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Abstract. Optical region spectra for a number of upper main sequence chemically peculiar (CP) stars have been
observed to study singly and doubly ionized praseodymium and neodymium lines. In order to improve existing
atomic data of these elements, laboratory measurements have been carried out with the Lund VUV Fourier
Transform Spectrometer (FTS). From these measurements wavelengths and hyperfine structure (hfs) have been
studied for selected Pr ii, Pr iii and Nd iii lines of astrophysical interest. Radiative lifetimes for some excited
states of Pr ii have been determined with the aid of laser spectroscopy at the Lund Laser Center (LLC) and
have been combined with branching fractions measured in the laboratory to calculate gf values for some of the
stronger optical lines of Pr ii. With the aid of the derived gf values and laboratory measurements of the hfs,
a praseodymium abundance was derived from selected Pr ii lines in the spectrum of the Am star 32 Aqr. This
abundance was used to derive astrophysical gf values for selected Pr iii lines in 32 Aqr, and these gf values
were used to get a praseodymium abundance for the HgMn star HR 7775. The praseodymium abundance in HR
7775 was then utilized to derive astrophysical gf values for all observable Pr iii lines in this star. The neodymium
abundance, derived from unblended lines of Nd ii in HR 7775, has been utilized to establish astrophysical gf values
for observed Nd iii lines in the optical region of this star. Selected Pr iii and Nd iii lines have been identified and
studied in a number of HgMn stars and three hot Am stars. The praseodymium and neodymium abundance
change rapidly from an approximate 1–1.2 dex enhancement for the hot Am stars to 1.5–3 dex enhancement for
the cool HgMn stars, indicating a well-defined boundary between the hot Am and HgMn stars in the vicinity
of 10 500 K. The enhancement of praseodymium and neodymium in Am and HgMn stars may be explained by
diffusive processes active in the stellar atmosphere, while the observed discontinuity might be explained by a thin
hydrogen convection zone thought to be present for the Am stars, but absent in the HgMn stars. The absence of
a convection zone would cause the diffused elements to gather higher in the atmosphere of HgMn stars compared
to Am stars, and explain the observed increase in abundance.
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1. Introduction

Noticeably strong spectral lines from singly-ionized rare
earth elements (REE) (Z = 57–71)1 are typically observed
in the spectra of the cooler chemically peculiar (CP) stars
(Am and Ap). As a result of the low ionization potentials
of the REE, the hotter CP stars (including the HgMn
and the Bp stars) have very weak or non-existent singly-
ionized REE spectral lines. Instead, these stars should

Send offprint requests to: L. Dolk,
e-mail: linus.dolk@fysik.lu.se

1 The rare earth elements are comprised of the lanthanides
(Z = 57–71) and the actinides (Z = 89–103), but in the context
of this paper we only consider the lanthanides as REE.

have strong doubly-ionized lines for REE, provided that
the elements are enhanced to a similar level as in the cooler
CP stars.

In most hot Am and cool HgMn stars the Pr ii lines are
characteristically weak or absent, even though lines from
both Ce ii and Nd ii may be readily observable (Cowley
1983). It is therefore thought that the praseodymium
abundance is noticeably less than its even-Z neighbors,
which might reflect the odd-even effect observed for the
solar elemental abundance distribution among the lan-
thanides. The weakness or absence of the Pr ii lines can
be attributed to a combination of noticeable hyperfine
structure (hfs) in the optical Pr ii lines with the fact that
REE lines from the doubly-ionized stage clearly dominate
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over singly-ionized lines in the temperature regime of
the hot Am and HgMn stars when the abundance of
praseodymium is sufficiently high to make the lines de-
tectable. The third spectrum REE lines are thus a much
better tool for investigating the REE abundances in the
Am and HgMn stars.

Pr iii lines were first observed in the HgMn star χ Lupi
by Bidelman (1966). Guthrie (1985) noted the likely pres-
ence of Pr iii in the HgMn star HR 7775, but did not find
any evidence for Pr iii lines in the other seven HgMn stars
observed. Strong Pr iii lines in HR 7775 were confirmed
by Wahlgren et al. (2000) in the region around 5300 Å
although an accurate abundance could not be determined
due to the lack of oscillator strength data. In recent years
it was noted that the third spectrum of praseodymium is
very strong in some magnetic Ap stars (Mathys & Cowley
1992), even though the second spectrum is weak or absent.

In the present study, several cool HgMn stars have
been observed primarily to search for lines from the third
spectra of praseodymium and neodymium. The investiga-
tion was undertaken as part of a larger ongoing project
investigating the presence and abundance of heavy ele-
ments in Am and HgMn stars and the presence of isotopic
anomalies in elements with multiple stable isotopes. By
looking for isotope anomalies in different elements, as well
as abundance differences between lines originating from
different ionization stages of one element, the study might
also serve as a test of the diffusion hypothesis (Michaud
1970).

In this paper, selected Pr ii and Pr iii lines have been
studied in order to provide information about wave-
lengths, atomic structure, and lifetimes for lines of astro-
physical interest. Experimental lifetimes for selected levels
of Pr ii were obtained utilizing laser spectroscopic tech-
niques, and gf values were calculated for lines of astro-
physical interest. These experimental gf values were used
to determine the praseodymium abundance in the Am star
32 Aqr. The praseodymium abundance was then used to
determine astrophysical gf values for selected Pr iii lines
of this star. With the aid of these Pr iii gf values the
praseodymium abundance was calculated for the HgMn
star HR 7775 (HD 193452). Astrophysical gf values were
then determined for all observable Pr iii lines in HR 7775,
utilizing a larger spectral coverage (ranging from 3700 to
8000 Å).

Lines of Nd ii with experimentally measured gf values
have been utilized to derive a neodymium abundance in
HR 7775. Using this abundance, as well as wavelengths
of Nd iii lines derived from known energy levels (Martin
et al. 1978), several lines of Nd iii have been identified
and astrophysical gf values determined in HR 7775. The
accuracy of the known Nd iii energy levels were rather
poor, which resulted in inaccurate values of the derived
Ritz wavelengths. New laboratory measurements of Nd iii

were carried out with the Lund VUV FTS for accurate
wavelengths.

Ultimately, with the newly determined astrophys-
ical gf -values, the abundance and/or presence of

praseodymium and neodymium are investigated for a
number of cool HgMn stars. It is shown that the pres-
ence of these two rare earths is best studied via their third
spectra where abundances in HgMn stars rival those de-
termined from the second spectra for the cooler A type
stars.

2. Observational data

The stars chosen for this study are mostly cool HgMn stars
of spectral type B8-A0, primarily selected because the
third spectrum of praseodymium had previously been ob-
served in the two cool HgMn stars χ Lupi and HR 7775
(Wahlgren et al. 1994, 2000).

The main portion of the spectra were obtained with
the 2.56 m Nordic Optical Telescope (NOT), located at
the Roque de los Muchachos Observatory on the island
of La Palma. The spectra were taken with the SOviet-
FINnish (SOFIN) echelle spectrograph (Tuominen et al.
1998; Ilyin 1993, 2000) mounted at the Cassegrain fo-
cus. The SOFIN spectrograph is comprised of two opti-
cal trains, one of which provides access to a permanently
mounted 1152×770 pixel array detector of camera focal
length f = 1000 mm (camera 2), and one that provides
access to a 1152×298 pixel detector for use with one of two
interchangeable cameras of focal lengths f = 2000 mm
(camera 1) and f = 350 mm (camera 3). The resulting re-
solving power for the three different cameras is wavelength
dependent but is approximately R = 170 000, 80 000 and
25 000 for cameras 1, 2 and 3, respectively. The wavelength
coverage of camera 1 is approximately 14 Å per order for
10 to 12 orders, depending on the placement of the detec-
tor. Camera 2 provides twice the wavelength coverage per
order for eight to 10 orders, while a camera 3 observation
covers between 70 and 200 Å per order for approximately
38 orders. The sensitivity of the SOFIN spectrograph de-
creases towards the blue and the far red portions of the
spectrum. In the present case most of the observations
were made in the 5000 to 7000 Å region where the sen-
sitivity is quite high. As a result the S/N ratios of the
observations were mainly above 100:1.

The SOFIN observations were obtained mainly with
the camera 2 setting, but several were also taken with
camera 1. The resolving power for camera 2 is dependent
on the placement of a line within an order, with the lines
near the edge of an order displaying a significantly lower
resolving power than the lines at the center of an order.
To examine this effect the FWHM was measured for a
large number of lines in the Th–Ar comparison spectrum,
and from these measurements a resulting resolving power
was calculated. From these calculations it could clearly be
seen that the resolving power at the edges of an order lies
approximately at 50 000, after which it steadily increases
towards the center of an order where it is around 85 000.
It was subsequently shown that the increase in the resolv-
ing power towards the center of an order could best be
described with a second order polynomial. As a further
test similar calculations were made for several different
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detector placements after which it was found that the re-
solving power only changes within an order and not from
order to order.

The NOT/SOFIN spectra were obtained at two differ-
ent grating settings, both placed within the visible por-
tion of the spectral region between 4700 and 6500 Å (the
stars HR 7775 and 32 Aqr were also observed at additional
grating settings). The settings were selected to include un-
blended strong Pr iii and Nd iii lines previously observed
in HR 7775. The observations at the two settings were
obtained with camera 1 and camera 2, and many of the
stars were observed with either both cameras and/or at
both settings. Thus, the amount of data that were ob-
tained varies from star to star.

Spectra of stars of interest to this program were also in-
corporated from observing programs run at the ESO 1.4 m
CAT telescope and the CES Very Long Camera equipped
with CCD Loral \#38 and at the ESO NTT 3.5 m tele-
scope and the ESO Multi Mode Instrument (EMMI), both
located at La Silla, Chile. Data were obtained at the CAT
for the stars HR 6520, HR 6759 and HR 7245 during the
time period 1998 July 25–August 1, and were reduced in a
normal manner using MIDAS software. The CAT spectra
were taken with the CES Long Camera, and were limited
in wavelength to the interval 6130–6158 Å. Data quality
is quite good, as defined by both high resolving power
(R ' 135 000) and signal-to-noise ratio (S/N > 200:1).
Since these spectra were taken for other purposes the in-
strument setup is not optimal for searching for lines from
the Pr iii and Nd iii spectra, and only a single Nd iii line
can be studied from these data. The NTT spectra cover a
much larger wavelength interval (4070–6740 Å) at a resolv-
ing power of R ∼ 70 000 at S/N ∼ 100:1. Data obtained
for the stars χ Lupi, κ Cnc and HR 1800 were taken using
the EMMI echelle spectrograph.

3. Laboratory analyses

3.1. Praseodymium

3.1.1. Wavelengths and atomic structure

The odd-Z (Z = 59) lanthanide praseodymium has only
one stable isotope 141Pr with a large nuclear spin (I = 5

2 )
and nuclear magnetic moment (µ/µN = 4.136). The low
levels of Pr ii belong to the configurations 4f36s and 4f35d,
and the lines that may be observed in stellar spectra are
mainly transitions from these configurations to 4f36p. Due
to the unpaired s-electron many of the 4f36s–4f36p lines
exhibit large hyperfine structure, whereas the structure is
considerably smaller in the 4f35d–4f36p lines. Improved
wavelengths for selected Pr ii lines in the region 2800–
7900 Å that might be of astrophysical interest, as well
as magnetic hyperfine constants for the involved 6s and
6p levels, have recently been measured by means of a
Fourier transform spectrometer by the Lund University
Atomic Astrophysics group (Ivarsson et al. 2001). The
measurements also comprised branching fractions, which
in combination with the lifetimes discussed below in

Sect. 3.1.2 were used for deriving oscillator strengths for
Pr ii lines.

