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Abstract. We present calculations of radiative accelerations obtained with the general purpose model atmosphere
code PHOENIX. The accelerations are computed simultaneously for all the elements He–Ga; Kr–Nb; Ba; La,
using the opacity sampling method. The calculations are mainly performed with the LTE approximation. Tests
are made to evaluate the influence of non-LTE effects and the validity of the radiative flux obtained through the
diffusion approximation. It is shown that the abundances supported in the atmospheres of HgMn and He-weak
stars are generally consistent with those observed.

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

1. Introduction

The Chemically Peculiar (CP) stars have abundances very
different from what can be expected from classical stellar
models. Best known are those lying on the Main Sequence
(e.g. Preston 1974), but such objects are also present
on the Horizontal Branch (Greenstein & Sargent 1974;
Glaspey et al. 1989) and on the white dwarf cooling se-
quence (e.g. Vauclair et al. 1979).

It is now well established that the vast majority of the
abundance anomalies observed in CP stars are due to mi-
croscopic diffusion (Michaud 1970; Greenstein et al. 1967;
Michaud et al. 1983; Schatzman 1958). As time goes by,
the particles migrate according to their photoabsorption
properties and the abundances of each element stratify. In
each layer of the star, the particles move according to a
diffusion velocity that involves a term describing the mo-
mentum transfer between the radiation field and the vari-
ous chemical species: the radiative acceleration. Thus, the
first step of a diffusion study is the calculation of radiative
accelerations.

In the past, most computations of radiative acceler-
ations were performed in optically thick media, where
the radiative flux can be expressed by an analytical for-
mula (the so-called diffusion approximation, or Milne 1927
flux). This approximation is therefore only suitable for
stars with thick enough a superficial mixing layer (e.g.
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Am stars, Richer et al. 2000), diffusion then occurring in
the envelope. In such cases, several methods of calculation
have been developed, differing mainly by the estimation of
the “background opacity” (i.e. the opacity due to all other
sources but the atomic transition under consideration).
For instance, Borsenberger et al. (1979) used a simple
function scaled with the Rosseland opacity. In Gonzalez
et al. (1995b, hereafter GLAM), the background opacity is
approximated by an average calculated in 4000 frequency
intervals. The radiative accelerations on CNO (Gonzalez
et al. 1995a), Fe (LeBlanc & Michaud 1995), and several
other elements (LeBlanc et al. 2000, hereafter LMR2000)
have been calculated this way. More accurate radiative ac-
celerations are obtained with the sampling method, which
consists of direct integration on a given frequency grid.
It has been used by Seaton (1997) and LMR2000 with
Opacity Project atomic data (Seaton 1987; Seaton et al.
1992; Cunto et al. 1993), whereas Richer et al. (1998)
used OPAL opacities (Rogers & Iglesias 1992a,b; Iglesias
& Rogers 1995, 1996). Alecian (1985) and Alecian & Artru
(1990) introduced a method that parametrizes the ra-
diative accelerations due to bound-bound transitions, in
which two parameters express the intrinsic photoabsorp-
tion properties of the ion and the plasma conditions. They
are both computed with atomic data. No frequency inte-
gration is needed so that it saves much computing time,
the results being in good agreement compared to the de-
tailed calculations (differences less than 25%, Alecian et al.
1993). However, this method does not consider the effect

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20011494

http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20011494


198 A. Hui-Bon-Hoa et al.: Radiative accelerations in stellar atmospheres

of line blending and the composition of the medium should
not be too different from that for which the parameters
have been computed.

For hotter stars (e.g. Ap stars), diffusion occurs in the
atmosphere and the radiative transfer equation has to be
solved explicitly. The case of white dwarfs has been re-
cently addressed by Dreizler (1999), who computed de-
tailed radiative accelerations for several elements with the
opacity sampling method, thus considering the mutual in-
fluence between the various chemical species. Concerning
the Main Sequence, the few studies performed up to now
used codes that considered only one element at a time
and the radiative flux did not include any metallic line
opacity (e.g. Borsenberger et al. 1979; Alecian & Michaud
1981; Alecian & Vauclair 1981; Alecian & Artru 1987;
Hui-Bon-Hoa et al. 1996). The effects of blends were thus
not taken into account. The results were nevertheless in
good qualitative agreement with the observed anomalies.
The case of aluminium (Hui-Bon-Hoa et al. 1996), with
radiative accelerations very near gravity, showed the need
for a greater accuracy in these kinds of computations.

