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Abstract. Previous studies of visible-region high-excitation
lines of Gaii in HgMn stars have usually concluded that these
lines (λλ4251-4262 andλ6334) yield abundance estimates for
gallium∼1 dex greater than the UV resonance lines. Of the ex-
planations proposed in the literature, we find that the presence
of hyperfine structure (hfs) in the lines is the most likely. We
analyse Lick HamiltońEchelle CCD spectra by spectrum syn-
thesis with the code UCLSYN. Using the Bidelman & Corliss
(1962) measurements of hfs in Gaii, and the calculations given
by Lanz et al. (1993), with the oscillator strengths by Ryabchi-
kova & Smirnov (1994), we determine a difference in abundance
(visual-UV) of only 0.2 dex. Of this difference, about 0.1 dex
can be explained by the simplified approximation to the true
hfs, which can be estimated theoretically, and the remaining 0.1
dex can probably be accounted for by the stratification of Ga
found by Smith (1995, 1996b). We conclude that the visible-
region and UV abundances are in agreement within the errors
of the determinations, and that the anomaly previously found
by several investigations is an artifact of the simplified atomic
line structures assumed, or results from the use of very different
gf–values from those adopted here.


Key words: stars: abundances – stars: chemically peculiar –
stars: rotation – atomic data


1. Introduction


The HgMn stars are considered by many researchers a nearly
ideal natural laboratory in which to study the effects of radiative
diffusion and gravitational settling in relatively quiescent stel-
lar atmospheres without complications due to rapid rotation,
high microturbulence and strong magnetic fields (Vauclair &
Vauclair 1982; Smith 1996b). They may also be useful in esti-
mating atomic data (Lanz 1995). During the evolution of such
stars, their surface abundances change in striking ways, leading
to abundance enhancements of some rare elements by factors of
103−4, and to more subtle anomalies in many of the more abun-
dant elements (Smith & Dworetsky 1993; Smith 1996b). One
of the best-known and well-studied anomalies in these stars is
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the strong overabundance of the rare element gallium (Z = 31).
The story of the discovery and analysis of Gaii in optical spec-
tra of HgMn and related stars dates from the work of Bidelman
in 1960, as reported by Jugaku et al (1961) and Bidelman &
Corliss (1962).


Authors of several recent studies of abundances in HgMn
stars have commented on the apparently intractable∼1 dex dif-
ference in the abundance of gallium deduced from the UV reso-
nance transitions of Gaii and Gaiii and that deduced from the
high-excitation (Ei ∼ 13 − 14 eV) lines seen in the visible re-
gion of the spectrum (Lanz et al. 1993; Ryabchikova & Smirnov
1994; Smith 1995; Smith 1996a). This is especially noticeable
in stars with the highest UV Ga abundances (Takada-Hidai et
al. 1986, their Table 4). Lanz et al. considered the effects of
hyperfine structure onλ6334 (4s5s3S1–4s5p3P◦


2) in detail,
but concluded that the LTE abundance difference deduced from
red and ultraviolet transitions remained∼ 1 dex, with the UV
observations consistently giving the lower abundance. Ryabchi-
kova & Smirnov considered both the 4d3D–4f 3F and 4d3D–4f
1F (λλ4250–4262) and theλ6334 lines with revised oscillator
strengths and concluded again that there was an abundance dif-
ference inκ Cnc of more than an order of magnitude between
their results and those of Takada-Hidai et al. (1986) in the UV.
Although Adelman (1992, 1994) did not comment directly on
the UV-visible difference, the Ga abundances given in his pa-
pers and in Ryabchikova et al. (1996) lend support to claims of
a difference which ranges up to∼ 1 dex in the stars with the
strongest lines. These data suggest that the difference falls to
∼ 0.3 dex in stars with detected but weak Gaii lines.


Smith (1995) re-examined the problem of the derivation
of Ga abundances from the UV resonance lines of Gaii and
Gaiii and demonstrated that Gaii λ1495 shows an anomaly
in its profile when analysed under the assumptions of LTE and
homogeneous abundance with depth, but that this anomaly is
removed when one relaxes the assumption of homogeneity and
allows Ga to be concentrated in a cloud with a lower base around
log τlower ∼ 0.0 and an upper bound around−3 (τ = τ5000). He
also considered whether his stratification model could account
for the difference between the UV and visual-region abundance
results and concluded that it cannot. In a second paper on the
abundances of Ga from IUE observations of HgMn stars (Smith
1996a), he demonstrated that stratification could not account for
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differences of more than∼0.1 dex, which falls far short of the
discrepancy.


It would help to give a name to this stubborn anomaly; let
us call it “The Gallium Problem.” It is the reported difference of
about 1 dex between abundances for Ga derived from UV reso-
nance lines and from visual wavelength features. Explanations
offered include stratification effects, which according to Smith’s
investigations cannot be the cause; non-LTE effects, for which
no calculations have yet been done; and the neglect of hyperfine
structure, as suggested by Smith (1996a), although Lanz et al.
included it explicitly yet the Gallium Problem remained.


In this paper we follow Smith’s suggestion by analysing
our CCD échelle spectra of the HgMn stars of the Smith &
Dworetsky (1993) sample under the assumption that hyperfine
structure in theλλ4250-4262 andλ6334 lines needs to be mod-
elled explicitly, in order to see if it could account for the Gallium
Problem and resolve it without resort to any other explanation.
We show (once a further allowance is made for blending fea-
tures) that this is indeed the case. Ryabchikova & Smirnov–in a
note added in proof to their paper–have already suggested that
the reason that Lanz et al. (1993) did not reach a similar conclu-
sion was due to their use of a much smallergf–value. We find
that the mean difference between UV and visible abundances is
around 0.2 dex, well within the range of explanation by a com-
bination of different sources of atomic data, errors in the UV
analyses, minor inadequacies of our simple line models, and the
stratification effects on the lines described by Smith (1996a).


2. Observations


The list of observed objects is given in Table 1. These include
nearly all the HgMn stars of the original Smith & Dworet-
sky (1993) IUE sample of normal, superficially-normal, and
HgMn stars. We observed with the HamiltonÉchelle Spectro-
graph (HES; Vogt 1987, Misch 1997) at Lick Observatory, fed
by the 0.6-m Coud́e Auxilliary Telescope (CAT), during runs
in November-December 1994, July 1995, May 1996, and May
1997. The only objects not observed wereκ Cep (too far north
for the CAT) and stars south of−35◦. Of the latter, all except HR
6000 were observed (in the blue region only) for us by service
observations at the Anglo-Australian Telescope (AAT) using
the UCLÉchelle spectrograph. Shortly before our observations
in 1994, some of the HES optical components were replaced,
improving the resolution and instrumental profile, and making
it possible to use the full field of the 2048× 2048 CCDs to
maximum advantage. We used both the unthinned phosphor-
coated Orbit CCD (Dewar 13) and the thinned Ford CCD (De-
war 6), depending on availability as the latter is shared with the
multi-object spectrograph on the 3-meter telescope. The spec-
tral range for the observations was 3800–9000Å except for
the AAT data which was only obtained in the range 3700–4700
Å with the TEK2 CCD. Typical S/N per pixel in the centers
of orders ranged from 75 to 250. The Orbit CCD is cosmeti-
cally very clean, with very few bad pixels or columns, while the
thinned Ford CCD contains several column defects but offers a
much higher detector quantum efficiency in the blue. We used


Table 1.Stellar parametersa


Star HD Teff log g ξb v sinib


(K) (cm s−2)
87 Psc 7374 13 150 4.00 1.5 21.0
53 Tau 27295 12 000 4.25 0.0 6.5
µ Lep 33904 12 800 3.85 0.0 15.5
HR 1800 35548 11 050 3.80 0.5 3.0
33 Gem 49606 14 400 3.85 0.5 22.0
HR 2676 53929 14 050 3.60 1.0 25.0
HR 2844 58661 13 460 3.80 0.5 27.0
κ Cnc 78316 13 500 3.80 0.0 7.0
36 Lyn 79158 13 700 3.65 2.0 49.0
υ Her 144206 12 000 3.80 0.6 9.0
φ Her 145389 11 650 4.00 0.4 10.1
28 Her 149121 11 000 3.80 0.0 10.0
HR 6997 172044 14 500 3.90 1.5 36.0
112 Her 174933 13 100 4.10 0.0 5.5
HR 7143 175640 12 100 4.00 1.0 2.0
HR 7361 182308 13 650 3.55 0.0 8.2
46 Aql 186122 13 000 3.65 0.0 3.0
HR 7664 190229 13 200 3.60 0.8 8.0
HR 7775 193452 10 800 3.95 0.0 0.0
β Scl 221507 12 400 3.90 0.0 25.0


aAll parameters exceptv sini and those for 112 Her are from Smith
& Dworetsky (1993), whosev sini values were revised during this
analysis. Parameters for 112 Her from Ryabchikova et al. (1996)
bkm s−1


the Ford CCD whenever it was available. It also has excellent
flatness characteristics as evidenced by mapping during focus
settings (Misch 1995). With the slit settings used, the combina-
tion of spectrographs and CCDs gave resolutionsR ≈ 46 500
for the HES, and slightly less (∼ 44 000) for the UCLES. Flat
fields were made using polar axis quartz lamps and wavelength
calibrations were obtained with Th–Ar comparisons.


Theéchelle spectra were extracted and calibrated using stan-
dard IRAF extraction packages (Churchill 1995; Valdes 1990).
Earlier measurements (Allen 1997) showed that there were no
measurable effects of parasitic light (scattered light) in the line
profiles provided that general scattered light in the adjacent in-
terorder spaces was taken as the subtracted background. In prac-
tice this means that scattered light was less than about 1 percent.
Some examples of unmerged single-order spectra ofκ Cnc are
shown in Figs. 2-6.


3. Atomic data


The four Gaii lines in the 4250–4262̊A region were observed
in the laboratory with very high resolution (dispersion 0.86
Åmm−1) by Bidelman & Corliss (1962). They detected struc-
ture and hyperfine blurring in three of the four lines, which, as
they commented, contributed to the confirmation of the iden-
tification of the somewhat fuzzy stellar features in 3 Cen,κ
Cnc, and 112 Her. Following a suggestion by Guthrie (1984),
we model our blue Gaii lines on their observations, using their
wavelengths and taking as few liberties as possible with their
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Table 2.Adopted model lines


Wavelength Excitation loggf
Potential


4251.108 14.11 −0.33
4251.156 14.11 0.25


4254.032 14.11 −0.70
4254.082 14.11 −0.41


4255.640 14.11 0.00
4255.704 14.11 0.10
4255.768 14.11 0.40
4255.902 14.11 −0.30


4261.995 14.12 0.98


data in doing so. The study of the spectrum of Gaii by Isberg
& Litz én (1985) provided data for a wide range of wavelengths,
but with much lower dispersion (5̊Amm−1 in the blue). We add
a fifth, weak transition at 4255.902Å not reported by Bidelman
& Corliss but observed by Isberg & Litzén (1985) at 4255.92̊A;
we adopt a wavelength appropriate to its calculated wavenum-
ber difference rather than the reported wavelength as this gives
more precision for this weak feature and the resulting fits to the
stellar observations of the stronger adjacent line are improved
as a result.


Oscillator strengths for the four lines are taken from the
branching ratios of Ryabchikova & Smirnov (1994; their Ta-
ble 1). They employed beam-foil lifetimes measured by Ander-
sen & Sørensen (1972). Three of theirgf–values agree, within
0.1–0.2 dex, with the Bates & Damgaard (1949) calculations of
Jugaku et al. (1961); the other line,λ4254, an intercombination
line, was not reported in that paper. We derive our simplified
models for the hfs of the lines as follows: forλ4251,λ4255,
andλ4262, we adopt the component wavelengths given by Bi-
delman & Corliss and their component laboratory intensities,
and divide the totalgf–value of each line among its compo-
nents assuming a linear intensity scale. The weak Ga feature at
4255.902Å mentioned above is treated as a blend with a loggf=
−0.30 crudely appropriate to its given intensity. Forλ4254, we
simulate the reported unresolved hfs (hazy, shaded longward)
by arbitrarily assuming two components with an intensity ra-
tio of 1:2 separated by 0.050̊A with a mean wavelength which
best fit the stellar observations (4254.065Å; compare 4254.075
by Isberg & Litźen and 4254.04 by Bidelman & Corliss). Our
models for the blue Gaii lines are summarized in Table 2.


For the strongest red line of Gaii, λ6334, we adopt the
calculated structure and relative intensities of hfs components
given by Lanz et al. (1993). These authors gavegf = 2.29 from a
calculation with intermediate coupling and some configuration
interactions. There are no experimental lifetimes in the litera-
ture, so Ryabchikova & Smirnov estimated the lifetime for the
upper level forλ6334 by extrapolating measured lifetimes for
the same levels in the analogues of Gaii, namely Inii and Tlii.
They derivedgf = 10.0. We adopt their estimate and divide it


among the components according to their relative intensities.
Clearly, this implies that we should derive abundances 0.64 dex
smaller from this line than did Lanz et al., but the situation is not
satisfactory as there exists no direct measurement of the oscil-
lator strength of this line. Conclusions based on this line should
be regarded as preliminary until the question of the correctgf–
value is settled.


The damping parameter for each line is calculated as the
sum of radiative, Stark, and Van der Waals damping constants
at each optical depth in the model atmosphere throughout the
line forming region. For the four blue Gaii lines, we adopt
ΓR = 13.5Γcl based on the measured lifetimes of the upper and
lower levels and for the red line,ΓR = 22Γcl (Ryabchikova
& Smirnov; Ansbacher et al. 1985). For Stark broadening we
use the calculations of Dimitrijević & Artru (1986); forλ4254
andλ6334, not included in their work, we use the approximate
formulae of Griem (1968) for ions with modifications described
by Cugier & Hardorp (1988), and with Gaunt factor approxima-
tions as implemented in UCLSYN (Smith 1992). Van der Waals
broadening is expected to be small; we adopt the approximation
given, e.g., by Warner (1967, eqns 2, 4, 6 and 7) when the up-
per and lower angular momentum quantum numbers are known.
The final abundances are insensitive to the precise values of the
damping parameters; we find that∆ log A(Ga) ≤ 0.05 if the
adopted values are varied by a factor of 2.


4. Abundance analysis for GaII


Only in those stars with very high abundances of Ga can the
visible-region lines be detected and identified with certainty.
We assumed an arbitrary lower limit of∼5 mÅ for the strongest
optical Gaii feature,λ4255, and calculated the threshold abun-
dances for detection assuminglog g = 4.0. The limit for detection
(∼ 5.0–5.5) is plotted as a function ofTeff in Fig. 1 along with
the mean optical abundances (or upper limits) deduced for each
programme star in Table 1. (Throughout this paper we refer to
abundances in logarithmic units wherelog A(H)= 12.00.)


The previously published abundances (Smith 1996a) in the
spectroscopic binaries HR 4072,χ Lup andι CrB and the south-
ern hemisphere starφ Phe are all much lower than their respec-
tive limits and these stars have no discernible trace of Gaii in
our optical spectra. We could only obtain upper limits in HR
1800, HR 2676, 28 Her and 46 Aql. Detections in 87 Psc, 53
Tau, 33 Gem and 36 Lyn were marginal, with the abundances
obtained being around the threshold values; only the strongest
of the five Gaii lines studied could be observed in these stars,
and the reliability of these marginal detections is affected by
v sini and S/N of the individual stars and their spectrograms.


All abundances presented here were deduced by trial-and-
error fits by eye of synthesized UCLSYN spectra to the ob-
served spectra, taking into account known blends. UCLSYN
is a spectrum-synthesis code developed at UCL by Smith &
Dworetsky (1988) and Smith (1992), with an extension for bi-
nary star spectra, called BINSYN, coded by Smalley (1996). We
adopt full-width half-maximum (fwhm) Gaussian instrumental
profiles based on the resolution measured from our study of Th-
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Fig. 1. Detection limit and mean Ga abun-
dances. Filled circles: calculated mean Ga
abundances for visible-region lines of Gaii.
Open circles: UV abundances from Smith
(1996a) for stars with Ga abundances below
the detection limit. Upper limits are shown
by filled circles being joined to unfilled cir-
cles (in the case of HR 1800, these two points
coincide). The solid curve shows the detec-
tion limit (the abundance for aλ4255 equiv-
alent width 5m̊A) at log g = 4.0. The dashed
lines above and below this curve show this
limit at log g of 4.5 and 3.5 respectively.
The horizontal dashed line shows the so-
lar Ga abundance (log A=2.88; Anders &
Grevesse 1989). The four isolated unfilled
circles represent the UV abundances of four
stars not studied here because their Ga abun-
dances are too low.


Ar arc lines taken during the Lick coudé observing runs, which
consistently giveR ≈46 500. The abundances for Fe, Cr and
Mn listed in Smith & Dworetsky (1993) were used as starting
points in the synthesis for separate unblended features and iter-
ated until a fit was obtained. In this way a velocity correction
was also obtained for each spectrum. The stellar parameters
used are given in Table 1. Some of thev sini values in Smith
& Dworetsky (1993) were based on studies of lower dispersion
photographic spectra of mixed quality. All of those values were
checked and revised where required during synthesis of the Fe,
Mn and Cr lines in order to give the best fit as judged from su-
perimposed plots of synthetic and observed Lick coudé spectra.
Thus the values for the stars listed in Table 1 supersede those
earlier ones.


The main blending species for the four blue Gaii lines are
Cr i and Crii, Mn ii, and to a lesser extent, Fei and Feii. In
order to account consistently for Fe, Cr and Mn blends with
the Ga lines, the loggf values of the blending lines given in
the Kurucz (1990) CD23 list were adjusted in order to produce
the same abundance for all lines of each element in those stars
with low v sini and low Ga abundance where the lines could
be clearly seen. In this way, by fitting the lines of these species
which remained unblended in stars with higherv sini and high
Ga abundances, we were able to account for the effects of the
blends within the Gaii features. A similar exercise was carried
out for the Nei blend atλ6334, especially for the stars of highest
v sini. The abundances deduced in this exercise have no special
significance other than to allow us to reduce the number of free
parameters in the Ga study, by fixing the strengths of individual
blends in the syntheses.


The calculated abundances of gallium for each line synthe-
sized are shown in Table 3. The individual lines are discussed
below. An example of the synthesis fitted to the observations is


4250.0 4250.5 4251.0 4251.5 4252.0
 Wavelength (Å)


0.60


0.70
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Fig. 2. Synthesis of the Gaλ4251 line inκ Cnc. The blends include
the lines Feii λ4250.437, Fei λ4250.787, and Mnii λ4250.904 and
λ4251.717. There is a cosmic-ray defect on part of Feii λ4250.437.


shown in Figs. 2-6 which show the fits to the five lines forκ
Cnc. The observed spectrum is shown as a histogram and the
synthesized spectrum is shown as a solid line. The marks for Ga
components are representative of their positions and approxi-
mate relative strengths, but for clarity the strengths of very weak
components have been exaggerated.


4.1. Individual lines


– λ4251. The adopted hfs structure gives a good fit to this
line in most of the stars studied. Potential blending lines
are Feii λ4250.437, Fei λ4250.787 and Mnii λ4250.904,
λ4251.717. It is relatively unblended in all but the stars
with the greatest rotational broading and in those with very
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Table 3.Gallium abundances


Star Gaii Abundances (log N(H) = 12) Mean σ Pub.
λ4251 λ4254 λ4255 λ4262 λ6334 UVa


87 Psc 5.60 ≤6.0 5.55 5.80b 5.65 5.65 0.11 5.45
53 Tau 5.55 ≤5.7 5.60 5.40b 5.82 5.59 0.17 5.65
µ Lep 7.15 7.00 6.75 7.00b 6.75 6.93 0.18 6.50
HR 1800 ≤4.8 ≤4.8 ≤4.8 ≤4.8 ≤5.0 ≤4.8 0.09 4.80
33 Gem 5.60 ≤5.0 ∼5.3 ≤5.5 ≤5.0 ≤5.3 0.28 5.20
HR 2676 ≤4.3 ≤5.0 ≤4.3 ≤4.7 ≤4.0 ≤4.5 0.39 4.00
HR 2844 7.18 7.15 6.95 7.00b 6.85 7.03 0.14 6.75
κ Cnc 7.00 7.00 6.83 6.70 6.72 6.85 0.15 6.60
36 Lyn ≤6.3 ≤6.5 ≤5.8 ≤5.7 5.80 ≤6.0 0.36 5.10
υ Her 6.43 6.32 6.14 6.25b 6.20 6.27 0.11 6.05
φ Her 6.22 ∼6.3 5.75 6.10b 5.82 6.04 0.24 5.70
28Her ≤4.8 ≤6.1 ≤4.7 ≤5.2 ≤5.2 ≤5.2 0.55 4.75
HR 6997 6.82 7.00 6.68 6.50 6.40 6.68 0.24 6.45
112 Her 6.62 6.62 6.36 6.38 6.25 6.45 0.17 6.35
HR 7143 6.75 6.81 6.52 6.60b 6.51 6.64 0.14 6.35
HR 7361 6.90 6.87 6.66 6.70 6.58 6.74 0.14 6.35
46 Aql ≤4.4 ≤5.5 ≤4.5 ≤4.6 ≤4.4 ≤4.7 0.47 3.85
HR 7664 5.85 5.90 5.70 5.55 5.60 5.72 0.15 5.60
HR 7775 6.66 6.73 6.38 6.65b 5.90 6.46 0.34 6.35
β Scl 6.55 6.70 6.35 6.35b — 6.49 0.17 6.25
log(A/Avis) +0.12 +0.18 −0.09 −0.04 −0.15 — — −0.22


aSmith (1996a);bGaii λ4262 badly blended with Crii line.
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Fig. 3.Synthesis of the Gaλ4254 line inκ Cnc. The synthesis includes
the lines Crii λ4252.632 andλ4254.522, Cri λ4254.332 and Mnii
λ4252.963,λ4253.025 andλ4253.112. A wide cosmic-ray defect in
the order shown does not seriously affect the Ga line.


high Fe or Mn abundances.


– λ4254. In a few cases this line is blended for the same
reasons as discussed for theλ4251 line. The adopted hfs
structure is ourad hocfit to the slowest rotators. The blends
are Cri λ4254.332 and Crii λ4254.522. Theλ4254 line
is the weakest of the four blue lines, hence for stars with


4255.0 4255.5 4256.0 4256.5
 Wavelength (Å)


0.60


0.70


0.80


0.90


1.00


1.10


R
el


at
iv


e 
F


lu
x


Ga


Ga


MnII CrII


Fig. 4.Synthesis of the Gaλ4255 line inκ Cnc. The synthesis includes
the weak lines Mnii λ4256.014 and Crii λ4256.108.


near–threshold abundances of Ga this line was not observed.


– λ4255. This line is the strongest of the four blue lines
and was blended to varying degrees in nearly all cases.
The principal blends were Mnii λ4256.014 and Crii
λ4256.108. Again, the worst blending occurred for stars
with relatively highv sini and/or high abundances of the
blending elements.
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Fig. 5.Synthesis of the Gaλ4262 line inκ Cnc. The synthesis includes
the lines Crii λ4261.847 andλ4261.913 and the unknown blend at
λ4262.090. We have not synthesized the weak Gaλ4261.51 line as it
can only be seen in a few stars with the very strongest Ga lines and has
no measuredgf–value.
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Fig. 6.Synthesis of the Gaλ6334 line inκ Cnc. The synthesis includes
the line Nei λ6334.428.


– λ4262. This line poses more of a problem as it is heavily
blended in many stars with Crii λ4261.847 andλ4261.913.
In several stars it also shows a definite blend atλ4262.090
which could not be identified. No correlation of the
observed unknown blend with the strength of Feii, Crii,
or Mn ii lines is found, indicating that the blend is due to
some other element. The Kurucz (1990) CD23 line list does
not contain any plausible candidates, and the line remains
unidentified.


– λ6334. This is the strongest of the Gaii lines in the red
part of the spectrum. In about half the stars studied this line
shows a blend of varying strength with Nei λ6334.428. We
were generally able to allow completely for this blend in all
except the stars with highestv sini.


Table 4.Equivalent widths


Star Equivalent Widths (m̊A)
λ4251 λ4254 λ4255 λ4262 λ6334


87 Psc 5 — 13a 55b 44b


53 Tau 2 — 4 42b 8
µ Lep 46 20 68 85b 80
HR 2844 146b 50b 98 110b 136
κ Cnc 41 20 84 58a 118a


υ Her 16 8a 28 58b 35
φ Her 8 46b 10 67b 14
HR 6997 109b 22 67 58 97a


112 Her 22 9 35 32a 44
HR 7143 23 11 38 82b 44
HR 7361 41 20 72 65a 111
HR 7664 9 3 17 23a 22
HR 7775 13 6 19 72b 10
β Scl 17 26b 37 63b —


aBlended 20–50%;bBlended>50%


4.2. Equivalent widths


We provide in Table 4 measured equivalent widths of the Gaii
lines we have analysed by spectrum synthesis. These widths
should be used cautiously, and are provided mainly as a guide
to the strengths of the features. When equivalent widths refer
to footnotes in Table 4, these indicate that the blending features
are incorporated in the measurement and that we estimate that
they contribute at least 20% of the total strength; in many cases
the blends are dominant (>50%). Nearly all the other lines are
blended to at least some degree. The least-blended lines are
λ4251 andλ4255. Some comparisons with published equiva-
lent widths (Ryabchikova et al. 1996; Adelman 1992; Adelman
1994) show that our results are in good agreement with these
authors but diverge when one or the other set of measurements
involves attempts to deblend the Gaii features via line fitting.
This effect is seen particularly inλ4255, where our measure-
ments include the Gaii λ4255.902 line and other weak blends,
while Adelman and collaborators appear to have used deblend-
ing methods to exclude them when measuring.