In Pr iii the ground configuration is 4f3, and the lines
likely to be observed in stellar spectra are 4f3–4f25d tran-
sitions. As no unpaired s-electron is involved in the tran-
sitions, the hyperfine structure is small. The work by
Ivarsson et al. (2001) also included accurate wavelength
measurements of a number of strong Pr iii lines, and in
spite of the high resolution the hyperfine structure was
only observed as a widening and an asymmetry of cer-
tain lines. Convolution of the FTS Pr iii λ5299.969 line
with Gaussian profiles of various resolution shows that
line asymmetry starts to become noticeable in the line
core for resolving powers near R = 200 000. The lines are
presented in Table 1, where the FWHM in Col. 3 shows
the widening and the letter “v” in column one indicates
the influence from the hyperfine structure.

As the FWHM is not an unambiguous measure of the
width of an asymmetric line with a shoulder on one side,
another measure of the influence of the hyperfine structure
is shown in column two of the table. The column shows
the ratio between the area of the Pr iii line and the area of
a single, unblended Pr ii hyperfine component in the same
region with the same peak intensity as the Pr iii line.

The wavelengths, which correspond to the centers-of-
gravity of the observed features, have an estimated uncer-
tainty ranging from less than ±0.001 Å for the strongest
lines to ±0.003 Å for the weakest.

3.1.2. Pr II lifetimes

Radiative lifetimes were measured for eleven levels in Pr ii

using laser spectroscopic techniques. In the experiment
ions were created in a plasma produced by irradiating
a praseodymium target with laser pulses. The measure-
ments were performed close to the target during the plas-
ma expansion. The ions were selectively photo-excited to
the level under investigation by the light from a laser sys-
tem in which pulses from a Nd:YAG laser were short-
ened in a stimulated Brillouin scattering (SBS) cell (Li
et al. 1999) before pumping by a tuneable dye laser.
Conventional Nd:YAG lasers produce pulses with a dura-
tion of about 10 ns and for precision in lifetime measure-
ments the excitation pulse must be shorter than the in-
vestigated lifetime. The dye laser light could be shifted to
desired wavelengths using frequency-doubling and Raman
scattering. Fluorescence light released at the decay of the
excited levels was captured using a fast detection system.
The temporal shape of the laser pulse was also recorded
and the lifetime values were evaluated by fitting a con-
volution of the recorded pulse and an exponential to the
fluorescence.

The ground configuration in Pr ii is 4f36s. Low lying
levels of this configuration were used as a starting point
for the laser excitation. In Table 2 the lower and up-
per levels are given (Martin et al. 1978) along with the
excitation wavelengths relevant for these measurements.
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Table 1. Laboratory wavelengths, widths and FWHM of strong Pr III lines.

Int. Wλ,Pr iii FWHM σ λair Classification
Wλ,Pr ii (10−3 cm−1) (cm−1) (Å)

25 2.5 163 14055.845 7112.501 4f3 4I11/2 − 4f25d 4K13/2

157 2.2 126 14467.492 6910.126 4f3 4I15/2 − 4f25d 4I15/2

30 1.1 58 14906.337 6706.689 4f3 4I15/2 − 4f25d 2I13/2

22 1.3 66 15195.943 6578.871 4f3 4I15/2 − 4f25d 4K17/2

156 1.1 64 16135.955 6195.611 4f3 4I9/2 − 4f2(3H)5d 4H7/2

167 v 2.6 145 16228.671 6160.215 4f3 4I11/2 − 4f2(3H)5d 4H9/2

171 v 2.7 162 16415.819 6089.985 4f3 4I13/2 − 4f2(3H)5d 4H11/2

72 v 3.2 289 16516.175 6052.981 4f3 4I9/2 − 4f25d 4G7/2

65 v 4.4 265 16665.040 5998.910 4f3 4I11/2 − 4f25d 4G9/2

176 v 2.8 180 16785.003 5956.035 4f3 4I15/2 − 4f2(3H)5d 4H13/2

132 4.1 115 18721.350 5339.999 4f3 4I15/2 − 4f2(3F)5d 4H13/2

1000 v 2.6 191 18862.748 5299.969 4f3 4I13/2 − 4f2(3F)5d 4H11/2

735 v 1.4 123 18917.316 5284.681 4f3 4I11/2 − 4f2(3F)5d 4H9/2

693 1.2 80 18990.076 5264.433 4f3 4I9/2 − 4f2(3F)5d 4H7/2

282 1.3 97 19194.053 5208.487 4f3 4I15/2 − 4f25d 2K13/2

v denotes the line to be asymmetric with a shoulder on the short wavelength side.

Table 2. Measured Pr ii levels and their lifetimes.

Levela Eexp Excitation Conversion Observed Lifetime (ns)
(cm−1) Origin λvac(nm) scheme fluorescence This Work Previous Work

(nm) Exp. Exp.

4f3(4Io)6p 5K5 22 675.44 0 441.01 2ω+2S 441.0 13.0(1.1) 15(1.5)b

4f3(4Io)6p 5K6 24 115.50 441.95 442.41 2ω+2S 442.4 7.7(4) 12(2)b

4f3(4Io)6p 5K7 25 569.19 1649.01 418.06 2ω+2S 418.1 6.0(3) 8.4(1.0)b, 7.8(1.0)c

4f3(4Io)6p 5K8 27 128.00 2998.36 414.43 2ω+2S 414.4 5.5(3) 10(2)b, 8.4(1.2)c, 8.4(1.2)d

4f3(4Io)6p 5I6 25 656.69 1649.01 416.53 2ω+2S 396.6 8.7(5) 10(1)b

4f3(4Io)6p 5I7 26 860.95 3403.21 426.30 2ω+2S 396.6 7.0(4) 15(1.5)b

4f2(4Io)5d 1L8 28 201.95 4437.15 420.79 2ω+2S 420.8 9.0(7) 14(1)b

4f3(4Io)6p? J = 4 24 745.95 441.95 411.45 2ω+2S 404.1 36(3)

4f3(4Io)6p? J = 4 25 467.47 1743.72 421.52 2ω+2S 399.6 12.4(1.1) 13(1.5)b, 9.5(1.5)d

4f3(4Io)6p? J = 5 26 146.01 1743.72 409.80 2ω+2S 389.0 18.0(1.5)

4f3(4Io)6p? J = 7 28 009.80 1649.01 379.35 2ω+S 406.4 6.5(4) 13(1.5)b, 6.0(8)c

a Martin et al. (1978).
b Gorshkov & Komarovskii (1985).
c Andersen & Sörensen (1974).
d Andersen et al. (1975).

The blue wavelengths used for excitation can conveniently
be produced by frequency-tripling an infrared Nd:YAG
laser beam and let the produced UV beam pump a dye
laser working with coumarine dyes. However, the pulse-
shortening using SBS is performed in a water cell with
green light, the second harmonic of the infrared. The short
green pulses then pump a red dye, DCM, and the tuneable
radiation is then frequency-doubled and Stokes shifted
in a H2 Raman cell. The conversion method is given in
the fifth column of the table. In every conversion step
pulse power is lost but the transitions are often saturated
anyway and the pulse power then has to be further

reduced using neutral density filters. In the measurements
usually the strongest transition, selected by a monochro-
mator, is used for detection and the transition starting
from the lowest possible metastable level is used for ex-
citation. The measured levels were chosen by identifying
upper levels for transitions believed to be observable in
stellar spectra and thus suitable for abundance determi-
nations. The lifetime values are given in Table 2 together
with results from previous measurements; Andersen et al.
(1974, 1975) using the beam-foil technique and Gorshkow
& Komarovskii (1985) employing electron beam excita-
tion. For level and line-rich elements selectivity in both
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excitation and detection is especially important. The band
width of the laser light utilized in the present investiga-
tions was about 0.1 Å and the flourescent light was filtered
by a monochromator. After setting the laser to the excita-
tion wavelength for a level and observing fluorescence at
an expected wavelength, a further test of proper level iden-
tifications was made in the measurements. The monochro-
mator wavelengths were scanned in order to observe all the
decay channels given for that level by the work of Corliss
& Bozman (1962). For some levels in the list the agree-
ment was too poor and lifetime measurements were not
performed due to the uncertainty in level identification.

The advantage with a laser produced plasma as an ion
source is the high ion density, the fairly high populations
of metastable levels and the presence of high ionization
stages. A major drawback is the high speed of the created
ions. For Pr iii this speed is on the order of 10 km s−1. This
puts constraints upon how long a lifetime can be mea-
sured. Attempts were made to measure the lifetimes for
some of the lowest lying levels of Pr iii, but the recorded
decays in fluorescence were fitted poorly by the exponen-
tials. During the recording the ions flew too long a distance
which meant that some of them left the detection region
before the de-excitation. The decay times were on the or-
der of several hundreds of nanoseconds. The Pr iii lifetimes
could thus not be measured with any precision utilizing
the employed technique. The problem can be reduced by
using narrow band-width interference filters, selected for
the relevant transitions, instead of a monochromator with
a narrow slit.

3.2. Neodymium

Neodymium occurs in the form of seven stable isotopes,
A = 142, 143, 144, 145, 146, 148, 150 with the relative ter-
restrial abundances 27%, 12%, 24%, 8%, 17% 6% and 6%.
The odd isotopes thus represent 20% of the total abun-
dance, and both isotope and hyperfine structure might be
present in the spectral lines. The hfs will, however, gener-
ally not be observable, as the hfs patterns will be smeared
out and completely masked by the components of the even
isotopes. The isotopic shift is generally divided into mass
shift and volume shift, where the former effect decreases
and the latter increases with increasing mass through the
periodic table. For neodymium the isotope shift is com-
prised of both mass and volume shift, but with the vol-
ume shift dominating (King et al. 1973). The volume shift
is usually most prominent for configurations containing
s-electrons.

The lowest even levels of Nd ii belong to the 4f46s and
4f45d configurations. The odd parity upper levels in the
transitions in the optical region are mainly from three
configurations 4f35d2, 4f35d6s and 4f46p. Investigations
have been made of the isotope shift of Nd ii energy lev-
els, the most extensive being that of Blaise et al. (1984),
who measured the shift between the isotopes with masses
A = 144 and A = 150 for over 300 energy levels, and

Nakhate et al. (1997) who measured the 144–150 shift
for approximately 300 levels. In these studies the shift of
the 4f45d 6K9/2 levels was defined as zero. The levels of
the Nd ii ground configuration 4f46s show large isotope
shifts due to the presence of the 6s electron, with a typ-
ical spacing between the A = 144 and A = 150 of 0.24
cm−1, whereas the shifts of the 4f45d levels are close to
zero. The shifts of the odd levels involved in transitions in
the optical region range from 0.15 to approximately 0.43
cm−1, with the larger shifts being present for levels in the
4f35d6s configuration.

Note should be made of the fact that the separation
between the A = 144 and A = 150 isotopes of neodymium
perhaps is not a good reflection of the observable isotope
shift since the 150Nd isotope is only responsible for ap-
proximately 6% of the total amount of neodymium in
the terrestrial isotopic mixture, while approximately 88%
of the isotopes are represented by the isotopes between
A = 142 and A = 146. King et al. (1973) have measured
isotope shifts between all the even isotopes for six spectral
lines. In all of these the separation between the A = 144
and A = 150 isotopes is approximately twice as large as
the separation between the A = 142 and A = 146 iso-
topes. Also, in measurements by Nöldeke (1955), Blaise
(1957) and Ahmad & Saksena (1977), it can be noted that
isotope shifts 144Nd–150Nd are approximately 3.4 times
larger than the isotope shifts 142Nd–144Nd.