We present here radiative accelerations obtained with
a new code dedicated to the study of diffusion in stellar
atmospheres, which has been recently used in the case of
blue Horizontal-Branch stars (Hui-Bon-Hoa et al. 2000). A
basic assumption for this study is a static medium, which
is justified because hot CP stars are expected to have hy-
drodynamically stable atmospheres. Indeed, they are sup-
posed to have very thin superficial convective layers and
the large scale motions are prevented by their slow rota-
tion. The effect of possible mass-loss is neglected.

In Sect. 2, we detail the implementation of the compu-
tation of radiative accelerations. Then, in Sect. 3, we will
present our results. We will also show the limits of the
so-called diffusion approximation where the radiation flux
is obtained through an analytical expression and test the
effect of departures from LTE. Comparisons of our results
with the anomalies observed in Main Sequence CP stars
(HgMn; He-weak stars) are shown in Sect. 4.

2. Computation of radiative accelerations

Model atmosphere codes are natural starting points for
the computation of radiative accelerations since the quan-
tities needed are the same as those required for the radia-
tive equilibrium. The treatment of the radiative transfer
using the opacity sampling method is very convenient for
the calculation of radiative accelerations (e.g. LMR2000)
and we have thus chosen to implement diffusion in the gen-
eral purpose stellar atmosphere code PHOENIX (Hauschildt
et al. 1996; Hauschildt et al. 1997a,b; Baron & Hauschildt
1998; Hauschildt & Baron 1999; Barman et al. 2000).
An extensive description of PHOENIX can be found in the
above-mentioned papers (and references therein) so that
we will focus here mainly on the implementation of the
calculation of radiative accelerations.

The radiative accelerations (grad) express the momen-
tum transfer between the radiation field and the various
ions and can be written as follows:

grad(A) =
4π
c

1
XA

∫ ∞
0

κλ(A)Hλdλ (1)

where XA is the mass fraction of ion A, κλ(A) the mono-
chromatic opacity of this species, and Hλ the monochro-
matic (Eddington) radiation flux. For each ion, the ra-
diative accelerations obtained through bound-bound and
bound-free absorptions are calculated separately since for
a species in the ionization stage i, the radiative accelera-
tion gained by photoionization will benefit to ion i+1. We
thus consider separately the line and continuum opacities.

The monochromatic opacities are calculated by
PHOENIX during each iteration according to the chem-
ical composition and the atmospheric structure. Hλ is
obtained through the detailed resolution of the transfer
equation, done with the opacity sampling method (for
a discussion about radiative accelerations obtained with
the sampling method see LMR2000). For test purposes,
we have also implemented the computation of the flux
according to the so-called diffusion approximation, valid
in optically thick media, and obtained through an an-
alytical expression (Milne 1927). With this formulation,
widely used in stellar envelopes, one can avoid solving the
transfer equation. The radiative flux is then given by (e.g.
Eq. (2–91) of Mihalas 1978)

Hλ = −1
3

1
κλ

∂Bλ
∂T

∂T

∂r
(2)

where Bλ is the Planck function, T the temperature, and r
the radius. When radiative equilibrium is assumed, the
temperature gradient can be derived using the definition
of the Rosseland mean:
∂T

∂r
= − 3

16
κR

T 4
eff

T 3

R2

r2
(3)

and the flux expression becomes

Hλ =
1
16
κR

κλ

∂Bλ
∂T

T 4
eff

T 3

R2

r2
(4)

κR is the Rosseland opacity, Teff the effective temperature
and R the stellar radius.

The diffusion velocity for an ion of a trace element
(Burgers 1960) can be approximated by

Vi = Di

{
−∂ ln ci

∂r
+
mi

kT

[
girad −

(
2Ai − Zi − 1

2Ai

)
g

]
+
(
3.45Z2

i − 0.82
) ∂ lnT

∂r

}
· (5)

In this expression the drag terms between the different
kinds of particles are neglected since we suppose that we
have trace elements. In this equation, mi is the mass, Ai

the atomic mass, Zi the charge, g is the local gravitational
acceleration and girad the radiative acceleration. We then
define the effective acceleration (geff) as

gieff = girad −
(

2Ai − Zi − 1
2Ai

)
g (6)
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that is, the sum of the radiative, gravitationnal and elec-
trical forces acting on ion i.