5. Discussion


In view of the number of free parameters involved, it was not
felt reasonable to assign a formal error to the fits for each line
in each star. We formed the impression that, in the best cases
of Ga-rich sharp-lined stars, the fitting errors were very small
(∆ log A = ±0.02), while for more rapid rotators having lines
with blending problems, the errors were of the order of±0.10-
0.15 dex, in the sense that test syntheses with abundance varia-
tions of these magnitudes produced results that did not fit as well
by eye as the values given in Table 3. Perhaps a better appreci-
ation of the overall errors can be gathered from the values ofσ,
which include both fitting errors and scatter due to systematic
differences inlog gf. These may be compared to the last line in
the table, which gives the mean deviations of each line from the
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individual mean optical abundances. These are of order±0.1,
and represent, to a good approximation, the typical systematic
differences. The abundances from theλ4251 andλ4254 lines
are, on average, greater than the mean abundance whereas the
abundances from theλ4255,λ4262 andλ6334 lines are less
than the mean.


As can be seen from Table 3, the results from this analy-
sis give gallium abundances that are only marginally greater
than those that have been published for UV resonance lines,
with a mean difference of only +0.22±0.03 dex, much less than
that previously claimed for the discrepancy between the visible
and UV lines. We note that Guthrie’s (1984) differential curve-
of-growth analysis took hyperfine structure into account and
he derived results for several objects that do not differ greatly
from those found here, although there are large differences in
a few cases. Smith (1996a) indicated that one might account
for a systematic difference of 0.1 dex by stratification effects.
The remaining difference of 0.1 dex might be accounted for
by possible systematic errors in opticalgf–values, by fitting er-
rors, and particularly by inadequacies in the simplified hfs that
we adopted for the lines. Some preliminary tests with more de-
tailed hfs theoretical models for the Gaii λ4255 line appear
to indicate that this might account for the entire remaining 0.1
dex discrepancy. Future work should include consideration of
complications due to the existence of two isotopes of Ga with
somewhat different nuclear magnetic moments.


6. Conclusions


We defined the Gallium Problem as the apparent∼ 1 dex dis-
crepancy, found by previous authors, between Ga abundances
deduced from the UV and the visible lines. To investigate this
problem, we have carried out a detailed LTE spectrum synthe-
sis analysis of the visible-region lines of Gaii in a sample of
HgMn stars for which there are also recent analyses of the Ga
abundances based on UV resonance lines of Gaii and Gaiii
by Smith (1996a). The upper limit for detection of Ga from the
high-excitation visible lines is∼ 2 dex higher than for the res-
onance lines, so that only those stars with strong Ga anomalies
could be studied. We employed the set ofgf–values of Ryabchi-
kova & Smirnov (1994) and the observed hyperfine structures
of Bidelman & Corliss (1962), or the Lanz et al. (1993) theoret-
ical hyperfine structure forλ6334, to model the lines. We also
took into account all known blending lines in an internally self-
consistent fashion. One of the Gaii lines is severely affected by
blending (λ4262) and none of the other lines can be correctly
modelled without taking hyperfine structure into account.


The result found for theλ6334 line by Ryabchikova &
Smirnov (1994) illustrates the Gallium Problem: without al-
lowing for hyperfine structure, they found logA(Ga) = 8.48
from a measured equivalent width of 126 mÅ in κ Cnc and the
samegf–value adopted here. Our much more accurate measured
equivalent width (118 m̊A in Table 4) is similar to the one they
used, so measurement error is not the source of the difference
of 1.76 dex. When they made an allowance for hyperfine struc-
ture they obtained 7.34, leaving a difference of 0.62 dex. It is


apparent from our results that part of this difference is due to
their assumption that the line is unblended, whereas we find
that this line is blended by Nei, which adds about 20 m̊A to
the observed equivalent width. The remaining difference is due
to different adopted values for radiative and Stark damping pa-
rameters, which have a significant effect for this strong optical
Gaii line.


We have shown that the Gallium Problem can be explained
entirely in terms of incorrect allowance for these effects, or–in
the case of the study ofλ6334 by Lanz et al. (1993)–by the
adoption of a radically differentgf–value. The final resolution
of the Gallium Problem for this line must await measurement
of its oscillator strength. Nevertheless, the difference between
the mean Ga abundance from visible-region lines and that from
UV resonance lines is reduced to 0.22 dex under the assump-
tion of homogeneous models, with a further reduction to∼0.12
dex if Ga is indeed stratified in the atmosphere along the lines
proposed by Smith (1995). This remaining discrepancy is very
likely explicable by the use of the rather crude hyperfine struc-
ture models we adopted.


Our basic conclusion is that the Gallium Problem may be
solved by taking fully into account the hyperfine structures of
the Gaii lines; this removes nearly all the discrepancies claimed
in earlier work, and we conclude that there is no need for exotic
explanations. There is an urgent need for an accurate laboratory
oscillator strength for theλ6334 4s5s3S1–4s5p3P◦


2 transition,
as well as a need for a laboratory investigation of the hyperfine
structure of the Gaii lines studied in this paper. In the mean-
time, further refinements should be possible by use of theoretical
calculations of hfs, and we intend to investigate this.
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Some of you must be wondering why I am writing about a
comic-book hero in an astronomy newsletter, but please be assured that no such
hero ever existed!   The green flash is an astronomical, or  rather, an
atmospheric, event.   When conditions are right, at the last moment of the
setting Sun, its upper edge or limb blazes with an emerald green color for a
few seconds before disappearing below the horizon.  Few people have seen the
green flash, yet it is one of the most startling and colourful of sunset or
sunrise phenomena, requiring patience and good luck to be seen.  Until
recently, I had personally never been fortunate enough to observe this
remarkable sight, and many of my astronomical colleagues say they have never
seen it despite repeated attempts.  So, what is it, and why is it so elusive? 
I explain all below, and at the end of this article I'll give some hints about
how you can join an exclusive club--the green flash observers.






To understand the green flash requires some background
knowledge.  Even the most cursory everyday observation reveals that the Sun
fades and appears to turn reddish-orange as sunset approaches.  (All effects
described in this article are seen in reverse order at sunrise, of course.) 
This reddening is caused by Rayleigh scattering of light by molecules in the
atmosphere.  These molecules are very small compared to the wavelengths of
visible light, which has the consequence that the scattering is proportional
to the inverse fourth power of the wavelength.  Thus scattering of violet
light (400 nm) is 7 times more effective than that of red light (650 nm).  The
result is that the Sun looks red because so much blue light is removed from
the line of sight.





Astronomers use the term "air mass" (symbol A) to
describe the Earth's atmospheric thickness in the line of sight.  An object
overhead (altitude h = 90°) is seen through one airmass, at altitude
30° degrees through two air masses, and so forth.  If the Earth were
flat, the formula A = sec (90° - h) would apply.  But the Earth is
spherical, so at sunset we look not through an infinite amount of air but (as
detailed calculations show) about 38 air masses.  In a clear atmosphere the
setting Sun is about 1/1000 its mid-day brightness, but even a moderate amount
of dust or haze can reduce this figure by a further factor of 10 to 100 or
more.  (It occurred to me, as I wrote this paragraph, that the fact that the
setting Sun does not disappear but is only dimmed is yet another proof that
the Earth is not flat!)





A more detailed examination of the setting Sun shows that it
also appears somewhat flattened and may show horizontal structure and banding.
 (Note: viewing precautions are needed as the setting Sun  can be too bright
for safe viewing without using dark filters, although quick glances, once
parts of the disk are below the horizon, should not cause more than dazzling
and afterimages.)  The flattening or ellipticity is due to atmospheric
refraction, which raises the Sun's lower limb by about 35 minutes of arc (
'), while the upper limb is
raised by only about 29',
when the lower limb is tangent to the horizon.  The banding effects are due to
layers of differing temperature and density in the atmosphere.






The setting Sun's disk is made up of light of all colours. 
Green and blue light are refracted by air slightly more than red light, so the
disk actually consists of a flattened red disk, with a yellow disk slightly
above it, a green disk above that, and blue and violet disks at the top.  This
phenomenon is called atmospheric dispersion and is easily visible to anyone
who looks through a telescope with high magnification at a bright star or
planet low in the sky.  The vertical separation of red and green varies with
conditions, but is typically about 1' at the horizon. 





In the case of the setting Sun, the upper limb is green (or
sometimes blue).  If the horizon is provided by the sea or by very distant
flat land, and the air is very clear for a hundred kilometres or more towards
the sunset, then it is possible to see the green flash.  As the upper rim of
the setting disk approaches the horizon, it begins to spread into a thin bar
of light, then runs through the spectrum from orange to yellow, then pale
green, and finally reaches a deep emerald colour for two or three seconds. 
Under favourable conditions a brief blue blob of light may be seen after this,
but exceptional clarity of the air is needed. 





During the summer of 1995 I had to travel to California and
Hawaii for guest investigator observing runs at Lick Observatory near San Jose
and at the Mauna Kea Observatory's Canada-France-Hawaii Telescope.  Between
these runs I also visited relatives in Los Angeles with my family.  Thus my
travels took me to several places with clear air and unobstructed ocean
horizons, ideal for seeking a view of the green flash. I was not disappointed. 






My first sight of the green flash was memorable.  The Lick
astronomers on Mt Hamilton (height 1280 metres) would gather on the catwalk of
the 3-metre telescope dome each evening, to watch the sunset (and check for
signs of approaching clouds).  On 23rd July 1995, at 18:29 PST, Dr Elizabeth
Griffin and I observed an excellent 2-3 second green flash, which rapidly
faded into a distinctly blue bar of light for about half a second before
disappearing.  Although we had a run of twelve clear nights, this was our only
sighting of the green flash.  Conditions that evening were exceptionally clear
as we could see the Pacific Ocean beyond the San Francisco peninsula.  A blue
flash is a rare sight indeed. 





A month later my family and I were staying in a delightful
oceanfront apartment in Redondo Beach (altitude 10 metres--we were on the top
floor) with panoramic views of Santa Monica Bay.  The first week of our stay
was rather misty, but each night during the second week we would stand on our
balcony and watch the setting Sun, hoping to see the green flash. Only once,
on 27th August, were conditions just right to see a classic display of emerald
green.  On other occasions when no flash was seen, we could see indications of
very distant clouds on, or just over, the horizon. 





Although the astronomical work I did at Mauna Kea (altitude
4200 metres) in the following week was extremely successful, no green flashes
were observed because one rarely sees the true horizon from the peak--it is
almost always cloudy over the surrounding sea.  But I was rewarded with one
final green flash as I was waiting on the evening of the 10th of September for
a local flight from Kona airport, which is built on the west coast of the Big
Island (height 4 metres).  The waiting area is outdoors, with a clear view
over both the runway and the Pacific.  A jet aeroplane taxied out of the line
of sight moments before the upper limb of the Sun reached the horizon, and I
witnessed one more green flash.





From reading I have done, it appears that the correct
explanation of the green flash was surprisingly slow in emerging during the
19th century.  There are apparently no known written descriptions of it from
previous centuries.  Some scientists speculated that, because most reports
were from observers at sea, it was due to a filtering of light by the crests
of distant waves.  Others suggested that it was an optical illusion caused by
afterimages of a red setting Sun which merely appeared green.  The green flash
even had a place in romantic Victorian literature, such as Jules Verne's 1882
novel Le Rayon Vert (The Green Ray), one of the first recorded
mentions of it:
``If there is a green in Paradise, it cannot be but of this shade, which most
surely is the true green of Hope.'' (It has been a long time since I read it,
but if I recall correctly, Verne's characters spend the entire novel
travelling to remote places whence reports of the green flash have emanated,
but something always happens to prevent them from seeing it.  Meanwhile they
philosophized a lot and had adventures.) 





Right.  If you got this far, I hope that I have intrigued you
into trying to see the green flash yourself.  Or, perhaps you will encourage
your students to look for it.  First, it is regrettably more difficult, though
far from impossible, to see the green flash from Britain.  The best time
to try is on a very clear day from a sea-side location with a clear view
of the setting Sun, any time of the year.  It is more likely that you
might see a green flash during a seaside holiday abroad, although you
would need to make sure your chosen location has open sea to the northwest
(assuming it is a summer holiday), or in the appropriate sunset direction
at other times of year.  Next, never ever miss an opportunity to watch the
last moments of the sunset.  Do not blink or glance away.  One of my
colleagues once saw a brief but intensely green flash from a mountain in
Oman.  He excitedly asked his companion, ``Did you see that?'', to which
the reply was, ``See what?''






It is, of course, possible to observe a green flash at
sunrise.  But a good deal of preparation is needed to note as accurately as
possible beforehand where the Sun will first appear, preferably using fixed
direction markers overlooking open sea.  And, unless you are a very early
riser the discipline needed to check every sunrise probably won't exist.  Of
course, you may have been up partying all night, but chances are that you
would not then be in suitable condition to observe anything. . . . 






Mike Dworetsky 

University College London

e-mail: mmd@star.ucl.ac.uk
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Abstract. The parameter-free model of diffusion in the atmospheres of HgMn stars (Michaud
1986, Michaud et al. 1979) predicts that helium should sink below the He ii ionization zone that
the diffusion of other elements may take place, and that all HgMn stars should have deficits
of helium in their photospheres, with a minimum deficit of 0.3 dex. In this study, the Smith
& Dworetsky (1993) sample of HgMn stars and normal comparison stars is examined, and
the helium abundances determined by spectrum synthesis using échelle spectra taken at Lick
Observatory and the AAT. The prediction is confirmed. All HgMn stars are deficient in He by
as much as 1.5 dex. Also, two HgMn stars, HR 7361 and HR 7664, show clear evidence of helium
stratification.


Keywords. Stars: abundances, stars: chemically peculiar


1. Introduction
Abundances were determined for 25 HgMn stars and 12 normal and superficially nor-


mal stars of similar Teff , using an LTE analysis. It is well-known that the effects of
non-LTE can safely be ignored in the relevant temperature range. The analysis was per-
formed for two He i lines, λ4026.2 and λ4471.5. The line profile tables of Barnard et al.
(1969, 1974, 1975) and Shamey (1969) were used. The abundances and estimated errors
were obtained here by trial and error fits by eye to the observations. The unweighted
mean for the normal stars is log N(He)/N(H) = 10.98±0.05, in excellent agreement with
the standard value 10.99 (Grevesse et al. 1996). (In this paper all abundances are given
on the scale log N(H) = 12.00.) It is found that all HgMn stars have underabundances,
ranging from factors of 0.3 dex at low Teff to 1.5 dex at high Teff . These observations
provide direct support for the parameter-free model.


2. Observations
The programme stars are listed in Table 1. Most of the observations were made with


the Hamilton Échelle Spectrograph at the Lick Observatory, with FWHM resolution
R = 46 500. Two southern stars (ξ Oct and β Scl) were observed with the UCLES on
the Anglo-Australian Telescope with nearly identical resolution. Further details of the
observations and reductions, and treatment of binary stars, are the same as in Jomaron
et al. (1999).


3. Abundance of He
Auer & Mihalas (1973) showed that the He i lines used in this work can be well-


approximated by LTE models for B stars in the temperature range below 15000 K. The
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Table 1. Stellar parameters and helium abundances for the programme stars.


Star HD Teff log g ξ v sini log N(He) log N(He) log N(He)
(K) (cgs) km s−1 km s−1 λ4471 λ4026 mean


Normal Stars


ν Cap 193432 10300 3.90 1.6 27 10.97 ± 0.05 10.70 ± 0.10 10.92 ± 0.05
α Lyr 172167 9450 4.00 2.0 24 10.99 ± 0.05 10.99 ± 0.10 10.99 ± 0.05
HR 7098 174567 10200 3.55 1.0 11 10.90 ± 0.05 10.50 ± 0.05 10.70 ± 0.04
ζ Dra 155763 12900 3.90 2.5: 34 10.99 ± 0.05 10.99 ± 0.05 10.99 ± 0.04
134 Tau 38899 10850 4.10 1.6 30 11.05 ± 0.05 10.99 ± 0.10 11.04 ± 0.05
ξ Oct 215573 14050 3.85 0.5: 5 10.99 ± 0.10 10.99 ± 0.10 10.99 ± 0.07
τ Her 147394 15000 3.95 0.0 32 10.95 ± 0.05 10.92 ± 0.10 10.94 ± 0.05
21 Aql 179761 13000 3.50 0.2 17 11.10 ± 0.05 11.00 ± 0.10 11.08 ± 0.05
π Cet 17081 13250 3.80 0.0 25 11.20 ± 0.05 10.99 ± 0.10 11.16 ± 0.05


Superficially Normal Stars


21 Peg 209459 10450 3.50 0.5 4 10.90 ± 0.05 10.85 ± 0.05 10.88 ± 0.04
HR 7878 196426 13050 3.85 1.0: 6 10.99 ± 0.05 10.85 ± 0.10 10.96 ± 0.05
HR 7338 181470 10250 3.75 0.5 3 10.80 ± 0.10 10.65 ± 0.10 10.73 ± 0.07


HgMn Stars


β Scl 221507 12400 3.90 0.0: 27 9.60 ± 0.10 9.80 ± 0.10 9.70 ± 0.07
36 Lyn 79158 13700 3.65 2.0: 49 9.90 ± 0.10 9.60 ± 0.10 9.75 ± 0.07
υ Her 144206 12000 3.80 0.6 11 10.20 ± 0.05 10.20 ± 0.05 10.20 ± 0.04
HR 7361b 182308 13650 3.55 0.0 9 9.5 → 9.8 9.5 → 9.8 9.65 :
28 Her 149121 11000 3.80 0.0 8 9.75 ± 0.10 9.90 ± 0.10 9.83 ± 0.07
HR 7143 175640 12100 4.00 1.0 2 10.12 ± 0.05 10.30 ± 0.05 10.21 ± 0.04
46 Aql 186122 13000 3.65 0.0 1 9.25 ± 0.10 9.45 ± 0.10 9.35 ± 0.07
HR 7775 193452 10800 3.95 0.0 1 10.0 ± 0.30 9.50 ± 20 9.65 ± 0.17
κ Cnc 78316 13500 3.80 0.0 6 9.85 ± 0.15 9.85 ± 0.10 9.85 ± 0.08
53 Tau 27295 12000 4.25 0.0 5 9.90 ± 0.05 10.20 ± 0.10 9.96 ± 0.05
HR 7664b 190229 13200 3.60 0.8 8 9.2 → 9.7 9.4 → 9.8 9.52:
φ Her 145389 11650 4.00 0.4 10 10.20 ± 0.05 10.38 ± 0.05 10.29 ± 0.04
φ Phe 11753 10700 3.80 0.5: 13 9.80 ± 0.15 10.00 ± 0.10 9.94 ± 0.05
ν Cnc 77350 10400 3.60 0.1 13 10.30 ± 0.05 10.10 ± 0.10 10.26 ± 0.05
HR 2844 58661 13460 3.80 0.5: 30 10.00 ± 0.10 10.00 ± 0.10 10.00 ± 0.07
33 Gem 49606 14400 3.85 0.5: 22 9.50 ± 0.10 9.75 ± 0.15 9.58 ± 0.08
µ Lep 33904 12800 3.85 0.0 18 9.65 ± 0.10 10.05 ± 0.05 9.97 ± 0.05
HR 2676 53929 14050 3.60 1.0: 25 9.30 ± 0.15 9.70 ± 0.30 9.38 ± 0.13
87 Psc 7374 13150 4.00 1.5 21 10.25 ± 0.10 10.30 ± 0.10 10.27 ± 0.07
HR 6997 172044 14500 3.90 1.5 34 9.72 ± 0.05 9.85 ± 0.05 9.79 ± 0.04
HR 4072a 89822 10650 3.95 1.0 3.2 10.40 ± 0.10 10.40 ± 0.10 10.40 ± 0.07
χ Lupa 141556 10650 4.00 0.0 2.0 10.76 ± 0.04 10.70 ± 0.07 10.74 ± 0.02
ι CrBa 143807 11000 4.00 0.2 1.0 10.35 ± 0.10 10.42 ± 0.05 10.36 ± 0.04
112 Hera 174933 13100 4.10 0.0: 6 9.58 ± 0.05 9.65 ± 0.10 9.60 ± 0.04
HR 1800a 35548 11050 3.80 0.5 3 10.55 ± 0.05 10.45 ± 0.05 10.50 ± 0.04


aBinaries with two spectra (parameters refer to the primary). Explicit allowances for dilution
effects have been made in this work.
bSee text and Figs. 5 and 6 for a discussion of HR 7664 and HR 7361.


spectrum synthesis code uclsyn was used to calculate the abundance of He for 9 normal
stars, 3 superficially-normal stars, and 25 HgMn stars. The results are shown in Table 1
and Fig 1. It is clear from this figure that all HgMn stars in this sample are deficient in He
by 0.3 dex or more (usually much more). It also appears that the hotter HgMn stars have
stronger He deficits than the cooler HgMn stars. Dividing them into 12 cooler and 13
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hotter HgMn stars yields log N(He) = 10.20±0.09 for the cooler group and log N(He) =
9.72 ± 0.07 for the hotter group. The statistical difference is highly significant.


Figure 1. Helium abundances in normal stars, superficially normal stars, and HgMn stars.
Points are averages of λ4026 and λ4471 profile fits. Typical errors (not shown) are ±0.06 dex.
There is more depletion of He in the hotter HgMn stars than in the cooler group. In two cases,
where stratification of He is suspected, the values are the means of the best fits to line centres
and wings (see text).


Examples of fits to normal and HgMn stars are shown in Figs 2, 3 and 4.


Figure 2. The line profile fit for τ Her, a normal B5 IV star with Teff = 15000 K, log g = 3.95,
and derived He abundance 10.94.
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Figure 3. The line profile fit for HR 7878 (B8 IIIp), a superficially normal star with Teff =
13050, log g = 3.85, with He abundance 10.85 for λ4026.


Figure 4. Best fit for the HgMn star υ Her λ4471, Teff = 12000 K, log g = 3.80, with He abun-
dance 10.20. For illustration, the dash-dot lines indicate the profiles for changes of abundance
of ±0.08 dex, larger than the error estimate in this work.


Typical errors of single determinations by fitting one line were ±0.05 − 0.10 dex, and
consistency between λ4026 and λ4471 was of similar quality. Blends which occurred
within the profile were modelled.
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Figure 5. The centre or core (a) of λ4026 He i fits a very low He abundance in the HgMn star
HR7361. The wings can only be fit with a higher abundance (b), but then the core is a bad fit.
A model with a higher abundance of He below τ = 1 (c) fits both core and wings reasonably
well. This indicates that He is stratified, with more depletion in the upper photosphere than in
the deeper photosphere.


4. Depth dependent He abundances
In nearly all cases, the profile fits to wings and centres of the two lines were fully


consistent, indicating that the modelling assumption of uniform fractional abundance of
He with depth was a good one. However, two HgMn stars, HR 7361 (Fig. 5) and HR 7664
(Fig. 6) could not be fit to one abundance. In both cases the centre gave a good fit only
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Figure 6. The HgMn star HR 7664 has similar fitting problems to HR 7361 shown in Fig. 5.
The core (a) of λ4026 He i fits a low He log abundance, 9.4. The wings require a higher value
9.9 (b), but then the core is a bad fit. A model with a higher abundance of He below τ = 1
(c) fits both core and wings reasonably well. Again, this shows that He is stratified, with more
depletion in the upper photosphere than in deeper layers.


for abundances about 0.3-0.5 dex lower than the fit in the wings. A model of the He
abundance in these two stars with an enhanced abundance below log τ = 1.0 produced
much more satisfactory fits. Although the solutions in Figs. 5c and 6c are not unique,
as the actual depth distribution is probably more complicated, they are indicative of
the fact that He must be considerably more depleted in the higher photosphere than in
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deeper layers, although it is also depleted there as well. It appears that He has left a clear
trace of its downwards diffusion through the He ii convection zone in these two cases.
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1. Introduction
After listening to several days of talks on the latest ideas and achievements in research


in this vast and vibrant field, I am somewhat overwhelmed by the power and detail in
both the new observations and the theoretical advances being made. I feel rather like
the commander of an English regiment at the battle of Waterloo, who found himself
surrounded by French forces on all sides. He dispatched a messenger to the Duke of
Wellington to request urgent reinforcements, but everything available had been commit-
ted elsewhere. Instead, a message was sent back, the rider dodging shot and shell, and
when the dispatch was opened, it read: “Sir–you are in a devilish awkward predicament,
and you must get out of it as best you can.”


2. Normal and peculiar A stars
When in doubt, I always find that the direct approach often works, so let us start at


the beginning. On our first day, we began with Adelman’s review of what we mean by the
terms “normal” and “peculiar” in the A-star business. Essentially anything not classed
as peculiar is assumed to be normal, but there may be no bold line that can be drawn
between normal and peculiar, as defined by low or intermediate dispersion classification.
The A stars themselves range from radiative photospheres at A0 and hotter to mainly
convective photospheres by A9 and cooler. So to account for all the anomalies seen, as
well as many phenomena of normal stars, we need a very wide range of physical tools.
And I will use “A star” to include phenomena of the later B stars like HgMn stars.


On the issue of “what resolution to use to distinguish normal from peculiar stars” let
us recall what Adelman said about abundances in two stars, o Peg and θ Leo, that at
classification dispersions are regarded as normal, but at higher dispersions clearly are not,
but are definitely hot Am stars. Their abundance trends clearly show this. Over 30 years
ago I borrowed a slide from George Preston that was used to demonstrate the spectral
appearance of peculiar vs. normal stars. The “normal” star image was the spectrum of
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o Peg! Perhaps, as Bidelman suspected long ago, at high dispersion there are no normal
A stars with both sharp enough lines to analyse and normal compositions. The boundary
is around 80-120 km s−1 in ve, though this is violated in some magnetic Ap stars.