To conclude, the largest shift measured between the
144Nd–150Nd isotopes in a Nd ii energy level is less than
0.5 cm−1. A transition between such an energy level and a
level without structure would result in a spectral line with
a wavelength shift of approximately 0.1 Å in the optical
region. This, coupled with the fact that the shift between
the most abundant isotopes 142Nd and 144Nd is much
smaller than the 144Nd–150Nd shift, means that the ob-
served structure in Nd ii lines is rather small, even in the
most extreme cases. For these reason we have neglected
Nd ii line structure in the line lists used for making the
synthetic runs for our abundance studies.

The gf values adopted for the observed Nd ii lines are
the experimental values from Meggers et al. (1975) and
Ward et al. (1985).

The lowest levels of Nd iii belong to the 4f4 config-
uration, and the strongest lines are 4f4–4f35d transitions.
The amount of published laboratory data for Nd iii is very
scant, and only a few energy levels are included in the com-
pilation by Martin et al. (1978). No line lists have been
published, and as the reported energy levels are only given
with one decimal, it is not possible to derive sufficiently
accurate wavelengths from the level values. For this rea-
son laboratory measurements of Nd iii have been carried
out with the Lund VUV FTS and new wavelengths have
been determined (Aldénius 2001). Measured wavelengths
in the region 4625–6550 Å from that work are presented
in Table 7.

The Nd iii lines of Table 7 showed a small influence of
the isotope effect, mainly visible as an unresolved shoulder
with an area of 5–6% of the total line. Comparisons with



116 L. Dolk et al.: The Presence of Nd and Pr in HgMn stars

the known structure of Nd i lines showed that this shoulder
is caused by the 150Nd isotope.

4. Spectrum analysis

Elemental abundances and astrophysical gf values were
determined by comparing the observed spectra to syn-
thetic spectra generated with the SYNTHE (Kurucz &
Avrett 1981; Kurucz 1993a) program. Atomic line data
were taken from the lists of Kurucz (1993a). Several of
the lines studied for this paper were not present in the
linelists. These lines, as well as hyperfine structure com-
ponents, were individually entered into the linelists.

Before being fitted with synthetic spectra, the observa-
tional data were flux normalized to the line-free continuum
level. The normalization procedure was accomplished with
the use of an Interactive Data Language (IDL) procedure
that allows the user to choose locations in the spectrum
that will serve as continuum points (Wahlgren 1996). The
choices of these points are not limited by the flux values
and they can therefore be chosen with the aid of syn-
thetic spectra. The normalization task was made easier
by the fact that most of the observations were carried out
in the red portion of the spectrum, where the line density
is low and the continuum level is easily identified in the
hot stars observed for this study. The uncertainty level for
abundances resulting from improper continuum placement
is dependent upon the observed S/N level. We estimate
that for S/N = 100, the error in continuum placement is
approximately 1% which, for example, results in an un-
certainty of ±0.05 dex in the abundance determined from
the Pr iii λ5264 line.

The temperature range of HgMn stars is such that
the majority ionization state of the praseodymium and
neodymium atoms is doubly ionized. Until recently no os-
cillator strength data existed for Pr iii or Nd iii, making it
impossible to directly determine an abundance from the
third spectrum lines of these elements. Recently theoreti-
cal oscillator strength data have been made available both
for Pr iii (Palmeri et al. 2000; Bord 2000, private commu-
nication, Biémont et al. 2001) and Nd iii (Bord 2000).

The complexity of the Pr iii and Nd iii spectra coupled
with the nature of theoretical oscillator strengths means
that any uncertainties attached to the abundance determi-
nations based upon these values must be tested. In order
to circumvent this problem we have chosen to determine
abundances directly from a star where both singly-ionized
praseodymium and neodymium lines with known exper-
imental oscillator strengths, as well as doubly-ionized
praseodymium and neodymium lines, are visible. In this
way the singly-ionized lines can be utilized to derive
an abundance, grounded in experimentally determined
f-values, that can be used for determination of astrophys-
ical gf values for Pr iii and Nd iii lines. The astrophysi-
cal gf values can then be compared with the theoretical
gf values to establish the reliability of these values, and
be used as an abundance determining tool for the hot-
ter HgMn stars, where the Pr ii and Nd ii lines are too

weak to be observed. An implicit assumption of this ap-
proach is that statistical equilibrium results in an unique
abundance for all ions of an element. The validity of this
assumption can be questioned since ionization anomalies
and abundance stratifications have been reported for cer-
tain elements in HgMn stars (i.e. for mercury in Proffitt
et al. 1999). So far, however, no note has been made of
a REE ionization anomaly in these stars, although this
might reflect errors in atomic data and difficulties in ob-
serving lines from multiple ionization stages.

4.1. 32 Aqr

The metallic-lined (Am) star 32 Aquarii (HD 209625 =
HR 8410) is a slowly rotating single-lined spectroscopic
binary. It was chosen as a target because it had been ob-
served to have lanthanide overabundances (Magazzu &
Cowley 1986) and since its Teff is low compared to those
of the HgMn stars observed for this study. It was there-
fore expected that lines from both the singly and doubly-
ionized stages for praseodymium and neodymium would
be visible in the spectrum.

Several elemental abundance analyses of 32 Aqr ex-
ist in the literature. Smith (1971, 1976) and Lane &
Lester (1987) analysed 32 Aqr as part of larger studies
of Am stars. The stellar parameters derived in the latter
study were Teff = 7300 K, log g = 3.3, v sin i = 19 km s−1,
ξturb = 2.5 km s−1. Kocer et al. (1987) derived simi-
lar values for the stellar parameters with the exception
of the microturbulent velocity, which was found to be
ξturb = 4.5 km s−1.

In a more recent study (Bolcal et al. 1992) the determi-
nation of the temperature and surface gravity was made by
comparing the values calculated in three different studies,
two of which being the studies listed above (Lane & Lester,
and Kocer et al.). The third set was determined by using
the photometric relations of Moon & Dworetsky (1985)
and the uvbyβ photometry of Hauck & Mermilliod (1980).
The effective temperature and surface gravity determined
with this method were Teff = 7870 K, log g = 3.77. The
rotational velocity was measured to be v sin i = 5 km s−1

by fitting Gaussian profiles to metal lines. This value is
quite different from the value of v sin i = 19 km s−1

listed by Hoffleit & Jaschek (1982). An elemental abun-
dance analysis for 32 Aqr made by Adelman et al. (1997)
showed that some of the Pr ii and Nd ii lines were appre-
ciably strong. Subsequent synthetic spectrum calculation
made by us prior to making observations showed that the
strongest Pr iii and Nd iii lines should be observable in a
star with a temperature and abundances corresponding to
that of 32 Aqr, making it a suitable object to be used in
our study.

The strong spectral lines in 32 Aqr are extremely asym-
metric with depressed blue line wings, while the weaker
lines appear to be symmetric. The large difference in line
shapes between the strong and weak features makes it im-
possible to get a consistent fit to all spectral lines with a
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single atmospheric model. The asymmetry of the strong
lines has been interpreted by Landstreet (1998) as evi-
dence for atmospheric velocity fields in 32 Aqr. According
to Landstreet the standard assumption of a height inde-
pendent microturbulent velocity field is not valid in at
least some of the Am stars with Teff around 8000 K. In
these type of stars a variation of the microturbulent ve-
locity with height has to be incorporated in order to im-
prove the agreement between the observed and calculated
line profiles.

The asymmetric line profiles of the stronger spectral
lines in 32 Aqr make the determination of the atmospheric
parameters more difficult. The values of elemental abun-
dances and the turbulent velocity that we adopted for
32 Aqr in this paper are to some extent based upon values
obtained from previous studies. The effective temperature
and gravity were, however, calculated from the uvbyβ pho-
tometric colours provided by Hauck & Mermilliod (1980).
The rotational velocity was determined from synthetic line
profile fitting to weak symetrically shaped spectral lines.
The final values adopted for 32 Aqr were: Teff = 7700 K,
log g = 3.65, v sin i = 5 km s−1 and ξturb = 4.0 km s−1.

4.2. HR 7775

HR 7775 (= HD 193452 = β2Cap, mv = 6.10, B9.5
III-IVp Hg) is a slowly rotating (v sin i = 2 km s−1)
HgMn star. It is a visual binary to the bright star HR 7776
(= HD 193495 = β1Cap), with a separation of 205 arc-
sec (Hoffleit & Jascheck 1982). HR 7775 and HR 7776
each have either confirmed or suspected companions. In
the case of HR 7775 a binary component has been de-
tected by the lunar occultation method, at a separation of
0.28 arcsec (Radick & Lien 1980). The magnitude differ-
ence between the two components is 3.05 magnitudes in
the Stromgren b filter. The astrometric satellite Hipparcos
detected HR 7775 as a binary with a separation of 0.68 arc-
sec and magnitude difference of 2.98 mag (Perryman et al.
1997). It is difficult to estimate if the secondary con-
tributes to our spectrum of HR 7775 since the orbit of
the secondary has not yet been determined. The contri-
bution of the secondary to the spectrum is determined by
the separation of the components at the time of the obser-
vation, their position relative to the slit, the slit width, and
the seeing. Of these factors only the last two are known
with any certainty (the slit width of the SOFIN camera 2
is 0.7 arcsec, and the seeing is typically sub arcsec), mak-
ing it impossible to determine the contribution of the sec-
ondary to the light from HR 7775. In a case where both
stars appear on the slit at the time of the observation a
contribution of 6% is calculated from the observed mag-
nitude difference for saturated lines. There is, however,
no evidence for the presence of spectral lines from the
secondary at the level of the noise, typically at the 1%
level. In the present work, as in the work by Wahlgren
et al. (2000) which shared the use of some of the spec-
tra presented in this study, a possible contribution to the

spectrum of HR 7775 from the binary component was ne-
glected as synthetic calculations showed that such a con-
tribution would likely be very small, with a total contribu-
tion to the spectral continuum at the level of 2% altering
abundances of the primary star by up to 0.07 dex. Thus,
the introduction of a secondary could introduce larger er-
rors than it would hope to reduce.

HR 7775 has previously been analysed by Adelman
(1994) and Wahlgren et al. (2000) in the optical region,
and by Smith & Dworetsky (1993) in the ultraviolet.
The atmospheric parameters and elemental abundances
for HR 7775 are derived from the previous works. The stel-
lar parameters adopted in this work were Teff = 10 750 K,
log g = 4.0, v sin i = 2 km s−1, and turbulent veloc-
ity = 0 km s−1, as used by Wahlgren et al. (2000).

The factors low-rotational velocity, enhanced line
strengths for heavy elements, and its well studied nature
made HR 7775, along with 32 Aqr, a prime target for
the determination of astrophysical gf values for lines of
Pr iii and Nd iii. The neodymium abundance in HR 7775
turned out to be sufficiently enhanced for lines from both
Nd ii and Nd iii to be visible. Therefore, the Nd ii lines
were used for abundance determination, which in turn was
used for the determination of astrophysical gf values for
Nd iii lines. The astrophysical gf values were determined
using the implicit assumption that no ionization anomaly
exists for neodymium (and praseodymium) in HR 7775
and for praseodymium in 32 Aqr, even though there is no
direct evidence against REE ionization anomalies in these
stars. Wahlgren et al. (2000) noted that some elements in
HR 7775 have slightly different abundances when derived
from lines of different ionization stages. These differences
are generally small enough (0.1–0.2 dex) that they can be
explained by errors in gf values, uncertainties in the line
fitting procedure or lineblending.