As time goes by, a particle in an initial ionization
stage i can ionize or recombine, thereby transferring
part of the momentum acquired in stage i to adjacent
ones. This momentum sharing among the various ion-
ization stages of an element is called the redistribution
effect (Montmerle & Michaud 1976). To know the part
of the momentum given to other ionization stages, we
have to estimate the ionization/recombination rates for
each energy state of the ions. For this, GLAM con-
sidered the principal quantum number of the level to
decide whether the momentum should be kept in the ini-
tial ionization stage i or given to stage i+ 1. Their cal-
culation on CNO showed that the recombination rates
were always much smaller than the collisional or ioniza-
tion ones so that no momentum is granted to ion i− 1.
However, this approach is too complex to be implemented
presently in the code, so we rather turn to the method
of Montmerle & Michaud (1976), which uses rates av-
eraged over the energy levels of each ion. The ioniza-
tion/recombination rates are computed with the method
of Hui-Bon-Hoa et al. (1996), using the continuous opac-
ities of each ion, in LTE (Local Thermal Equilibrium) as
well as in NLTE (non-LTE) mode. Since only the radia-
tive processes are considered, the redistribution effect may
be underestimated, but the contribution of collisional pro-
cesses is negligible in the upper part of the atmospheres
(at least in the case of aluminium, Hui-Bon-Hoa et al.
1996), where redistribution is the most efficient.

Since we are interested in the total radiative acceler-
ation acting on a given element, one has to estimate the
mean radiative acceleration. In the present case, we use
the following weighted mean:

grad =
∑
iNiDi g

i
rad∑

iNiDi
· (7)

It reflects the expression of the total diffusion velocity,
when the weighted average is done using the populations.
Ni is the relative population of ion i and Di its diffusion
coefficient. We used a formula coming from expressions
(9.81, 1) and (10.31, 11) of Chapman & Cowling (1970)
for the diffusion coefficients of the neutral species,
with values of electric polarisability taken from the
CRC handbook of Phys. and Chem. (1997). As for the
charged ions, we used expression (2.22) of Aller &
Chapman (1960) (for details about the diffusion coeffi-
cients, see GLAM, Appendix B). We only consider a sin-
gle diffusion coefficient per ionization stage, thus neglect-
ing the variation from one excitation state to another (see
LeBlanc & Michaud 1993 for a discussion on the depen-
dence of diffusion coefficient vs. excitation state).

It should be noted that in practice, we adapted for
our calculations of the total radiative acceleration parts
of the code used in previous diffusion studies in atmo-
spheres (Alecian & Michaud 1981; Alecian & Vauclair
1981; Alecian & Artru 1987; Hui-Bon-Hoa et al. 1996).

2.1. Computations assuming LTE

The line opacities are calculated with the atomic data
of Kurucz’ (1994) linelist for the elements included in
PHOENIX, namely He–Ga, Kr–Nb, Ba, and La. The lines
are selected according to the ratio χlc/κc between the
extinction at the line center χlc and the local continuous
opacity κc (Hauschildt et al. 1999), and to the wavelength
mesh. We have set the threshold value at 10−5. We tried
to find the best compromise between computing time
and accuracy of the results by adjusting the wavelength
step. When increasing the number of grid points (refining
the mesh), the amount of lines selected is roughly the
same (around 2 million for the 12 000 K model with
a threshold value of 10−5) and the variations of the
radiative accelerations come from the way the lines are
sampled. The radiative accelerations through line ab-
sorptions for some ions are very sensitive to the choice of
the wavelength grid, in particular in the most superficial
layers (for instance, about 1 dex for Ne when the step
in the UV and the visible varies from 0.4 to 0.02 Å),
where the lines are the least broadened. The radiative
accelerations converge well even in the uppermost layers
for a 500 000 points grid, with a step of 20 mÅ between
350 Å and 1 µm, where most of the flux is emitted (given
the effective temperatures of the models), and where
the majority of the contributing lines are. We actually
used this grid in the calculations shown in Sect. 3.1.2.
We noticed that the choice of the wavelength grid has
much more influence on the radiative accelerations than
the opacity threshold: the results with a threshold at
10−3 are almost the same as those using a ratio of 10−5.
The largest differences amount to less than 10% in the
worst cases. The microturbulence velocity has been set
to zero, since CP stars’ atmospheres are assumed to be
hydrodynamically stable.