Krtička and Kubát, and several others in poster papers, reminded us, not for the first
time, that we are now well past the phase when LTE calculations can point the way to
detailed truth about compositions of A stars, though such analyses still have their uses.
Non-LTE methods are desirable in the case of stars close to the main sequence, and for
supergiants NLTE and wind dynamics are needed. It is probably here that we A-star
fanatics will make our direct contribution to extragalactic astronomy. Why? Because
as we also heard later from Przybilla, the galactic composition gradients of elements
not available from nebulae can, in principle, be obtained from luminous A supergiants,
provided we thoroughly understand them first. The limits on knowledge gained will be
set by light-gathering ability.


3. Rotation and evolution
The rotation of A stars is now better understood (Hill et al.). Vega has been mod-


elled and is a nearby pole-on rapid rotator with well-defined parameters of oblateness,
brightness distribution, and equatorial speed. But interior modelling is still a source of
controversy and needs more analysis. Reiners & Royer showed us that most A stars ro-
tate as a “solid” body on the outside, with oblate spheroidal shapes, but a few stars
also have differential rotation: their equators rotate faster than the high latitudes. Yıldız
found from his investigation of apsidal motion of PV Cas that the inside must be rotating
faster than the outside. Arlt discussed internal magnetic fields and rotation of evolving
Ap stars and drew different conclusions: magnetic fields should damp out differential
rotation. There is coupling between the core and the surface if fields are present. The
question of how stars rotate as they evolve, and the role of magnetic fields, was a subject
that sparked some hot exchanges. It remains to be understood how magnetic fields arise
in A stars and to answer the question: Why don’t they all look like Ap stars?


The papers by Noels et al. and Talon reviewed the internal structure of A stars and
the crucial roles played by convection, diffusion and rotational meridional mixing. The
link between mixing and internal differential rotation needs further exploration, but the
subject is advancing.


Another result that caught my attention in that session was the study of pre-main-
sequence evolution of A stars by Marconi & Palla. During their contraction phase, Herbig
Ae stars pass through the instability strip where δ Scu stars lie. The PMS strip is narrower
than the δ Scu strip. Sure enough, when they pass through, they pulsate as predicted for
their PMS structure.


4. Diffusion and magnetic fields
Diffusion is thought to be the fundamental process giving us abundance anomalies in


chemically peculiar stars. As Georges Michaud told us, it is no longer correct to consider
it merely a surface effect. Instead, he showed us that the entire star may be affected: the
observed spectra are connected to changes in the deep interior. Alecian followed this with
a discussion of the way diffusive particle transport in magnetic Ap stars leads to element
patches on time scales orders of magnitudes less than 107 yr. The keyword throughout
the session was “stratification”. Once only a theoretical notion, several papers at this
Symposium presented direct evidence, of one form or another, that it was an observable.
The reality of stratification can lead to large effects on the T − τ structure, as shown by







Summary 501


LeBlanc & Monier. In the absence of mixing, the effects on the line-forming region can
be huge, depending on the assumptions about stratification and the strength of mixing
processes. A self-consistent approach is required.


5. Chemically peculiar or CP stars
Cowley introduced us to a classification tool that may be able to suggest new, previ-


ously unsuspected, relationships between individual chemically peculiar stars. These tools
are normally used by psychologists and sociologists, but perhaps we have something to
learn from them.


Ryabchikova reviewed observations of magnetic CP stars. There is much new evidence
for stratification in the photospheres. Again, as in the work of LeBlanc & Monier, the
results are non-trivial. There are serious discrepancies in Balmer line profiles in some
stars, indicating large variations in T − τ relationships.


Wahlgren reviewed the non-magnetic HgMn stars and Am stars. Among new results
that are explicable by stratification are isotopic anomalies of Hg and Pt that appear to
vary from line to line, and the weak emission lines of several elements, such as Mn in
stars like 46 Aql and 3 Cen A. These results imply strong stratification (and also NLTE
effects).


A remarkable new result was unveiled by Pyper & Adelman. Out of about 100 mag-
netic Ap stars monitored photometrically for several years, several show clear evidence
for period changes. This monitoring will continue and a rich harvest of results can be
expected. At this time the period change of CU Vir cannot be distinguished between a
sudden change or a gradual slowing of rotation.


6. Highly evolved A stars
Möhler gave an excellent historical and physical review of Horizontal Branch Stars


on Saturday morning. There are many phenomena observed that require better theory
and observation, such as a sudden increase in Fe abundance with effective temperature,
accompanied by decreasing He abundance.


Preston told us of recent discoveries among the blue metal-poor stars, including the
“blue-stragglers” in globular clusters. There are several hot analogues of Pop I carbon
stars as well as stars that contain high abundances of Pb! These objects are among the
clearest indicators of nuclear s-processing in evolved metal-poor stars, or rather, in their
defunct companion stars before mass transfer.


7. Advances in modelling convection
Kupka and Smalley told us about progress in modelling convection and how it looks to


the obsever trying to compare theory and observation. As to the merits of parameterizing
convection, and its effect on stellar atmosphere observables using the mixing length l/H,
did Barry Smalley only joke, or was he serious, when he asked, “Could we observers be
allowed to use l/H < 0 if it fits the data better?”


The discussions of new simulations of convection in A stars began with the paper by
Freytag. The cells are expected to be much larger on A stars than on the Sun. Convective
motions, up and down, can be modelled and may produce something that looks like
microturbulence. This was nicely demonstrated by Trampedach. And Browning et al.
used new simulations to show how magnetic dynamo action in convecting A star cores
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can greatly amplify small seed magnetic fields. As John Landstreet said of all this work,
“These numerical simulations are very impressive.”


8. Magnetic fields
Monday morning we heard about magnetic fields. Mathys summarized the history of


magnetic measurement and some recent studies as well. It remains inconclusive whether
there are disordered fields on Am stars or HgMn stars. Recent observations give upper
limits to averaged magnetic fields of 40 Gauss for HgMn stars and less for Am and normal
stars. The fields in magnetic Ap stars are much stronger, of course, up to several kG.
The distribution seems to follow a negative exponential relation of numbers vs. < H >,
with very few stars having more than 8 kG. There have been a few attempts to look for
depth dependence of fields by inspecting spectra on both sides of the Balmer Jump, with
mixed results. No one would be surprised to find some effect; there may not be a general
rule for the results obtained.


Wade gave us an excellent summary of recent magnetic field measurements using Stokes
parameter polarimetry on large telescopes. Instruments like FORS1 and MuSiCoS are
leading a revolution in these studies – Babcock would surely be envious and congratulate
astronomers for these fine data. If we are giving a prize for best spoken and visual
presentation this talk would be a finalist, in my view.


Moss reverted to “steam technology” (overhead projector sheets) to present a fine
discussion of the basic theoretical problems associated with explaining the existence of
Ap magnetic fields. A dynamo model needs a field to rise to the surface where it can
be seen, but the physics says it is difficult for this to happen. Fossil fields, on the other
hand, are hard to create because pre-main-sequence convection tends to kill the field. At
least there is no problem finding enough magnetic flux in the interstellar medium before
a cloud contracts into a star.


Braithwaite then told us about new calculations that show a poloidal-toroidal field is
a naturally stable configuration. And we also heard from the Vienna-Potsdam collabo-
ration that a new analysis of spectra leads them to conclude that there is substantial
stratification in at least one rapidly oscillating Ap (roAp) star.


9. Pulsating variable stars
I turn now to the session on pulsating variable stars. The groups discussed by Balona,


Breger and Kurtz included new results on δ Scuti and γ Doradus stars, and on roAp
stars. Some weird and wonderful cases have emerged, including γ Equ’s pulsations seen
in line profiles despite its extremely long (many years) rotation period. Although better
known for its protoplanetary infrared disk and infalling comets, β Pic has been found to
have δ Scu pulsations.


It has long been a mystery why all A and F stars in the instability strip do not vary,
but as Breger informed us, this turns out to be more an observational problem than
a theoretical one. As he explained, new results using photometric satellite techniques
showed that a high percentage of such stars have δ Scu or γ Dor pulsations which can
have extremely small amplitudes. Even Altair pulsates! These results from WIRE and
MOST are providing precisions and quantities of photometry impossible before orbiting
laboratories. Given the distribution of amplitudes, it is reasonable to extrapolate that
all or nearly all stars in the instability strip are variable at some level.


Kurtz told us how spectroscopy is now teaching us more about roAp stars than pho-
tometry. A new data set reveals running waves in some spectral lines. In HD137949 the
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motions of Nd iii and Nd ii ii are out of phase by 180 degrees. Among the excellent
invited talks was one describing the Blazhko Project, a new collaboration to combine
spectroscopy and photometry to understand this “beat” phenomenon in RR Lyr stars.


10. The A Star as a physics laboratory
Landstreet, Kochukhov and Shibahashi presented three different views of the use of


A and B stars (normal or peculiar) as physics laboratories; or, in some cases, views
of the exploration of specific phenomena. Landstreet pointed out that the strong He
stars around B2 are examples of the use of diffusion as a probe, where stars go to He
i/He ii ionization due to a stellar wind. In other domains, high-resolution line profiles
carry information on the velocity field and might allow investigations of depth-dependent
microturbulence. And there is still the need to investigate exactly how magnetic fields
can lead to the loss of angular momentum during pre-main-sequence phases.


Kochukhov discussed progress in modelling diffusion and the effects of magnetic fields
on stellar surfaces. We previously heard in Sec. 8 about Stokes parameter modelling and
magnetic Doppler imaging. The mathematical method of inverting the observations to
discern the surface structure is a tricky business. Stars like 53 Cam have much more
complicated field geometries than previously thought, although α2 CVn seems to be
simpler. We were also shown new models of the roAp star HR3831 and of the mysterious
Hg ii spots on the HgMn star α And.


Shibahashi discussed some theoretical aspects of the magnetic polar regions of mag-
netic stars and asteroseismology prospects. Intense magnetic regions should be cooler
if the density is unchanged, and such regions may actually expand slightly, leading to
raised plateaus around the poles. Convection is supressed in such regions. There may
be temperature differences ∆T ∼ 500◦ K between magnetic pole and equator. There are
problems using asteroseismology to probe interior structures, because unlike the Sun we
can only observe integrated light. But error simulations suggest that, “Inversion has still
some hope.”


11. Lambda Boo stars
Paunzen presented a thorough review of the status of the λ Boo stars. For more than a


decade, these rare weak-lined A and early F stars have been known to have an abundance
pattern that matches closely the atomic abundance pattern of the interstellar gas. The
CNO abundances are normal yet they have underabundances of Fe and Ca, with a wide
spread of Na abundances. Unlike other chemically peculiar stars in this range, their
evolutionary stages are the same as normal stars and their rotational velocities are also
indistinguishable from normal stars, and they are never found in clusters. When they
occur in double-lined spectroscopic binaries, both components are λ Boo types. Diffusion
and mass loss cannot account for the anomalies because rotational mixing would prevent
them. A few of these stars have IR excesses and the anomaly may arise from their
surrounding disks, but this cannot explain the older λ Boo stars. However, an A star
passing through a small, dense region of the interstellar medium can accrete gas which
can remain on the surface for a short period of time. As long as the accretion phase
lasts, the surface will show anomalies, but as soon as it leaves the gas cloud, meridional
circulation will quickly (c. 104 yr) re-establish a normal abundance pattern. This model
accounts for all the features seen and for the fact that binaries always have both stars
with λ Boo patterns, and it explains why they are never seen in open clusters: there is
no dense gas to accrete. Most of them pulsate in the δ Scu instability strip. There is also
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evidence that they are shifted slightly to the blue side of the strip, and that the accretion
may affect the pulsation mode.


12. Observational prospects
The final session of the Symposium was on present and future aspects of observations of


A stars. Stefano Bagnulo discussed recent advances in interferometry (stellar diameters),
photometry, and parallax (see the poster by Fraga & Kanaan at this Symposium). New
instruments such as FLAMES at the ESO VLT for fiber optic multi-element spectroscopy
down to 15th magnitude, or the UVES, provide new opportunities for spectroscopy of
fainter stars, while FORS1 permits polarimetry and spectroscopy of several sources at
once in a field about 7 arcmin square, so it is ideal for searching for magnetic stars in
clusters. Polarimetry with instruments like MuSiCoS at Pic du Midi or ESPaDOnS at the
CFHT will expand the scope of such investigations greatly. These aspects were explored
further by Piskunov.


Finally, Padovani discussed the use of the Virtual Observatory allowing the user to
interrogate vast data bases of spectra, photometry, parallaxes, and other measurements
to address specific problems. The use of large telescopes for queued observations of spectra
is to be seriously considered; bright stars do not usually need sub-arcsecond seeing with
photometric conditions, and telescope operators can interweave requested observations
when conditions are not ideal for the most demanding work on faint objects. In this way,
many traditional A star observers can gain access to the new 8-m class of telescopes.
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Complete from 1974 - 1994 (Feb 74 missing)

Will accept any reasonable offer plus buyer collects or pays carriage by
ParcelForce printed matter rate.  Magazines are at University of London
Observatory, Mill Hill.

Am asking £60 for the complete set described but will accept reasonable
near offer. All in good condition, each year wrapped and labelled. 

Contact Mike Dworetsky mmd@ulo.ucl.ac.uk or mike@platinum198.u-net.com

29 April 2000
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Abstract:


We use exact curve-of-growth analysis and spectrum synthesis to deduce the
abundance of Mn from high signal-to-noise visible-region échelle
spectra of selected Mn I  and Mn II  lines in 24 HgMn stars. The results
are compared to the Mn abundances derived from UV resonance lines by Smith
& Dworetsky [1993]. We find excellent agreement for several
unblended Mn lines and confirm the temperature dependence of the Mn
abundance found by Smith & Dworetsky.  The Mn II  lines at [image: ]4206
and [image: ]4326 are much stronger than one would predict assuming the
mean Mn abundances.  The lack of agreement is greatest for stars with the
strongest Mn II  lines.  Using  ad hoc multicomponent fits to the
profiles of sharp-lined stars, we show that the discrepancies can be
explained by hyperfine structure that desaturates the lines, with full
widths of the order of 0.06--0.09Å.
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HgMn stars are a subclass of chemically peculiar star occupying the
spectral region  ~A0/B9-B6 (10500-16000K). Observationally,
these stars are characterised by extremely low rotational velocities, weak
or non-detectable magnetic fields and photometric variability, and
atmospheric deficiencies of light elements (e.g., He, Al, N) coupled with
enhancements of the heavy elements (e.g., Hg, Mn, Pt, Sr, Ga).  In
addition, the heavy elements also have non-terrestrial isotopic abundances
(Smith [1997]; Bohlender, Dworetsky & Jomaron [1998]).  The
currently favoured mechanism for explaining these anomalies is the
radiative diffusion hypothesis (Michaud [1970]).  This work has been
advanced in the form of a parameter-free model (Michaud [1986]).



The quiescent atmospheres of these stars makes them one of the best
natural laboratories for studying the competing processes of gravitational
diffusion and radiative levitation (Vauclair & Vauclair [1982]). In
the absence of disrupting mechanisms such as convection,
rotationally-induced meridional currents, high microturbulence and
magnetic fields, certain elements reach a factor of 10[image: ] enhancement
over their cosmic abundance. Because of the strength and sharpness of
normally exotic spectroscopic lines, HgMn stars are also useful for
constraining fundamental atomic data (Lanz [1995]).



The study of UV resonance lines of manganese by Smith & Dworetsky
[1993], hereafter SD93, showed that the Mn abundances were not
only greatly enhanced over the solar value, but were also correlated with
[image: ] . Their work confirmed and extended previous studies that had drawn
attention to this correlation, in particular Aller [1970],
Heacox [1979] and Adelman [1989]. Their data also
confirmed the existence of a small class of hot, but only mildly-enhanced
Mn stars (Cowley [1980]), with 46 Aql as its exemplar
(Smith [1993]). In the
hottest stars it was also found that there was great difficulty in fitting
the wings of the resonance lines simultaneously with the cores, the latter
being deeper than expected for LTE formation.  However, the abundances
were consistent with the detailed calculations of Alecian & Michaud
[1981]. SD93 speculated on the presence of vertical abundance
gradients of Mn within the atmosphere (i.e., stratification), but the
evidence was insufficient to conclude one way or the other.



In this paper, we present an abundance analysis of visible Mn I and
Mn II lines using both spectrum synthesis (i.e., line profile fitting
methods) and exact curve of growth (equivalent width matching).  These
analyses, performed under the assumption of Local Thermodynamic
Equilibrium (LTE), agree closely with, and confirm in detail, the
abundances of Mn found by SD93 from resonance lines measured in IUE
spectra.  The only differences were for double-lined binary stars where
SD93 made no allowance for dilution or blending effects.  The use here
([bookmark: tex2html62] Stellar parameters, etc. ) of
model atmospheres with improved blanketing has only a small effect on the
results.



Abt [1952] and Booth & Blackwell [1983] demonstrated
that hyperfine structure (hfs) can have severe effects on abundance
calculations of Mn I if it is not properly taken into account.  Although
their particular interests were concerned with F and G stars and the solar spectrum, Booth
& Blackwell's estimates for hotter stars indicated that abundance errors
of more than 1 dex could be made by ignoring hfs. In this paper, we
consider hfs models for Mn II lines similar to those discussed for Mn I
by Booth & Blackwell.  Adelman [1992] suggested that the
neglect of hfs in his analysis produced spurious microturbulent velocities
[image: ] deduced from MnII  in HgMn stars;  we note that he also omitted the
lines [image: ]4206 and 4326 in analyses
of stars with high Mn anomalies. 
Although there are no extant laboratory data for MnII  in the literature
as of the writing of this paper, we are able to show that some Mn II
lines must have hfs structures 0.06--0.09Å wide, and that it is the
most likely explanation for anomalous strengths of [image: ]4206 and
[image: ]4326.
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Almost 30 years ago, Aller [1970] first proposed that the observed
overabundances of Mn in HgMn stars followed a positive temperature trend. 
Since then, her result has been confirmed and extended by, for example,
Adelman [1989] and SD93, who showed that when a large enough sample
of HgMn stars is observed, the trend displays an upper envelope. Our Mn
abundance results confirm in remarkable detail those of SD93 (with
improvements for the double-lined binary stars).  In Fig. 10
the dashed line at [image: ] indicates the solar abundance of Mn
(Anders & Grevesse [1989]). For [image: ] Cnc the visible-region data
yielded only an upper limit, hence we plot for that star the UV-derived
abundance of SD93, marked as a cross.  The dotted line is the maximum
photospheric abundance of Mn that can be supported in a homogeneous
atmosphere by radiative acceleration (Alecian & Michaud [1981]). We
note the apparent remarkable agreement between the distribution of the
highest abundances as a function of [image: ]  and the shape of the
theoretical upper envelope, which is a more important confirmation of a
prediction of diffusion theory than exact vertical agreement (SD93),
because calculations by SD93 showed that the lower values of observed (or
inferred) maximum abundances from homogeneous models could be interpreted
as due to Mn being stratified in relatively thin layers at [image: ].  We also confirm the existence of a class of hot HgMn stars
which exhibit only mild Mn enhancements and other anomalies as described
by Cowley [1980], SD93, and Smith [1993].





[bookmark: 280] [bookmark: figtemp] [image: ]

Figure 10: Mn abundance versus [image: ] . Solar abundance is given by the
dashed line. The dotted line indicates the maximum supportable
abundance of Mn under the assumption of a homogeneous distribution with
optical depth. The envelope would be lower if Mn were concentrated in a 
stratified layer high in the photosphere (SD93).  The cross indicates
[image: ] Cnc, taken from the UV abundance.







The internal agreement of abundances in our results for Mn I  and Mn II 
over a wide range of [image: ]  is remarkable.  One might well have expected
some effects of stratification or non-LTE on the ionisation balance, but
the LTE results presented here (based on the assumptions of homogeneous
abundance distributions with optical depth) show a remarkable coherence
between the results from neutral and singly ionised Mn, as well as between
visible-region lines and UV resonance lines.  In the absence of a detailed
calculation, we cannot comment on possible non-LTE effects on equivalent
widths other than to predict (on the basis of our results) that they ought
not to be expected to be large.  This expectation should be checked by a
detailed calculation, which is beyond the scope of the present paper.  It
is possible that non-LTE or stratification effects (or a combination of
both) are responsible for the remaining (0.3 - 0.4 dex)  discrepancies
between the hfs-affected lines [image: ]4206, [image: ]4326 and the other
Mn II  lines.



The fact that hfs must be having some sort of effect on many atomic
species including the Mn II  lines, and should therefore be taken into
account in abundance analyses, was recognised by Booth & Blackwell
[1983] but the present paper is the first abundance analysis of
Mn II  in HgMn stars which explicitly attempts to take this into account. 
As shown in our previous work on Ga (Dworetsky et al. [1998]), these
hfs effects can be dominant: here they have been shown to be enormous (2-3
dex) for certain strong lines.  It is interesting that some Mn II  lines
appear to be relatively free of significant hfs broadening.  Obviously,
future work on abundance determinations should concentrate on lines like
[image: ]4478, which are evidently free of significant hfs curve-of-growth
effects. However, while we have accounted for much of the abundance
discrepancy to be found in analyses based on simple equivalent width
calculations, we have not been able to account for all the deduced
abundance differences between [image: ]4206, 4326 and the other,
weaker lines by using our  ad hoc hfs models.  We suspect that part
of the remaining discrepancies might be eliminated if a laboratory study
of hfs in Mn II  were to be made available through laboratory
spectroscopy, and we urge our colleagues in that field to examine this
interesting astrophysical problem.
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We have measured the manganese abundance in 24 HgMn stars using a
curve-of-growth technique, using 6 well characterised Mn I  and Mn II 
lines.  A more detailed spectrum synthesis analysis for a selection of
stars confirms the accuracy of this simpler method when a few good
unblended lines of moderate strength are used.  The results agree well
with the UV abundances of SD93 for all the isolated stars and some of the
binaries. The remaining binary stars show a higher abundance in the
visible region than the UV, which is to be expected, since SD93 did not
account for binarity.  The remarkably small scatter amongst the abundances
derived for individual lines, and the excellent agreement with the UV
results, show that careful selection of a few well characterised lines is
a powerful tool for a quick and accurate abundance analysis. The
similarity between the abundances derived for Mn I  and Mn II  may imply
that we see very little in the way of non-LTE effects. The results support
the comparison by SD93 of the predictions of diffusion theory by Alecian
& Michaud [1981] with abundance trends for the upper envelope
of abundances as a function of [image: ] .  This is another detailed prediction
of the theory which has been confirmed observationally.



We have presented strong evidence that hyperfine structure is the cause of
the widened line profiles and is mainly responsible for the line-strength
anomalies seen in Mn II  [image: ]4326
and 4206, and we have shown
that hfs can be a major source of systematic error if not taken into
account in abundance analyses.  The other Mn lines studied must have very
much narrower hfs structures, to give such consistent results.  We were
able to derive crude  ad hoc structures, but a laboratory study of
hfs in Mn II  is urgently needed if more precise results are to be
obtained.
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Our stellar sample is based upon that of SD93, who analysed IUE data on
the UV resonance lines of 26 HgMn, 4 superficially normal and 10 normal
stars. We observed 24 of the HgMn stars in the SD93 sample. The two
excluded stars are 36 Lyn (which had been misclassified as a HgMn star) 
and HR 6000, which was not observed. Physical parameters of the 24 stars
are given in Table 1.



Five stars are noted as double-lined spectroscopic binaries in
Table 1; one of these (HR 1800) is
better described as a
close visual binary in which we can see evidence of the secondary spectrum
as rotationally-broadened features. The parameters quoted in all five
cases are those adopted for the primary star. The adopted light ratios
([image: ]) at [image: ]4520 are from Harman [1997]: HR 4072,
5.45; [image: ] Lup, 3.65;  [image: ] CrB, 2.70; or from Ryabchikova, Zakhorova
& Adelman [1996]: 112 Her, 6.3 from their Table 2. Suitable
adjustments for other wavelength regions were made.  The adopted light
ratio for the visual binary HR 1800 ([image: ] arcsec) is 2.45,
based on [image: ] mag from  The Hipparcos Catalogue (ESA
[1997]).  Another star, 33 Gem, is suspected of being double-lined
but there is not yet any information on the orbit or light ratio (Hubrig
& Launhardt [1993]); we treat it as a single star or `average
component.' We note that Adelman, Philip & Adelman [1996] also
treated 33 Gem as a single star, noting that the question of binarity
could not be conclusively resolved with their data.



Northern Hemisphere observations were taken with the Hamilton Échelle
Spectrograph (HES) - Vogt [1987] - at Lick Observatory, fed by the
0.6-m Coudé Auxilliary Telescope (CAT), during four runs in
1994-1997. Further details of the instrument can be found in Misch
[1997].  Stars south of [image: ] were acquired as service
observations at the AAT using the UCL Échelle spectrograph.  Shortly
before our observations in 1994, some of the HES optical components were
replaced, improving the resolution and instrumental profile, and making it
possible to use the full field of the 2048 [image: ] 2048 CCDs to maximum
advantage.  We used both the unthinned phosphor-coated Orbit CCD (Dewar
13) and from July 1995 the thinned Ford CCD (Dewar 6), depending on
availability as the latter is shared with the multi-object spectrograph on
the 3-metre telescope.  The spectral range for the observations was
3800-9000Å, except for the AAT data which were only obtained in the
range 3700-4700Å, with the TEK2 CCD.  Typical signal-to-noise (S/N)
per pixel in the centres of orders ranged from 75 to 250.  The Orbit CCD
is cosmetically very clean, with very few bad pixels or columns, while the
thinned Ford CCD contains several column defects but offers a much higher
detector quantum efficiency in the blue.  We used the Ford CCD whenever it
was available. With the slit settings used, the combination of
spectrographs and CCDs gave resolutions [image: ] for the HES
and [image: ] for the UCLES. Flat fields were made using polar
axis quartz lamps and wavelength calibrations were obtained with Th-Ar
comparisons.