There are some clues that an anomaly, if present,
should be quite small for neodymium in HR 7775 and
32 Aqr. One such clue is that the astrophysical gf values of
selected Nd iii lines in 32 Aqr and HR 7775 agree very well.
Since both sets of values were determined from the abun-
dance derived from Nd ii lines, this implies that both stars
lack an ionization anomaly for neodymium, or that both
stars have a similar anomaly. Since the two stars are differ-
ent in temperature and chemical composition, there is no
reason to believe that they should have a similar anomaly.
For praseodymium a similar comparison can not be made
due to the weakness of the Pr ii lines in HR 7775. However,
astrophysical gf values calculated from the upper limit
abundance from Pr ii lines agree very well with the astro-
physical gf values determined from 32 Aqr. Another indi-
cation of a lack of a significant ionization anomaly is that
praseodymium and neodymium abundances derived from
lines from the first and second ionization stages were com-
pared for a sample of magnetic and non-magnetic CP stars
in the paper by Ryabchikova et al. (2001), and it was found
that all of the observed pulsating magnetic (roAp) stars
and several of the non-pulsating Ap stars show a large ion-
ization anomaly, while no anomaly was found for several
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Ap stars, the two Am stars 15 Vul and 32 Aqr, and the
HgMn star HR 7775. Since this study utilized theoreti-
cal gf values for the observed Nd iii and Pr iii lines an
ionization anomaly could conceivably be masked by er-
rors in the calculations. However, this would mean that
several very different stars would have a similar ionization
anomaly for praseodymium and neodymium, which would
be a remarkable coincidence.

4.3. Program stars

The stars observed for this study were mainly cool and
fairly bright HgMn stars with the constraint that the pro-
jected equatorial rotational velocities (v sin i) were low
enough (≤30 km s−1) to alleviate blending problems and
problems discerning weak spectral features.

HgMn stars as a group are among the most slowly ro-
tating stars on the upper main sequence (Wolff & Preston
1978) and they display very low values of microturbu-
lence (Adelman 1994), which are properties suggesting
that their atmospheres are rather stable. The surface com-
position of HgMn stars is characterized by profound en-
hancements of many elements, as well as the depletion
of others.

By utilizing published photometric data, solar abun-
dance LTE models were calculated using the ATLAS9
model atmosphere program (Kurucz 1993b). Synthetic
spectra were then created using the model atmospheres
and the SYNTHE program (Kurucz 1993a), from which
elemental abundances and v sin i were determined. For
most stars elemental abundances had been determined
previously in which case those values were used as starting
values in synthesizing spectra.

The observed stars are listed in Table 3 together with
spectral types from the catalogue of Renson (1991) and
photometric parameters from Hauck & Mermillod (1980).
For the cases where the stars are listed in the literature
(see for example Batten et al. 1989) or observed by us as
spectroscopic binaries the designations SB1 and SB2 are
given for single-lined and double-lined spectroscopic bina-
ries. Of the 19 HgMn stars observed, 10 are listed as spec-
troscopic binaries, which is consistent with the observed
frequency of 50% or higher for spectroscopic binaries in
the class as a whole (Aikman 1976; Gerbaldi et al. 1985;
Schneider 1986; Hubrig & Mathys 1995).

The three stars ν Cnc, φ Her and HR 7664, which
are considered single-lined spectroscopic binaries (Batten
et al. 1989; Abt & Snowden 1973; Aikman 1976), were
treated as single objects in the synthetic spectrum analysis
since no information is available about their secondaries.
Furthermore, none of these stars show any clear signs of
a secondary in our data.

HR 1800 has been observed by Hipparcos to be a bi-
nary with a V magnitude difference of 0.956 mag and a
separation of 0.243 arcsec. At first glance, no clear signs
of a secondary can be seen in the spectrum of HR 1800,
even though the small magnitude difference and separa-

tion would suggest that light from the secondary should
give a rather large contribution to the spectrum. By ob-
serving the Hβ line and Mg II λ4481 doublet the presence
of the secondary could clearly be seen as a depression in
the continuum around these lines. The shallowness of the
depression suggested that the rotational velocity of the
secondary was quite high. With the aid of the observed
magnitude difference, and using the assumption of the sec-
ondary as a main sequence star, a model atmosphere was
created for the secondary with solar abundance values,
Teff = 8500 K, log g = 4.0, v sin i = 50 km s−1 and the
luminosity ratio LA/LB = 4.

The remaining five SB2 HgMn binaries in Table 3 are
all quite well studied, and for each the atmospheric pa-
rameters for both the primary and the secondary have
been established along with the luminosity ratio between
the two components. For all five stars, except κ Cnc, lines
from the secondary component were observed in our data
and a wavelength separation between lines from the pri-
mary and the secondary was established and used in the
synthetic spectra. For κ Cnc a wavelength separation of
zero angstroms was adopted, since the rotational velocity
of the secondary is quite high, and the synthetic spectrum
calculations thus quite insensitive to the separation.

The three Am stars Sirius, HR 3383 and o Peg with
Teff ≈ 10 000 K were observed in order to investigate
the boundary between the the hot Am stars and the
HgMn stars. These stars are well-studied, and the physical
parameters for them were adopted from previous work.

The physical parameters of the observed stars with
their secondary components are listed in Table 4. The
temperatures and gravities for the single stars and the
primary components in the binaries were calculated from
a computer code provided by R. Napiwotzki (1999 pri-
vate communication; Napiwotski et al. 1993), which is
based upon the formalism of Moon & Dworetsky (1985),
and the uvbyβ photometric colours presented by Hauck
& Mermillod (1980). For the secondary components these
parameters were either adopted from previous work or cal-
culated from the observed magnitude difference between
the components and by utilizing the assumption that the
secondary is a main sequence star.

The rotational velocities were determined by syn-
thetic spectrum fitting of unblended Fe ii lines. The
element iron has four stable isotopes, but only
one is dominant for the terrestrial isotope mixture
(54Fe:56Fe:57Fe:58Fe = 5.8:91.7:2.2:0.3). Thus, the line
core is dominated by the 56Fe isotope, and isotopic shift
and hyperfine structure play a negligible role in line broad-
ening. Most of the Fe ii lines used have similar sensitivity
to a magnetic field, making it impossible to investigate
the possible presence and strength of a magnetic field. For
this reason a possible contribution of a magnetic field to
line broadening was neglected in the calculations of v sin i.
We note, however, that fitted line profiles do not seem dis-
torted by potential Zeeman broadening, effectively limit-
ing the presence of a noticeable global organized magnetic
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Table 3. Spectral types and photometric parameters.

HD Other identification Spectral Type binarity V (b− y) m1 c1 Hβ

35548 HR 1800 B9HgMn SB2 6.57 −0.009 0.119 0.894 2.792
48915 Sirius A A1 −1.46 −0.005 0.162 0.980 2.907
72660 HR 3383 A1 5.81 −0.010 0.163 1.057 2.886
77350 ν Cnc B9SrCrHg SB1 5.45 −0.018 0.131 1.007 2.814
78316 κ Cnc B8MnHg SB2 5.23 −0.040 0.115 0.558 2.717
89822 HR 4072 A0HgSiSr SB2 4.93 −0.019 0.139 0.956 2.827

106625 γ Crv B8HgMn 2.58 −0.044 0.108 0.756 2.717
129174 π Boo A B9MnHg 5.00 −0.008 0.073 0.625 2.745
141556 χ Lupi B9YHg SB2 3.95 −0.020 0.129 0.948 2.841
143807 ι CrB A0MnHg SB2 4.98 −0.020 0.132 0.875 2.818
144206 υ Her B9MnHg 4.76 −0.032 0.105 0.756 2.756
145389 φ Her B9MnHg SB1 4.27 −0.019 0.129 0.783 2.787
149121 28 Her B9MnHgSr 5.65 −0.015 0.119 0.911 2.807
158704 HR 6520 B9MnHg 6.05 −0.020 0.117 0.577 2.757
165493 HR 6759 B8 6.20 −0.014 0.092 0.498 2.703
174933 112 Her B9HgMn SB2 5.48 −0.035 0.123 0.586 2.753
175640 HR 7143 A0HgMnY 6.21 +0.001 0.103 0.747 2.771
178065 HR 7245 B9HgMn 6.54 +0.073 0.077 0.729 2.718
186122 46 Aql B9MnHg 6.30 −0.019 0.094 0.641 2.729
190229 HR 7664 B9HgMn SB1 5.67 −0.041 0.102 0.599 2.695
193452 HR 7775 B9HgPtSr SB1 6.10 −0.007 0.138 0.909 2.845
209625 32 Aqr A4m SB1 5.28 +0.118 0.252 0.917 2.820
214994 o Peg A1 4.81 −0.005 0.151 1.108 2.854

field. The determined values of v sin i are listed in Table 4
along with previously determined values.

5. Results

5.1. Praseodymium in 32 Aqr and HR 7775

A number of very weak Pr ii lines appear in the spec-
trum of HR 7775. The weakness of the lines renders a
direct abundance determination difficult, and for most
lines it is only possible to determine an upper limit of the
abundance. The Am star 32 Aqr was considered a suit-
able target where temperature and high praseodymium
abundance would combine to make lines of both Pr ii

and Pr iii visible. Unfortunately, the praseodymium abun-
dance stated in previous work (Magazzu & Cowley 1986)
was apparently overestimated, which meant that the
strength of the observed Pr ii and Pr iii lines was less than
anticipated. However, the abundance was high enough so
that some of the stronger lines from both ionization stages
were visible, although quite weak. Only for Pr ii λλ4056,
4062, for which we had determined experimental gf values
and hyperfine component intensities, were the line struc-
tures relatively unblended and sufficiently strong. With
the aid of synthetic spectra a satisfactory fit to both
lines was obtained at an abundance of log NPr = 1.60 ±
0.15 dex (on a scale where log NH = 12). The uncertainty
in the abundance determination was calculated by using
synthetic spectra to determine the change in the abun-
dance value for a plausible variation of each parameter
independently. In the error analysis Teff was changed by
±200 K, log g by ±0.3, v sin i by ±0.5 km s−1, ξturb

by ±1 km s−1. The error caused by improper continuum

placement was accounted for by allowing it to change by
±1% from its determined placement. The quoted error is
a calculated root sum squared (rms) value based on the
individual uncertainties of the five parameters. This rms
value was deemed appropriate to use as a representation
error estimate for other abundance determinations as well
as for the determination of astrophysical log gf values.
Some error sources are not included in the rms value. The
error associated with fitting the observation by the syn-
thetic spectra is not included, but it is less than 0.05 dex.
Similarly, errors arising from incorrectly determined lab-
oratory gf values and from the inappropriateness of the
stellar model in terms of diffusion (for example), have not
been incorporated.