The radiative accelerations due to bound-free transi-
tions were computed using the “hydrogenic” ν−3 power
law cross-sections implemented for the NLTE ions, which
are scaled to the results of Reilman & Manson (1979), as
described in Hauschildt et al. (1996), instead of the data
of Mathisen (1984), which are used in the building of the
atmospheric structure. The hydrogenic cross-sections are
less accurate but are available for far more ions and levels
within each ion. Also, for an ionizing transition, part of the
momentum is taken away by the ejected electron. Apart
from the usual expression of Sommerfeld & Schur (1930)
for the 1s state of hydrogen (H1S), very little is known
about the fraction of the momentum kept by the ion, fion.
Detailed calculations have only been done for hydrogenic
ions (Massacrier 1996) and lithium (Massacrier & El-Murr
1996). Owing to the lack of accurate data, the H1S ex-
pression of fion is often adopted for all the elements, the
results of Richer et al. (1997) showing that this approxi-
mation gives reasonably accurate results, at least in the
case of lithium. The results shown here assume no correc-
tion factor, i.e. fion = 1, except for test purposes.
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Table 1. NLTE species of PHOENIX (version 10). The first column lists the elements by increasing atomic number, the other
the number of levels/transitions (“primary lines”, see text) for each corresponding ion.

Element I II III IV V VI VII

H 80/3160
He 19/37 10/45
Li 57/333 55/124
C 228/1387 85/336 79/365 35/171
N 252/2313 152/1110 87/266 80/388 39/206 15/23
O 36/66 171/1304 137/765 134/415 97/452 39/196
Ne 26/37
Na 53/142 35/171 69/353 46/110 64/187 102/375
Mg 273/835 72/340 91/656 54/169 53/133 78/180
Al 111/250 188/1674 58/297 31/142 49/77 40/93
Si 329/1871 93/436 155/1027 52/292 35/125 36/49
P 229/903 89/760 51/145 50/174 40/204 10/9
S 146/439 84/444 41/170 28/50 19/41 31/144
K 73/210 22/66 38/178 24/57 29/75
Ca 194/1029 87/455 150/1661 67/122 39/91 23/37 26/59
Ti 395/5279 204/2399
Fe 494/6903 617/13675 566/9721 243/2592 132/961 87/551
Co 316/4428 255/2725 213/2248
Ni 153/1690 429/7445 259/3672 189/1845 245/2638 246/2868
Rb 29/76
Sr 52/74 32/90
Cs 38/75
Ba 76/114 51/121

2.2. Non-LTE calculations

Departures from LTE can be considered for 90 atoms in
PHOENIX (version 10). A summary of the data is given in
Table 1. Let us recall that the model atoms are built using
the linelist of Kurucz (1994). The “primary” lines, used in
the rate equations, are selected as their gf -value is greater
than a threshold set at 10−3. All the levels concerned by
these transitions are included in the model atom. Weaker
transitions (“secondary” lines) thus involve at least one
level not treated explicitly in the rate equations, for which
the ground state departure coefficients are applied (see
Hauschildt et al. 1996 for more details). Complete NLTE
effects therefore concern only the primary lines but we also
compute radiative accelerations from the secondary lines
for an estimation of their contribution. In NLTE mode, in
addition to the user specified grid (see above), wavelength
points are set according to the primary NLTE line cen-
tral wavelengths with additional points at given distances
of the line cores if needed. The grid is then modified to
take the NLTE points into account without increasing too
much the number of grid points.

3. Radiative accelerations for Main Sequence
CP stars

Diffusion occurs in stellar atmospheres only if the macro-
scopic motions are weak enough. On the Main Sequence,
this condition is fulfilled for Teff between approximately
10 000 and 30 000 K. For the hottest stars, mass-loss must

be considered and the assumption of a static medium is
not valid. We thus decided to compute radiative acceler-
ations in two stellar models of 12 000 K (typical HgMn
star) and 18 000 K models (He-weak star). As we do not
consider any magnetic field effect in our models, the case
of the magnetic CP stars cannot be addressed.

The model atmospheres were built assuming static
medium and plane-parallel symmetry, approximations
which are valid for the present temperature range
(Aufdenberg et al. 1998, 1999). The computations are
made considering solar abundances (Grevesse & Noels
1993) throughout the atmosphere.

In the following, we present our radiative accelerations
results.

3.1. LTE radiative accelerations

3.1.1. Using the diffusion approximation
for the radiative flux

As the diffusion approximation is widely used in the ra-
diative acceleration computations in stellar interiors, we
wanted to test the validity of this approximation in the
atmosphere. The computation was made for a 12 000 K
model.