The échelle spectra were extracted and calibrated using standard IRAF extraction packages (Churchill [1995]; Valdes
[1990]), running on UCL's Starlink node.  Previous measurements
(Allen [1998]) showed that there were no measurable effects of
parasitic light (residual scattered light)  in the line profiles provided
that general scattered light in the adjacent interorder spaces was taken
as the subtracted background.  In practice the residual scattered light
was less than approximately 1 percent; we have therefore made no
corrections for it. Allen's method is based on a direct comparison of the
solar spectrum (as reflected from the roof of the CAT coelostat) observed
with the HES, with the Kitt Peak Solar Flux Atlas (Kurucz et al
[1984]).  As the latter was obtained using a Fourier Transform
Spectrometer, it has no measurable parasitic light.  The KPNO spectrum is
convolved with a suitable instrumental profile to match the HES data; both
spectra must be normalised at the same points for a valid comparison.  The
ratio of summed equivalent widths of various features with good adjacent
continuum points, in many different spectral orders, provides the measure
of the amount of parasitic light.
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Abundances were determined using the exact curve-of-growth technique. For
this method, we measured the equivalent widths, [image: ], of Mn
absorption lines in the programme spectra and compared these values to the
calculated curves of growth for each line, which were generated (assuming
LTE) by our spectrum-synthesis code UCLSYN (Smith & Dworetsky
[1988];  Smith [1992]). The necessary atmospheric parameters
given in Table 1 - [image: ] , [image: ] , and microturbulence
([image: ]) - were taken from SD93,
except for 112 Her where we used the
values given by Ryabchikova et al. ([1996]). The values of [image: ]  are
taken from Dworetsky, Jomaron & Smith ([1998]).  In the cases of
the five binaries with double spectra, we adopted the light ratios cited
in Section 2 in order to correct for dilution effects using the BINSYN code (Smalley [1996]), an extension of UCLSYN.  We
used a combined grid of ATLAS9 model atmospheres: the 2 km s[image: ]
grid of Kurucz [1993], and the COLK95 grid of Castelli et al. 
[1997] for cooler stars, interpolating to produce a model at the
chosen [image: ]  and [image: ]  of each star.





[bookmark: 342] [bookmark: tableparams] [image: ]

Table 1: Stellar Parameters.  Microturbulent velocity [image: ] and projected 
equatorial rotational velocity [image: ]  in km s[image: ]







There appears to be no other published data on laboratory oscillator
strengths for visible-region MnII  lines except for Warner [1967a].
We adopt the calculations of Kurucz [1990]  taken from CD23. If we
adjust the Warner [image: ]-values by the prescription of Smith
[1976], we find that the Kurucz calculations tend to give values
about 0.4 dex smaller for our lines from higher excitation levels. It is
not possible to use one set of data to `check' the other; a modern set of
measured absolute oscillator strengths for Mn II would be required. For
the Mn I lines, we adopt the oscillator strengths of Martin, Fuhr &
Wiese [1988], which are the same as those given in CD23. For both
neutral and ionised Mn we adopt [image: ] given by Kurucz but
use UCLSYN's internal algorithms to estimate the Stark damping
parameter [image: ] for each line. Van der Waals contributions to line
broadening are expected to be small; a suitable approximation by Warner
[1967b] was used.



Rather than measuring many tens of lines, of which some may be partially
blended or have poorly known  gf values, relying on statistical
averaging to give a valid result which may nonetheless be biased, and
rather than fully synthesizing the profiles of many lines to mitigate the
blending problem, the approach followed here was to find a small sample of
Mn lines, all of which could be shown to be unblended over a wide range of
[image: ]  and composition. A search for such lines was carried out by Allen
[1998]. The following lines were selected as being appropriate for
a high-accuracy curve-of-growth analysis: Mn II [image: ]4478,
4365, 4363, 4326, 4206, 3917;  Mn I [image: ] 4030 and 4034. 
Allen used the criteria that lines should be strong enough to appear in
most HgMn stars, be blend-free, and have well-determined atomic
parameters.  However, Allen noted that [image: ]4206 systematically
produced anomalously large abundances; the severity of the anomaly was
proportional to the line strength.





[bookmark: 93] [bookmark: figMn_lines] [image: ]

Figure 1: The six Mn lines used in this abundance analysis. These spectra 
are of HR 7361.  Histograms represent observations; continuous lines
represent synthetic spectra.
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Equivalent widths (measured to the nearest 0.5mÅ) and abundances
derived from the individual Mn lines are shown in Table 2. 
The equivalent widths for the five binaries noted in
Table 1 have been scaled to compensate for the dilution
of light due to the continuum of their secondaries.  The unweighted means
and standard deviations of the line abundances may be compared to the UV
abundances taken from SD93. In accordance with Allen's result, it was
found that Mn II  [image: ]4206 (see
below) gave rise to anomalously high
abundances.  We also found that Mn II  [image: ]4326 followed a similar
pattern of anomalously high abundances.  These two lines are thus examined
separately later in this paper.  Examples of spectra of the remaining Mn
lines can be seen in Fig. 1.



We were unable to measure with certainty any of the lines
in Table 2 for the SD93 normal or superficially-normal
comparison stars. This result is consistent with their having the
cosmic abundance of Mn, logA = 5.39 (Anders & Grevesse [  1989]).





[bookmark: 343] 
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Table 2: Mn equivalent widths and abundances in the
HgMn programme 
stars. [image: ]
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The external errors on the mean abundances are obtained by propagating
the uncertainties due to the measured [image: ], the atomic
parameters, and stellar [image: ]  (which affects the ionization balance),
assuming they are independent of one other. Following the SD93
convention, we have adopted estimates of the errors on each parameter
as follows: [image: ]0.25dex in [image: ] , [image: ]250K in [image: ] , [image: ]50
percent in the Stark damping ([image: ]),
[image: ]0.5kms[image: ] in
the microturbulence ([image: ]), and [image: ]5 percent in
[image: ]. Propagating these errors through the curve-of-growth
analysis for the Mn II  [image: ]4478
line, using a model atmosphere
based around [image: ]  = 13000K, [image: ]  = 4.0, [image: ]=1, with a
+2dex Mn abundance enhancement over the solar value, leads to the
following representative errors in the derived Mn abundances:
[image: ]0.01dex ([image: ]); [image: ]0.02dex ([image: ] ); [image: ]0.05dex
([image: ] ); [image: ]0.06dex ([image: ]); [image: ]0.06dex ([image: ]).



To obtain the internal error on the mean value of abundance for each star
we calculate the standard deviation of the set of measured lines
(Table 2). The mean standard deviation over the entire
sample is [image: ]0.09 dex. Remarkably,
there is no significant overall
difference between the mean abundances derived from the Mn I  and Mn II 
lines, despite the fact that the [image: ] -sensitivity of MnI  is
[image: ]0.15dex for variations of [image: ]250K. There is no evidence for
systematic differences between abundances derived from the different lines
in Table 2; the average deviations, [image: ], are only a few hundredths of a dex.



Finally, we can estimate a purely `experimental' error on the abundance
determinations for individual lines by varying the abundance values used
in our synthetic fits (see Section 3.4) and seeing how rapidly the
synthetic profiles depart from the observed profiles. For visual fitting
of synthetic profiles to the observed data, changes of approximately
[image: ]0.02-0.05dex produce a significantly degraded quality of fit,
depending upon the S/N of the spectrum.



These comparisons give us confidence that the abundances we have
derived are internally consistent with expected errors of
observation. It is remarkable that there appears to be little
significant extra scatter due to errors in [image: ].  Throughout this
analysis we assume that Mn is homogeneously distributed with
depth. Stratification of elements by diffusion and gravitational
settling, and non-LTE, are both possible complications which must be
considered in such analyses.  However, we do not maintain that the
full agreement of Mn I  and Mn II  `proves' that there are no
stratification or non-LTE effects on the Mn I  abundances compared to
Mn II, only that if any such effects are present, either they are
small or the factors involved apparently cancel out over a wide range
of [image: ] . Detailed considerations of such possibilities are beyond the
scope of this paper.
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To validate the use of the curve-of-growth technique with such a small set
of lines, the derived abundances were compared to abundances obtained via
synthetic-profile fits. Using UCLSYN, we synthesized spectral
windows around the Mn lines in Table 2 in several of the
single sample stars, selected to form a representative subsample over the
abundance range. Fits of the synthetic spectra to the observations were
made by eye. Table 3 shows the differences between the
abundances derived using the two methods, and Fig. 1
shows representative synthetic fits to the Mn lines in HR 7361.



The Mn I  lines at [image: ]4030 and
4034 and Mn II  lines at
[image: ]4478, 4365, 4363 and 3917 were all well fitted by the
synthetic profiles, and contain known blends contributing no more than
2-3 percent of the total [image: ] over
our entire range of [image: ] 
and composition. Neither Mn II  [image: ]4206 nor [image: ]4326 could be
fitted with single line profiles with parameters similar to the other Mn
lines. In most cases no fit could be obtained where the wings and core of
the line fitted simultaneously.  This effect is similar to that seen in
Ga II, which recent work by Dworetsky et al. [1998]
demonstrated is due to hyperfine structure. These two lines were thus
excluded from the abundance analysis and we shall return to them later.





[bookmark: 152] 

[bookmark: tablediff] [image: ]



Table 3: Differences between abundances derived using
spectrum synthesis
and exact curve of growth







For our final selection of six Mn lines, there would appear to be no
significant systematic difference between the abundances derived by
the profile and curve-of-growth techniques; the mean difference
is only -0.04dex, somewhat smaller than the mean standard deviation
on the abundances derived from our curve-of-growth analysis on the six
Mn lines (0.09dex).  We conclude that the curve-of-growth technique
is sufficiently accurate, when using a carefully selected set of
lines, to reproduce results from the more time-consuming
spectrum-synthesis method.
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Fig. 2 shows our visible-region mean abundances versus the
SD93 UV-region abundances.  The stars exhibit a very good match between
the UV abundances and our visible-region abundances, with an apparently
random scatter on the order of 0.1-0.2dex.  Only three stars show
larger discrepancies, all of which are binary systems in which both
components' spectra are visible.



We note that SD93 made no allowance for binarity in their results, on
the assumption that the secondary's UV flux would be unimportant,
except for a few rare cases (they cite HR 1800, HR 4072,
[image: ] CrB and [image: ] Lup as being possible exceptions). In the
current visible-region study, we have accounted for dilution by
scaling the observed [image: ] for the Mn lines in accordance with
the light ratio deduced for each binary system (see [bookmark: tex2html53] Observations ).



If binarity were ignored, the true strength of the Mn lines would be
underestimated and thus the derived abundance would be too low. Indeed
this is exactly what we find for the UV results when compared with
visible-region results. The worst offender is the double-lined binary
[image: ] Lup. In this system the UV lines should be significantly diluted by
the companion star, leading to an underestimate of the UV Mn abundance,
exactly as found. The other stars showing larger discrepancies from our
mean results (HR 1800, [image: ] CrB,
HR 4072) are double-lined binaries, and show
greater Mn abundances in the visible than the UV, again as expected. The
other binary systems appear to have negligible UV contribution from the
secondary star and their treatment as single by SD93 would appear
justified in that context.





[bookmark: 171] [bookmark: figdiff] [image: ]

Figure 2: Mn abundances from visible and UV spectra. The solid
line is that of equality. The dotted lines indicate a [image: ]
0.2dex deviation from equality. All three stars substantially 
exceeding these limits are binary systems (shown with arrows).
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The expected equivalent widths of Mn II  [image: ]4206 and [image: ]4326
were calculated for each star, based on the mean Mn abundance derived from
the other visible-region Mn II  lines. For this calculation, we have made
the usual assumption that the lines have only one component.  The measured
equivalent widths are compared to the calculated values in
Table 4 (dilution effects in the binaries have been
taken into account by scaling up the observed values). 
Fig. 3 demonstrates the discrepancy between the predicted
strengths of both lines and their observed strengths, which tends to get
worse at high abundances; stars with low abundances do not show this
disagreement. From Fig. 4, it is clear that this
discrepancy is more directly related to the strength of the lines than to
the total atmospheric abundance of Mn.





[bookmark: 346] 
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Table 4: Mn II  [image: ]4206 and 4326.  The calculated values of
[image: ] are based on the assumption of single component line
structures and are clearly too weak in stars with high Mn abundances.  The
individual line abundances are based on the adopted
hfs multicomponent models in Table 5.









[bookmark: 198] [bookmark: figdiscrep2] [image: ]

Figure 3: Mn II  discrepancy in [image: ]4206 and [image: ]4326: calculated
and observed
equivalent widths are denoted by crosses and triangles respectively.
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Figure 4: Mn II  discrepancy in [image: ]4206 and [image: ]4326: ratio
(obs/calc) versus equivalent width. The calculated values represent
single-component line models. The points for the weakest Mn star have
considerable uncertainty and are shown with appropriate large error bars.







Attempts to account for these anomalies by adjustments in atomic line
parameters ([image: ], [image: ], [image: ]) or in stellar parameters
([image: ]) proved unfruitful.  Further investigation revealed that the
[image: ]4206 and [image: ]4326 features in the narrow-line star HR7775
(Figs. 5 and 6) were visibly broader than
the other lines of Mn II .  (Note that, for the work presented here, we
did
not make a detailed search for other Mn II  lines with visible broadening
or curve-of-growth anomalies, either of which could indicate strong hfs
effects.  A further search for lines which may show similar effects is the
subject of future investigations.)



The most obvious candidate for a physical cause is hyperfine structure
(hfs). We were unable to find any literature describing measured or
theoretical hfs in these lines, but the behaviour observed in
Figs 3, 4, 5,
6, 7 and 8 appears
consistent with the hypothesis that their profiles are significantly
affected by hfs: in weak-lined stars where the combined feature is too
weak to be saturated, the hfs will effectively spread the lines out; in
strong-lined stars where the feature is saturated, the action of the hfs
will be to desaturate the lines, making them stronger.



This hypothesis was tested by constructing several simplified hfs
models for these lines.



For [image: ]4206, each model contained a number of equal-strength
components, spread over a wavelength range [image: ]. The only
constraint on [image: ] was that the synthesized lines should be
consistent with the width of the weak observed lines in HR 7775.  We
tested two- and three-component models (the total gf divided equally
amongst the components) with the components spread over equal intervals.
We found that splitting the line into three components (with
[image: ] = 0.086Å; see Table 5)  allows
the synthetic profile to fit well, at an abundance consistent with the
other lines of Mn, for nearly all stars.  Example plots of the way in
which introducing hfs makes a fit to the [image: ] 4206 line possible is
shown for HR 7775 (Fig. 5) and HR 7361
(Fig. 7).  The two-component model ([image: ] =
0.070Å) did not provide enough desaturation for the very strong-lined
stars, nor did it fit HR 7775 at the line centre; we attribute lack of
perfect agreement to the simplified symmetric structure adopted (normally
hfs produces `flag' patterns, with a mixture of strong and weak
components).  Increasing the number of components beyond three had little
further effect; once there is enough hfs to make the components
individually unsaturated (separated from one another by [image: ] 1 thermal
line width) adding in extra components broadens the line wings but does
not deepen it significantly.  The actual pattern should have 15 components
([image: ], [image: ], [image: ]), so it is obvious that our model
is only a crude approximation.



The [image: ]4326 line is visibly asymmetric in HR7775 and the other
stars with low [image: ] .  After several trials, we adopted the simplified
structure shown in Table 5 and Figs. 6
and 8 as a compromise, in order to avoid an overly
complicated multiple-component model, while fitting reasonably well the
asymmetric profiles in all the sharp-lined stars studied.  Again, the
actual (but unknown) hfs is undoubtedly very much more complicated, with
16 components ([image: ], [image: ]), some of which would be very
weak.  The approximation derived here permits reasonable-looking synthesis
fits to all the stars in the sample.



Storey [1998] has made available preliminary calculations of the
detailed hyperfine structure of [image: ]4206 of MnII  especially for the
present investigation. The uncertainties in the 15-component structure
obtained are considerable and further work is needed.  However, if we
allow the derived pattern to have the largest width still consistent with
our spectra of HR 7775 and HR 7361, the abundances derived (see
Table 4) in the stars with the strongest lines would be
reduced by a further 0.2 dex.



Without the hfs hypothesis, we can fit the [image: ]4206 and
[image: ]4326 equivalent widths (in stars with strong Mn) only with an
extremely high abundance (2-3 dex greater than that from the other lines
of MnII ), and these synthetic profiles do not fit, as the line wings
become too wide and the cores too shallow. Therefore, the hfs hypothesis
solves the profile problem for both lines but does not completely
eliminate the abundance discrepancy.
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Table 5: Model hfs structures used for [image: ]4206 and [image: ]4326







The mean Mn II  abundance (taken from the data in Table 2) 
is compared with the three-component results for [image: ]4206 in
Table 4 and Fig. 9, and with the
four-component results for [image: ]4326 in the same table and figure.  As
noted above, the trends in Fig. 9 show clearly that the
simplified hfs models adopted here go a long way towards explaining the
unexpected strengths of these lines, but do not entirely eliminate a
discrepancy in derived abundance. The single exception to these trends is
33 Gem, which is treated in this work as a single star, but was suspected
of being a double-lined spectroscopic binary by Hubrig & Launhardt
[1993].  As previously noted, the question of binarity is not
yet resolved, although our spectra did have the same `square' profiles
observed by Hubrig & Launhardt.



Given the expectation that the hfs of these two lines should be very
complicated, we believe that at least some of the residual trends of their
abundance discrepancies vs. mean abundance from other lines may be due to
the numerous weak hfs components.  Our preliminary model using Storey's
predictions does not predict complete elimination of the residual
discrepancies although the effect is in the right direction. A laboratory
study of the hfs in Mn II  is urgently required to resolve these problems.



We also conducted an experiment to test the effect of systematic errors in
microturbulence (see also the error discussion in  [bookmark: tex2html86] Errors ): the
results demonstrated that postulating substantially larger (1 kms[image: ]) 
microturbulence in HR 7361, a star with very strong Mn II  and a
relatively low [image: ] , has only a small (-0.1 dex) effect on the derived
abundance.
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Figure 5: The Mn II  [image: ]4206 line in HR 7775 (histogram).  A
single line fit (dotted line) with the observed [image: ] does not match
well. Using a 2-component
(dashed line) or 3-component (dot-dash line) hfs model 
(Table 5) provides increasingly better fits. Positions
and relative strengths of components are shown by the marks below the
line.
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Figure 6: The Mn II  [image: ]4326 line in HR 7775 (histogram).  A
single line fit (dotted line) for the observed [image: ] does not match
well. Using a 4-component
(dot-dash line) hfs model  (see Table 5) provides a
better fit.  Positions and relative strengths of components are shown by
marks below the line.
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Figure 7: The Mn II  [image: ]4206 line in HR 7361 (histogram). A
single line fit (dotted line) to the observed [image: ] does not
match well. Using the same  hfs model  as in Fig.
5 (dot-dash line) produces an improved fit.
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Figure 8: The Mn II  [image: ]4326 line in HR 7361 (histogram). A
single line fit (dotted line) does not
match well. Using the same hfs model as in Fig. 6
(dot-dash
line) produces an improved fit.
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Figure 9: The residual abundance excess from the simplified model hfs vs.
mean Mn II  abundance from the other visible-region lines.  Filled
squares,
[image: ]4206; filled circles, [image: ]4326.  Open symbols, 33Gem 
(see text).




 


[bookmark: tex2html123][image: next]   [bookmark: tex2html121][image: up]   [bookmark: tex2html115][image: previous]         

 Next: [bookmark: tex2html124] Discussion
Up: [bookmark: tex2html122]Mn Abundances in
HgMn Stars
 Previous: [bookmark: tex2html116] Comparison with
UV Data

 
 






manganese/previous_motif.gif


manganese/previous_motif_gr.gif


manganese/up_motif.gif


manganese/up_motif_gr.gif


manganese/mang.html


 
 


[bookmark: tex2html17][image: next]   [image: up]   [image: pr evious]         

 Next: [bookmark: tex2html18] Introduction

 
 
 

Manganese abundances in Mercury-Manganese stars







C. M. Jomaron, M. M. Dworetsky* and C. S. Allen



Department of Physics and Astronomy, University
College London, London WC1E 6BT



Electronic (Web Browser) preprint of a paper submitted 16th July 1998 and
accepted for publication by Monthly Notices of the Royal Astronomical
Society, 23 October 1998.

For a gnu-zipped postscript
version,

$> ftp ftp.star.ucl.ac.uk

Log in as anonymous and give your
e-mail address as a password.

ftp> cd pub/mmd

ftp> binary


ftp> get Mn.ps.gz



Abstract:


We use exact curve-of-growth analysis and spectrum synthesis to deduce the
abundance of Mn from high signal-to-noise visible-region échelle
spectra of selected Mn I  and Mn II  lines in 24 HgMn stars. The results
are compared to the Mn abundances derived from UV resonance lines by Smith
& Dworetsky [1993]. We find excellent agreement for several
unblended Mn lines and confirm the temperature dependence of the Mn
abundance found by Smith & Dworetsky.  The Mn II  lines at [image: ]4206
and [image: ]4326 are much stronger than one would predict assuming the
mean Mn abundances.  The lack of agreement is greatest for stars with the
strongest Mn II  lines.  Using  ad hoc multicomponent fits to the
profiles of sharp-lined stars, we show that the discrepancies can be
explained by hyperfine structure that desaturates the lines, with full
widths of the order of 0.06--0.09Å.
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A B S T R A C T


We make new non-local thermodynamic equilibrium calculations to deduce the abundances


of neon from visible-region echelle spectra of selected Ne i lines in seven normal stars and


20 HgMn stars. We find that the best strong blend-free Ne line that can be used at the lower


end of the effective temperature Teff range is l6402, although several other potentially useful


Ne i lines are found in the red region of the spectra of these stars. The mean neon abundance


in the normal stars �log A � 8:10� is in excellent agreement with the standard abundance of


neon (8.08). However, in HgMn stars neon is almost universally underabundant, ranging


from marginal deficits of 0.1±0.3 dex to underabundances of an order of magnitude or more.


In many cases, the lines are so weak that only upper limits can be established. The most


extreme example found is y Her with an underabundance of at least 1.5 dex. These


underabundances are qualitatively expected from radiative acceleration calculations, which


show that Ne has a very small radiative acceleration in the photosphere, and that it is


expected to undergo gravitational settling if the mixing processes are sufficiently weak and


there is no strong stellar wind. According to theoretical predictions, the low Ne abundances


place an important constraint on the intensity of such stellar winds, which must be less than


10214 M( yr21 if they are non-turbulent.


Key words: line: profiles ± stars: abundances ± stars: chemically peculiar.


1 I N T R O D U C T I O N


HgMn stars are a subclass of chemically peculiar star occupying


the spectral region corresponding approximately to MK types B9±


B6 (10 500±16 000 K). Owing to low helium abundances, their


spectral classes are generally placed by observers in the A0±B8


range. Observationally, they are characterized by extremely low


rotational velocities, weak or non-detectable magnetic fields and


photometric variability, and atmospheric deficiencies of light ele-


ments (e.g. He, Al and N) coupled with enhancements of the


heavy elements (e.g. Hg, Mn, Pt, Sr and Ga). In addition, the


heavy elements also have non-terrestrial isotopic abundances


(Smith 1997; Bohlender, Dworetsky & Jomaron 1998). The


currently favoured mechanism for explaining these anomalies is


the radiative diffusion hypothesis (Michaud 1970). This work has


been advanced in the form of a parameter-free model (Michaud


1986).


The quiescent atmospheres of these stars makes them one of the


best natural laboratories for studying the competing processes of


gravitational settling and radiative levitation (Vauclair & Vauclair


1982). In the absence of disrupting mechanisms such as


convection, rotationally-induced meridional currents, high micro-


turbulence and magnetic fields, certain rare elements can reach a


factor of 105 enhancement over their standard abundances.


Because of the strength and sharpness of normally exotic


spectroscopic lines, HgMn stars are also useful for constraining


fundamental atomic data (Lanz 1995).


Although there have been many studies of individual HgMn


stars and of the abundances of many elements across a sample of


HgMn stars, we have been unable to find any papers mentioning


the abundance of Ne in HgMn stars, with the recent exception of a


paper by Adelman & Pintado (2000) in which local thermo-


dynamic equilibrium (LTE) calculations established that Ne i line


strengths in k Cnc implied an overabundance of 0.64 dex, while


an underabundance was found in HR 7245. The He-weak star


3 Cen A also seemed to be overabundant in Ne relative to the Sun


(we will look again at these results in Section 5). However,


according to the original investigations by Auer & Mihalas (1973),


who showed that non-LTE (NLTE) methods yield Ne i lines that


are nearly double the strength expected from LTE calculations at


an effective temperature Teff � 15 000 K; Ne is known to exhibit


strong non-LTE effects in B stars. Thus the overabundances


reported may well be a result of neglecting NLTE considerations.


