces well 
the Stromgren indices, but does not fit any more the H,B 
line profile. The value for log 9 =4.2, determined spectro
scopically with the procedure previously described and 
using a higher microturbulence, is more appropriate for 
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a main sequence star and hence was chosen for the "final" 
model atmosphere. 

Another serious shortcoming of the traditional ap
proach comes from the peculiar chemical composition of 
the atmosphere. The deviation of the abundance pattern 
of HD 166473 from the solar values affects the [M/H] de
termination, which is calibrated for main sequence stars 
with scaled solar abundances. Particularly, the rare earth 
elements (REE) are important, because they have spec
tra with more spectral lines than the iron peak elements 
and hence contribute much to the line opacities. Unfortu
nately, our knowledge of the atomic parameters of REE 
is limited to a few thousand lines of the neutral and first 
ionized species, while we include millions of iron peak el
ement lines. Moreover, the total number of REEs exceeds 
the total number of iron peak elements. 

The following experiment illustrates the importance 
of the specific chemical abundance in model atmo
sphere calculations. On average, REE are overabundant 
in HD 166473 by +2.8 dex. We calculated opacity distri
bution functions (ODFs) for Przybylski's star which is ex
tremely overabundant in REE by about +4.0 dex and defi
ciencient in CNO. In order to compensate for the missing 
line opacities due to insufficiently known REE spectral 
lines we increased the overabundance of the iron peak el
ements to + 1.5 dex. All calculations were performed with 
the procedure developed by Kupka & Piskunov (Kupka & 
Piskunov 1998; Piskunov & Kupka 2000). 

Table 1 compares the observed Stromgren indices of 
HD 166473 with three sets of synthetic indices. The 
first set is produced from a scaled solar abundance Ku
rucz' model with TeA" =7700 K, log 9 =4.2, [M/H] =+0.50, 
and Vrnicro =0 km S-l, the second differs only by a 
Vrnicro = 4 km S-l. The third set is obtained with a model 
of TeA" =7550 K, log 9 =4.2, and Vrnicro =1 km S-l but with 
an ODF developed for Przybylski's star which resembles 
the abundance pattern of HD 166473. 

Table 1. Comparison of observed and calculated Stromgren 
indices of HD 166473 for Kurucz 's model atmospheres using 
scaled solar abundances (scaled) and using a more realistic, but 
not yet optimized opacity distribution function (ODF) table. 

Index Obs. scaled ODF 
Vmicro = 0 Vmicro = 4 

b-y 0.213 0.143 0.130 0.202 
ml 0.311 0.263 0.265 0.484 
Cl 0.538 0.813 0.842 0.534 
{3 2.801 2.792 2.801 2.798 

The results presented in Table 1 illustrate the possibil
ity to reproduce the observed colour indices (except for 
m1 in this case) even for most peculiar objects provided 
that the peculiar chemical composition of CP stars cor
rectly is taken into account. An analysis based on the 

7550g42_0DF model still cannot remove the previously 
mentioned trend of line abundances versus lower excita
tion energy levels. The ODF model, however, provides the 
same average Fe peak element abundance as our adopted 
"final" model. 

For the following reasons we did not use our 0 DF 
model (adapted for Przybylski's star) for the abundance 
analysis of HD 166473: 
- Missing line opacities from REE were substituted byen
hanced lines of the iron Ipeak elements, but both groups 
of elements have a different distribution of lines over the 
entire spectral range. 
- A direct comparison of abundances for HD 166473 with 
the abundances determined for other roAp stars, but 
which are based on scaled solar composition models, would 
be difficult. 