Though the ratios of the fluxes integrated over the
frequencies are very close to unity whatever the optical
depth, the radiative accelerations for individual ions have
a different behaviour. In the deep layers, the results from
the detailed calculation and the approximation are very
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Fig. 1. Ratios of radiative accelerations obtained with the
diffusion approximation over those with detailed radia-
tive transfer against optical depth for the ions (12 000 K,
log g = 4 model): O (short-dashed line); Na (solid line); Fe
(long-dashed line). The ratio of the integrated fluxes is shown
by the thick dot-dash line.

similar, as expected in these optically thick media. In the
optically thin part of the atmosphere, the radiative accel-
erations obtained with the diffusion approximation are un-
derestimated for most elements (Fig. 1). For a few others,
they can be more than twice enhanced. The reason is that
the integrated fluxes are approximately equal whatever
the layer but their wavelength distributions are different
in the outermost layers, the detailed flux being stronger
at shorter wavelengths (see Fig. 2), as the effect on the
radiative accelerations depends on the opacity distribu-
tion of each element. This shows the need for a detailed
treatment of the radiative transfer in the computation of
radiative accelerations in the atmosphere.

3.1.2. Using the flux from the detailed resolution
of the transfer equation

The details of the individual contributions to the radiative
accelerations are shown for Si and Fe (Fig. 3), in the case of
the 12 000 K model, the contribution of a given ion i being
defined by

NiDi g
i
rad∑

j NjDj
· (8)

As for the other elements concerned by the present calcu-
lation, the total radiative acceleration is dominated by the
line contribution. Let us remark that the contribution of
the continuum of Siii is significant around τ5000 ≈ 10−2.
One exception is Li in the 18 000 K model whose radiative
acceleration is due mainly to the photoionization of the
neutral ion.

If we take into account that part of the momentum ac-
quired through photoionization is granted to the ejected
electron, i.e. fion 6= 1 (the H1S expression), the radia-
tive accelerations from bound-free transitions are slightly
reduced in comparison to the case where this effect is ne-
glected, by typically 5% in the upper layers and up to 30%
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Fig. 2. Comparison of the fluxes (left ordinate axis), for
the 12 000 K, log g = 4 model, at τ5000 = 10−1: obtained with
detailed radiative transfer (thick solid line); with the diffusion
approximation (dotted line). The ratio of the two is shown
in the upper part of the panel (right ordinate axis, the ratio
of 1 being shown by the dotted line). At the bottom is drawn
the total opacity (thin solid line, right ordinate axis).

at the bottom of the atmosphere (for the 12 000 K model).
Since the line contributions dominate the radiative accel-
erations for most elements, the approximation made for
the value of fion has no crucial influence on the total ra-
diative accelerations. Anyway, these corrections are much
smaller than the differences between the approximation
used here and detailed photoionization cross-sections (e.g.
Opacity Project data, Alecian 1994; Hui-Bon-Hoa et al.
1996).

Figure 5 displays the radiative accelerations for the
12 000 K and 18 000 K models obtained using the detailed
radiative flux. Both the total radiative accelerations be-
fore and after applying the redistribution correction are
shown. Due to the absence of atomic data, there is no
radiative acceleration for Kr (element not considered in
Kurucz’ linelist). The same reason accounts for the drop
of radiative acceleration at the bottom of the atmosphere
for some of the heaviest elements (Cu, Ga, Rb, Sr, Y, Zr,
Nb, Ba, and La), where the elements are in multicharged
ionization stages. Their radiative accelerations can thus be
strongly underestimated for layers below τ5000 ≈ 1 (see for
instance the contribution of Gaiii and Gaiv in Alecian &
Artru 1987).

Redistribution of the momentum has significant effects
on several elements (C, Mg, Al, Si, P, S, Fe, and Ni in the
12 000 K model; CNO, S, and Ca in the 18 000 K model).
Moreover, it changes the balance between radiative accel-
erations and gravity in the upper parts of the atmosphere
for C, Mg, Al, Si, S in the 12 000 K model, and for CNO in
the 18 000 K model. The major effect of redistribution is
due to the momentum transfer between neutral and first
ionized stages since the diffusion coefficients are very dif-
ferent (about 100 times larger for the neutral for most ele-
ments), unless the contribution of the neutral is negligible.
Elements for which the redistribution effect is strong have
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Fig. 4. Same as Fig. 3 with an NLTE calculation.