The lack of Ne observations in late-B stars is slightly surprising,


because Ne is an important and interesting element. The standard


abundance of Ne (Anders & Grevesse 1989; Grevesse, Noels &


Sauval 1996), which was deduced from the solar wind, nebular
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spectroscopy, stellar observations and analyses such as those of


Auer & Mihalas, is comparable with that of C, N and O. It is also


interesting because its atomic structure resembles that of He, with


a very high first ionization potential (of about 22 eV). Conse-


quently, all of its resonance lines and the ground state


photoionization continuum are in the Lyman continuum where


the stellar energy flux in the photosphere of late-B stars is low.


One would then expect that the radiative acceleration of Ne may


not be enough to balance gravity and that Ne should sink. Indeed,


theoretical calculations by Landstreet, Dolez & Vauclair (1998),


who considered a non-turbulent mass loss or stellar wind in the


stellar envelopes, predict that there will be: (1) neon under-


abundances if the mass-loss rate is less than 10214 M( yr21; (2)


neon overabundances for mass loss in the range 10214±


10212 M( yr21; or (3) normal neon abundances for mass loss


over 10212 M( yr21. Also, our own calculations of radiative


accelerations in the atmospheres (Budaj & Dworetsky, in


preparation) predict a pattern of general photospheric under-


abundances for Ne.


In this paper, we present an abundance analysis of visible Ne i


lines based on a full NLTE treatment of the strength of l6402. It is


the strongest unblended line of Ne i in the visible spectrum. We


also demonstrate that, to a close order of magnitude, several other


Ne i lines tend to have similar NLTE enhancements and can be


used if spectra showing l6402 are not available. We find that for


most HgMn stars, neon turns out to be underabundant, which


suggests that the first scenario described by Landstreet et al.


(1998) is the most likely one.


2 O B S E RVAT I O N S


Our stellar sample is based upon that of Smith & Dworetsky


(1993), who analysed data from the International Ultraviolet


Table 1. Programme stars: basic data and adopted atmospheric parameters.


Star HD Spectral type Vr Teff log g j Ref. v sin i Ref.
(km s21) (K) (dex cm s22) (km s21) (km s21)


Normal and superficially normal stars
p Cet 17081 B7 V 115 SB 13 250 3.80 0.0 (1) 25 (3)
134 Tau 38899 B9 IV 118 V 10 850 4.10 1.6 (1) 30 (3)
t Her 147394 B5 IV 214 V? 15 000 3.95 0.0 (3) 32 (3)
z Dra 155763 B6 III 217 V? 12 900 3.90 2.5: 34 (3)
a Lyr 172167 A0 Va 214 V 9450 4.00 2.0 (4) 24 (3)
HR 7098 174567 A0 Vs 23 10 200 3.55 1.0 (3) 11 (3)
21 Aql 179761 B8 II±III 25 V 13 000 3.50 0.2 (1) 17 (3)
HR 7338 181470 A0 III 214 SBO 10 250 3.75 0.5 (3) 3 (3)
n Cap 193432 B9.5 V 22 V? 10 300 3.90 1.6 (1) 27 (3)
HR 7878 196426 B8 IIIp 223 13 050 3.85 1.0: 6 (9)
21 Peg 209459 B9.5 V 20 10 450 3.50 0.5 (3) 4 (3)


HgMn stars
87 Psc 7374 B8 III 216 V 13 150 4.00 1.5 (3) 21.0 (5)
53 Tau 27295 B9 IV 112 SBO 12 000 4.25 0.0 (2) 6.5 (5)
m Lep 33904 B9 IIIpHgMn 128 12 800 3.85 0.0 (2) 15.5 (5)
HR 1800 35548 B9 pHgSi 29 V? 11 050 3.80 0.5 (3) 3.0 (5)
33 Gem 49606 B7 III 113 14 400 3.85 0.5: 22.0 (5)
HR 2676 53929 B9.5 III 16 V? 14 050 3.60 1.0: 25.0 (5)
HR 2844 58661 B9 pHgMn 121 V 13 460 3.80 0.5: 27.0 (5)
n Cnc 77350 A0 pSi 215 SBO 10 400 3.60 0.1 (6) 13 (6)
k Cnc 78316 B8 IIIpMn 124 SB1O 13 500 3.80 0.0 (2) 7 (5)
HR 4072 89822 A0 pSiSr:Hg: 20 SB2O 10 500 3.95 1.0 (7) 3.2 (7)
x Lup 141556 B9 IV 15 SB2O 10 750 4.00 0.0 (11) 2.0 (7)
i CrB 143807 A0 p:Hg: 219 SB 11 000 4.00 0.2 (6) 1.0 (7)
y Her 144206 B9 III 13 12 000 3.80 0.6 (1) 9.0 (5)
f Her 145389 B9 p:Mn: 216 SB1O 11 650 4.00 0.4 (8) 10.1 (5)
HR 6997 172044 B8 II±IIIpHg 226 SBO 14 500 3.90 1.5 (3) 36.0 (5)
112 Her 174933 B9 II±IIIpHg 220 SB2O 13 100 4.10 0.0: 5.5 (12)
HR 7143 175640 B9 III 226 V? 12 100 4.00 1.0 (3) 2.0 (5)
HR 7361 182308 B9 IVpHgMn 220 V? 13 650 3.55 0.0 (3) 8.2 (5)
46 Aql 186122 B9 IIIpHgMn 232 13 000 3.65 0.0 (3) 3.0 (5)
HR 7664 190229 B9 pHgMn 222 SB1 13 200 3.60 0.8 (8) 8.0 (5)
HR 7775 193452 A0 III 218a 10 800 3.95 0.0 (3) 0.8 (10)


a Hoffleit & Warren (1991) cite HR 7775 as SB1O although this is a confusion with b Cap (HR 7776).
Notes: Spectral types and radial velocity data are from Hoffleit & Warren (1991). Values of Teff and log g are from Smith
& Dworetsky (1993), or (12) in the case of 112 Her. Values of V and V?, respectively, indicate known or suspected radial
velocity variables; SB indicates a spectroscopic binary (SB1 and SB2, respectively, denote single- and double-lined
systems); O indicates a published orbit (see Batten, Fletcher & MacCarthy 1989). Microturbulence parameters j
appended by a colon (:) are approximate and were derived solely from ultraviolet Fe ii lines by Smith & Dworetsky
(1993).
References: (1) Adelman & Fuhr (1985); (2) Adelman (1988a); (3) Smith (1992); (4) Gigas (1986); (5) Dworetsky,
Jomaron & Smith (1998); (6) Adelman (1989); (7) Harman (1997); (8) Adelman (1988b); (9) Cowley (1980); (10)
Bohlender, Dworetsky & Jomaron (1998); (11) Wahlgren, Adelman & Robinson (1994); (12) Ryabchikova, Zakhorova &
Adelman (1996).
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Explorer (IUE) on the ultraviolet resonance lines of iron-peak


elements in 26 HgMn, four superficially normal and 10 normal


stars. We observed definite detections or determined upper limits


for Ne i in 21 of the HgMn stars in the Smith & Dworetsky (1993)


sample, and in 11 of the normal and superficially normal group.


Some of the other stars in the two samples were lacking data in the


red region, or were cooler than 10 000 K, and we did not expect to


observe any Ne i lines. Physical parameters of the stars in this


study are given in Table 1.


All observations were obtained with the Hamilton Echelle


Spectrograph (HES; Vogt 1987) at the Lick Observatory, fed by


the 0.6-m CoudeÂ Auxilliary Telescope (CAT), during four runs in


1994±1997. Further details of the instrument can be found in


Misch (1997). Shortly before our observations in 1994, some of


the HES optical components were replaced, improving the


resolution and instrumental profile, and making it possible to


use the full field of the 2048 � 2048 CCDs to maximum


advantage. We used both the unthinned phosphor-coated Orbit


CCD (Dewar 13) and, from July 1995, the thinned Ford CCD


(Dewar 6), depending on availability as the latter was shared with


the multi-object spectrograph on the 3-m telescope. The spectral


range for the observations was 3800±9000 AÊ . The typical signal-


to-noise ratio (S/N) per pixel in the centres of orders ranged from


75 to 250. The Orbit CCD is cosmetically very clean, with very


few bad pixels or columns, whereas the thinned Ford CCD


contains several column defects but offers a much higher detector


quantum efficiency in the blue. We used the Ford CCD whenever


it was available. With the slit settings used, the combination of


spectrographs and CCDs gave resolutions R < 46 500: Flat fields


were made using the polar axis quartz lamp and wavelength


calibrations were obtained with a Th±Ar comparison.


The echelle spectra were extracted and calibrated using


standard iraf extraction packages (Valdes 1990; Churchill


1995), running on the Starlink node of University College London


(UCL). Previous measurements (Allen 1998) showed that there


were no measurable effects of parasitic light (residual scattered


light) in the line profiles provided that general scattered light in


the adjacent interorder spaces was taken as the subtracted


background. In practice, the residual scattered light was less


than approximately 1 per cent; we have therefore made no


corrections for it. Allen's method is based on a direct comparison


of the solar spectrum (as reflected from the roof of the CAT


coelostat) observed using the HES with the Kitt Peak Solar Flux


Atlas (Kurucz et al. 1984). As the latter was obtained using a


Fourier transform spectrometer, it has no measurable parasitic


light. The Kitt Peak spectrum is convolved with a suitable


instrumental profile to match the HES data; both spectra must be


normalized at the same points for a valid comparison. The ratio of


summed equivalent widths of various features with good adjacent


continuum points, in many different spectral orders, provides the


measure of the amount of parasitic light.


3 A B U N DA N C E D E T E R M I N AT I O N


3.1 Stellar parameters and stellar atmospheres


Effective temperatures and surface gravities of programme stars


are summarized in Table 1. In general, the parameters adopted


follow our previous work (Smith & Dworetsky 1993; Dworetsky,


Jomaron & Smith 1998; Jomaron, Dworetsky & Allen 1999).


Seven stars are noted as double-lined spectroscopic binaries in


Table 2; one of these (HR 1800) is better described as a close


visual binary in which we can see evidence of the secondary


spectrum as rotationally-broadened features. The parameters and


light ratios quoted in all seven cases are those adopted for the


primary star. Suitable light ratios for other wavelength regions


were found by the use of Kurucz (1993) model atmosphere fluxes.


The light ratio estimated in this way for l6402 is given in Table 3,


where it is representative of the values throughout the range


ll5800±6700. The adopted light ratio for the visual binary


HR 1800 �r � 0:243 arcsec� is 2.45, based on DHp � 0:96 mag


from The Hipparcos Catalogue (ESA 1997). Another star, 33


Gem, is suspected of being double lined but there is not yet any


information on the orbit or light ratio (Hubrig & Launhardt 1993);


we treat it as a single star or `average component.' We note that


Adelman, Philip & Adelman (1996) also treated 33 Gem as a


single star, noting that the question of binarity could not be


conclusively resolved with their data.


3.2 Atomic data for the LTE approximation


As all the Ne lines in the stars observed are either weak or, except


for the hottest stars such as t Her, not strongly saturated, the main


atomic parameter of critical importance for LTE calculations is the


oscillator strength, given as log gf in Table 2. We take our


oscillator strengths from the calculations of Seaton (1998), who


showed that his calculations were in excellent agreement (within


10 per cent) with other recent theoretical and laboratory data such


as that of Hartmetz & Schmoranzer (1984) for the 3s±3p


transitions of interest in this work, and also in excellent agreement


with the critically evaluated gf values as given by Auer & Mihalas


(1973).


For the radiative damping, we assumed the classical damping


constant GR � 2:223 � 107=l2 s21 (l in mm). This is a good


approximation (within a factor of 2) for these lines as the typical


lifetime of the upper levels is about 20 ns, and the abundances are


not sensitive to the adopted values in any event. Van der Waals


contributions to line broadening are also expected to be very


small; a suitable approximation by Warner (1967) was used. For


Stark broadening we adopted the recent experimental results of


del Val, Aparicio & Mar (1999), and used an estimate of the


temperature scaling factor proportional to T 0.4 to convert their wm


at 18 000 K to values for 12 000 K by multiplying by an average


factor of 0.85 (Griem 1974). One line, l5852, was not included in


their list and we adopted the simple approximation given in CD23


data (Kurucz 1990). In general, the measured values that we used


are about 3 times the values in CD23 for lines in common. We


carried out worst-case sensitivity tests by varying the Val et al.


Stark broadening by a factor of 2 for the strongest lines in t Her;


the largest effect on derived abundances was less than 0.01 dex.


3.3 Equivalent widths and LTE results


Estimated abundances for several identified Ne i lines were


determined using the exact curve-of-growth technique in the


LTE approximation. We measured the equivalent widths, Wl, of


Ne absorption lines in the programme spectra by numerical


integration in the dipso v3.5 package (Howarth et al. 1998) and


compared them with the calculated values for each line, which


were generated by our spectrum-synthesis code uclsyn (Smith &


Dworetsky 1988; Smith 1992). The necessary atmospheric


parameters given in Table 1 ± Teff, log g and microturbulence


(j) ± were taken from Smith & Dworetsky (1993), except for
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112 Her where we used the values given by Ryabchikova,


Zakhorova & Adelman (1996). In the cases of the seven binaries


with double spectra, we adopted the light ratios cited in Section


3.1 in order to correct for dilution effects. The equivalent widths


(corrected for binarity where necessary) and LTE abundances for


several lines are given in Table 2. We used the 2 km s21 grid of the


Kurucz (1993) models and interpolated to produce a model at the


chosen Teff and log g of each star.


We searched a list of Ne i lines from Wiese, Smith & Glennon


(1966) in the range ll5800±6800 and narrowed the list to include


only the lines that were fairly strong, without evident blending


problems and not situated at the ends of echelle orders where the


spectra are noisiest. In a few cases the quality of the spectra justify


quoting equivalent widths to the nearest 0.1 mAÊ . For each star a


mean LTE abundance, weighted by equivalent width, was


calculated on the scale log N�H� � 12:00: To investigate the


consistency of the results from the selected lines, the deviations of


each line from the mean of all the lines, log�A=Aq�; were


calculated for each star where a meaningful average could be


computed. These are summarized in Table 2 where the values of


log�A=Aq� represent the mean deviations from the overall LTE


abundance for each line. The small mean deviations imply that the


results for each line are broadly consistent with one another and


the relative gf values of Seaton (1998). However, one line (l6402)


is considerably stronger than all the others, and is well suited for


abundance determinations in the largest number of stars,


especially for the stars at the low-Teff end of the sequence and


with abundances apparently below the standard value. In the


Table 3. Binary stars: adopted stellar data and light ratios.


Star l LA/LB TeffA/log gA TeffB/log gB LA/LB Ref.


(AÊ ) (K)/(cgs) (K)/(cgs) 6402 AÊ


HR 7338 4481 3.16 10 250/3.8 8500/4.0 2.72 (1)
HR 1800 Hp 2.45 11 050/3.8 9500/4.0 2.34 (2)
k Cnc 5480 11.5 13 200/3.7 8500/4.0 10.70 (3)
HR 4072 4520 5.45 10 650/3.8 8800/4.2 5.01 (4)
x Lup 4520 3.65 10 650/3.9 9200/4.2 3.35 (4)
i CrB 4520 2.70 11 000/4.0 9000/4.3 2.46 (4)
112 Her 4520 6.20 13 100/4.1 8500/4.2 5.20 (5)


Note: The entry for HR 1800 is the ratio quoted for the broadband Hp filter,
which we assume to be the light ratio at Hb . References: (1) Petrie (1950);
(2) ESA (1997); (3) Ryabchikova et al. (1998); (4) Harman (1997) and
Jomaron, Dworetsky & Allen (1999); (5) Ryabchikova et al. (1996).


Table 2. Ne i equivalent widths (mAÊ ) and LTE abundances for normal and HgMn programme stars on the scale log N�H� � 12:


l5852.49 l6096.16 l6266.50 l6382.99 l6402.25 l6598.95 l6717.04
Star Wl log A Wl log A Wl log A Wl log A Wl log A Wl log A Wl log A


Normal and superficially normal stars
p Cet 8 8.13 10 8.06 15 8.43 18 8.44 39 8.54 ± ± 11 8.37
134 Tau ± ± ± ± ± ± ± ± #15 #8.78 ± ± ± ±
t Her 22 8.52 20 8.25 ± ± 26 8.41 59 8.67 ± ± 30 8.76
z Dra 13: 8.49: 20: 8.59: ± ± 24: 8.73: 30 8.32 ± ± ± ±
a Lyr ± ± ± ± ± ± ± ± ,10 ,9.18 ± ± ±
HR 7098 ± ± ± ± ± ± ± ± 1.8: 7.55: ± ± ± ±
21 Aql 10 8.21 12 8.12 9 8.07 12 8.12 35 8.38 ± ± 13 8.43
HR 7338a ± ± ± ± ± ± ± ± 4.0 8.05 ± ± ± ±
n Cap ± ± ± ± ± ± ± ± #10 #8.69 ± ± ± ±
HR 7878 8 8.18 14 8.33 8 8.10 16 8.42 30 8.34 4 7.90 10 8.38
21 Peg 5 8.65 4 8.37 #4 #8.52 #2 #8.03 9 8.36 #2 #8.40 #2 #8.35


HgMn stars
87 Psc ± ± ± ± ± ± ± ± #8 #7.41 ± ± ± ±
53 Tau ± ± ± ± ± ± ± ± #5 #7.63 ± ± ± ±
m Lep ± ± ± ± ± ± ± ± #10 #7.60 ± ± ± ±
HR 1800a ± ± ± ± ± ± ± ± #7 #8.02 ± ± ± ±
33 Gem 19 8.47 27 8.52 12 8.08 14 8.04 38 8.22 15 8.34 17 8.41
HR 2676 ± ± ± ± ± ± ± ± 25 7.83 ± ± ± ±
HR 2844 ± ± ± ± ± ± ± ± #16 #7.71 ± ± ± ±
n Cnc ± ± ± ± ± ± ± ± #5 #8.05 ± ± ± ±
k Cnca 21 8.69 22 8.53 22 8.65 21 8.49 38 8.44 12 8.38 20 8.71
HR 4072a ± ± ± ± ± ± ± ± 4.1 8.04 ± ± ± ±
x Lupa ± ± ± ± ± ± ± ± 4.1 7.95 ± ± ± ±
i CrBa ± ± ± ± ± ± ± ± 3.7 7.76 ± ± ± ±
y Her ± ± ± ± ± ± ± ± #1.0 #6.63 ± ± ± ±
f Her ± ± ± ± ± ± ± ± 2.0 7.17 ± ± ± ±
HR 6997 15 8.30 19 8.24 20: 8.38: 20 8.25 37 8.15 ± ± ± ±
112 Hera 2.4 7.64 ± ± 1.8 7.43 ± ± 7.1 7.42 #1.2 #7.43 #3.6 #7.91
HR 7143 ± ± #1: #7.3: #1: #7.4: #2: #7.6: #3.0 #7.21 #1: #7.6: ± ±
HR 7361 18 8.47 23 8.44 18 8.38 20 8.33 40 8.35 13 8.30 ± ±
46 Aql #2 #7.4 2: 7.2: 3: 7.4: 3: 7.4: 9 7.41 2: 7.5: #2 #7.4
HR 7664 8 8.07 13 8.16 11 8.17 12 8.10 29 8.16 8 8.13 10 8.24
HR 7775 #3 #8.42 #2 #8.05 #2 #8.22 6 8.72 ± ± #1 #8.16 #4 #8.79


log�A=Aq� 20.02 20.05 20.05 20.04 20.02 20.13 10.10


log gf 20.49 20.31 20.37 20.24 10.33 20.35 20.35


a Binaries with two spectra. The Wl values are corrected for dilution effects as described in the text. Colons (:) indicate uncertain values.
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remainder of this paper, we shall consider only this line, although


future investigators may wish to consider some of the other lines


further.


3.4 A weak blending line?


Although we have chosen our list of Ne lines to be as blend-free as


possible, there is a predicted weak blending feature in the CD23


list (Kurucz 1990) adjacent to the important line Ne i l6402.246:


Fe ii at l6402.397. In programme stars (Table 1) with approxi-


mately standard or lower Fe abundances, this line would have a


typical strength of about 0.5 mAÊ , too small to affect our results in


any significant way. However, in the few stars with enhanced


Fe abundances such as 112 Her (Smith & Dworetsky 1993,


log A�Fe� � 8:40�; the strongest iron-rich case, the possible


blending effect would have raised the apparent abundance of Ne


by 0.3 dex. It should be noted that for sharp-lined stars, the


displacement of the blend is enough to make its existence


apparent. The existence of this line with the gf value listed remains


to be confirmed; future work directed at refining the neon analysis


should address the question of its actual strength with better


observations.


4 N LT E C A L C U L AT I O N S A N D A B U N DA N C E S


4.1 Calculations and the Ne i model atom


The first full NLTE calculations of neon line strengths for Ne i


were made by Auer & Mihalas (1973) using NLTE model


atmospheres. Unfortunately for our purposes, their analysis was


restricted to the hotter stars with Teff . 15 000 K: Recently, their


calculations were revisited and extended to cooler temperatures by


Sigut (1999). Sigut used the T±t relations, particle densities and


electron number densities from Kurucz LTE line-blanketed


models and solved the restricted NLTE problem, i.e. only the


equations of radiative transfer and statistical equilibrium for Ne.


His grid of equivalent widths also has rather large steps for our


purposes: 2000 K, 0.5 dex and 0.5 dex in temperature, gravity and


Ne abundance, respectively.


In this section we examine in detail the temperature, gravity and


Ne-abundance region where all our HgMn stars are found, solve


the full NLTE problem using NLTE model atmospheres, and find


a convenient way to represent the NLTE effects in the Ne i l6402


line so that straightforward interpolation via LTE models can be


performed. For the calculation of NLTE atmosphere models and


level populations we used the tlusty195 code described in more


detail in Hubeny (1988), and in Hubeny & Lanz (1992, 1995).


Here H i and Ne i were treated as explicit ions, which means that


their level populations were calculated in NLTE and their opacity


was considered. Other elements like He, C, N and O were allowed


to contribute to the particle and electron number density in LTE.


Synthetic spectra and equivalent widths were then calculated with


the synspec42 code (Hubeny, Lanz & Jeffery 1995). In the


following, if not stated otherwise, `in LTE' means `in LTE


considering the NLTE model of the atmosphere'.


It is not possible to list here all of the input parameters entering


the NLTE calculations and above mentioned codes. We will only


mention the parameters that are most crucial for this particular


problem or are different from those that could be generated


interactively, e.g. by the very useful interface tool modion (Varosi


et al. 1995), part of the tlusty package for creating the model of


the atom from the TOPbase data. We provide a copy of our input


model for tlusty, which can be downloaded by anyone who


wishes to repeat the calculations (Dworetsky & Budaj 2000).


The spectrum of Ne i is that of an inert gas where the LS


coupling breaks down and terms and multiplets do not provide an


appropriate description of the atom, so that at least the lower terms


and multiplets must be split into individual levels and transitions.


We considered explicitly the first 31 levels of Ne i as Auer &


Mihalas (1973), plus continuum, with each of the levels treated


separately (Table 4). Paschen designations and experimental


energies for the levels were taken from Moore (1949). Photo-


ionization cross-sections for the terms were taken from the


TOPbase data base (Cunto et al. 1993), as calculated by Hibbert &


Scott (1994). We fit individual photoionization cross-sections to


about 10±15 points using the modion code. It was assumed that


the photoionization cross-section was the same for the term as it


was for the level but it was scaled to the particular level threshold.


We used the calculated oscillator strengths of Seaton (1998)


as before. For collisional excitation rates we used the van


Regemorter formula as in Auer & Mihalas (1973). For collisional


ionization we used equation (5.79) of Mihalas (1978) with


�gi � 0:1. With this input data we calculated the Ne i l6402


equivalent width for the same abundance (1024), the f value


(0.431), the microturbulence j (4 km s21) and the similar H±He


NLTE models �Teff � 15 000; 20 000 and log g � 4� as Auer &


Mihalas to check and compare our calculations. (For the hotter


model, two terms of Ne ii plus continuum were also considered


Table 4. Ne i energy levels consid-
ered. Column 1: the Paschen level
designation. Column 2: the nlpqr
notation of Seaton (1998). Column
3: the ionization energy in cm21.
Column 4: statistical weight of the
level.


Paschen Seaton Energy g


2p6 1S 2p 174 192.4 1.
1s5 3s332 40 148.6 5.
1s4 3s331 39 731.2 3.
1s3 3s110 39 371.8 1.
1s2 3s111 38 301.7 3.
2p10 3p311 25 932.7 3.
2p9 3p353 24 533.4 7.
2p8 3p352 24 366.2 5.
2p7 3p331 24 068.8 3.
2p6 3p332 23 874.6 5.
2p5 3p131 23 418.3 3.
2p4 3p132 23 331.9 5.
2p3 3p310 23 273.0 1.
2p2 3p111 23 152.0 3.
2p1 3p110 21 219.7 1.
2s5 4s332 15 589.3 5.
2s4 4s331 15 394.4 3.
2s3 4s110 14 810.5 1.
2s2 4s111 14 655.8 3.
3d6 3d310 12 680.8 1.
3d5 3d311 12 666.3 3.
3d4 0 3d374 12 600.1 9.
3d4 3d373 12 598.3 7.
3d3 3d332 12 583.2 5.
3d2 3d331 12 553.8 3.
3d1 00 3d352 12 490.8 5.
3d1 0 3d353 12 489.0 7.
3s1 00 00 3d152 11 781.8 5.
3s1 00 0 3d153 11 780.3 7.
3s1 00 3d132 11 770.5 5.
3s1 0 3d131 11 754.8 3.
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explicitly.) The results are listed in Table 5 and are in very close


agreement. To compare our results with the results of Sigut


(1999), and to check the calculations for lower temperatures, we


solved the similar restricted NLTE problem using Kurucz (1993)


CD13 LTE line-blanketed models (computed with j � 2 km s21�
with our Ne i atom model plus Hubeny's H i atom model (nine


explicit levels plus continuum) and the same Ne abundance


�1:12 � 1024�; f value (0.428) and j (5 km s21) as Sigut. The


results are compared in Table 6 and are also in very good


agreement.