After the praseodymium abundance had been de-
termined from Pr ii lines with experimental oscillator
strength data, astrophysical gf values were determined
for the three Pr iii lines in 32 Aqr for which data had
been obtained. The gf values were obtained by adjust-
ing this parameter until the calculated line profile agreed
with the observed line profile. The uncertainty in astro-
physical log gf for the three Pr iii lines is estimated to be
±0.15 dex, based upon the rms error discussed above. It
should be noted that the three Pr iii lines have a small
amount of hfs in the laboratory data as indicated in
Table 1. Since the hfs can only be seen as a skewness of
the laboratory Pr iii lines observed at a spectral resolving
power of R = 106, it is difficult to establish the strength
of the hfs components. Each Pr iii line is therefore only
represented by a single component.

The extreme asymmetry observed in the line profiles
of the stronger spectral lines in 32 Aqr is not evident in
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Table 4. Physical parameters of the observed stars.

HD Teff log g v sin i (km s−1) Ref.

(K) this work other work

35548 A 11 088 3.79 2 1 [1]

B 8500 4.00 50:

48915 9850 4.30 16 15 [2]

72660 9750 4.00 6.5 6.5 [3]

77350 10 375 3.50 20 13 [4]

78316 A 13 470 3.81 6.5 6 [5]

B 8500 4.00 40 40 [6]

89822 A 10 900 4.07 3 ≤2 [6]

B 8900 4.20 5 ≤2 [6]

106625 12 002 3.31 36 36 [7]

129174 13 037 3.97 14 15 [8]

141556 A 10 608 3.98 0 0 [9]

B 9200 4.20 2 2 [9]

143807 A 11 250 3.65 2.5 ≤0.5 [6]

B 9250 4.00 3 ≤0.5 [6]

144206 12 013 3.73 11 11 [10]

145389 11 781 3.97 10 10 [11]

149121 10 908 3.83 8 8 [11]

158704 13 163 4.22 4 3.75 [12]

165493 13 890 3.90 3 2.75 [12]

174933 A 13 294 4.15 6 6 [13]

B 8500 4.20 8 8 [13]

175640 12 077 3.92 2 2 [1]

178065 12 193 3.54 2 1.5 [12]

186122 12 914 3.74 2 1 [1]

190229 13 240 3.43 9 8 [11]

193452 10 750 4.00 2 2 [14]

209625 A 7700 3.65 5 19 [15]

214994 9590 3.60 8 10 [2]

References to previous v sin i determinations: [1] Smith (1992);
[2] Abt & Morrell (1995); [3] Nielsen & Wahlgren (2000); [4]
Adelman (1989); [5] Adelman (1987); [6] Ryabchikova (1998);
[7] Guthrie (1981); [8] Adelman (1992); [9] Wahlgren et al.
(1994); [10] White et al. (1976); [11] Adelman (1988); [12]
Hubrig et al. (1999); [13] Ryabchikova et al. (1996); [14]
Wahlgren et al. (2000); [15] Hoffleit & Jaschek (1982).

weaker spectral lines. The Pr ii and Pr iii lines are quite
weak in 32 Aqr and no asymmetry (except hfs in the
Pr ii lines) can be seen in the observed features. The uncer-
tainty of the astrophysical log gf values should therefore
not be affected by a disagreement between the synthetic
and observed line profiles due to asymmetries in the ob-
served spectral lines.

With the aid of the astrophysically determined gf val-
ues for the three Pr iii lines in 32 Aqr an abundance de-
termination was made for praseodymium in HR 7775. The
derived abundance was log NPr = +3.68 dex for each of
the three lines, an indication that the derived gf values

are consistent. The abundance value is also consistent with
an upper limit value determined from Pr ii lines.

The laboratory spectrum of Pr iii has been studied
extensively by Sugar (1974). From this study it is evident
that the strongest Pr iii lines lie between 5000 and 7000 Å
and have thus been overlooked by traditional abundance
analysis at blue wavelengths. All of the stronger lines in
this region of the laboratory spectrum, that is lines with
an intensity above 1000 on the laboratory scale presented
by Sugar, can readily be observed in the SOFIN spec-
trum of HR 7775. The intensity scale presented by Sugar
is wavelength dependent so that in more sensitive regions
(such as between 5000 and 5500 Å) lines with intensities
down to 100 can be observed, while in other regions, such
as above 6000 Å it can be difficult to observe lines with
intensities of 1000.

After establishing the praseodymium abundance in
HR 7775, astrophysical log gf values were determined
for 18 of the stronger, unblended lines of Pr iii. Table 5
presents these data. The log gf accuracy for most lines is
estimated to be less than 0.1 dex, based upon the fitting
error of the synthetic line profile to the observed lines.
The correctness of the log gf value for λ5208 is some-
what doubtful since it is blended with Cr i λ5208, but
more importantly, since the strength of the line should be
much weaker according to the laboratory intensity mea-
surements made by Sugar. It is therefore conceivable that
this line is in fact blended with an unknown feature.

The wavelengths presented in Tables 1 and 5 differ
somewhat from those determined by Sugar (1974), typi-
cally by 0.02 Å. This difference is larger than the difference
in the listed measurement accuracies of the two projects.
In the present paper the center of gravity wavelengths of
the Pr iii lines are presented.

The results for three sets of theoretical gf values are
also presented in Table 5. The three calculations were all
made utilizing the Cowan code (Cowan 1981), including
some relativistic effects in the optimization of the orbitals.
It is interesting to note that the theoretical values by Bord
(2000, private communication) and Biémont et al. (2001)
agree very well, while these values differ from those of
Palmeri et al. (2000) by about 1 dex. This suggests a
rather large systematic error in the theoretical gf values
by Palmeri et al.. Biémont et al. ascribed this difference
to a more realistic consideration of the core-polarization
effect in their calculations as opposed to the earlier work
of Palmeri et al.

For most lines the gf values determined by Bord and
Biémont et al. are in good agreement with the astrophysi-
cally determined values. Still, it is difficult to conclusively
state that these gf values are correct or to what extent
the gf values of Palmeri et al. are in error since system-
atic uncertainties may have been introduced for the as-
trophysically calculated gf values. The log gf values for
the Pr ii lines used for the abundance determination are,
however, experimental, and are highly unlikely to be inac-
curate by 1 dex. According to diffusion theory, the abun-
dance of an element may differ noticeably when derived
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Table 5. Atomic data for Pr III.

λair Classification Astrophysical log gf Theoretical log gf log NPr

(Å) 32 Aqr HR 7775 [1] [2] [3] χ Lupi HR 1800

5208.487 4f3 4I15/2 – 4f2(3H)5d 2K13/2 −1.00bl −1.09 −1.14 2.85

5261.678 4f3 2K15/2 – 4f2(1I)5d 2I13/2 −0.65 −0.72 2.90

5264.433 4f3 4I9/2 – 4f2(3F)5d 4H7/2 −0.60 −0.59 −0.66 −1.62 2.80 2.50

5284.681 4f3 4I11/2 – 4f2(3F)5d 4H9/2 −0.50 −0.50 −0.51 −0.59 −1.55 2.80 2.45

5299.969 4f3 4I13/2 – 4f2(3F)5d 4H11/2 −0.20 −0.20 −0.45 −0.53 −1.49 2.80 2.45

5339.999 4f3 4I15/2 – 4f2(3F)5d 4H13/2 −0.60 −0.53 −0.61 −1.57 2.90 2.50

5844.413 4f3 2H29/2 – 4f2(3F)5d 2G7/2 −0.75 −0.78 −0.85 −1.76 2.85 <2.50

5956.035 4f3 4I15/2 – 4f2(3H)5d 4H13/2 −0.60 −0.60 −0.70 −1.64 2.80

5998.910 4f3 4I11/2 – 4f2(3H)5d 4G9/2 −1.40 −1.80 −1.80 −2.73 2.90w

6052.981 4f3 4I9/2 – 4f2(3H)5d 4G7/2 −1.50 −1.91 −1.84 −2.78 2.80

6089.985 4f3 4I13/2 – 4f2(3H)5d 4H11/2 −0.80 −0.69 −0.82 −1.76 2.80 2.50

6160.215 4f3 4I11/2 – 4f2(3H)5d 4H9/2 −0.90 −0.90 −0.82 −0.98 −1.91 2.75 2.45w

6195.611 4f3 4I9/2 – 4f2(3H)5d 4H7/2 −1.10 −0.86 −1.04 −1.97 2.85

6866.801 4f3 4I9/2 – 4f2(3H)5d 4I9/2 −1.20 −1.32 −1.23 −2.18

7030.388 4f3 4I13/2 – 4f2(3H)5d 4I13/2 −0.60 −0.78 −1.73

7076.618 4f3 4I11/2 – 4f2(3H)5d 4I11/2 −0.85 −1.01 −1.96

7426.475 4f3 4I11/2 – 4f2(3H)5d 2H11/2 −1.20 −1.40 −2.35

7781.985 4f3 4I9/2 – 4f2(3H)5d 2H9/2 −1.20 −1.21 −2.16

[1] Theoretical log gf values from Bord 2000 (private communication).
[2] Theoretical log gf values from the website http://www.umh.ac.be/ astro/dream.shtml following calculations in Biémont
et al. (2001).
[3] Theoretical log gf values from Palmeri et al. (2000).
Notes: The designations “w” and “bl” denote the spectral line to be weak or blended.
Wavelengths in italics from the work by Sugar (1974).

from different ionization stages. There are, however, no
clear signs of abundance differences on the order of 1 dex
in any of the elements observed in HR 7775 for which two
ionization stages have been observed, although ionization
anomalies are seen to be as high as 0.5 dex (see Table 3
in Wahlgren et al. 2000).

5.2. Neodymium in 32 Aqr and HR 7775

In the spectrum of HR 7775 a number of Nd ii lines are
readily observable. The strongest attain a depth of 15%
from the continuum level. Because of this, the determina-
tion of the neodymium abundance and the astrophysical
gf values for Nd iii lines could be done utilizing a more
direct approach than for praseodymium. The appreciable
strength of the Nd ii lines in HR 7775 meant that the
neodymium abundance could be determined directly for
this star without using 32 Aqr as an intermediary object.

The neodymium abundance in HR 7775 was deter-
mined from a number of unblended and sufficiently strong
Nd ii lines, the gf values of which had been determined
from three sources: Ward et al. 1985; Kurucz 1993a, as de-
termined from lifetimes provided by Ward et al. 1985; and
Meggers et al. 1975, corrected with a factor of 0.62 as given
in Kurucz 1993a. In the present study 24 lines were ob-
served and analyzed with synthetic spectra. The lines and

the abundance derived from them are presented in Table 6.
From this table it can clearly be seen that an analysis
of the different lines provide a similar abundance value.
The one notable exception is the line at 4109.071 Å. The
mean abundance value of neodymium in HR 7775, as de-
rived from 20 unblended Nd ii lines, is log NNd = +4.04 ±
0.12 dex. It might be argued that this abundance would
be too high since no isotope and hyperfine structure com-
ponents were used in the linelists of the synthetic calcula-
tions. The isotope structure in a specific line is less than
0.1 Å for the optical lines with the largest observed iso-
tope structure, as calculated from the isotope structure of
the Nd ii energy levels (Blaise et al. 1984). In the labora-
tory measurements of neodymium, made with the Lund
VUV FTS, a certain amount of structure can be seen in
the Nd ii lines observed in HR 7775. The structure is, how-
ever, very small in all these lines, and the lines can there-
fore be represented by a single component without intro-
ducing significant errors in the abundance determination.
The spectrum of HR 7775 has a lower S/N (under 100) in
the blue spectral region (roughly between 3700–4100 Å),
which increases the uncertainty of the abundances derived
from lines in this region.