radiative accelerations dominated by the neutral contribu-
tion in the layers of concern (for instance, smaller effect on
Co with respect to Fe and Ni since the contribution of the
first ionization stage of Co dominates where redistribution
is important). This is why redistribution is less efficient in
the 18 000 K model, for which the dominant contribution
to the radiative accelerations is due to ionized stages. Also,

redistribution is important if ionization rates are stronger
than collisional rates. For most elements, this last con-
dition is fulfilled when density is low enough (namely for
τ5000 ≤ 10−2). For CNO, though, redistribution is also sig-
nificant in the deeper layers. In agreement with previous
studies (GLAM, Hui-Bon-Hoa et al. 1996) the momentum
transfer by recombination is negligible. For the 12 000 K
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model, as the detail of the contributions of the individual
ions are very similar for Fe, Ni, and Zn, we can expect
that redistribution could somewhat reduce the radiative
accelerations for Zn – element for which there is no data
for continuous absorption – around τ5000 = 10−2, as it
does for Fe and Ni. For a similar reason, the radiative ac-
celerations of Mn, Cu, and Ga could be smaller too, by
reference to Co.

Our results are in good overall agreement with pre-
vious studies on individual elements, despite different
atomic data and computational methods. Let us remark
that this agreement is achieved only if we take the redistri-
bution effects into account. We will mainly compare here
the results for the 12 000 K model, since only one study
has addressed the case of the 18 000 K model (Alecian
& Michaud 1981 for Mn). The major difference between
this work and previous ones is the use of a NLTE model
atmosphere and the NLTE computation of radiative accel-
erations in most of the studies (except Alecian & Vauclair
1981, who used an Atlas 5 model). However, as the NLTE
calculations are numerically very costly to carry out for
the number of elements already studied, we limited our-
selves to two cases (see Sect. 3.2), and we will discuss here
our LTE results. The decrease of the Be radiative accel-
erations in the outer layers of Borsenberger et al. (1984)
can originate from this NLTE treatment. Their relative
population of Beii – the main contributor to the radia-
tive accelerations – drops strongly as one goes upwards
whereas ours remains important in the upper atmosphere.
For boron, our total radiative accelerations are similar to
those of Borsenberger et al. (1979), but we find that the
main contribution between τ5000 = 10−1 and τ5000 = 10−5

comes from the neutral species, which they did not con-
sider, this being compensated by radiative accelerations
for Bii almost ten times stronger than ours in these lay-
ers. The radiative accelerations for Mg is very near grav-
ity in the line-forming region, as in Borsenberger et al.
(1984). The decrease they get in the outer layers is cer-
tainly caused by a shift in the ionization balance which
reduces the relative population of Mgii, which is the main
contributor to the radiative accelerations there. In the case
of Al, we find that the contribution of neutral Al is some-
what greater than in Hui-Bon-Hoa et al. (1996) around
τ5000 = 10−2, making the total radiative accelerations
slightly stronger. This is due to a stronger relative popu-
lation for Ali in our case. Let us mention that a mistake in
the code used by Hui-Bon-Hoa et al. (1996) led to minor
shifts in the optical depth scale (Alecian & Hui-Bon-Hoa,
private communication). As for silicon, the agreement is
very good with Alecian & Vauclair (1981). The radiative
acceleration on Caii are close to those of Borsenberger
et al. (1981), though, the total radiative accelerations we
obtain are stronger in the upper atmosphere, mostly due
to a different ionization balance.

Also, a similar reason causes the discrepancy between
our radiative accelerations for Mn and those of Alecian &
Michaud (1981) in the outer layers, the values elsewhere
being in very good agreement. For the 18 000 K model,

we have the same trend of stronger radiative accelera-
tions with increasing temperature. As mentioned above,
we have no atomic data for highly ionized gallium ions,
making our radiative accelerations smaller than those of
Alecian & Artru (1987) where these ions have significant
contributions, especially at the bottom of the atmosphere.
Our Gaii radiative accelerations are also slightly weaker,
which is not surprising since different atomic data was
used. The behaviour of the radiative accelerations for Sr
is very similar to that found by Borsenberger et al. (1981),
except in the superficial layers, where the shift of ioniza-
tion balance when using a NLTE model could reduce the
population of the singly ionized ion, which is the main con-
tributor to the radiative accelerations. The same remark
applies for Ba (Borsenberger et al. 1984).

At the bottom of the 12 000 K atmosphere, we find a
very good overall agreement with the radiative accelera-
tions of the superficial layers of the 3 M� inner structure
model computed by Richer et al. (2000), as expected.