We found that although microturbulence can affect the


equivalent widths resulting from desaturation effects, for the


observed stars �0 # j # 2:5� it has negligible effect on the


atmosphere model, Ne i level populations and LTE/NLTE


equivalent-width ratio, R � Wl�LTE�=Wl�NLTE�: For this reason,


our task can be considerably simplified as one can calculate a grid


of models and LTE/NLTE ratios for only one j � 0: Also, the


NLTE effect of varying the Ne abundance is quite small. While


decreasing the Ne abundance from the standard value (8.08) by


1.0 dex reduces the equivalent width considerably, it raises the


corresponding LTE/NLTE ratio R by only 0:03 ^ 0:01: Conse-


quently, the main results can be gathered into Table 7 listing


R(Teff, log g) for standard Ne abundance and zero microturbu-


lence. The ratio R ranges from around 0.6±0.7, at the high-Teff end


of the HgMn domain, to nearly 1.0 at the cool end of the sequence


(where the lines of neon disappear and can no longer be studied).


Dworetsky & Budaj (2000) provide a short fortran77 code to


interpolate in the grid (including the small effects of abundance)


for anyone who wishes to undertake their own interpolations for R.


Hubeny (1981) pointed out that apart from hydrogen, C i and


Si i are the other most important ions to be included explicitly in


the NLTE calculations in early A stars. We have checked that for


this particular problem, including these elements along with He


may again slightly affect the equivalent width, but that it does not


affect R significantly. The line strength results were somewhat


sensitive to the collisional excitation. A more detailed analysis of


the current precision of neon NLTE calculations can be found in


Sigut (1999).


4.2 Neon abundances from non-LTE calculations


One may obtain a `corrected' LTE equivalent width from


RWl(obs) and analyse the corrected width by using a standard


LTE approach including the appropriate microturbulence in a fully


line-blanketed case. We used uclsyn to calculate the abundance


of Ne from equivalent widths given in Table 2 after scaling by R


from Table 7. The microturbulence parameters j were taken from


Table 1. The results are shown in Table 8 and plotted as a function


of Teff in Fig. 1.


Our results yield, for normal and superficially-normal stars, a


mean abundance log A�Ne� � 8:10 ^ 0:03 relative to 12.00 for H.


This is in excellent agreement with the standard abundance of 8.08


for Ne given by Grevesse et al. (1996), which is essentially


identical to the value of 8.09 given in the earlier compilation of


Anders & Grevesse (1989). The standard abundance is partly


based on local Galactic values (stars and nebulae), and on the


application of a well-determined correction to the solar wind and


solar energetic particle values, as well as the spectroscopy of solar


prominences. We take this agreement as confirmation that our


ratio method for LTE/NLTE equivalent-width scaling works well


in the Teff range of HgMn stars.


The HgMn stars are, with only one exception (k Cnc), deficient


Table 5. Equivalent widths of Ne i l6402
(mAÊ ) for two models, comparing this
work (D1B) with Auer & Mihalas
(1973).


LTE NLTE LTE NLTE


D1B 30 46 39 74
A1M 28 45 40 79


Table 6. Equivalent widths of Ne i l6402 (mAÊ ) for two
Kurucz models with Teff � 12 000 and 17 000 K,
log g � 4; j � 5 km s21; comparing this work (D1B)
with Sigut (1999).


Teff 12 000 K 17 000 K
NLTE NLTE/LTE NLTE NLTE/LTE


D1B 19 1.31 89 1.81
Sigut 18 ± 86 1.80


Table 7. LTE/NLTE equivalent-width ratio R
(Ne i l6402).


Teff log g � 3:50 3.75 4.00 4.25


11 000 0.78 0.81 0.84 0.87
12 000 0.72 0.75 0.79 0.82
13 000 0.67 0.70 0.74 0.77
14 000 0.63 0.66 0.69 0.73
15 000 0.59 0.62 0.65 0.69


Table 8. Non-LTE abundances from Ne i l6402 for normal and
HgMn programme stars on the scale log A�H� � 12:00: Pro-
gramme stars with high abundance upper limits or highly
uncertain measurements have been omitted.


Star Teff log g Wl WLTE/WNLTE log A


Normal and superficially normal stars
p Cet 13 250 3.80 39 0.69 8.18
t Her 15 000 3.95 59 0.64 8.15
z Dra 12 900 3.90 30 0.73 8.07
21 Aql 13 000 3.50 35 0.67 8.01
HR 7338 10 250 3.75 4.0 0.86 8.04
HR 7878 13 050 3.85 30 0.71 8.04
21 Peg 10 450 3.50 9 0.82 8.22


HgMn stars
87 Psc 13 150 4.00 #8 0.76 #7.27
53 Tau 12 000 4.25 #5 0.83 #7.53
m Lep 12 800 3.85 #10 0.75 #7.43
HR 1800 11 050 3.80 #7 0.83 #7.90
33 Gem 14 400 3.85 38 0.67 7.87
HR 2676 14 050 3.60 25 0.66 7.54
HR 2844 13 460 3.80 #16 0.72 #7.50
n Cnc 10 400 3.60 #5 0.84 #7.94
k Cnc 13 500 3.80 38 0.69 8.08
HR 4072 10 500 3.95 4.1 0.87 7.96
x Lup 10 750 4.00 4.1 0.87 7.87
i CrB 11 000 4.00 3.7 0.85 7.67
y Her 12 000 3.80 #1.0 0.80 #6.53
f Her 11 650 4.00 2.0 0.83 7.08
HR 6997 14 500 3.90 37 0.67 7.82
112 Her 13 100 4.10 7.1 0.77 7.28
HR 7143 12 100 4.00 #3 0.81 #7.10
HR 7361 13 650 3.55 40 0.65 7.94
46 Aql 13 000 3.65 9 0.72 7.23
HR 7664 13 200 3.60 29 0.68 7.85
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in Ne, although the deficits in a few cases are only marginal (0.1±


0.2 dex). In many cases we are only able to establish upper limits


for Ne abundances. The most extreme case is y Her, for which we


have particularly good spectra and were able to establish an upper


limit 1.5 dex below the solar abundance. There is no case in our


sample where Ne has an abundance greater than the standard


value. The results of Adelman & Pintado (2000) can also be


analysed using our method.


5 D I S C U S S I O N


The error found for the average abundance for the normal stars is


based on the scatter in the results. For comparison, following


procedures adopted in previous papers in this series on HgMn


stars (e.g. Smith & Dworetsky 1993; Jomaron et al. 1999) we


propagate uncertainties in adopted estimates of the errors on each


parameter as follows: ^0.25 dex in log g, ^250 K in Teff,


^0.5 km s21 in the microturbulence (j ) and ^5 per cent in Wl.


Propagating these errors through the `corrected' LTE analysis


used above for the Ne i l6402 line, using a model atmosphere at


Teff � 13 000 K with log g � 4:0 and j � 1; leads to the following


representative errors in the derived Ne abundances: ^0.10 dex


(log g), ^0.08 dex (Teff), ^0.01 dex (j) and ^0.04 dex (Wl) at


standard abundance �Wl � 27 m �A�; ^0.10 dex (log g), ^0.07 dex


(Teff), ^0.01 dex (j ), ^0.03 dex (Wl) with neon underabundant by


0.5 dex �Wl � 13 m �A�: These are very similar ranges; the


combined expected error for one measurement is ^0.13 dex.


The standard deviation (s.d.) for the normal stars is ^0.08 dex.


This difference may reflect overestimates in some of the above


factors (especially Dlog g) that comprise the estimated errors, but


the two estimates are not in serious disagreement.


We have implicitly conducted all our analyses under the


assumption of a homogeneous depth distribution of neon in the


photospheres of the HgMn stars. It now seems well founded to


conclude that in many HgMn stars the neon atoms may not be


distributed with a constant fraction versus optical depth, because


of gravitational settling, but our results offer no method of


distinguishing clearly between a uniform depletion in the line-


forming region and an inhomogeneous distribution in which the


total number of absorbers is about the same. Given the scatter in


abundance from star to star, linestrengths alone will be inadequate


to prove the point one way or the other.


One should consider the question of whether or not we may


lump together the normal and superficially normal stars. The


`superficially normal' stars listed in Tables 1, 2 and 8 were


originally described as such by Cowley (1980), owing to their


relatively sharp lines, but subsequent investigations by Smith &


Dworetsky (1990, 1993) and Smith (1993, 1994, 1996, 1997) have


shown that HR 7338, HR 7878 and 21 Peg have abundances that


are not distinguishable from the abundances of normal stars for C,


N, Cr±Ni, Mg, Al, Si, Cu, Zn, Ga and Hg. Cowley thought that


HR 7878 and HR 7338 were normal stars with no trace of


peculiarity, although he suspected that 21 Peg might be related to


early Am stars because of a weaker than expected Sc ii line, and


Sadakane (1980) found that both 21 Peg and HR 7338 may have


`hot Am' characteristics, such as mild Ba and Y enhancements.


One of these, 21 Peg, is listed in the Hg peculiar class by Renson


et al. (1991) without a reference cited, but Smith's (1997) study of


Hg ii lines showed that the Hg abundance is effectively indis-


tinguishable from that found in normal stars. Landstreet (1998)


also describes it as a normal star. In what follows we assume that


21 Peg is a normal B9.5 V star and that HR 7338 is also normal. In


this work we therefore feel justified in including these three stars


with the normal stars in Table 8 and Fig. 1.


The equivalent-width measures of Adelman & Pintado (2000)


for 3 Cen A, k Cnc and HR 7245 can be used with the results of


Section 4 to derive approximate NLTE abundances for neon. For


the first two of these stars, those authors give only the equivalent


width of l5852.49 (although their table headings say 5842.49,


which is evidently a misprint). We assume, based on the


discussion of Section 3.3, that the correction factor R may be


Figure 1. Abundances of Ne in normal stars (open circles) and HgMn stars (filled circles). Upper limits for the abundances are indicated by arrows. The


standard abundance for Ne on the scale log A�H� � 12:00 is from Grevesse et al. (1996).
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taken to be about the same as for l6402, and we further assume


that we can extrapolate the correction factor to Teff � 17 500 K for


3 Cen A, for which we assume R � 0:59: This well-known


peculiar He-weak star has some characteristics similar to HgMn


stars. We find a near-standard Ne abundance of 8.17, while k Cnc


has a slight overabundance (8.32) and the HgMn star HR 7245,


which has a measured equivalent width of 8 mAÊ , has a low


abundance (7.32) similar to that of 112 Her. Given that our


assumptions above could be subject to some uncertainty, at this


stage we would not wish to conclude much more than that the


abundance of neon seems consistent with the standard value in


3 Cen A and k Cnc, but in the case of HR 7245 we are probably on


firm ground in assigning a very low abundance of neon.


We explored briefly the question of whether the Ne abundances


in HgMn stars depend on atmospheric parameters. It seems that


the largest anomalies (underabundances) are generally observed in


the middle of the temperature range of HgMn stars �11 500 ,
Teff , 13 000 K; see Fig. 1). No apparent correlation with the


surface gravity can be seen in Table 8. It is not possible to draw


any conclusions about the dependencies on rotational velocity as


we have chosen to work with a selected sample of HgMn stars


with fairly small v sin i in order to ensure accurate abundance


determinations.


6 C O N C L U S I O N S


We have measured the equivalent widths (or upper limits) of


several Ne i lines in the spectra of 11 normal late-B stars and


21 HgMn stars in the same Teff range. These lines were selected


after a search for lines that were well placed in echelle orders in


the HES and that appeared not to have any significant blending


features in the sample of stars studied. When analysed using LTE


methods in fully line-blanketed atmospheres, there is a steady


increase with Teff in the apparent abundance above the standard


value of log A�Ne� � 8:08: It is apparent from previous studies


that this is a result of NLTE effects. We note that the strongest line


of Ne in the red region, l6402, and the six other lines studied,


generally give concordant LTE abundances, suggesting that they


are affected by NLTE effects by roughly the same amount. These


lines may be of use in future investigations, provided further


observations and NLTE calculations are made.


We undertook a detailed NLTE analysis of l6402 by use of a


full analysis including NLTE for H i and Ne i. We confirm earlier


studies by obtaining very similar results when similar inputs are


used, and find that the ratio of the NLTE and LTE equivalent


widths calculated for a given NLTE model atmosphere is a slowly


varying function of Teff and surface gravity. This ratio only slightly


depends on the actual abundance of Ne, and is also very


insensitive to the microturbulence, so it becomes possible to


interpolate, in a table of the ratio R, the `correction factor' by


which an observed equivalent width must be scaled in order to


produce the NLTE abundance from a much easier LTE analysis.


The normal stars in our sample yield a mean logarithmic Ne


abundance of 8.10, well within our formal mean error of ^0.03 of


the standard value, 8.08, given by Grevesse et al. (1996). This


gives us additional confidence that our models, and the ratio


method of using LTE calculations as an interpolation device, work


satisfactorily for late-B stars. The smallness of the scatter �s:d:^
0:08� for the individual stars suggests that the error budget in


Section 5 is rather conservative.


It is clear from our results for the HgMn stars that the


abundances of Ne range from standard abundance, or slightly


below, to extreme deficiencies of an order of magnitude or more.


In several cases we have only obtained upper limits, and additional


observations of very high quality would be needed in order to


attempt to detect the weak Ne lines in these stars. There is a


tendency for the Ne abundance to be smallest in the middle of the


HgMn effective temperature range, but there is no dependence on


surface gravity. There is not a single confirmed case in which Ne


has an enhanced abundance, which is strong evidence for the


absence in HgMn stars of non-turbulent stellar winds (i.e. the


hydrogen-mass-loss rate must be ,10214 M( yr21) that might


compete with radiative atomic diffusion and produce accumula-


tions of light elements in the photosphere, as suggested by


Landstreet et al. (1998). That such winds might exist was studied


by Babel & Michaud (1991), Babel (1992) and KrticÏka & KubaÂt


(2000).


AC K N OW L E D G M E N T S


JB gratefully acknowledges the support of The Royal Society for a


Royal Society/NATO Fellowship (ref 98B) and further support


from VEGA Grant No. 7107 from the Slovak Academy of


Sciences. MMD is grateful to the Director of the University of


California Observatories, Prof. J. S. Miller, for allocating time for


his Guest Observer programme. We gratefully acknowledge C. M.


Jomaron and Mr. Christopher Jones for their assistance in this


work. Thanks also to the technical and service staff at Lick


Observatory, and especially to Tony Misch, for their efforts on our


behalf. NSO/Kitt Peak FTS data used for the measurement of


parasitic light were produced by NSF/NOAO. We are grateful to I.


Hubeny and J. KrticÏka for numerous discussions. Research on


chemically peculiar stars at UCL is supported by PPARC grant


GR/K58500. C. Jones was supported by an Undergraduate


Research Bursary from the Nuffield Foundation (NUB-URB98).


This work was also supported by the PPARC PATT Rolling Grant


GR/K60107 to UCL, for travel to telescopes.


R E F E R E N C E S


Adelman S. J., 1988a, MNRAS, 235, 749


Adelman S. J., 1988b, MNRAS, 235, 763


Adelman S. J., 1989, MNRAS, 239, 487


Adelman S. J., Fuhr J. R., 1985, A&A, 152, 434


Adelman S. J., Pintado O. I., 2000, A&A, 354, 899


Adelman S. J., Philip A. G. D., Adelman C. J., 1996, MNRAS, 282, 953


Allen C. S., 1998, PhD thesis, Univ. London (http://www.ulo.ucl.


ac.uk/ulo_comms/80/index.html)


Anders E., Grevesse N., 1989, Geochim. Cosmochim. Acta, 53, 197


Auer L. H., Mihalas D., 1973, ApJ, 184, 15


Babel J., 1992, A&A, 258, 449


Babel J., Michaud G., 1991, ApJ, 366, 560


Batten A. H., Fletcher J. M., MacCarthy D. G., 1989, Publ. Dom.


Astrophys. Obs., 17, 1


Bohlender D. A., Dworetsky M. M., Jomaron C. M., 1998, ApJ, 504, 533


Churchill C. W., 1995, Lick Obs. Tech. Rep. No. 74,


Cowley C. R., 1980, PASP, 92, 159


Cunto W. C., Mendoza C., Ochsenbein F., Zeippen C. J., 1993, A&A, 275,


L5


del Val J. A., Aparicio J. A., Mar A., 1999, ApJ, 513, 535


Dworetsky M. M., Budaj J., 2000, Comm. Univ. London Observatory. No.


81 (http://www.ulo.ucl.ac.uk/ulo_comms/81/index.


html)


Dworetsky M. M., Jomaron C. M., Smith C. A., 1998, A&A, 333, 665


HgMn stars 1271


q 2000 RAS, MNRAS 318, 1264±1272







ESA, 1997, The Hipparcos and Tycho Catalogues. ESA-SP 1200. ESA


Publications Division, Noordwijk


Gigas D., 1986, A&A, 165, 170


Grevesse N., Noels A., Sauval A. J., 1996, in Holt S., Sonneborn G., eds,


Cosmic Abundances. PASP, 99


Griem H. R., 1974, Spectral Line Broadening by Plasmas. Academic Press,


New York, Appendix IVa


Harman D. J., 1997, MSci Project Report, Univ. College London


Hartmetz P., Schmoranzer H., 1984, Z. Phys., A, 317, 1


Hibbert A., Scott M. P., 1994, J. Phys. B, 27, 1315


Hoffleit D., Warren W. H.,Jr 1991, Bright Star Catalogue, 5th rev. edn.,


ftp://cdsarc.u-strasbg.fr/cats/V/50


Howarth I. D., Murray J., Mills D., Berry D. S., 1998, Starlink User Note


50, Rutherford Appleton Lab./CCLRC


Hubeny I., 1981, A&A, 98, 96


Hubeny I., 1988, Comput. Phys. Commun., 52, 103


Hubeny I., Lanz T., 1992, A&A, 262, 501


Hubeny I., Lanz T., 1995, ApJ, 439, 875


Hubeny I., Lanz T., Jeffery C. S., 1995, Tlusty & Synspec ± A User's


Guide


Hubrig S., Launhardt R., 1993, in Dworetsky M. M., Castelli F.,


Faraggianna R., eds, Peculiar versus Normal Phenomena in A-Type


and Related Stars. PASP, 44


Jomaron C. M., Dworetsky M. M., Allen C. S., 1999, MNRAS, 303, 555


KrticÏka J., KubaÂt J., 2000, A&A, 359, 983


Kurucz R. L., 1990, Trans. IAU, XXB, 168 (CD-ROM 23)


Kurucz R. L., 1993, ATLAS9 Stellar Atmosphere Programs and 2-km s21


Grid (CD-ROM 13)


Kurucz R. L., Furenlid I., Brault J., Testerman L., 1984, Solar Flux Atlas


from 296 nm to 1300 nm. NSO Atlas No. 1


Landstreet J. D., 1998, A&A, 338, 1041


Landstreet J. D., Dolez N., Vauclair S., 1998, A&A, 333, 977


Lanz T., 1995, in Adelman S. J., Wiese W. L., eds, Astrophysical


Applications of Powerful New Databases. PASP, 78


Michaud G., 1970, ApJ, 160, 641


Michaud G., 1986, in Cowley C. R., Dworetsky M. M., MeÂgessier C., eds,


Proc. IAU Colloq. 90, Upper Main Sequence Stars with Anomalous


Abundances, 99. Reidel, Dordrecht, p. 459


Mihalas D., 1978, Stellar Atmospheres, 2nd edn. Freeman & Co., San


Francisco


Misch A., 1997, User's Guide to the Hamilton Echelle Spectrometer


(http://www.ucolick.org/,tony/instruments/ham-
spec /hamspec_index.html)


Moore C. E., 1949, Atomic Energy Levels, Vol. I, NBS Circular No. 467,


Washington, D.C.


Petrie R. M., 1950, Publ. Dom. Astrophys. Obs., 8, 319


Renson P., Gerbaldi M., Catalano F. A., 1991, AAS, 89, 429


Ryabchikova T. A., Zakhorova L. A., Adelman S. A., 1996, MNRAS, 283,


1115


Ryabchikova T., Kotchoukhov O., Galazutdinov F., Musaev F., Adelman


S. J., 1998, Contrib. Astron. Obs. SkalnateÂ Pleso, 27, 258


Sadakane K., 1980, PASP, 93, 587


Seaton M. J., 1998, J. Phys. B, 31, 5315


Sigut T. A. A., 1999, ApJ, 519, 303


Smith K. C., 1992, PhD thesis, Univ. London


Smith K. C., 1993, A&A, 276, 393


Smith K. C., 1994, A&A, 291, 521


Smith K. C., 1996, A&A, 305, 902


Smith K. C., 1997, A&A, 319, 928


Smith K. C., Dworetsky M. M., 1988, in Adelman S. J., Lanz T., eds,


Elemental Abundance Analyses, 99. Institut d'Astronomie de l'Univ.


de Lausanne, Switzerland, p. 32


Smith K. C., Dworetsky M. M., 1990, in Rolfe E. J., eds, Evolution in


Astrophysics. ESA-SP 310, 99. ESA Publications Division, Noordwijk,


p. 279


Smith K. C., Dworetsky M. M., 1993, A&A, 274, 335


Valdes F., 1990, The IRAF APEXTRACT Package (ftp://iraf.


tuc.noao.edu/iraf/docs/apex.ps)


Varosi F., Lanz T., Dekoter A., Hubeny I., Heap S., 1995, MODION.


NASA Goddard SFC ftp://idlastro.gsfc.nasa.gov/pub/


contrib/varosi/modion/


Vauclair S., Vauclair G., 1982, ARA&A, 20, 37


Vogt S., 1987, PASP, 99, 1214


Wahlgren G. M., Adelman S. J., Robinson R. D., 1994, ApJ, 434, 349


Warner B., 1967, MNRAS, 136, 381


Wiese W. L., Smith M. W., Glennon B. M., 1966, Atomic Transition


Probabilities, Vol. I. NSRDS-NBS 4


This paper has been typeset from a TEX/LATEX file prepared by the author.


1272 M. M. Dworetsky and J. Budaj


q 2000 RAS, MNRAS 318, 1264±1272







neon/mnr3929.ps.gz
neon/mnr3929.ps





neon/mnr_6000.ps.gz
neon/mnr_6000.ps





neon/mnr_6000.pdf


Mon. Not. R. Astron. Soc. 337, 1340–1348 (2002)


Radiative accelerations on Ne in the atmospheres of late B stars


J. Budaj1,2�† and M. M. Dworetsky1�
1Department of Physics & Astronomy, University College London, Gower Street, London WCIE 6BT
2Astronomical Institute, Slovak Academy of Sciences, 059 60 Tatranská Lomnica, The Slovak Republic
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ABSTRACT
Radiative accelerations on Ne are calculated for the atmospheres of main-sequence stars with
11 000 � Teff � 15 000 K. This range corresponds to that of the mercury-manganese (HgMn)
stars. The calculations take into account neon fine structure as well as shadowing of neon lines
using the entire Kurucz line list, bound–bound, bound–free and free–free opacity of H, He and C
as well as some non-LTE effects. Non-LTE effects are found to modify the radiative acceleration
by a factor of the order of 102 in the outer atmosphere and are crucial for dm < 10−3 g cm−2.
The dependence of the radiative accelerations on the Ne abundance, effective temperature
and gravity is studied. Radiative accelerations are found to be well below the gravitational
acceleration over the entire range of Teff and it is predicted that in stable atmospheres devoid
of disturbing motions, Ne should sink and be observed as under-abundant. This agrees with
recent observations of low Ne abundances in HgMn stars.


Key words: stars: abundances – stars: atmospheres – stars: chemically peculiar.


1 I N T RO D U C T I O N


Radiatively driven diffusion processes are generally accepted to be
responsible for chemical peculiarities observed among upper main-
sequence CP stars (Michaud 1970). The upward radiative accel-
eration and downward gravity acting on different chemical species
compete and drive their microscopic diffusion, resulting in the strat-
ification of these elements in the stellar atmospheres or envelopes of
these stars. If these atmospheres are sufficiently stable, chemical in-
homogeneities can persevere, and are not wiped out by various mix-
ing processes such as convective zones, stellar winds or rotationally
induced mixing. In the particular case of HgMn star atmospheres,
temperatures are high enough for hydrogen to be largely ionized,
thus removing its convection zone. Also, if the He ionization con-
vection zone diminishes owing to He settling in late B stars rotating
slower than ∼75 km s−1 (Michaud 1982; Charbonneau & Michaud
1988), diffusion can operate very effectively in the atmosphere. This
is the case for HgMn stars as they are also known as slow rotators.
Such diffusion processes are generally time-dependent problems,
but the characteristic time-scales in the atmosphere are much shorter
than in the envelope (�103 yr) owing to the considerable lower den-
sity, smaller collision rates and higher diffusion velocities (∼1 cm
s−1). This makes the time-dependent calculations extremely diffi-
cult. So far, diffusion can be followed in time only in the envelope,
as shown in the case of neon by Seaton (1997, 1999), Landstreet,
Dolez & Vauclair (1998) and LeBlanc, Michaud & Richer (2000).