The Balmer hydrogen lines are sensitive to Tetr. The 
profiles of Ha and H{3 were calculated for a set of models, 
compared with the observations, and a possible range of 
Tetr =7500 K to 8000 K was determined. Hence, the for
mal error in our effective temperature determination is ± 
250 K. The error of the surface gravity is estimated to ± 
0.2 dex. Figure 1 shows a comparison of the observed H{3 
line with three different synthetic profiles. 
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Fig. 2. Magnetic surface field vectors derived from our model 
which is used to compute the Stokes I component for our syn
thetic spectra 

3.1. Magnetic field modelling 

The strong magnetic field in HD 166473 has to be taken 
into account in an abundance analysis. Radiation transfer 
calculations in the presence of a magnetic field were im
plemented in the spectrum synthesis code (Piskunov 1999) 
and applied to Eu lines in magnetic CP stars (Ryabchikova 
et al. 1999b) as a test. 
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Fig. 3. Thin line with +: high resolution observations, thin line with x: low resolution spectrum, full lines: synthetic spectra 
convolved with the instrumental profiles for, respectively, the high and low resolution spectra. Note the line close to 6148.8 
which is missing in our atomic line data base. 

First we had to determine a magnetic field configura
tion which reproduces the Zeeman pattern of the lines 
observed in the high resolution spectrum which ranges 
from 6123 to 6178 A. As observations of only a single 
phase are available we cannot determine a complete mag
netic field model, and we have to accept that our "solu
tion" will be far from unique. As a matter of fact, a large 
variety of more-or-Iess complicated field geometries with 
various multipole components allows the reproduction of 
the Stokes I component as is observed in our spectrum 
within the observational errors. We considered it reason
able for our abundance analysis to choose the magnetic 
model which is the simplest and has a minimum of free 
parameters. 

To determine such a model we used the program IN

VERSIO (Piskunov 1998) which originally was written 
to solve the inversion problem and to perform magnetic 
Doppler imaging. \Ve applied this code in the "direct" 
mode, Le. we assumed a magnetic field geometry and com

puted the disk integrated spectrum. It was not possible to 
reproduce the high resolution spectrum with a centered 
dipole and even off-sets of 0.5 radii were not sufficient, 
hence we investigated more complex models. A decentered 
dipole (polar field strength of 10 kG) with the magnetic 
center close to the stellar surface, the magnetic axes per
pendicular to the rotation axes, and with a radial field 
component of +1 kG superposed (Fig. 2) produced a sat
isfactory fit. Such a field geometry definitely does not rep
resent the actual geometry for HD 166473, but on the level 
of a phase snap-shot disk average it reproduces well the 
Stokes I components of our observations. A refinement of 
this model was considered not to be critical for the in
terpretation of the low resolution spectra which, however, 
were the basis of our abundance analysis. 

The chosen 3-D model with 200 surface elements fits 
both observed spectra: the high resolution (instrumental 
broadening of 0.08 A) and small spectral range spectrum 
with clearly visible Zeeman pattern and also the spectrum 
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with lower resolution (instrumental broadening of 0.3 A), 
but wide spectral range (Fig. 3). For the latter spectrum 
we found negligible differences between a synthesis based 
on a detailed 3D magnetic field model, and on a simpler 
model which assumes a plan-parallel atmosphere with a 
radial magnetic field component of 7 kG and a field com
ponent parallel to the surface of 5 kG at every surface 
point. As the final abundance analysis had to use a spec
tral range as wide as possible, the relevant issue was to 
model efficiently the low resolution spectrum. Hence, to 
save significant computing time this analysis was carried 
out with the program SYNTHMAG (Piskunov 1999) which 
uses the simplified magnetic field geometry. 

3.2. Abundance analysis 

Line lists for all chemical elements were generated with 
the current version of VALD-2 (Kupka et al. 1999, 
Ryabchikova et al. 1999a), and lines in the Balmer wings 
as well as in spectral regions crowded with telluric lines 
were ignored. The most recent references for the atomic 
data of individual species will be given in the correspond
ing sections. We did not analyze the spectral region below 
A5000 A because of severe blending. The optimum fit of 
synthetic lines to the observations resulted in a total of 
366 individual "line" abundances which were appropri
ately averaged to determine the final abundances of 33 
elements. 