3.2. NLTE calculations

Since one of the purposes of this work is to test NLTE
effects on the radiative accelerations, the calculations are
performed using the same atmospheric structure as for the
LTE computations, the elements we consider being silicon
and iron. We detail the individual contributions for the Si
and Fe ions in Fig. 4 for the 12 000 K model.

The importance of NLTE effects depends on the
species considered. For neutral silicon in the 12 000 K
model, the relative population vs. other ionization stages
is lower than in LTE everywhere in the atmosphere,
from about a factor of 10 at its bottom up to 104 at
τ5000 ≈ 10−6. The changes in relative population and line
radiative accelerations cancel out near the bottom of the
atmosphere yielding similar line contributions but the
NLTE line contributions are much smaller in the upper
atmosphere. The deviations from LTE are very small for
Siii except in the upper layers. The change in relative
population is compensated by the line radiative accelera-
tions so that the NLTE line contribution is close to that
in LTE eveywhere in the atmosphere. For depths smaller
than τ5000 ≈ 10−4, the line contribution of neutral Si is
much smaller than in LTE and Siii dominates the total
radiative acceleration in the NLTE calculations. The net
result is that the total radiative acceleration in this re-
gion is smaller than in LTE but when redistribution is
considered, as the momentum transfer from Sii to Siii is
very strong, the total redistributed radiative acceleration
is still very near the line contribution of Siii so that its
global behaviour is almost unchanged. The contribution
of the radiative accelerations due to photoionization for
Si is negligible for both LTE and NLTE calculations, but
are much weaker in the NLTE case.

In the case of Fe in the 12 000 K model, the behaviour
of the ionization fractions is qualitatively the same as for
Si. A major difference is the change of the line radiative
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Fig. 5. LTE radiative accelerations for the 12 000 K and 18 000 K models with log g = 4. The total radiative acceleration before
(thin line) and after redistribution (thick line) are represented for a solar abundance of each element in the 12 000 K model
(solid lines), and in the 18 000 K model (dotted lines). The long-dashed line denotes gravity. Downward arrows means that the
radiative accelerations are lower than 100 for the corresponding models (Teff next to the arrow, in 103 K, see text). The results
for (Cu, Ga, Rb, Sr, Y, Zr, Nb, Ba, and La) should be considered with caution at the bottom of the atmosphere since atomic
data for certain ions are missing (see text for more details).
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Fig. 5. continued.

accelerations for neutral iron, which are much stronger
(up to 5 orders of magnitude) at the top and the bot-
tom of the atmosphere when NLTE effects are considered.
However, as the relative population of Fei is very small (at
most 10−4) and redistribution is very strong towards Feii,
the total radiative acceleration remains of the same order
as in LTE but is smaller than gravity at the top (above
τ5000 ≈ 10−6) and the bottom of the atmosphere so that Fe
could be bound to the star whereas it could flow away ac-
cording to the LTE calculation. The continuum radiative
accelerations of Feii are 5 orders of magnitude stronger in
NLTE than in LTE at the bottom of the atmosphere, and
contribute significantly to the total radiative acceleration
there.

For the 18 000 K model with the NLTE calculations,
the relative population of neutral Si is strongly reduced
(up to 4 orders of magnitude in the upper layers). Even
if its line radiative accelerations are enhanced 10 times,
the contribution of Sii is at least 10 times smaller. Again,
as in the 12 000 K model, the total redistributed radiative
accelerations are only slightly changed because of the im-
portant redistribution effect and the weak changes of the
contributions of Siii and Siiii.

We found the same effect in the 18 000 K model as
in the 12 000 K model for the change introduced by
NLTE computations for neutral Fe: its relative popula-
tion is up to 4 orders of magnitude smaller, especially
in the upper layers, but the much stronger line radiative
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Fig. 5. continued.

accelerations strongly enhance its contribution, which is
dominant throughout the atmosphere. However, the to-
tal NLTE redistributed radiative accelerations are of the
same strength as in LTE around τ5000 ≈ 1 because of
a very strong redistribution effect. They are smaller at
the bottom of the atmosphere and in the upper layers
due also to redistribution, combined with an ionization
shift towards Feiii in these regions and to the weakness of
the NLTE Feiii line radiative accelerations. Iron is then
bound to the star since the total radiative accelerations
are below gravity in the upper layers. As in the 12 000 K
model, the continuum radiative accelerations of Feii are
much stronger in NLTE at the bottom of the atmosphere,

making their contribution to the total radiative accelera-
tion significant there.