An abundance determination of neodymium was also
made for 32 Aqr with the aid of unblended Nd ii lines. This
analysis served to check the consistency of the abundance
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Table 6. The abundance of Nd II in HR7775 and 32 Aqr.

λaira log gf Ref. Classificationb log NNd

(Å) 32 Aqr HR 7775

3901.845 0.310 [1] 4f4(5I)6s 6I17/2 – 4f4(5I)6p 6H15/2 4.00

3911.165 0.340 [1] 4f4(5I)6s 6I15/2 – 4f4(5I)6p 2936215/2 3.95

3951.142 0.010 [3] 4f4(5I)6s 6I11/2 – 4f4(5I)6p 6I11/2 4.00bl

3963.105 0.160 [3] 4f4(5I)6s 6I15/2 – 4f4(5I)6p 2902717/2 4.10

4012.243 0.720 [3] 4f4(5I)6s 6I17/2 – 4f4(5I)6p 6K19/2 4.25

4031.784 0.330 [1] 4f4(5I)6s 4I15/2 – 4f4(5I)6p 3078117/2 3.90

4059.951 −0.360 [1] 4f4(5I)6s 4I9/2 – 4f4(5I)6p 2627411/2 2.20

4061.080 0.550 [3] 4f4(5I)6s 6I15/2 – 4f4(5I)6p 6K17/2 2.25 4.05

4109.071 0.280 [3] 4f4(5I)6s 6I9/2 – 4f4(5I)6p 2484211/2 1.90 3.70

4109.448 0.300 [3] 4f4(5I)6s 6I13/2 – 4f4(5I)6p 6K15/2 2.40 4.10

4133.351 −0.520 [2] 4f4(5I)6s 6I13/2 – 4f4(5I)6p 6I11/2 2.40

4156.078 0.200 [3] 4f4(5I)6s 6I11/2 – 4f4(5I)6p 6K13/2 4.20

4177.320 −0.080 [3] 4f4(5I)6s 6I9/2 – 4f4(5I)6p 6K11/2 4.10

4211.291 −0.720 [3] 4f4(5I)6s 4I9/2 – 4f4(5I)6p 253899/2 2.25

4232.374 −0.300 [3] 4f4(5I)6s 6I9/2 – 4f4(5I)6p 2413411/2 4.10

4284.509 −0.200 [3] 4f4(5I)6s 6I17/2 – 4f4(5I)6p 6K17/2 2.45

4303.571 0.140 [3] 4f4(5I)6s 6I7/2 – 4f4(5I)6p 6K9/2 4.20

4358.161 −0.280 [3] 4f4(5I)6s 6I13/2 – 4f4(5I)6p 6K13/2 2.45 4.10

4462.979 0.070 [2] 4f4(5I)6s 4I13/2 – 4f4(5I)6p 6K15/2 4.10

5076.580 −0.250 [1] 4f4(5I)6s 4I15/2 – 4f4(5I)6p 2567817/2 4.00bl

5249.576 0.210 [2] 4f4(5I)5d 6L17/2 – 4f4(5I)6p 6K15/2 4.05

5273.427 −0.120 [3] 4f4(5I)5d 6L13/2 – 4f4(5I)6p 6K11/2 4.10

5293.163 −0.060 [2] 4f4(5I)6s 6L15/2 – 4f4(5I)6p 6K13/2 2.50 4.15

5319.815 −0.210 [2] 4f4(5I)6s 6L11/2 – 4f4(5I)6p 6K9/2 4.10

5688.518 −0.250 [3] 4f4(5I)6s 6K13/2 – 4f4(5I)6p 6K13/2 2.40
a Wavelengths from Kurucz 1993a, as determined from energy levels by Blaise et al. (1984)
b Classifications from Martin et al. (1978)
References: [1] Meggers et al. (1975), corrected with a factor of 0.62 as given in Kurucz (1993a); [2] Ward et al. (1985); [3]
Kurucz (1993a), as determined from lifetimes provided by Ward et al. (1985).

determination for HR 7775 and to discern possible blends
that could be present in HR 7775, while absent in 32 Aqr.
The lower effective temperature of 32 Aqr results in the
Nd ii lines being stronger compared to the corresponding
lines in HR 7775, even though the abundance enhance-
ment is not nearly as pronounced as in HR 7775. This
meant that certain lines which are too weak to be seen
in HR 7775 could be used in the analysis. Nine lines were
measured in 32 Aqr and are presented in Table 6. The
neodymium abundance for 32 Aqr derived from these lines
is log NNd = +2.34 ± 0.17 dex.

Astrophysical gf values were determined for
20 Nd iii lines and are presented in Table 7. To check
the consistency of these gf values, the lines of Nd iii

which could be seen in the spectrum of 32 Aqr were also
observed. In all cases, astrophysical wavelengths and gf
values from the two stars were in good agreement with
each other.

Theoretical log gf values have been calculated by Bord
(2000) and are presented in Table 7. These values agree

well with the astrophysical values for most lines, with some
notable exceptions. The lines with the largest disagree-
ment are weak lines (in HR 7775).

Since only a few energy levels, and thus few lines of
Nd iii are classified, it is conceivable that many other
unidentified features in stellar spectra with neodymium
enhancements could be attributed to Nd iii, originating
from unknown levels. This could partly explain the large
number of unidentified lines for HR 7775 as noted by
Wahlgren et al. (2000). Spectra taken with the Lund FTS
confirm this as several lines that could be attributed to
Nd coincide in wavelength with unidentified features in
the spectrum of HR 7775.

5.3. Praseodymium and neodymium in HgMn stars

The neodymium and praseodymium abundance in HgMn
stars was determined from Nd iii and Pr iii lines for which
gf values had been astrophysically obtained. The spe-
cific lines that were observed varies since different stars
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Table 7. Atomic data for Nd III.

λair(Å) Classification Astrophysical log gf Theoretical log gfc log NNd
d

Previousa Recentb 32 Aqr HR 7775 χ Lupi HR 1800

4624.993 4624.9799 4f4 5I6 – 4f3(4Io)5d J = 7 −2.00 −2.05 −2.01 3.35
4903.260 4903.2410 4f4 5I4 – 4f3(4Io)5d 5I5 −2.35 −1.86 3.30
4921.024 4921.0431 4f4 5I6 – 4f3(4Io)5d 5I7 −1.80 −1.77 3.30
4927.574 4927.4877 4f4 5I7 – 4f3(4Io)5d J = 7 −0.90 −0.86 3.30 2.90n
5085.001 5084.993e 4f4 5I6 – 4f3(4Io)5d 5I6 −1.80 −0.68 3.35bl
5102.415 5102.4555 4f4 5I8 – 4f3(4Io)5d 5I8 −0.30 −0.40 3.35 2.80
5126.987 5127.0441 4f4 5I6 – 4f3(4Io)5d 5H5 −0.85 −1.09 3.40 3.00
5193.062 5193.0397 4f4 5I5 – 4f3(4Io)5d 5I5 −1.20 −0.77 3.20 2.90
5203.902 5203.9236 4f4 5I4 – 4f3(4Io)5d 5H3 −0.80 −1.19 3.35 2.95
5259.894 5259.8757 4f4 5I5 – 4f3(4Io)5d 5H4 −2.35 −1.15 3.40w
5265.019 5264.9604 4f4 5I7 – 4f3(4Io)5d 5I7 −0.70 −0.67 3.30 2.90
5286.764 5286.7534 4f4 5I8 – 4f3(4Io)5d J = 7 −2.05 −1.60 3.40w
5294.099 5294.1133 4f4 5I4 – 4f3(4Io)5d 5I4 −0.70 −0.67 3.35 2.95
5633.541 5633.5540 4f4 5I5 – 4f3(4Io)5d 5I4 −2.20 −2.01 3.40w
5677.145 5677.1788 4f4 5I8 – 4f3(4Io)5d 5I7 −1.40 −1.40bl −1.42 3.60bl
5845.068 5845.0201 4f4 5I8 – 4f3(4Io)5d 5K9 −1.10 −1.10 −1.16 3.35 2.85n
5987.800 5987.6828 4f4 5I7 – 4f3(4Io)5d 5K8 −1.25 −1.15 −1.25 3.30 2.90n
6145.072 6145.0677 4f4 5I6 – 4f3(4Io)5d 5K7 −1.30bl −1.30 −1.33 3.35 2.90n
6327.244 6327.2649 4f4 5I5 – 4f3(4Io)5d 5K6 −1.35 −1.35 −1.40 3.35 3.00
6550.326 6550.2314 4f4 5I4 – 4f3(4Io)5d 5K5 −1.30 −1.47

a Wavelengths calculated from Nd iii energy levels, Martin et al. (1978).
b Wavelengths measured with the Lund VUV FTS, Aldénius (2001).
c Theoretical log gf values from Bord (2000).
d Abundance determined using astrophysical log gf values from HR 7775.
e Astrophysically determined wavelength.

Notes: The designations “w”, “bl” and “n” denote the spectral line to be weak, blended or noise affected.

Table 8. Equivalent width measurements of Pr and Nd.

Teff(K)
6000 7000 8000 9000 10 000 11 000 12 000 13 000

Pr ii 26.6 15.3 4.9 0.49 1 dex enhancement
Pr iii 4.2 9.9 10.3 4.7 1.8 1.0 0.84 0.78
Nd ii 40.6 28.2 12.9 1.8 0.19
Nd iii 8.4 17.3 19.5 11.4 5.3 3.2 2.6 2.5

Pr ii 39.6 27.7 12.4 1.4 0.14 1.5 dex enhancement
Pr iii 10.6 20.9 22.4 12.2 5.3 3.1 2.5 2.3
Nd ii 56.2 40.7 25.6 5.0 0.57 0.09
Nd iii 17.7 30.5 33.3 24.6 13.5 8.8 7.4 6.9

Pr ii 56.0 39.8 25.0 4.3 0.4 0.08 2 dex enhancement
Pr iii 21.4 34.3 36.2 25.5 13.6 8.6 7.1 6.6
Nd ii 84.1 54.5 38.7 12.7 1.7 0.3
Nd iii 30.2 43.0 48.2 38.4 27.0 19.5 17.1 15.7

All equivalent widths measured in units of mÅ.

were observed with different spectrographs, modes, and
wavelength intervals, and since the number of observable
lines is dependant on the abundance of the element in
question.

The strength of an individual neodymium or praseody-
mium line is not only dependant on the gf value and
abundance, but also on the stellar effective tempera-
ture, through the Boltzman factor. Equivalent width

measurements were made from synthetically calculated
praseodymium and neodymium lines at different tem-
peratures in order to investigate the temperature depen-
dence of lines from different ionization stages. In the syn-
thetic calculations the λ5294 line of Nd iii and the λ5299
line of Pr iii were used for the equivalent width mea-
surements since these are among the strongest praseody-
mium and neodymium lines observed in HR 7775. To
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compare lines from different ionization stages, theoretical
singly and triply-ionized lines were created with the same
log gf and energy level values as the doubly-ionized lines.
Neutral lines were not studied since they display negligi-
ble strength in the temperature regime of the HgMn stars.
Synthetic spectra were generated for atmospheric models
with effective temperatures ranging from 6000 to 13 000 K
at 1000 K intervals. The surface gravity in all models was
log g = 4. For each atmospheric model synthetic spectra
were generated for neodymium and praseodymium abun-
dance enhancements of 1.0, 1.5 and 2.0 dex. The equiv-
alent width measurements for singly and doubly-ionized
praseodymium and neodymium are presented in Table 8.