An example for the spectral region around 6148 A is 
given in Fig. 3. The large diversity of Zeeman patterns 
which have to be take into account is obvious. Differences 
of the fit to the observations for some of the lines may 
also be caused by an inhomogeneous surface distribution 
of the elements. For our synthesis we used the same mag
netic field geometry for the entire spectrum and for all the 
elements. 

4. Element Abundances 

Table 2 compares the line abundances determined for un
blended and only weakly blended Sm II lines for different 
cases. The first case corresponds to a 8.6 kG magnetic field 
and zero v· sin i and Vmicro model which is adopted for the 
final abundance analysis of HD 166473. In the two other 
cases we try to simulate the magnetic field broadening of 
lines with non-zero Vmicro and v . sin i, an approach which 
was frequently used in the past. 

It is interesting to note that with such a large field 
of 8.6 kG the magnetic intensification is not proportional 
to geff' Lines \vith a relatively large geff and a configura
tion close to a pseudo-triplet (e.g. A6426.62) split nearly 
completely in their components, which results in a low 
magnetic intensification. On the other hand, the A6604.53 
line (see also Fig.4) is an example for a significant mag
netic broadening caused by a relatively small ge ff but com
plex Zeeman pattern. It is obvious that the more physical 

model results in a clearly smaller scatter of the line abun
dances. This figure illustrates also a large range of formal 
v . sin i values (15 to 30 km S-l) needed to fit individual 
lines in low resolution spectra, if the magnetic field is ig
nored. Such an unrealistic situation of a variable v . sin i is 
a direct indication for the presence of a strong magnetic 
field. 
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Fig. 4. Comparison of observed low resolution line profiles 
(thin line) for two Sm II lines at oX 6601.83 CYeff= 1.93) and 
oX 6604.56 (geff= 0.68) with three synthetic line profiles. Thick 
line: synthesis for a model as is described in this paper (mag
netic field, v . sin i = 1 km S-l and abundances listed in Ta
ble 3); dashed line: a model without magnetic field, with 
Vrnicro = 1 km s- 1, V . sin i = 17 km S-l, abundances of Table 3; 
dotted line: the same model, but with a v . sin i = 30 kms- I

. 

Table 3 summarizes the abundances of all elements in
vestigated for HD 166473 with a model of Teff =7700K, 
log g = 4.20, [M/H] =0.5, v·sin i =0, Vmicro =0, and a mag
netic field of 8.6 kG. For comparison we also give the abun
dances obtained by a standard analysis, approximating 
magnetic field effects with a Vmicro increased to 1.0 km S-l 

and a mean v . sin i =18 km S-l (fifth column). The mi
croturbulence was estimated from Fe lines only. 

As expected, using a physically more realistic model 
by including effects of magnetic intensification gives lower 
abundances. The difference strongly depends on the 
adopted value of the microturbulence in the classical anal
ysis (see Table 2). With a carefully chosen value we may 
decrease this difference to a minimum and come quite 
close to a full analysis. This is a comforting result, because 
within the error range of models and observations used, 
our previous analyses of moderate magnetic roAp stars 
do not have to be corrected. In some cases a nonmagnetic 
analysis provides even smaller abundances which may be 
explained with typically small Lande factors (Ce II lines) 
or differences in the oscillator strengths used (e.g., Dy II, 
Er II). 
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Table 2. Line abundances for unblended and only weakly blended Sm II lines for different models of magnetic broadening.� 
Velocities are in km S-1 . 