�E-mail: budaj@ta3.sk (JB); mmd@star.ucl.ac.uk (MMD)
†At UCL during 1999–2000.


These calculations suggest that radiative accelerations on Ne are
much lower than those due to gravity below the atmosphere and Ne
should sink and be observed as under-abundant unless a weak stellar
wind transports upwards the Ne accumulated in deep layers.


Nevertheless, observations are restricted to the atmospheres. This
important stellar region bridges the effects in the envelopes with
those outside the stars, such as stellar winds, and one clearly also
needs to know the radiative accelerations here in order to compare
the theory with observations. The case of Ne is worth studying for
two reasons: it is an important element having a very high standard
abundance (Anders & Grevesse 1989; Grevesse, Noels & Sauval
1996; Dworetsky & Budaj 2000) of about A(Ne/H) = 1.23 × 10−4,
and because one can expect similar effects as in the case of He.
Ne I (along with He I) has a very high ionization potential and a first
excited level well above the ground state. Ne I is thus the dominant
ionization state in the atmospheres of these stars and all Ne I reso-
nance lines are in the Lyman continuum. This part of the spectrum
is very sensitive to non-LTE (NLTE) effects and the temperature
structure of the atmosphere. It is known that there is a big differ-
ence in the temperature behaviour between LTE and NLTE model
atmospheres at small optical depths and that temperature can rise
outwards in the NLTE models. Ne I is also known to have strong
NLTE effects on lines originating from excited levels in the visible
part of the spectrum even in late B-type main-sequence stars (Auer
& Mihalas 1973; Sigut 1999; Dworetsky & Budaj 2000). Thus, the
main complication is clear in performing the task. One cannot rely
upon the diffusion approximation when calculating energy flux as
this is a non-local quantity in the atmosphere, in contrast to envelope
calculations. One needs to solve the radiative transfer as, for exam-
ple, in Hui-Bon-Hoa, LeBlanc & Hauschildt (2000), Hui-Bon-Hoa,
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Alecian & Artru (1996) or Hui-Bon-Hoa et al. (2002), including
NLTE effects if possible.


Unfortunately, observations of Ne in HgMn stars are very scarce
and apart from recent LTE Ne abundances in κ Cnc HR7245 and
HD29 647 by Adelman & Pintado (2000) and Adelman et al. (2001)
the only study of Ne was undertaken recently by Dworetsky & Budaj
(2000). Their NLTE analysis of 20 HgMn and five normal stars
revealed that Ne is clearly under-abundant in HgMn stars and the
deficit reaches its peak values in the middle of the Teff domain of
HgMn stars.


In this paper we deal with the radiative accelerations of neon in
the atmosphere. This might enable us to model the vertical element
stratification in the future, e.g. considering the atmosphere as being
in a sequence of stationary states, which are to be tailored to the
much more slowly varying envelope as proposed by Budaj et al.
(1993). Nevertheless, some conclusions can already be drawn from
the radiative accelerations alone. In the following, cgs units and
LTE approximations (in a NLTE atmosphere model) are used if not
specified otherwise.


2 R A D I AT I V E AC C E L E R AT I O N


2.1 Theory


The physics and calculations of radiative accelerations in the en-
velopes are clearly explained in Seaton (1997), recent improvements
are described in Gonzalez et al. (1995) and some theoretical aspects
are discussed in Sapar & Aret (1995). Our approach to the problem
of calculating accelerations in the atmospheres is described here.
Radiative acceleration on the element is caused by the momentum
transferred to the element ions from photons absorbed via bound–
bound, bound–free and free–free transitions. Bound–bound transi-
tions are usually the most important. An expression for the radiative
acceleration on the ion i through its spectral lines can be derived
from the radiative transfer equation. For a particular spectral line in
the case of complete redistribution we have


dIν = [nu,i Aul − (nl,i Blu − nu,i Bul )Iν]hνϕlu(ν) ds, (1)


where the three terms describe spontaneous isotropic emission, ab-
sorption and stimulated emission, respectively. Note that stimulated
emission is in the direction of the photon absorbed. Here, and in the
following, Iν is the monochromatic intensity, Fν is the monochro-
matic energy flux, hν is the energy of the transition from the lower
level l to the upper level u, ϕlu(ν, τ ) is the normalized Voigt profile,
τ is the Rosseland optical depth, s is the distance along the beam,
nl,i is the NLTE population of the lth state of ith ion, ni is the total
NLTE ith ion population, bl,i , bu,i are b-factors defined as a ratio
of NLTE to LTE level population (bl,i ≡ nl,i/n∗


l,i ), m is the mass of
the ith ion, c is the speed of light, k is the Boltzmann constant and
T is the temperature. Aul , Bul , Blu are the Einstein coefficients where
Blu is related to the oscillator strength flu and Bul by


Blu = πe2 flu(mechν)−1, gl,i Blu = gu,i Bul , (2)


where e and me are the electron charge and mass, respectively, and
gl,i , gu,i are statistical weights of the lower and upper levels. In-
troducing the vertical geometrical depth dr = cos θ ds, multiplying
equation (1) by cos θ dω and integrating through all solid angles dω


we find for the radiation pressure gradient dpR
ν /dr :


c
dpR


ν


dr
= −


(
1 − nu,i


nl,i


gl,i


gu,i


)
nl,i BluhνFνϕlu(ν). (3)


If plu is the momentum removed from the radiation field through
one spectral line in unit volume and alu , ai are the corresponding
accelerations acquired by the ion i then we obtain


ai (τ ) =
∑


lu


alu = 1


mni


∑
lu


dplu


dt
or (4)


ai (τ ) = − 1


mni


∑
lu


∫ ∞


0


dpR
ν


dr
dν. (5)


The sum runs through all l → u transitions in the ion. Applying the
Boltzmann formula to LTE populations, in this general NLTE case,
we finally have


ai (τ ) =
∑


lu


hν


mc


{
1 − bu,i (τ )


bl,i (τ )
e−hν/[kT (τ )]


}
Blu


nl,i (τ )


ni (τ )


×
∫ ∞


0


Fν(τ )ϕlu(ν, τ ) dν. (6)


Note that, the particle flux of the element associated with such
definition of radiative acceleration would be1


J =
∑


i


nivi =
∑


i


ni Di
m


kT
ai , (7)


where vi and Di are the ith ion diffusion velocity and diffusion
coefficient, respectively.


The above expression for radiative acceleration includes the cor-
rection for stimulated emission, which is often omitted by other
authors, as pointed out by Budaj (1994) and Seaton (1997), but
does not include the redistribution effect pointed out by Montmerle
& Michaud (1976) and generalized to include gravity by Alecian
& Vauclair (1983). It has been substantially revisited by
Gonzalez et al. (1995). The main idea of the redistribution effect
is that, after the photon absorption, ion i is in excited state u and has
a non-negligible probability (1 − ru,i ) of being ionized (mainly by
collisions with fast electrons) before losing its momentum (mainly
by collisions with protons). The probability of it remaining in state
i is ru,i as the probability of recombination or further ionization is
negligible. Momentum absorbed during the transition in the state i,
plu , should then be redistributed to the two mass reservoirs mni+1


and mni of i + 1 and i ions in the proportions (1 − ru,i ) and ru,i ,
respectively. Consequently, one finds2


ai = 1


mni


∑
lu


dplu


dt
ru,i =


∑
lu


aluru,i (8)


ai+1 = 1


mni+1


∑
lu


dplu


dt
(1 − ru,i ) =


∑
lu


alu(1 − ru,i )
ni


ni+1
. (9)


The redistribution function, ru,i , depends on the ionization rate
from the particular level, βu,i , and the collision rate of the ion, βi :


ru,i = βi


βu,i + βi
= 1


βu,i/βi + 1
. (10)


It is often useful to picture the radiative accelerations on many
ions being applied via some effective radiative acceleration on the


1 One can define the radiative acceleration in some other way as, for example,
Seaton (1997), corresponding to different expressions for the particle flux.
2 Note that these formulae are valid for our radiative accelerations, i.e. as
defined by equation (4). Other formulae for the redistribution effect without
a ni /ni+1 factor would also hold but if combined with a slightly different
definition of radiative acceleration, e.g. that of Seaton (1997).
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element as a whole. Consequently, to compare the results with other
authors and to display them, we also calculated the weighted mean
radiative acceleration (although the results are stored for each ion
and abundance separately). We adopted the following expression
suggested by Gonzalez et al. (1995):


a(τ ) =
∑


i ni Di ai∑
i ni Di


, (11)


where Di is obtained from Di,H I, Di,H II, which are diffusion coeffi-
cients that describe the diffusion of the ith ion in neutral and ionized
hydrogen, respectively:


1


Di
= 1


Di,H I


+ 1


Di,H II


. (12)


For the diffusion of the ith ion (excluding neutral) in protons we
used (Aller & Chapman 1960):


Di,H II = 1.947 × 109T 5/2


nH II M2 Z 2
i A1(2)


, (13)


where nH II is the proton number density, Zi is the ionization degree
(0 = neutral, etc.) and


A1(2) = ln
(


1 + x2
D


)
; M2 = A


1 + A
,


where A is the atomic weight in atomic mass units and


xD = 4dDkT


Zi e2
and dD =


√
kT


4πnee2
,


where dD is the Debye length and ne is the electron number density.
For the diffusion of neutrals in protons we used (Michaud, Martel
& Ratel 1978)


D0,H II = 3.3 × 104 T


nH II


√
1 + A


αA
, (14)


where α is the polarizability of neutral species (α = 0.395,


0.667 × 10−24 cm3 for Ne I and H I, respectively, from Teachout
& Pack 1971). The same formula was used for the diffusion of ions
in neutral hydrogen with α → α(H I) and nH II → nH I, where nH I is
the neutral hydrogen number density. For the diffusion of neutrals
in neutral hydrogen we used (Landstreet et al. 1998):


D0,H I = 5.44 × 103
√


T


nH I(δH I + δi )2


√
1 + A


A
, (15)


where δH I, δi are H I and diffusing atom diameters, respectively. The
following values calculated using the method of Clementi, Raimondi
& Reinhardt (1963)3 were adopted: δH I = 1.06 × 10−8 cm, δNe I =
0.76 × 10−8 cm.


2.2 Line selection and numerical calculations


As one goes from the envelope higher into the atmosphere, the
electron density and associated Stark broadening drop sharply and
the spectral lines become much narrower. One needs to consider
fine structure to integrate the contributions from bound–bound tran-
sitions properly. Atomic data for the Ne I–IV lines were extracted
from the Kurucz line list (Kurucz 1990, CDROM 23). However,
one usually does not need to consider all the lines of the element
and it is of high practical importance to select just the most im-
portant ones. Lines that are important for a particular atmosphere
model were selected in the following way.


3 http://www.webelements.com/webelements.html


For practical purposes it is convenient to ascribe three characteris-
tic Rosseland optical depths τ1, τ2, τ3 or characteristic temperatures
T1(τ1) � T2(τ2) � T3(τ3) to each ion i of the element of interest. The
range T1 to T3 spans the region where the ion i is sufficiently pop-
ulated and its contribution to the total radiative acceleration of the
element is thus not negligible, while T2 is the approximate temper-
ature at which the ion dominates the element and the ith ion opacity
is maximal. For each line lu of the ion i two parameters R Ai,lu,1


and R Ai,lu,3 were calculated, which correspond to two characteris-
tic temperatures T1, T3:


R Ai,lu,1,3 = 8.853 × 10−13m−1
[
1 − e−hν/(kT1,3)


]
× flu gl,i e−El,i /(kT1,3) Fν(τ1,3), (16)


where El,i is the excitation potential of the lower level and


Fν(τ1,3) = πBν(Teff) if T1,3 < Teff, or (17)


Fν(τ1,3) = 4


3


π


χc,ν


∂Bν(T )


∂T


∂T


∂r
if T1,3 > Teff, (18)


where Bν is the Planck function, Teff is the effective temperature
and χc,ν is the approximate continuous opacity after Borsenberger,
Michaud & Praderie (1979).


The parameter R Ai,lu,1,3 is essentially a rough estimate of the ex-
pected radiative acceleration through weak lines, as equation (18)
takes only opacity in the continuum into account and partition func-
tions are set to 1.4 Then we calculate a sum R Ai,1,3 = ∑


lu R Ai,lu,1,3


through all the lines of the ith ion and skip the lines that do not
contribute significantly to the sum. We ended up with about 103 Ne
lines for a particular model atmosphere.


To evaluate numerically the integral in equation (6) it is nec-
essary to estimate the integration step and integration boundaries.
Thermal Doppler broadening at the coolest layer and classical ra-
diative damping put constraints on the width of any spectral line and
we use minimum frequency spacings equal to


�νstep ≈ [�νD(τ1) + �R/4π]/2, (19)


where �νD = νc−1
√


2kT1/m and �R = 2.47 × 10−22ν2. Integration
boundaries are associated with our linewidth, which is generally
the broadest at the place of highest electron density owing to Stark
broadening and we use


�νw = k1[�(τ3)/4π + �νD(τ3)], (20)


where


�(τ3) = �R + �S(τ3) + �W(τ3) (21)


is the sum of the radiative, Stark and Van der Waals damping param-
eters. Here, k1 is an adjustable constant for which numerical tests
revealed that k1 ≈ 2–3 is high enough. This is, however, just the case
of a weak line. If the opacity in the centre of our line is much greater
than the opacity in the continuum one must usually integrate much
further until the line opacity drops significantly below the contin-
uum value. The reason why is apparent if one expresses the flux
in equation (6) following the diffusion approximation and neglects
continuum opacity; it is inversely proportional to the Voigt function.


4 The first simplification does not have any serious effect on this selection of
the most important lines of a particular ion as it means we overestimate the
expected accelerations through strong lines, so we cannot omit them. The
second simplification also does not have any effect on line selection of an
ion as R Ai,lu,1,3 or radiative accelerations for all the lines of a particular ion
are scaled by the same value of ion population, which is proportional to its
partition function. Again, it also means we cannot omit important lines.
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Consequently, the integrand in equation (6) is a constant function
of frequency. Only when the integration is carried far enough into
the line wing, where continuum opacity again dominates, does the
flux approach a constant function of frequency and the integrand
sharply fall. Finally, the integration boundaries should be the max-
imum value of the mentioned effects:


�νwidth = ±max[�νw(τ3); �νs(τ2)] (22)


where �νs(τ2) is defined for strong lines only and is �ν for which
the line opacity drops significantly below the continuum opacity
at the depth where the involved ion population reaches its peak
values. Typically, 40 to 103 frequency points were necessary to
calculate the radiative acceleration through a Ne line.


The models adopted here were NLTE model atmospheres calcu-
lated with TLUSTY195 (Hubeny 1988; Hubeny & Lanz 1992, 1995)
for standard solar composition and zero microturbulence. We treated
H I, He I, He II, C I, C II, C III as explicit ions, which means that
their level populations were solved in NLTE under the assumption
of statistical equilibrium and their bound–bound, bound–free and
free–free opacities were taken into account. Carbon was included
as it is an important opacity source at cooler effective temperatures
(Hubeny 1981). In Fig. 1 we plot the NLTE model against the Kurucz
(1993) LTE line blanketed model for the same effective temperature
and gravity. The two vertical bars point to the area where the con-
tinua around Ne I λ736 and Ne I λ6402 lines are formed. The first is
a strong resonance line in the Lyman continuum and the second is in
the Paschen continuum in the visible range. Abundance analyses of
Ne have been performed using λ6402 (Dworetsky & Budaj 2000).
The Lyman continuum is very opaque and models that go very high
in the atmosphere are needed to solve for radiative transfer properly
at these wavelengths.


Fν(τ ) in equation (6) was calculated using the SYNSPEC36 and
SYNSPEC42 (Hubeny, Lanz & Jeffery 1994) codes to solve the radia-
tive transfer modified to obtain a non-standard output of flux at each
frequency and depth (I. Hubeny, private communication), and to take
into account the elements with atomic number >30 (Krtička 1998).
This enabled us to take into account the bound–free and free–free
opacity from explicit levels specified in the atmosphere model and
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Figure 1. Temperature behaviour in a representative Kurucz’s line-blanketed
LTE and Hubeny’s NLTE model atmosphere. Vertical bars indicate the unit
monochromatic optical depth in the Lyman and Paschen continua close to
the important Ne I λ736 and λ6402 transitions. As a depth coordinate we
use ‘dm’ (g cm−2), which is the mass of a column above a unit area at that
depth in the atmosphere.


the line blending using the full line list of Kurucz (1990). All the
Kurucz lines with a line-to-continuum opacity ratio greater than
10−8 at τ = max[1, τ2] were considered. All the resonance lines
of Ne and other elements were calculated in approximate NLTE
[allowing the source function to deviate from Bν following the
‘second-order escape probability method’ of Rybicki (1984), see
equation (25)].


Radiative accelerations were then calculated following equa-
tion (6) assuming bu,i = bl,i = 1 and LTE level populations. Partition
functions were taken from the UCLSYN code (Smith & Dworetsky
1988; Smith 1992). Radiative accelerations were calculated for Ne I–
IV and four abundances: 50 A�, A�, 10−2 A� and 10−5 A�, where
A� = 1.23 × 10−4 and for the following model atmosphere param-
eters: Teff = 11 000, 12 000, 13 000, 14 000, 15 000 K and log g = 4,
plus models with Teff = 12 000 K and log g = 3.5, 4.5. These are
available in digital form in Budaj, Dworetsky & Smalley (2002) in-
cluding a FORTRAN77 code containing the partition function routines.


3 R E S U LT S A N D D I S C U S S I O N


3.1 Radiative accelerations on different Ne ions


The LTE populations of various Ne ions throughout the atmosphere
are depicted in Fig. 2 for a representative atmosphere model with
Teff = 12 000 K, log g = 4. Ne I is definitely dominant in the atmo-
sphere. Ne IV becomes populated at the base of our models, while
Ne II may dominate at very low densities and electron concentra-
tions for dm < 10−4 g cm−2. However, above dm < 10−3 g cm−2


strong departures of Ne ionization and excitation equilibrium from
LTE occur (Sigut 1999) and our accelerations on different Ne ions
should be considered as approximate above this level (see Fig. 9 in
Section 3.6 for an illustration of expected deviations from the fully
consistent NLTE case).


Accelerations in the representative model are plotted in Fig. 3.
One can see that none of them exceeds the gravitational acceler-
ation except at the very deepest layers. The acceleration on Ne I


is strongest in the atmosphere where this ion is also most popu-
lated. The contribution of the neutral species such as Ne I to the
total effective radiative acceleration of the element is both favoured
by weighting with their diffusion coefficient (see equation 11),
which is approximately two orders of magnitude larger than that
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Figure 2. Ne ionization fractions in LTE in a representative NLTE model
atmosphere.
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Figure 3. Radiative accelerations on Ne I–IV ions in a representative NLTE
model atmosphere for the standard abundance of Ne. The downward gravita-
tional acceleration of 104 cm s−2 is at least two to three orders of magnitude
greater than the upward radiative acceleration throughout the photosphere.


for the charged species, and reduced by the redistribution effect.
Nevertheless, acceleration of Ne I will be the most important con-
tribution to the total acceleration not only in the atmosphere but
also at rather great depth up to dm � 10 g cm−2. The low radiative
accelerations found for Ne I are a consequence of its atomic struc-
ture because all resonance transitions, which are usually the most
important ones, are in the Lyman continuum where Ne I atoms see
little photon flux, while the rest of the lines originate from highly
excited and weakly populated states. Nor can the redistribution ef-
fect discussed earlier increase the Ne I acceleration (see equation 8,
and Fig. 7 in Section 3.4); just the opposite occurs. Radiative ac-
celeration gained in the Ne I state is redistributed between Ne I and
Ne II, which reduces the Ne I acceleration and adds it to the Ne II


state where, however, the acceleration is not so effective owing to
the much lower diffusion coefficient of ionized species; see equa-
tions (7) and (11).


We would like to stress that radiative acceleration (equation 6) on
a particular ion is very sensitive to the partition functions. These are
generally precise in the region where the ion dominates the element
but have large uncertainties outside the region. Displaying effective
accelerations overcomes the problem as partition functions drop out
in equation (11) outside the region. Thus, if the reader wishes to use
our radiative accelerations stored separately for each ion, the same
partition functions should also be used.


3.2 Dependence on effective temperature and surface gravity


Now we can proceed further and explore how the situation changes
with the effective temperature of the star. It is clear from Fig. 4 that
the total acceleration rapidly increases with the effective temper-
ature. However, within our range of interest it never exceeds the
gravity in the line-forming region. Nevertheless, this suggests that
Ne could accumulate at deeper layers in cooler stars than in hot-
ter ones, the latter thus being more vulnerable to departures from
the ideal stable atmosphere. Various mixing processes or radiatively
driven stellar winds for which the intensity also increases with the
effective temperature (Babel 1995; Krtička & Kubát 2001) might
more easily enrich Ne in the atmospheres of much hotter stars. This
resembles the case of He, which has an atomic structure similar
to Ne. The abundance of He progressively increases with effective
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Figure 4. Radiative accelerations on Ne throughout the atmosphere as a
function of stellar effective temperature and depth. Calculated for standard
abundance of Ne.
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Figure 5. Radiative accelerations on Ne throughout the atmosphere as a
function of stellar surface gravity and depth. Calculated for standard abun-
dance of Ne.


temperature from He-weak towards He-rich stars. This suggests that
it might be interesting to search for Ne-rich analogues of He-rich
stars among early B stars. On the other hand, for Teff < 11 000 K,
hydrogen becomes partially ionized, which triggers ambipolar dif-
fusion and hydrogen superficial convective zones. This may also
transport some Ne to the atmosphere from below. Our observations
(Dworetsky & Budaj 2000) indicate that Ne underabundances are
most pronounced in the middle of the HgMn domain and tend to be
less extreme towards the cool and hot ends of the HgMn temperature
region. This pattern could therefore be qualitatively expected. Ob-
serving Ne below Teff = 11 000 K, however, becomes very difficult.


The radiative accelerations also depend on the surface gravity
(Fig. 5). Lowering the surface gravity of the model shifts the radia-
tive acceleration behaviour to deeper layers and reduces the radiative
acceleration at the bottom of the atmosphere. However, the gravity-
to-radiative acceleration ratio does not change very much and in
this context effective temperature is a more important atmospheric
parameter than log g. Apparently, within the main sequence (ap-
proximately 3.5 � log g � 4.5), radiative acceleration of Ne never
overcomes gravity.
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3.3 Effects of homogeneous Ne abundance


Radiative acceleration on the element also depends on its abun-
dance. This is a simple consequence of the fact that the energy
flux in the integral in equation (6) depends on the element abun-
dance. This is, however, only important in the case of strong lines
where the line opacity is comparable to or larger than the opacity in
the continuum. One can then expect that radiative acceleration will
asymptotically increase as the element abundance decreases, until
it reaches some maximum value corresponding to the sufficiently
low abundance when all the element lines disappear and radiative
acceleration will no longer be sensitive to the abundance (for more
detail see Alecian & LeBlanc 2000). The situation is illustrated in
Fig. 6. Surprisingly, the accelerations are very little dependent on
abundance in the photospheres above dm � 0.1 g cm−2 and do not
exceed gravity for any abundance except at the extreme base of our
models. Here a Ne deficit ranging from −0.5 dex for the hottest to
−2 dex for the coolest model could be supported by radiation (i.e.
radiative acceleration roughly equals gravity for this abundance and
depth, dm ≈ 20 g cm−2). This weak abundance sensitivity results
from the fact that resonance Ne I lines are not very strong because
they are in the Lyman continuum where the continuous opacity is
very large, effectively reducing the line-to-opacity ratio. We have
found that contributions to the radiative acceleration of lines orig-
inating from excited Ne I levels are also important, but these weak
lines do not introduce a strong dependence on the abundance because
their line-to-continuum opacity ratio is low owing to the high exci-
tation energies and low populations of the levels from which they
originate. One can see from the figure that there is no abundance
for which the radiative acceleration could balance the gravity in the
line-forming region above dm � 0.1 g cm−2. The implication is that
in this region, assuming a stable atmosphere devoid of any motion,
Ne should sink and should be almost completely depleted and only
its strong concentration gradient could balance the downward flux
of Ne atoms. The Ne atom is at least an order of magnitude heavier
than the mean ‘molecular’ mass of the gas, so the characteristic scale
of the Ne abundance gradient would be an order of magnitude less
than the pressure scaleheight, i.e. log dm ≈ 0.1. Consequently, the
fact that Ne is detected in most HgMn stars (Dworetsky & Budaj
2000) suggests the presence of some kind of instability competing
with diffusion and suppressing the efficiency of diffusion processes.
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Figure 6. Radiative accelerations on Ne throughout the representative NLTE
model atmosphere as a function of the homogeneous Ne abundance.


An example of such an instability is the weak stellar wind suggested
by Landstreet et al. (1998).


One may also notice a sudden drop in the radiative accelerations
at approximately 10−4 � dm � 10−3 g cm−2. This is not a numerical
artefact but a very interesting effect when radiative acceleration may
acquire negative values; this will be discussed in more detail below.