As evident from Table 8, the Pr ii and Nd ii lines have
equivalent widths that decrease rapidly with increasing
temperature. It is clear that lines from Pr ii and Nd ii

should be very weak or absent in the temperature regime
of the HgMn stars, even at a 2 dex abundance enhance-
ment. Note should be made that while the strongest tran-
sitions in Pr ii and Nd ii have similar lower energy levels
as the strongest Pr iii and Nd iii lines, they have substan-
tially larger gf values. The astrophysically determined
log gf value of the λ5294 Nd iii and the λ5299 Pr iii line
is −0.7 and −0.2, respectively, while the strongest optical
Pr ii and Nd ii lines have log gf values larger than +0.5.
This means that measured equivalent widths are not rep-
resentative of the strongest Pr ii and Nd ii lines, the equiv-
alent widths of which should be noticeably larger. The
strongest Pr ii and Nd ii lines might thus appear in the
cooler HgMn stars, provided that the elements are suffi-
ciently enhanced.

Table 8 shows that doubly-ionized praseodymium and
neodymium becomes the dominant ionization stage, at an
effective temperature below 8000 K. The lines of Pr iii

and Nd iii decrease in strength with increasing tempera-
ture beyond 8000 K, but much less rapidly than the Pr ii

and Nd ii lines. The temperature regime of the HgMn stars
is thus not optimal for observing the Pr iii and Nd iii lines,
but the slow decrease of the line strengths with temper-
ature does imply that the lines should be observable in
the HgMn stars, provided that the enhancement of the
elements is sufficiently large.

The limit beyond which the equivalent width of a line
becomes unobservable in a stellar spectrum is affected by
the v sin i of the star and the signal-to-noise of the spec-
trum. In a high S/N , low v sin i spectrum we estimate the
limit to be around 1 mÅ. From Table 8 it is seen that the
equivalent width of the Pr iii λ5299 line lies around 1 mÅ
at a 1 dex enhancement of praseodymium in the tempera-
ture range of the HgMn stars. The Pr iii line would thus be
difficult to observe at this enhancement level under opti-
mal conditions, and undetectable at low S/N and/or high
v sin i. Similarly, the line would be unobservable at an
abundance enhancement less than 1 dex. The Nd iii line
has a 2–3 mÅ equivalent width at a 1 dex enhancement
of neodymium, and should be observable at this enhance-
ment level in less than optimum conditions.

Table 9. Observed Pr iii lines in HgMn stars.

Name log NPr

λ5284 λ5299 λ5340 λ5844 λ6160

ν Cnc 2.10n <2.70 <3.00 <2.80
χ Lupi 2.80 2.80 2.90 2.85 2.75

HR 7775 3.68 3.68 3.68 3.68 3.68
HR 4072 2.85 3.00bl 2.90n 2.90n

28 Her 2.70n
HR 1800 2.45 2.45 2.50 <2.50 2.55

ι CrB 2.55 2.65 2.70n 2.65
φ Her 2.40bl 2.40 <2.70 <2.70 <2.60
γ Crv <2.20n <2.50n
υ Her <2.40n 2.20 2.30w

HR 7143 <1.80n
46 Aql <1.90n

π Boo A <3.00bl <2.70bl <3.00w
HR 7664 <2.10
112 Her <2.40bl <3.00w <2.40
κ Cnc <2.30bl <2.30bl

Notes: The designations “w”, “bl” and “n” denote the spectral
line to be weak, blended or noise affected.

The exclusion of equivalent width measurements of the
Pr iv and Nd iv lines in Table 8 is motivated by the ab-
sence of any observable feature in the synthetic calcula-
tions at stellar effective temperature of 13 000 K and 2 dex
enhancement. The ionization potential of Pr iv and Nd iv

(38.94 and 40.4 eV) is evidently too large for lines from
this ionization stage to present themselves in stellar spec-
tra at effective temperatures below 13 000 K. Calculations
show that the Pr iv and Nd iv lines are still absent in a
star with an effective temperature of 25 000 K with this
enhancement.

In Table 9 the calculated abundance of praseodymium,
or the upper limit of the abundance, in the observed
HgMn stars are presented for each of the observed
Pr iii lines. The uncertainty of the abundance determi-
nation varies from line to line as well as from star to star.
In the cases where a specific line is strong and unblended,
the error in the abundance determinations is estimated to
be less than 0.1 dex. In several cases, however, lines are
either blended, very weak, or affected by noise, in which
cases the error in the abundance determination can be up
to 0.2–0.3 dex.

The solar abundance of praseodymium is quite low,
log NPr = 0.71 (Grevesse et al. 1996), 0.54 (Ivarson et al.
2001), and a praseodymium enhancement of 1–2 dex (de-
pending on v sin i, S/N and Teff) is needed in order to ob-
serve the strongest Pr iii lines in the temperature regime
of the HgMn stars. For this reason only an upper limit
of the abundance can be found for several stars. Upper
limits were established by increasing the abundance from
the solar value until the synthetic line profile was outside
the observed line profile.

Since the amount and quality of data varies from
star to star some notes regarding the determined
praseodymium abundance are presented for specific stars.
For the stars ν Cnc and γ Crv the projected rotational
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velocity is quite large (v sin i = 20 and 36, respectively),
which makes the determination of the abundance more
problematic. In ν Cnc only the λ5299 line is useful for
a direct abundance determination, all the other lines are
only good for establishing a rather high upper limit. For
the stars hotter than HR 7143 no praseodymium line can
be observed with certainty, and only an upper limit of the
praseodymium abundance can be established. The value
of the upper limit established is clearly correlated to the
v sin i of the star, with the slowly rotating stars having a
much lower upper limit than those rotating more rapidly.

The cooler HgMn stars show greater abundance
enhancement of praseodymium than the hotter ones.
This is illustrated in Fig. 2 where the spectra of the
Pr iii λ5299 line is plotted for all HgMn stars where this
line was observed. There is a feature at the same wave-
length as the λ5299 Pr iii line in 112 Her and κ Cnc,
but the abundance value derived from this line is incon-
sistent with the praseodymium abundance derived from
other Pr iii lines. It is therefore believed that this fea-
ture originates from a transition in another element.
No Pr iii lines are observed with certainty in any of
the observed HgMn stars with Teff > 12 500 K. The
praseodymium abundance might still be enhanced, but
not sufficiently for these Pr iii lines to be observable.

The solar abundance of neodymium is low, log NNd =
1.50 (Grevesse et al. 1996), yet higher than the
praseodymium abundance. Since the strongest praseo-
dymium and neodymium lines have similar log gf val-
ues, and originate from low energy levels, they should be
equally strong provided that the abundance of the two ele-
ments is the same. We observe the neodymium abundance
to be about 0.5 dex greater than the praseodymium abun-
dance, which means the Nd iii lines usually are stronger
than the Pr iii lines, and subsequently the neodymium
abundance may be more easily determined than the
praseodymium abundance.

The Nd iii λ5102 line presented us with a problem.
This line, which is the strongest of the observed Nd iii lines
in HR 7775, is blended with Mn ii λ5102. In HR 7775
the manganese abundance is rather low for a HgMn star,
and the Mn ii line does not significantly blend with the
Nd iii line. In other HgMn stars the manganese abun-
dance can be much higher and the effect of the Mn ii line
more prominent. It was noted that the abundance value
derived from the λ5102 line of Nd iii did not agree with
the value derived from other Nd iii lines whenever the
manganese abundance was high enough (log NMn ≥ 7.00)
for the blend to be substantial. For stars with solar-
like manganese abundance the abundance derived from
the Nd iii λ5102 line agrees well with the abundance de-
rived from other Nd iii lines. This suggested that there
was a problem with the Mn ii line used in the synthetic
calculations.

Manganese lines can show quite large hfs since man-
ganese is an odd-Z element with a large nuclear spin
(I = 5

2 ) and magnetic moment (µ/µN = 3.444). The J
values for the upper and lower energy levels of the Mn ii

Fig. 1. Mn ii λ5102 line. The original one component fit, rep-
resented by the dashed line, and the 16 component fit, rep-
resented by the dotted line, are compared to the observed
spectrum (solid line) of κ Cnc. Four individual lines of Fe ii

comprise the anotated feature.

λ5102 line are both J = 4.0, and the line consists of
16 components. Measurements of hfs have been made
for some Mn ii lines (Holt et al. 1999), but not for the
λ5102 line. To get a first approximation of the hfs of the
λ5102 line the relative gf values of the λ7110 line mea-
sured by Holt et al., with the same upper and lower J val-
ues as the λ5102 line, were used. The relative gf values
can as a first approximation be considered the same for
the two lines. The wavelength spacing between the com-
ponents may not be the same for the two lines, since the
spacing depends on the magnetic dipole (A) and electric
quadrupole (B) constants.

The HgMn star κ Cnc was utilized for the investigation
of the hfs of the Mn ii λ5102 line since no clear signs of a
neodymium enhancement can be established from any of
the other Nd iii lines. The upper limit of the neodymium
abundance in κ Cnc, as derived from other Nd iii lines,
is log NNd = 2.30, and subsequent synthetic runs showed
that this level of enhancement would affect the Mn ii line
only slightly. Several synthetic runs were made, all utiliz-
ing the relative gf values derived from the λ7110 line, but
with different hyperfine splittings, until a good match was
found between the observed and the synthetic line profiles.
The resulting fit is presented in Fig. 1 along with the one
component fit.

The 16 component representation of the Mn ii line is
useful for the purpose of determining the abundance from
the blending Nd iii line. A good indication of the valid-
ity of our approach is that the abundance derived from
the Nd iii λ5102 line agreed with that derived from other
Nd iii lines, even for the stars with large enhancement of
manganese, after the inclusion of the hfs.

The Nd iii λ5294 line is also blended with a Mn ii line
consisting of nine components, but the latter line is not
broadened as much as the Mn ii λ5102 line. This suggests
that this Mn ii line has a much smaller hfs splitting than
the λ5102 line. In κ Cnc a one component synthetic fit
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Table 10. Observed Nd iii lines in HgMn stars.

Name log NNd

λ5102 λ5203 λ5294 λ5845 λ5987 λ6145 λ6327

ν Cnc 2.50 2.40 <3.00 <2.90 <2.90 <3.10

χ Lupi 3.35 3.35 3.35 3.35 3.30 3.35 3.35

HR 7775 4.10 4.10 4.10 4.10 4.10 4.10 4.10

HR 4072 3.55 3.55 3.50n 3.55 3.65n

28 Her 2.65

HR 1800 2.95 2.95 2.95 2.85 2.90 2.90 3.00

ι CrB 3.10 3.25 3.20 3.10 3.15 3.15n

φ Her 2.70 2.90bl 2.60 <2.90 <3.00bl <2.90

γ Crv 2.50n 2.40n 2.40n

υ Her 2.50bl 2.50n 2.45bl

HR 7143 <1.90

HR7245 2.80n

46 Aql <1.90

π Boo A <2.60 <2.50

HR6520 <3.10

HR 7664 <2.00

112 Her <2.40n <2.70n

κ Cnc <2.40 <2.20 <2.40

HR6759 3.50
Notes: The designations “w”, “bl” and “n” denote the spectral line to be weak, blended or noise affected.

Fig. 2. Spectra of HgMn stars including the Nd iii λ5294 and Pr iii λ5299 lines. The stars, identified by their HD numbers, are
arranged by effective temperature with the coolest HgMn star on top.
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of the Mn ii line agrees well with the observed line pro-
file, and the line has therefore been treated as a single
component line. The log gf value of the Mn ii λ5294 line
presented in the Kurucz database was found to be too
small, and was adjusted until the synthetic line profile
matched the observed line profile. The Kurucz value of
log gf = −0.037 was subsequently increased to +0.563 to
achieve a good fit.