line. abundances 
,\ (A) E i logg! geEf W 0 

rnA 
8.6kG no magnetic field 

Vmicro =0 Vmicro =1 Vmicro =2 
5836.32 0.998 -1.198 1.190 29.0 -8.40 -8.25 -8.36 
5938.97 0.933 -1.342 0.810 15.1 -8.60 -8.57 -8.62 
5963.22 1.517 -1.194 1.140 35.8 -8.00 -7.69 -7.84 
6325.60 1.446 -1.195 0.750 26.0 -8.30 -8.01 -8.10 
6426.62 1.746 -0.559 1.510 44.0 -8.00 -7.96 -8.18 
6472.35 1.226 -1.308 1.380 28.0 -8.20 -7.99 -8.10 
6601.83 1.493 -0.773 1.940 50.4 -8.25 -7.78 -8.07 
6604.53 1.708 -0.237 0.680 127.3 -8.10 -6.32 -7.18 
6630.61 1.517 -1.208 0.990 26.6 -8.20 -7.94 -8.04 
6632.27 1.670 -0.637 1.490 51.6 -8.20 -7.75 -8.05 
6687.79 1.708 -0.972 0.500 54.0 -7.90 -7.33 -7.65 
6693.55 1.687 -0.373 1.500 53.8 -8.00 -7.95 -8.28 
6731.81 1.166 -0.521 0.970 65.5 -8.65 -7.90 -8.36 
6741.49 0.998 -0.984 1.260 91.5 -8.15 -6.87 -7.62 
7139.33 1.890 -0.922 0.400 19.0 -8.30 -8.18 -8.24 
7143.96 0.998 -1.063 1.500 30.9 -8.60 -8.40 -8.52 
7560.04 1.687 -1.010 1.900 30.9 -8.15 -7.93 -8.05 

mean: -8.25 -7.81 -8.07 
u: 0.24 0.53 0.34 

As a last comment, the abundance pattern for the observe solar Al abundance in roAp stars HD 203932 and 
heavier elements almost perfectly fits the odd-even rule HD 24712. 
(Fig. 5). Some of the statements in the previous paragraph 

might have to be modified when better data become avail
able, because they are based on only few and/or weak 
lines. New oscillator strength data for CNO elements were ,� 
taken from the recent NIST compilation (Wiese et al.10 f-

,I� 1996).a 
~ 
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0 

• e� The oxygen abundance is derived from the famous 0 I •• iie'::. 
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~ 

lio • ..� .,\ 7773 triplet which suffers from NLTE effects and usually~ ........ 6 ..... 
0�'0� provides an incorrect overabundance when treated in LTE. z '°0 ~t""-� Nevertheless, due to the extreme weakness of this triplet ~.eZ 4~ ·0 .. 

'-'� e\. -1, \. 
0'� e e in HD 166473 we do not apply any NLTE corrections. 

~ 
E , ° ~ 2:-� 0 

ec?c The sodium abundance is based on three weak, low ac
. \QC~rte 

\.
I..., i curacy lines. The resonance lines, however, give an order of 

o· e e magnitude smaller Na abundance. NLTE corrections are 
about -0.1 dex for main sequence stars (Mashonkina et al.0 20 40 60 80 

Z� 1993) and hence cannot be responsible for this large dis
crepancy. A model atmosphere based on 0 DFs also does 
not provide agreement between resonance and weak lines. Fig. 5. Abundances for HD 166473 (filled circles) compared to 

the sun (open circles). In addition, stratification effects may play a significant 
role in the atmosphere, as was demonstrated for the CP 
star 53 Cam by Babel (1992). 

A lower Mg abundance is obtained from 3 strong Mg I 
4.1. Light Elements� lines (5167,5172, 5183A), but two other MgI lines (5528 

