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ABSTRACT

Context. Theoretical modelling of abundance stratifications and surface distributions of chemical elements in Ap stars constitutes
a major challenge. The atomic diffusion model provides the most appropriate framework in which to understand these abundance
anomalies.
Aims. We present theoretical 2D stratifications of 16 metals in upper main sequence chemically peculiar stars, with and without
magnetic fields to provide a reference point for further theoretical and observational studies.
Methods. We used our code CaratStrat to compute a large grid of stratifications (equilibrium solutions in LTE) for plane-parallel
Teff = 8500, 10 000, 12 000, and 14 000 K stellar atmospheres. By interpolation, we constructed bi-dimensional cuts through these
stellar atmospheres, which are permeated by a dipolar magnetic field of strength 20 kG at the magnetic pole. We also provide vertical
(1D) stratifications of metals in non-magnetic stars (HgMn).
Results. We present a large number of 2D and 1D stratifications, mostly as online material. We discuss in detail the case of Fe for the
Teff = 8500 K model in the printed version, and compare it with stratifications derived from observed spectra.
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1. Introduction

Main-sequence chemically peculiar stars of type HgMn and
magnetic Ap are known to exhibit abundance inhomogeneities
in their external layers. These inhomogeneities are predicted by
atomic diffusion theory and have been discussed for instance by
Michaud et al. (1976). Alecian & Stift (2007) and LeBlanc et al.
(2009) specifically address the modelling of abundance stratifi-
cations in stellar atmospheres. According to the diffusion model,
some metals are expected to accumulate and form clouds in the
atmospheres of the above-mentioned stars. These clouds may
be distributed uniformly over the stellar surface, for instance
when there is no magnetic field, or they may form 2-D patches
(actually 3-D inhomogeneities if one considers the depth coor-
dinate), according to the magnetic field geometry. This is the
classical diffusion model, which explains the general trends of
abundances peculiarities but cannot so far predict the detailed
abundance patterns observed in individual stars. Modelling of
individual stars is difficult because of the extreme sensitivity of
the diffusion process to any macroscopic motion of matter such
as turbulence, large-scale circulation, and wind (Babel 1992),
etc. We can presently surmise that HgMn and magnetic Ap stars
must be relatively quiet stars since their atmospheres seem to
be stable enough to allow abundance stratifications to build up
and survive for a considerable time. In addition to these rather
qualitative/schematic predictions from theoretical models, ob-
servational evidence for such abundance inhomogeneities has

� Figures 9–28 are only available in electronic form at
http://www.aanda.org

accumulated over recent years (see Ryabchikova et al. 2002;
Ryabchikova 2005; Shulyak et al. 2009). Zeeman Doppler map-
ping (Kochukhov et al. 2004) provides simultaneous magnetic
and abundance maps for several elements and indicates the rich-
ness of physical processes acting in these stars.

In contrast to the case of stellar interiors, the characteristic
timescales of atomic diffusion in stellar atmospheres are rela-
tively short (Alecian 2008). By short, we mean of the order of
a human lifespan or the interval between spectroscopic observa-
tions (ranging from several years to about a century). This im-
plies that abundance changes with time caused by atomic dif-
fusion in atmospheres can possibly be detected (assuming that
abundances peculiarities have not yet reached a stationary stage).
The diffusion timescale is roughly proportional to the matter
density, provided that the horizontal component of the magnetic
field is negligible. Indeed, the diffusion coefficients of ions are
inversely proportional to the proton density (diffusion velocities
are large in a low density medium), except in horizontal mag-
netic fields (see Vauclair et al. 1979). Diffusion timescales are
short in the upper atmosphere, but they increase as the horizontal
component of the magnetic field vector increases (for instance
when one goes from a magnetic pole to the magnetic equator).
As a consequence – considering short timescales – the build-up
of abundance stratifications first proceeds in the upper layers of
HgMn star atmospheres and in the upper layers around the mag-
netic poles of magnetic Ap stars, and later propagates to deeper
layers. Such a time-dependent process has not yet been modelled
because it would need enormous computing resources. We can
currently compute only equilibrium solutions, which requires
assuming that the time-dependent process reaches equilibrium.
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This seems reasonable in some cases, but equilibrium is certainly
not always achieved for all elements. However, the equilibrium
approximation (see the detailed discussion in Alecian & Stift
2007) provides a useful starting point for this kind of studies.

In this paper, we present extensive calculations of abundance
stratifications (equilibrium solutions in LTE) for 4 effective tem-
peratures and 16 metals: Mg, Al, Si, P, Ca, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ga, and Hg. We deduce the bi-dimensional strati-
fication of these elements in the atmospheres of main-sequence
stars (with Teff going from 8500 K to 14 000 K, log g = 4.00)
assuming a dipolar geometry of the magnetic field (2 × 104 G
at the pole). Complete results are given as online material, but
here we discuss in detail the case of Fe. In Sect. 2, we recall the
theoretical context of our modelling, in Sect. 3, we describe the
numerical method we use to obtain the stratifications, and how
we derive the 2D representations from the grid of 1D data we
have built. Finally, in Sect. 4, we discuss our results.