As seen in Table 10, neodymium is, similar to
praseodymium, noticeably more enhanced in the cooler
HgMn stars than in the hotter ones. This is also illustrated
in Fig. 2, where the spectra of the observed HgMn stars
are plotted in a region including the Nd iii λ5294 line.
The strength of the Nd iii line is difficult to assess for the
stars with v sin i > 5 km s−1, due to a blend with the
aforementioned Mn ii line.

Different temperature trends can be seen from the lines
of other elements in Fig. 2. The increase in strength of
the Mn ii lines with effective temperature reflects their
known behaviour in HgMn stars (see for instance Smith &
Dworetsky 1993). The increase in strength of the P ii line
in the hotter HgMn stars of our sample is similarly a reflec-
tion of the known increase of the phosphorous abundance
in HgMn stars with Teff > 13 000 K (Guthrie 1984). The
Xe ii line in Fig. 2 is noticeably stronger in the two hottest
HgMn stars than in the other observed HgMn stars. This
may be a reflection of an abundance increase of xenon to-
wards hotter HgMn stars and/or of the high ionization
potential of xenon.

Two of the hotter HgMn stars (HR 6520 and HR 6759)
seem to have a similar neodymium enhancement as the
cooler stars. These stars have only been observed in a very
limited region of the spectrum, with only one Nd iii line,
the λ6145 line, being observed. The log gf value of this
Nd iii line is quite low, and in HR 7245 and HR 6520
the feature is quite weak and the spectrum a little noisy.
Therefore it is debatable whether the feature is actually
the Nd iii line, another unknown line or a noise feature.
Other Nd iii lines need to be studied in these stars to
verify the abundance. There is no question that there is a
feature in the spectrum of the hottest HgMn star in our
study, HR 6759. If the neodymium abundance in HR 6759
is as high as in the cooler HgMn stars in our study, it could
be a sign that this star is related to the magnetic Bp stars,
in which the lanthanides typically are greatly enhanced.

The hot-Am stars Sirius, HR 3383 and o Peg, with
effective temperatures of approximately 10 000 K, were
studied to see if the praseodymium and neodymium abun-
dance enhancement from the Am stars through the cooler
HgMn stars is increasing monotonically with effective tem-
perature. In HR 3383 lines from Nd ii, Nd iii and Pr iii

were observed, while the limited wavelength coverage of
the o Peg and Sirius spectrum made it possible only to
observe lines from Nd ii. The derived abundance enhance-
ment for praseodymium and neodymium for the three
stars were consistent with a 1.0–1.2 dex enhancement (see
Table 11), similar to what is observed in cooler Am stars.

Table 11. Abundance of Pr and Nd in the Program stars.

HD star Teff Abundance

(K) Nd Pr

209625 32 Aqr 7851 2.45 1.60

214994 o Peg 9590 2.70

72660 HR 3383 9750 2.65 1.85

48915 Sirius 9850 2.65

77350 ν Cnc 10 400 2.50 2.10

141556 χ Lupi 10 608 3.35 2.80

193452 HR 7775 10 750 4.10 3.68

89822 HR 4072 10 900 3.55 2.85

149121 28 Her 10 908 2.65 2.70

35548 HR 1800 11 050 2.95 2.45

143807 ι CrB 11 250 3.15 2.65

145389 φ Her 11 781 2.70 2.40

106625 γ Crv 12 002 2.40 <2.20

144206 υ Her 12 013 2.50 2.25

175640 HR 7143 12 077 <1.90 <1.80

178065 HR7245 12 193 2.80

186122 46 Aql 12 914 <1.90 <1.90

129174 π Boo A 13 037 <2.50 <2.70

158704 HR6520 13 163 <3.10

190229 HR 7664 13 240 <1.90 <2.10

174933 112 Her 13 294 <2.40 <2.40

78316 κ Cnc 13 470 <2.30 <2.30

165493 HR6759 13 890 3.50

6. Discussion

The abundance results for praseodymium and neodymium
have been summarized in Table 11. From this table it can
be seen that the abundance of neodymium is greater than
the abundance of praseodymium in all cases where both
abundances have been determined, excluding 28 Her. But
since the derived praseodymium abundance was estab-
lished from one noise affected Pr iii line, it is more uncer-
tain in this star. Excluding 28 Her the Nd-Pr abundance
difference in the cool HgMn stars varies from 0.3 dex in
φ Her to 0.7 dex in HR 4072 and ι CrB, which is consis-
tently less than the 0.8 dex difference observed in the Sun
(Grevesse et al. 1996) and in our observations of 32 Aqr,
Sirius and HR 3383.

It is also noted that for HgMn stars of similar tempera-
ture the abundance of neodymium and praseodymium can
be significantly different. The previously mentioned trend
of the cooler HgMn stars having greater enhancements
of praseodymium and neodymium is, however, clearly
evident. Because of the generally lower abundance for
praseodymium this trend is more readily observable for
neodymium.

One of the goals of this study was to investigate the
relationship between the Am and the HgMn stars and to
establish whether there is evidence that the HgMn and
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Am star phenomena are really the same but seen from dif-
ferent effective temperatures. If this is correct one might
expect to see a smooth change in the elemental abun-
dances with temperature as, for example, affected by ra-
diative acceleration increasing with temperature. If the
abundances observed for the two groups of stars are clearly
different, it might be construed as a sign of multiple physi-
cal processes (diffusion, rotation, magnetic fields) at work,
or a more complicated dependence on effective tempera-
ture (diffusion, convection).

The neodymium abundance in Am stars is typically
enhanced 1 dex over the solar abundance (see for instance
Adelman et al. 1997, 1999). For praseodymium a similar
enhancement is usually not sufficient for the optical re-
gion Pr ii lines to be observable. The solar abundance of
praseodymium is 0.8 dex less than the neodymium abun-
dance. Thus the praseodymium abundance has seldom
been quoted in abundance analyses of Am stars mostly
due to the low abundance. In the cases where Pr ii lines
have been observed the derived abundance seems to be
consistent with a 1 dex enhancement.

For all the HgMn stars with Teff < 12 000 K in our
study the neodymium and praseodymium abundances are
more than 1.2 dex enhanced, with most of the stars show-
ing a 1.5–2.5 dex enhancement. This large an enhance-
ment clearly distinguishes the cool HgMn stars from the
Am stars. The star ν Cnc has a similar neodymium en-
hancement as the Am stars and its temperature is lower
than the HgMn stars studied here. This star has been
thought of as an intermediary object between the Am and
the HgMn stars (Adelman 1989), and the 1 dex enhance-
ment of neodymium might indicate a closer relation to the
Am class of stars.

From the observed abundances of praseodymium and
neodymium one can see a temperature regime, roughly be-
tween 10 500 and 12 000 K, within which the enhancement
of the two elements is noticeably larger than the enhance-
ment in cooler (Am) and hotter (HgMn) non-magnetic
CP stars. Here, the term non-magnetic refers to the stars
for which magnetic fields are not obvious through the ob-
servation of magnetic line broadening or intensification.
There are no clear signs of a smooth transition of the
praseodymium and neodymium abundance with temper-
ature to and from this temperature regime where the en-
hancement is pronounced. Instead, it seems like there is
a more abrupt change from an enhancement of approxi-
mately 1 dex in stars with Teff below 10 500 K, to a 1.5–
2.5 dex enhancement in stars with Teff between 10 500 and
12 000 K, and back to an upper limit enhancement of ap-
proximately 1 dex in the hotter stars of our group.

The enhancement of certain elements in Am and
HgMn stars as well as the depletions of others is pos-
tulated to result from diffusive processes active in stellar
atmospheres and envelopes. According to the diffusion hy-
pothesis put forward by Michaud (1970), the anomalous
abundances are the result of the ion being pushed upwards
or brought downwards depending upon whether the radi-

ation pressure is greater or smaller than the gravitational
force.

For each ion the diffusion hypothesis can predict abun-
dance anomalies that result from radiation pressure act-
ing through atomic transitions (see for instance Michaud
1975). The calculated radiative force depends on the stel-
lar effective temperature, the atmospheric conditions as
well as on the atomic weight of the element and details
regarding its atomic structure. Calculations of abundance
anomalies are complicated and simplifying assumptions
and approximations are made. For most elements the cal-
culated abundance is significantly higher than the ob-
served abundance, which can perhaps be interpreted as
other processes within the stellar atmospheres (turbu-
lence) inhibiting diffusion. Calculations to establish the
expected abundance enhancement of praseodymium and
neodymium have not been made since the atomic physics
of these elements and other rare earths is rather poorly
known, making the diffusion calculations highly uncertain
(Michaud et al. 1976).

Non-magnetic CP stars with Teff < 10 000 K are as-
sumed to arrive on the main sequence with solar-like abun-
dances and their H and He convection zones separated by
a radiative zone (Michaud 1986). With time He settles
gravitationally which leaves the star with a thin superfi-
cial H convection zone above a radiative zone. In the ra-
diative zone elements supported by radiative acceleration
are pushed into the convection zone and their abundances
are observed enhanced, while elements with radiative force
smaller than the gravitational force settle and are observed
as depleted. In CP stars with Teff > 10 000 K most of the
hydrogen is ionized and no superficial convection zone ex-
ists. Instead these stars may have a small He convection
zone that dissipates over time as a result of He settling
gravitationally. After the He convection zone has disap-
peared the diffusive separation can go on directly in the
stellar atmosphere.

The observed jump in the neodymium and
praseodymium abundance at an effective tempera-
ture of approximately 10 500 K can perhaps be explained
with the disappearance or diminishing of the H convection
zone. The observed 1 dex abundance enhancement of
praseodymium and neodymium in the Am stars may
result from ongoing diffusive processes occurring below
the H convection zone, bringing the elements closer to the
stellar surface (influence from other processes, such as
magnetic buoyancy, may also be contributing to enhanced
line strengths). In the cool HgMn stars the lack of a
convection zone might cause the elements to rise higher
through diffusion than in the Am star atmospheres, with
a subsequent increase in the observed abundances.

The apparent discontinuity in the neodymium and
praseodymium abundance in the vicinity of the Am-HgMn
boundary is similar in nature to the jump observed for
the mercury abundance between the hotter Am and the
HgMn stars (see for instance Wahlgren et al. 1993, 1998
and Rooke 1999), where the Am stars have a moderate
1.5 dex enhancement of mercury, while the HgMn stars
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have a pronounced mercury enhancement ranging between
3.5–6 dex. The larger difference in the mercury abundance
between Am and HgMn stars, compared to the difference
in praseodymium and neodymium abundance, is possibly
a reflection of diffusion acting more efficiently on mer-
cury than on praseodymium and neodymium, something
that may be explained by the difference in atomic struc-
ture and mass of these elements (see for instance Michaud
et al. 1976; Michaud 1987).

After additional elements are investigated for their
abundance in stars in the vicinity of the HgMn – Am
boundary it may become possible to understand and ex-
plain the interplay between atomic properties (structure,
mass) and atmospheric processes (diffusion, convection,
magnetic fields, mass loss) in these stars. Such investi-
gations would provide tighter constraints for theoretical
investigations of atmospheric processes in CP stars.
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Nöldeke, G. 1955, Z. Phys., 143, 274
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