and 5711 A) give abundances which are close to those ob
Similar to Q Cir, HD 203932 and! Equ, the light elements tained from Mg II lines. We can slightly decrease this dis
C and 0 are underabundant. Na, Mg, Si, and S have nearly crepancy by applying a NLTE correction to the Mg I lines 
solar abundances, Al is overabundant as in ! Equ. But we of ~ +0.15 dex (Mashonkina et al. 1996). 
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Table 3. Elemental abundances for the roAp star HD 166473 (Teff = 7700 K, log 9 = 4.20, [M/H) = 0.5, v . sin i = 0, Vmicro = 0) 
normalized to the total number of atoms log (l:ct) with formal error estimates in units of the last digit in parenthesis. 
Comparison with the solar abundances (Anders & Grevesse 1989), and with an abundance analysis based on an atmosphere 
without a magnetic field, but v . sin i ranging from 15 to 40 kms- 1 and Vmicro'= 1.0 kms- 1 which are needed to approximate 
magnetic field effects. Furthermore, VALD-I was used for the latter analysis to extract the atomic parameters, but VALD-II was 
used for the final analysis (second column). This difference is relevant in particular for C and 0, because of the new log 9/ 
values (t) (Wiese et al. 1996) which are now included in vALD-II. The last column lists abundances differences with and without 
magnetic field effects taken into account. 

Species log (:lot) HD lines log (:loJ o 
mod. atmosphere 

without magn. field 
lines 

abundance 
difference 

CI -4.24(11) 8 -3.48 -3.24(51) 8 -1.00 
01 -4.67(21) 3 -3.11 -3.92(74) 7 - 0.75 t 
Na I -5.84(37) 3 -5.71 -5.97(06) 2 +0.13 
MgI -4.99(53) 5 -4.46 -4.51(38) 5 -0.48 
MgII -4.27(31) 5 -4.46 -3.80 1 -0.47 
Al I -4.78(37) 5 -5.57 -4.89(12) 4 +0.11 
Si I -4.10(26) 10 -4.49 -3.90(35) 31 -0.20 
Si II -3.93(22) 4 -4.49 -3.59(06) 3 -0.24 
S I -4.84(10) 4 -4.71 -3.90(51) 13 -0.95 
Ca I -5.34(29) 16 -5.68 -4.87(50) 22 -0.47 
Ca II -5.12(38) 5 -5.68 -5.37 1 +0.25 
Sc II -7.87(06) 3 -8.94 -6.93(56) 4 -0.94 
Ti I -6.70 1 -7.00 -6.10(59) 4 -0.60 
Till -7.03(26) 5 -7.00 -6.35(41) 9 -0.67 
VI -6.60(28) 2 -8.04 -6.34(44) 3 -0.26 
VII -6.83(29) 6 -8.04 
Cr I -5.50(45) 5 -6.30 -5.12(73) 9 -0.38 
Cr II -5.36(22) 2 -6.30 -5.07(36) 7 -0.29 
Mnl -5.70(30) 3 -6.65 -5.42(32) 7 -0.28 
MnIl -5.30 1 -6.65 
Fe I -4.34(22) 61 -4.56 -3.80(41) 26 -0.54 
Fe II -4.31(22) 19 -4.56 -3.67(25) 14 -0.64 
Co I -6.03(12) 3 -7.12 -5.08(63) 6 -0.95 
Ni I -5.74(27) 7 -5.79 -5.28(46) 14 -0.46 
Sr I -6.90(36) 3 -9.14 -6.78(36) 2 -0.12 
Sr II -7.00 1 -9.14 -6.80 1 -0.20 
YII -7.86(21) 7 -9.80 -7.66(58) 6 -0.20 
Zr II -8.20 2 -9.44 -7.45(42) 2 -0.75 
Ba II -10.37(06) 3 -9.91 
La II -8.30(25) 9 -10.82 -7.11(46) 12 -1.19 
Ce II -7.55(41) 12 -10.49 -7.73(30) 6 +0.18 
Pr II -8.81(22) 15 -11.33 -8.51(20) 6 -0.30 
PrIll -7.60(38) 5 
Nd II -7.97(28) 41 -10.54 -7.32(38) 20 -0.65 
Nd III -6.43(37) 8 
Sm II -8.25(23) 27 -11.04 -7.46(31) 4 -0.79 
Eu II -8.43(20) 7 -11.53 -7.51(65) 8 -0.92 
Gd II -7.87(20) 9 -10.92 -7.46(35) 8 -0.41 
Tb II -8.80 2 -12.14 
Dy II -7.79(37) 6 -10.84 -8.26(10) 3 +0.47 
Er II -8.22(17) 4 -11.07 -8.40(28) 8 +0.18 
Er III -7.50 1 
Tm II -8.70 1 -12.04 
Yb II -8.93(32) 3 -10.96 -8.66(36) 3 -0.27 
Lu II -8.82(27) 6 -11.28 -8.71(25) 4 -0.11 