3.4 Redistribution effect


To take the redistribution effect into account properly one would
need to calculate probabilities of all possible radiative and colli-
sional transitions from the upper level to the continuum, includ-
ing multiple cascade transitions as suggested by Gonzalez et al.
(1995). That is a very difficult task and the above authors developed
a method in which they set ru,i = 0 for n � 3 and ru,i = 1 for lower
states. Thus their ru,i is a simple step function of level energy and
does not depend on, for example, temperature. To cope with the
problem and to estimate the influence of the redistribution effect we
propose a slightly different and more general approach. The idea
is simple. As mentioned in Section 2.1, collisions with electrons
may change the ionization state before the momentum absorbed by
the atom is lost in collisions with protons. Consequently, the redis-
tribution function from a particular excited level depends mainly
on the electron-to-proton collisional rates ratio. Higher atomic lev-
els with energies corresponding to the electron kinetic energy ≈kT
below the ionization threshold are most strongly coupled to the
continuum via collisional excitation and ionization. The probabil-
ities of such processes are strongly temperature dependent via the
Boltzmann factor e−�E/kT (Seaton 1962; Van Regemorter 1962) and
still deeper atomic levels are affected as one goes deeper into the
star. The electron-to-proton number density ratio almost does not
change with depth in such hot stars and the Boltzmann factor thus
embraces the essence of the electron to proton collisional rates ratio
and one may write βu,i/βi = Ce−�E/BkT . Consequently, based on
equation (10) we suggest the following expression for ru,i :


ru,i = 1


Ce−U + 1
with U = (Ii − Eu,i )


(
1


A
+ 1


BkT


)
(23)


where Ii is the ith ion ionization potential and A, B, C are adjustable
constants. It is beyond the scope of the present paper to calibrate
precise values for the above-mentioned constants. B is most impor-
tant as it parametrizes the temperature dependence and is of the
order of 1. The 1/A term was introduced for those who prefer to
use a Gonzalez et al. (1995) type of redistribution but do not like
its step function shape and A is of the order of kT , but we use
A → ∞. C parametrizes the ratio of the total electron-to-proton
collision rates. If Eu,i → Ii the level will register all electron im-
pacts and βu,i/βi = C . Because electrons are


√
mp/me faster than


protons, their collisions will be more frequent by approximately
the same factor, and C is thus of the order of 40. The method of
Gonzalez et al. (1995) is equivalent to the approximation of equa-
tion (23) by a step function and could be approached as a special
case when B → ∞ and A → 0 or A → ∞ depending on whether
Eu,i > Ii − Ecrit or Eu,i < Ii − Ecrit, respectively, where Ecrit is some
threshold energy. Note that A → 0 means ru,i → 1, i.e. no redistri-
bution at all and A → ∞ means ru,i → 1/(C + 1) → a small value,
i.e. total redistribution is approached but never fully realized. As-
suming that Gonzalez et al. (1995) took the lowest n = 3 level of
C II as a cut-off in their calculation for T = 31 000 K, which corre-
sponds to Ecrit = 80 000 cm−1 below continuum, we can simulate
their method (using our equations 8 and 9 and forcing ru,i = 1 or
ru,i = 0) and calibrate our method so that it would give ru,i = 0.5 at
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Figure 7. An illustration of the redistribution effect on the radiative ac-
celerations on Ne throughout the representative NLTE model atmosphere
as a function of depth calculated for standard homogeneous abundance of
Ne. (a) no redistribution, solid line; (b) no redistribution and no diffusion
coefficient weighting, dashes; (c) Gonzalez et al. (1995) type redistribution,
dots; (d) our type redistribution, dash-dots. The arrow points to the depth
where T = 31 000 K.


the same temperature. Assuming C = 40, A → ∞ we obtain from
equation (23) that B = 1.0 – a reasonable value indeed. Results
of both methods are illustrated in Fig. 7 and one can see that
while both methods may give similar results for T = 31 000 K the
Gonzalez et al. (1995) method strongly overestimates the redistri-
bution effect for lower temperatures. A simple test of the redistribu-
tion effect treatment is recommended by calculating radiative accel-
erations without weighting them by diffusion coefficients (setting
Di = 1 for example in equation 11). This is because such accelera-
tions are an invariant of the redistribution process.


3.5 Comparison with other work


We calculated an atmosphere model for Teff = 11 530 K, log g =
4.43, corresponding to one of the envelope models of
Landstreet et al. (1998). Then we calculated the radiative accel-
erations, but in the case of Ne I we omitted all except the resonance
lines, to simulate the assumption adopted by Landstreet et al. This
assumption is not really justified as the omitted lines contribute
significantly to the radiative acceleration. Inclusion of Ne I lines
originating from excited levels, which absorb at the wavelengths
where a star radiates much more than in the Lyman continuum, may
increase the acceleration on Ne I by more than 1.5 dex. However,
this does not have any serious consequences on the conclusions of
Landstreet et al., as the radiative accelerations are so small they will
still remain below that of gravity. The comparison is shown in Fig. 8.
In this case we also considered Di = 1 in equation (11) to follow
their method. The agreement is quite good and small departures at
the base of the atmosphere are mainly caused by slightly different
temperature behaviour between our model atmosphere and their en-
velope model. The curious gap in our curve at 10−4 � dm � 10−3 g
cm−2 appears because the acceleration is negative here and cannot
be plotted on a logarithmic scale.


3.6 NLTE effects


The aforementioned negative acceleration is a very interesting NLTE
effect, which may lower still further the radiative accelerations on
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Figure 8. Comparison of our calculations in the atmosphere with those
of Landstreet et al. (1998) in the envelope for the same model parameters.
Here, for Ne I only resonance lines are considered. Both were calculated for
standard abundances of Ne.


some ions in this part of the atmosphere. It is a consequence of the
temperature inversion in the model atmosphere and the atomic struc-
ture of Ne I. As shown in Fig. 1, temperatures in the outer layers rise
in a NLTE model for 10−4 � dm � 10−3 g cm−2. At this depth, and
in these stars, the atmosphere is still optically thick in the Lyman
continuum. Thus, according to the diffusion approximation, the star
radiates into itself towards cooler regions at these wavelengths. If
an element happens to have its important transitions in the Lyman
continuum it may be pushed into the star by the radiation and its ac-
celeration is thus negative. Similar effects can also be expected in the
cores of very strong lines not necessarily in the Lyman continuum.
To explore NLTE effects on the results we also calculated radiative
accelerations on Ne I for three different assumptions in a represen-
tative NLTE model atmosphere with Teff = 15 000 K, log g = 4 and
zero microturbulence.


(i) LTE case: neon populations in equation (6) are in LTE and
the neon line source functions for flux calculations is equal to the
Planck function


Sν = Bν . (24)


(ii) Approximate NLTE: the same, but the line source function for
resonance transitions is allowed to deviate from the Planck function
following second-order escape probability methods


Sν =
√


ε


ε + (1 − ε)K2(τ )
Bν, (25)


where ε is the photon destruction probability and K2(τ ) is the kernel
function (see Hubeny et al. 1994, the SYNSPEC manual, for more
detail). Note that this option was used in the calculations described
in Section 2.2 above.


(iii) Fully consistent NLTE case: with an NLTE model atmo-
sphere, NLTE populations and NLTE source functions


Sν = 2hν3


c2


(
gu,i nl,i


gl,i nu,i
− 1


)−1


. (26)


In the full NLTE case the NLTE model atmosphere and Ne I


level populations were calculated with TLUSTY195. As an input for
TLUSTY195 we considered Hubeny’s H I atom model with nine ex-
plicit levels and continuum, the 31-level Ne I atom model taken from


C© 2002 RAS, MNRAS 337, 1340–1348







Radiative accelerations on Ne 1347


Table 1. Ne II energy levels considered.
Column 1: level designation, column 2:
ionization energy in cm−1, column 3: sta-
tistical weight of the level. Energies are
from Persson (1971).


Desig. Energy g


2p5 2Po 330 445 6
2p6 2S 113 658 2
3s 4P 111 266 12
3s 2P 106 414 6


Dworetsky & Budaj (2000), and a simple four-level atom for Ne II


with a continuum (Table 1). Generally, the data for Ne bound–bound
and bound–free transitions were taken from the TOPbase (Cunto
et al. 1993; Hibbert & Scott 1994), but Ne I oscillator strengths
were from Seaton (1998). The MODION IDL interface written by
Varosi et al. (1995) was particularly useful in constructing Ne I and
Ne II atom models. Populations of those very high Ne I levels not
included in our Ne I atom model were considered in LTE relative to
the ground state of Ne II, the population of which was calculated in
NLTE, when calculating the energy flux and acceleration. All Ne I


level populations were set to LTE below dm > 0.3 g cm−2 when
calculating the radiative accelerations.


The differences between the three assumptions are exhibited in
Fig. 9 and become crucial for dm < 10−3 g cm−2, where the radia-
tive accelerations in LTE and NLTE may differ by more than 3 dex.
In the case of LTE we observe negative acceleration in the region
of the temperature inversion. This was explained above. The ap-
proximate NLTE case is parallel to the LTE acceleration but about
1.5 dex smaller. This is caused by the difference in computed energy
fluxes. While flux in the approximate NLTE case is real – lines are
in absorption – and surprisingly close to the flux in the full NLTE
case, the resonance Ne I lines are in emission in LTE as soon as the
atmosphere becomes optically thin in the Lyman continuum and ac-
celeration soars immediately. The difference between approximate
NLTE and full NLTE originates mainly in the differences in level
populations.
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Figure 9. Comparison of radiative accelerations on Ne I obtained using
different assumptions: LTE, approximate NLTE and full NLTE (see the text).
Calculated for standard abundance of Ne.


4 S U M M A RY


We have calculated radiative accelerations on Ne I–IV ions in the at-
mospheres of late B main-sequence stars. We take into account the
fine structure and calculations include the effects of line blending
using the whole Kurucz line list, bound–free and free–free opac-
ity of explicit elements (H, He, C) as well as some NLTE effects.
We explored how the acceleration changes with respect to effec-
tive temperature, surface gravity and homogeneous Ne abundance,
and found that it is much smaller than gravity in and above the ob-
served line-forming region. Only at the base of our models (dm �
20 g cm−2) could a Ne deficit of about 0.5–2.0 dex be supported by
the radiation, depending on the effective temperature. This implies
that, in the stable atmospheres of late B stars, Ne should be almost
completely depleted from the photosphere. This is qualitatively in
agreement with the observations of Dworetsky & Budaj (2000), but
the fact that we detected Ne in some HgMn stars suggests the pres-
ence of some weak transport or mixing mechanism contaminating
the observed layers by Ne from the reservoir underneath. Possibly,
this mechanism is associated with the partial hydrogen ionization
at the cool end and a very weak stellar wind at the hot end of the
HgMn Teff span.


Finally, we demonstrated using a full NLTE calculation the im-
portance of such effects on radiative accelerations and slightly im-
proved a current treatment of the redistribution effect, which should
be used in future calculations.
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M.M., Castelli F., Faraggiana R., eds, ASP Conf. Ser. Vol. 44, Peculiar
Versus Normal Phenomena in A-type and Related Stars. Astron. Soc.
Pac, San Francisco, p. 502


Budaj J., Dworetsky M.M., Smalley B., 2002, Comm. Univ. London Obs.
No 82, available at http://www.ulo.ucl.ac.uk/ulo comms/82/index.html


Charbonneau P., Michaud G., 1988, ApJ, 327, 809
Clementi E., Raimondi D.L., Reinhardt W.P., 1963, J. Chem. Phys., 38, 2686
Cunto W.C., Mendoza C., Ochsenbein F., Zeippen C.J., 1993, A&A, 275,


L5
Dworetsky M.M., Budaj J., 2000, MNRAS, 318, 1264


C© 2002 RAS, MNRAS 337, 1340–1348







1348 J. Budaj and M. M. Dworetsky


Gonzalez J.-F., LeBlanc F., Artru M.-C., Michaud G., 1995, A&A, 297, 223
Grevesse N., Noels A., Sauval A.J., 1996, in Holt S., Sonneborn G., eds,


Cosmic Abundances. PASPC No. 99, p. 117
Hibbert A., Scott M.P., 1994, J. Phys. B, 27, 1315
Hubeny I., 1981, A&A, 98, 96
Hubeny I., 1988, Comput. Phys. Comm., 52, 103
Hubeny I., Lanz T., 1992, A&A, 262, 501
Hubeny I., Lanz T., 1995, ApJ, 439, 875
Hubeny I., Lanz T., Jeffery C.S., 1994, in Jeffery C.S., ed., Newsletter on


Analysis of Astronomical Spectra No 20. CCP7; St Andrews Univ., p.
30


Hui-Bon-Hoa A., Alecian G., Artru M.-C., 1996, A&A, 313, 624
Hui-Bon-Hoa A., LeBlanc F., Hauschildt P.H., 2000, ApJ, 535, L43
Hui-Bon-Hoa A., LeBlanc F., Hauschildt P.H., Baron E., 2002, A&A, 381,


197
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Sun Angles in Dealey Plaza during the
Assassination of President Kennedy





by M. M. Dworetsky







Summary






(Revised January 21st 1999; a shorter preliminary version was at this URL
from 9 September 1998)


Researchers interested in studying the large number of photographs taken by
witnesses to the assassination of President John F. Kennedy have often
expressed the wish to take their own photographs in order to test various
theories that depend on precise shadow measurements or observations. The best
date and time to attempt to duplicate the shadows created by the Sun in Dealey
Plaza is usually stated (correctly) to be 12:30 CST (Central Standard Time,
the time zone appropriate to Dallas, Texas) on November 22nd each year.
However, due to the inexact relationship between the length of the
astronomical year and the calendar year, an equally good date is now as likely
to be November 21st. Furthermore, there is an equally good alternative date
and time which can be used (weather permitting) to avoid interfering with
memorial ceremonies: January 20th at 12:55 CST. To avoid errors of more than
half a degree in the Sun's position, dates of observation may be at most one
day from these dates and the times must be within two minutes of those given.
There are no other dates or times during the year when the angles of the Sun
may be so closely duplicated. Precise calculations may be done for each year,
reducing the errors to less than 0.15 degrees by choosing optimal dates, and
times within a few seconds of the best value. Predictions for years 1999
through 2007 are given.






I. Photography and Sun Angles for Assassination Researchers






Tom Geletka asked me a question by e-mail: could I help photographers
interested in comparing the assassination photographic record with photographs
of Dealey Plaza taken more than a third of a century later? These
photographers wished to duplicate the shadows and sun angle at the moment of
the assassination of President John F. Kennedy.


To do this requires determining the precise altitude and azimuth of the Sun
at 12.30 CST on November 22nd, 1963 in Dealey Plaza, Dallas, TX, and the dates
and times each year when the Sun angle would be within some acceptable
tolerance of the correct value.






II. Altitude and Azimuth of the Sun






I used the American Ephemeris and Nautical Almanac, 1963 (Nautical Almanac
Office, U.S. Naval Observatory, Washington DC) to obtain the apparent right
ascension and declination of the Sun at 18:30:35 Ephemeris Time (equal to
precisely 18:30:00 Universal Time) on November 22nd, 1963:


RA 15h 50m 04s,


Dec -20 degrees 05 minutes 48 seconds.


I then used standard formulae based on spherical trigonometry and
calculated Local Sidereal Time for the coordinates Tom supplied (Lat +32.77825
degrees, Long W 96.80923 degrees) to obtain the altitude and azimuth of the
Sun. The accuracy was no better than a few arcseconds because I used linear
interpolation. No allowance for refraction was made, which introduces an
absolute error of about 1 or 2 arcminutes and a relative error of only a few
arcseconds (small compared to the other errors involved--see below):


Altitude: 36.973 degrees


Azimuth: 184.896 degrees (i.e., just under 5 degrees West of the meridian).



The declination of the Sun changes rapidly at this time of year, so
conditions for duplicating the Sun angle to within, say, 0.25 degrees will
only last for a couple of days each November. The best date for duplicating
the circumstances from year to year will vary by as much as ± half a day.
By comparison, the apparent diameter of the solar disk is 0.5 degrees. Since
the refraction would be virtually the same for all configurations
approximating the time of the assassination, further calculations can be done
neglecting refraction, by making a direct comparison to these figures with no
loss of accuracy.






III. 1999 and the Future






The Astronomical Almanac 1999 (Nautical Almanac Office, US Naval
Observatory) was used to obtain data for the inverse calculation. I find that,
on November 22nd, 1999, the closest time for duplicating the assassination Sun
angle will be exactly 12:30:00 CST when the difference will be about 3
arcminutes in declination. This is one of two best times and dates every year.
The Sun angle is generally as close or even closer on November 21st in about
two out of three years, but the best date, when the declination shortly after
mid-day is precisely the value at the moment of the assassination, will range
over as much at one day. Some years will provide much more precise fits than others.







IV. Other Dates






To match the shadows seen at the moment of the assassination, the only
requirements are that the Sun's declination should be the same and that the
Sun's hour angle should be the same. There is one other date when the Sun's
declination is close to that on November 21st -22nd; this date is usually
January 20th. But observations on that date at 12:30 CST would be very greatly
in error!


There is a relationship in astronomy called the Equation of Time (tabulated
in the Almanac) which gives the time difference between the True Sun and the
Mean Sun (an imaginary Sun that moves along the celestial equator at a uniform
rate). On November 21st, 1999, the True Sun is 14 minutes 7 seconds ahead of
the Mean Sun; On January 20th it is 11 min 4 sec behind. Taking this into
account, the correct time to make observations (weather permitting) on January
20th would be 12:55:11 CST.


(The Equation of Time arises from the combined effects of the tilt of the
Earth's equator to the plane of the Ecliptic, or orbital plane, and the
eccentricity of the Earth's orbit. More detailed explanations and formulae can
be found in textbooks that cover positional astronomy in some detail.)



It is possible to calculate the best dates for observation for several
years to come. In all cases, taking Dealey Plaza photographs of buildings and
other features at the instant of CST specified for November 21st or 22nd
(12:30pm) or January 20th (12:55:11pm) would be necessary for best accuracy.
The table below gives predictions for the next few years, and it may be worth
noting that in some years, better pictures could be taken on November 21st
without causing disturbances to memorial ceremonies that take place on
November 22nd. Researchers attending conferences in Dallas may find this
knowledge particularly useful. Where two consecutive dates are given for an
entry, they are equally good. Dates marked with an asterisk (*) provide very
good matches to the precise solar altitude and azimuth corresponding to the
Kennedy assassination.





Table 1. Dates when solar altitude and azimuth at the moment of President
Kennedy's assassination are best reproduced in Dealey Plaza, Dallas, so that
shadows of permanent features should be duplicated.  An asterix (*) denotes a
date when the solar position will be particularly close to the 1963 circumstances.



		
Year


		
Best January Date(s), 12:55:11 CST


		
Best November Date(s), 12:30:00 CST




		
1999


		
*January 20th


		
November 22nd




		
2000


		
January 20th


		
*November 21st




		
2001


		
January 19th, 20th


		
November 21st




		
2002


		
January 20th


		
November 21st, 22nd




		
2003


		
*January 20th


		
November 22nd




		
2004


		
January 20th


		
*November 21st




		
2005


		
January 19th, 20th


		
November 21st




		
2006


		
January 20th


		
November 21st, 22nd




		
2007


		
*January 20th


		
November 22nd














V. Errors






The errors in altitude for entries in Table 1 are no greater than about 8
minutes of arc. Errors in azimuth will be about 1 minute of arc for every
4 seconds error in timing of a photograph. If a looser but still
acceptable tolerance of 0.5 degrees (30 minutes of arc) were chosen, using
the specified
CST on the days before and after the entries in the table would give
accuracies within this tolerance. To achieve a similar azimuth error
tolerance, the time would have to be within 4 
minutes of the exact times given above.
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Mike Dworetsky, Department of Physics and Astronomy,


University College London, London WC1E 6BT
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Lunar Occultations of Jupiter and
Saturn, and the
Star of Bethlehem
























Molnar1 has presented a detailed case for
his proposal that the Magi's star, or star of Bethlehem of the New Testament
gospel of St. Matthew2, may be identified with
a pair of astrologically significant lunar occultations of Jupiter in Aries on
6 BC March 20 and April 17. Here, we report the identification of further
contemporary astronomical events, a pair of occultations of Saturn in Pisces,
which may be capable of astrological interpretation as ``omens'' supporting
Molnar's hypothesis. We also show that Molnar's model horoscope for the birth
of Christ requires a remarkably rare set of circumstances.


Molnar's argument depends not just on the fact of an occultation of Jupiter
(which is a relatively common occurrence), or even on a pair of occultations,
but on the astrological interpretation of the first occultation being within
the terms of Jupiter in Aries--a technical terminology meaning that Jupiter's
precise position within Aries amplified its own influence and especially the
powerful influence of an occultation. The presence of Mars in Aries was a
further a priori requirement for his identification. Aries was
traditionally associated with Judaea and surrounding areas, according to the 
Tetrabiblos of Claudius Ptolemy (see ref. 1). The presence of an
astrological device, the Lot of Fortune, in the same part of the zodiac as the
first occultation is also crucial to his identification of these events as the
Magian star. He showed that similar horoscopes in the Magian or Chaldaean
system had been described in ancient times for Roman emperors such as
Augustus, Tiberius, and Hadrian.


Molnar's suggested identification of the star of Bethlehem also fits a
circumstance described by St. Matthew: the Magi came to Judaea believing that
a king had been born, but Herod's advisors, who did not practise astrology,
had not seen the portent because it took place at a time when it would have
been invisible, and would therefore have been known only to astrologers.
Molnar proposed a new interpretation of the account of the Magi seeing the
star ``in the east,'' a phrase that has had many suggested interpretations but
which can be read in its astrological meaning ``at the rising''. But the Greek
phrase could be a common ancient mistake for the technical term meaning ``at
heliacal rising'' or rising with the Sun. Finally, Molnar observed that the
second occultation, although it did not take place in the terms of Jupiter in
Aries, nevertheless would have provided a confirming omen to the Magi because
it took place in the general direction of Bethlehem as seen from their
location in Jerusalem.


Molnar argued that the Magi (``wise men'') were astrologers who were able
to predict the occultations from their observations of the Moon and empirical
knowledge of its complicated path. Such occultations, he pointed out, were
particularly significant astrological events, especially in association
with certain configurations and heliacal risings, even if they were invisible
to the eye because they took place after setting or during the middle of the
day. In Magian astrology, the importance of a lunar conjunction was dependent
on the proximity of the Moon to the other object, with an occultation being a
particularly powerful form of close conjunction.


Out of curiosity, we reviewed the astronomical events of 6BC with two
commercially available PC packages3,4. The
results confirm fully Molnar's descriptions of the two occultations. But in
the course of this diverting exercise we noticed two other events which, to
the best of our knowledge, have not been previously mentioned: on the calendar
day before each occultation of Jupiter, the Moon also occulted Saturn in
Pisces. The first occultation of Saturn took place on March 19, 22.20 - 22.30
local Jerusalem time4, i.e., after the
planet had set and about 19 hours before the first occultation of Jupiter on
March 20; the Moon occulted Saturn again on April 16, 10.51 - 12.09 local
Jerusalem time4, about 25 hours before the
second occultation of Jupiter. We consider the viewpoint of Jerusalem (or at
least, the viewpoint of the Middle East) to be of some importance in this
discussion because the lunar parallax would render the occultations of Jupiter
and Saturn into conjunctions if they were observed from other, distant parts
of the Earth.


Saturn's astrological significance is also well documented. In Humphreys' discussion
5 of the possible identification of the star of
Bethlehem as a comet recorded by Chinese astronomers in the spring of 5 BC, it
is noted that in Magian astrology Saturn represented the divine Father and
Jupiter his son. Furthermore, according to late Mediaeval Jewish sources,
Pisces was associated with the Jewish people. We note, though, that Molnar
cautioned the reader that interpretations such as this may have changed over
1500 years.


Although Molnar did not specify uniqueness as one of his criteria, the
expected rarity of Molnar's a priori model horoscope for Christ can be
estimated. We used Dance of the Planets (reference 3) to calculate
every lunar occultation above the horizon from the region of Jerusalem over a
sample period of 2000 years (-1050 to +950). There were 369 single
occultations and 42 double occultations ( i.e., one month apart). Of
the latter, only three were in Aries (one of which was Molnar's event) and two
more were ``near misses.'' It would seem from this limited sample that such
double occultations occur about twice a millennium in any given zodiacal sign.
However, Mars is present in Aries only for 1/12 of the time, on average, so
such a rare combination of events would occur about once every 6000 years. If
one relaxed the criteria to seek only single occultations of Jupiter in Aries
with Mars in the same sign, the average frequency would be once in 780 years,
still quite a rare event. Therefore, we conclude that the occurrence of
astrological events with the right general properties would have been rare
enough (separated by 1-2 millennia) to have been unique in the experience and
lore of the Magi.


At the time of the second saturnian occultation, both codes agree that the
planet was well within one degree of the first point of Aries. In other words,
at its occultation and that of Jupiter which followed, Saturn was in Pisces
and about to enter the sign of Aries, which was associated with Judaea by the
traditions of the era. Molnar pointed out that the occultation of Jupiter on
April 17 would have occurred in a southwesterly direction as seen from
Jerusalem, about 30° from the azimuth of Bethlehem, and suggested
that---given the vagaries of the Judaean road system---this was close enough
to have impressed the Magi as a powerful confirmation6 
. We note that the occultation of Saturn on the previous day
would actually have bracketed (188-218°) the true azimuth of Bethlehem
(~195°) as seen from Jerusalem. We speculate that this may also be
relevant to the literal interpretation of the star having ``stood over where
the young child was''. Unlike ordinary celestial objects, which move through
the sky with the Earth's diurnal rotation, an occultation lasting of the order
of one hour can only take place in a narrow range of directions as seen from
any single location.


We are not experts on Magian astrology or on Biblical exegesis, and are
unwilling to assign definitive astrological, mystical, or religious import to
our results. We leave it to others to interpret such shades of meaning, and to
consider whether the remarkable events of 6 BC March 19--20 and April 16--17
lend further support to Molnar's proposed identification of the star of
Bethlehem. We thank the referee, Dr. D. Hughes, for his comments on an earlier
version of this letter.
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