4. Comparison with observed anomalies

The comparison between our results and the observed
abundances is not straightforward. To make simulations
of the abundance anomalies created by diffusion would
require the computation of the time-dependent stratifica-
tion process in the atmosphere and the amount of each ele-
ment exchanged with the interior of the star (given by evo-
lutionary models that take diffusion into account). Such
calculations are beyond the scope of this study. However,
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as a first step, we can check if the radiative accelerations
we compute are consistent with the observed anomalies.

In order to estimate the abundances supported by ra-
diation in the atmosphere, we calculated the abundances
of the various elements at equilibrium (i.e. geff = 0). This
procedure gives an estimation of the maximum abundance
of the elements that can be supported by radiation in the
atmosphere.

4.1. HgMn stars

The HgMn stars are non-magnetic CP stars whose Teff

lie between 10 000 and 15 000 K. The general abundance
pattern has been depicted in the review paper of Takada-
Hidai (1991), to which we will refer mainly rather than in-
dividual studies since the abundance scatter is important
among HgMn stars (e.g. Preston 1974). The observations
are compared to the results of our 12 000 K model. Since
the radiative accelerations of He are smaller than grav-
ity everywhere in the atmosphere, He settles and its con-
tent reduces as time goes by, which is consistent with the
observed underabundances of this element. Li is slightly
supported in the line-forming region and is bound to the
star as the radiative accelerations are smaller than grav-
ity in the upper layers. So, some accumulation could oc-
cur but no strong excesses are expected since the amount
that could accumulate is small. Besides, the atmospheric
content of Li should decrease with time since Li is not
supported at the bottom of the atmosphere. This is in
agreement with the fact that no strong overabundances
of Li have been observed so far (Stephens & Deliyannis
1999). Our calculations show that an overabundance of
more than 5 dex of both Be and B can be supported
by radiative forces in the line formation region. This is
consistent with the large overabundances (up to approxi-
mately 4 dex) observed for Be and B (Takada-Hidai 1991).
Slight overabundances (less than 1 dex) of C and small
underabundances (approximately −0.2 dex) of N can be
produced in the line forming region. These values are
greater than those observed, but as mentioned previously,
exchanges of matter with the envelope during evolution
could deplete these elements. According to our calcula-
tions, the maximum O abundance that can be supported
is less than −0.5 dex if log g = 4. The observed abun-
dance for this element in most HgMn stars is larger than
this value and could be explained by a lower surface grav-
ity, which would enhance the amount of O that can be
supported. Finally, we find that the abundances of the
iron-peak elements that can be supported in the atmo-
sphere are consistent with those given by Takada-Hidai
(1991).

4.2. He-weak stars

He-weak stars lie on the main sequence and have Teff ap-
proximately between 14 000 and 20 000 K. Since observa-
tional abundance determinations are much less prevalent

for He-weak stars than for HgMn stars, we will only fo-
cus on the abundances of 3 Cen A given in Adelman &
Pintado (2000).

We find that in accordance to the observations, He is
not supported in the atmosphere of the Teff = 18 000 K
model and thus its abundance will be much smaller than
its solar value. We also find that the maximum abun-
dances of both CNO and the iron peak elements that
can be supported by radiative pressure are greater than
those observed and are then consistent with those given
by Adelman & Pintado (2000).

5. Conclusion

As expected, it was found that using the diffusion approx-
imation for the radiative flux gives large errors for the ra-
diative accelerations for optical depths smaller than unity.
When studying diffusion in the atmosphere, it is impera-
tive to solve explicitly the radiative transfer equation with
a sufficiently fine wavelength sampling grid. NLTE effects
can strongly modify the radiative accelerations of certain
ions in stellar atmospheres. For the cases studied here,
the difference between the total radiative acceleration us-
ing NLTE to those obtained using LTE was up to 0.5 dex
in certain parts of the atmosphere. NLTE effects can also
qualitatively change the behaviour of diffusion and should
be considered when possible.

We also showed that for the vast majority of the ele-
ments considered here, the upper limits of the abundances
caused by radiative diffusion in HgMn and He-weak stars
are consistent with the observations. Our findings strongly
support the belief that, contrary to Am stars (Richer et al.
2000) where diffusion is efficient only in the envelope, the
abundance anomalies found in these stars are formed in
the atmosphere.
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