The sulphur abundance is based on four groups of S I the last three groups show a shift of +0.13 A relative to 
lines centered on 6173.6, 6743.5,6748.7, and 6757.oA. The the rest of the spectrum, which is yet unexplained. 
first group is resolved only in the high resolution spectrum. 
Although all groups provide the same sulphur abundance, 
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4.2. Iron Peak Elements 

The oscillator strengths for the iron peak elements were 
taken from the new release of the Vienna Atomic Line 
Database, VALD-2, (Kupka et al. 1999, Ryabchikova et al. 
1999a). The main new data sources are Lawler & Dakin 
(1989) for Sc II, Biemont et al. (1989) for V II, O'Brian et 
al. (1991), Bard et al. (1991), Bard & Kock (1994) for Fe I, 
and Blackwell et al. (1989), Wickliffe & Lawler (1997) for 
Ni I. 

We find the abundance pattern of the iron peak el
ements to be very similar to that of the other stars 
investigated by us so far: Ca, Ti, Fe, and Ni are the 
least enhanced elements and their abundances are close 
to solar. Cr and Mn are more abundant, V and Co are 
strongly overabundant. Furthermore, the prominent over
abundance of Co, determined already in all other roAp 
stars, is confirmed. Sc is overabundant in HD 166473 in 
contrast with the underabundance of this element in the 
other stars in our sample. 

The total abundance of all iron peak elements, from Ca 
to Ni, results in a metallicity [M/H] = +0.30 which is closer 
to the chosen model atmosphere with [M/H] =+0.50 than 
to the value estimated previously from photometry, which 
was [M/H] =+1.00. 

4.3. Sr, Y, Zr, Ba, and rare-earth elements 

Sr, Y, and Zr are overabundant in HD 166473 with Y be
ing the most anomalous element in the whole group. In 
contrast, Ba is deficient - as is also the case for 0: Cir. 

The large overabundance of the rare earth elements 
(REE) allowed for the first time the derivation of abun
dances for 13 out of 14 stable REE. In the atmosphere 
of cool Ap stars lines of the doubly ionized REE are 
dominant, and therefore potentially the perferable source 
for an abundance determination. Unfortunately, transi
tion probabilities have been available only since 1997. 
Bord et al. (1997), Wyart et al. (1997), Cowley & Bord 
(1998) provided calculations for the transition probabil
ities of Ce III, Er III, and Nd III. For Pr III we used cal
culations kindly provided by D. Bord (private communi
cation). For the first ions of the REE we used oscillator 
strength data extracted from VALD-2. They are the same 
as in VALD-l (Piskunov et al. 1995) with the exception of 
Dy II (Biemont & Lowe 1993), Tm II (Wickliffe & Lawler 
1997), and Lu II (Bord et al. 1998, Den Hartog et al. 1998). 
Abundances of all REE obtained from the lines of the first 
ions exceed on average the solar abundances by +2.8 dex. 
There is a marginal tendency for the lighter REE (La to 
Nd) being less overabundant than the heavier REE (Sm 
to Er). 

The most striking result obtained from our REE analy
sis is the abundance from the second ions. They exceed the 
values obtained from the lines of the first ions by + 1.2 dex 
(Pr), +1.5dex (Nd), and +0.7dex (Er), respectively. The 

same relative overabundance of Nd was obtained by Cow
ley & Bord (1998) for another roAp star, , Equ. This ob
servational fact cannot be explained by a wrong absolute 
scale of the oscillator strengths, because a similar analysis 
for the non-pulsating star ,B CrB did not indicate a signif
icant deviation from the ionization equilibrium between 
the first and the second ions of the REE (Ryabchikova et 
al. 2000) which also means that hyperfine structure and 
isotopic shifts cannot be responsible for the observed dif
ferences. Pr has one stable isotope, Nd has 6 (and one with 
1015_yr half-life), Er has 6 stable istotopes and all three 
elements show similar relative overabundances of doubly 
ionized REE. The accuracy of the oscillator strength cal
culations is ± 0.15 (Cowley & Bord, 1997). The analysis 
of Pr and Nd lines in spectra of roAp stars definitely gives 
evidence for an unexpected strength of the lines of Pr III 

and Nd III exclusively relative to non-roAp stars. 
In addition, Malanushenko et al. (1998) found for 

, Equ that maximum pulsation radial velocity amplitudes 
are observed for these 3rd spectrum REE lines. 

5. Conclusions 

The overall metallicity in the atmosphere of HD 166473 is 
larger than for all the roAp stars analyzed spectroscop
ically in our series (Paper I to Paper IV and the present 
paper). We observe a similar abundance pattern: 

Rare earth elements are overabundant and C and 0 are 
less abundant than in the solar atmosphere. Ti, Fe and Ni 
are relatively most deficient and Co the most enhanced 
elements in the group of iron peak elements. 

One of the most interesting features in the iron group 
is the clear overabundance of Co which could be detected 
in all five roAp stars. However, an even higher Co over
abundance was determined recently by Nishimura (1998) 
for the hot (non-ro)AOp star HR 9049. 

A new and most striking result is the discovery of the 
anomalous line strengths of second ions of REE resulting 
in an abundance increase of up to + 1.5 dex, compared 
to abundances obtained from lines of the first ions. The 
latter, however, were typically used for an analysis because 
of a serious lack of reliable log gl values for second ions. 

In agreement to Paper I to Paper IV the present study 
shows that roAp stars basically have similar abundances 
for up to 33 elements investigated in our sample, which 
is the most complete chemical investigation hitherto pub
lished for this group of stars. It is also the first one which 
discusses in detail the influence of the magnetic field on 
abundance analyses of CP2 stars. A comparison of rapidly 
oscillating to non-oscillating Ap stars does not reveal a 
large difference in the abundance pattern. However, one 
should keep in mind that the number of elements with 
published abundances for comparable non-roAp and "nor
mal" stars is significantly smaller. 

Oscillation periods of roAp stars are much shorter than 
for 6 Scuti stars although they fall in the same classical 
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instability strip. It has been speculated by Gautschy et 
al. (1998) that the H-He I zone at Tros s ~ -2.5 to 0.5 
be responsible for driving roAp star pulsation. If true, the 
upper boundary comes close to the deepest line forming 
regions and hence one should expect some characteristic 
signatures in roAp star spectra (e.g., the observed 3rd 
REE spectrum anomaly?) which might allow the testing 
of Gautschy's excitation model (Gautschy et al. 1998). 
Spectra with high signal-to-noise ratio and high spectral 
resolution are needed for this purpose. 

For aUf analyses we mostly had been using KUfUCZ'S 

model atmospheres with scaled solar abundances. Strictly 
speaking, the abundance analysis procedure is not self con
sistent, because the determined abundances obviously do 
not follow the scaled solar abundance pattern. However, 
we are presently improving on this situation by calculating 
individual ODFs and starting to use them for computing 
more consistent model atmospheres. Furthermore, we in
tend to investigate the effects of a magnetic field on ODFs 
and on the structure of model atmospheres. 
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