2. Element stratifications caused by the diffusion
process

The first studies of atomic diffusion in CP stars (just after the
pioneering paper of Michaud 1970) generally considered only
one of the two driving terms in the expression for the diffusion
velocity (VD), i.e., the radiative acceleration grad (the other one
being the gravity g) – see Eq. (4) of Alecian & Stift (2006). This
led to the so-called zeroth order models in which elements that
are strongly pushed up by the radiation field were considered to
be good candidates to exhibit overabundances in stellar external
layers. Overabundances (or under-abundances) in external layers
are the consequence of selective migration of elements, which
is a non-local, time-dependent, non-linear process (due to the
non-linear dependence of radiative accelerations on the element
concentrations).

2.1. Time-dependent process versus equilibrium solution

Time-dependent diffusion and equilibrium solutions were dis-
cussed in Alecian & Stift (2007); we recall here only the main
aspects. To establish how abundances evolve with time and what
their values are when the star is observed, one has to solve
the respective continuity equations for the number densities of
each element. This is performed for stellar interiors (see for in-
stance, Turcotte et al. 1998). Since stellar atmospheres are op-
tically thin, the calculation of radiative accelerations however
requires detailed non-local radiative transfer solutions for each
wavelength and time step. This would involve expensive nu-
merical computations that for most elements are presently out
of reach (note, however, that we have started these calculations
with some approximations, and first results will be presented in
a forthcoming paper). A reasonable alternative is to search for
equilibrium solutions corresponding to grad = g (or VD ≈ 0).
There are two important assumptions underlying the equilibrium
solution: (i) stable equilibrium is achieved at the end of the time-
dependent process, and (ii) the end of this process occurs be-
fore the date of observation. Neither of these assumptions can
presently be verified, although the first will probably not be met
in many cases. It also seems likely that the time-dependent strat-
ification build-up converges in some cases towards a stationary
solution with a constant flux of particles throughout the atmo-
sphere (with a non-zero diffusion velocity). This solution may
differ substantially from the equilibrium solution and would be
strongly dependent on the boundary conditions.

We emphasize that equilibrium solutions discussed hereafter
are not solutions of the continuity equation and thus there is
no conservation of particle numbers: one simply looks for the
stratification that yields grad = g throughout the atmosphere.
However, for some elements and stellar parameters, real sys-
tems may conceivably develop to such equilibrium solutions; in
any case, they provide a useful reference framework for future
studies.

2.2. Plane-parallel modelling of Ap star atmospheres

Spherical symmetry is particularly well justified for HgMn stars,
for which observational evidence has convincingly established
that magnetic fields are negligible and rotation rates low.
Spherical symmetry however does not hold everywhere in
magnetic Ap stars: these stars exhibit multipolar large-scale
magnetic fields where the main axes of the dipolar (and
quadrupolar) components do not coincide with the rotation axis
(Borra et al. 1982). Unsurprisingly, this constitutes a source
of uncertainties in spectroscopic diagnostics (Stift & Alecian
2009). Nevertheless, Ap stars usually are slow rotators (the ef-
fects of rotation on the stellar structure are therefore small) and
the magnetic field geometry is frequently dominated by the dipo-
lar component. One can thus in a first approximation consider
that, as far as atomic diffusion (which depends mainly on the
magnetic field inclination) is concerned, the assumption of ax-
isymmetry about the magnetic axis is well justified. Keeping in
mind that the diffusion process essentially acts along the vertical
axis (see the discussion about horizontal diffusion in Alecian &
Stift 2006), the entire surface of an Ap star can be reasonably ap-
proximated as the juxtaposition of independent facets computed
along a quadrant of the magnetic meridian, using plane-parallel
atmospheres.

3. Numerics

3.1. Computation of the models grid

We computed a grid of plane-parallel models using our code
CaratStrat presented and discussed in Alecian & Stift (2007).
This code calculates the diffusion velocities (with and without
magnetic fields) considering the detailed line opacities of strat-
ified elements, taking into account Zeeman splitting, and using
an accurate solver of the equation of polarized radiative trans-
fer. The redistribution of momentum, among ions of a given
species, is computed following the prescription of Alecian &
Stift (2006) and their Eq. (18) for the total radiative accelera-
tion. Still, CaratStrat is subject to a certain number of limita-
tions. In particular, radiative accelerations are computed by as-
suming LTE, and the input model atmospheres are taken from
ATLAS9 or ATLAS12 (Kurucz 1993, 2005) with homogeneous
solar abundances assumed. The LTE approach potentially in-
troduces large uncertainties in radiative accelerations for layers
with log τ <∼ −4.0, the use of homogeneous models being some-
what inconsistent with the equilibrium solutions. We note also
that the stratifications of metals can lead to significant modifica-
tions of the structure of the atmosphere, especially in deep layers
(LeBlanc et al. 2009). These points are discussed in detail later,
but let us state here that we consider the limitation of LTE to be
the most important (see Borsenberger et al. 1981; Leckrone et al.
1999; Proffitt et al. 1999).

Computations (84 models) were performed for the follow-
ing sets of parameters: temperature Teff = 8500, 10 000, 12 000,
and 14 000 K, field strength 0, 1000, 5000, 10 000, 15 000,
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and 20 000 G, and field angle (with respect to the vertical) 0,
60, 75, and 90 degrees. Equilibrium solutions were obtained af-
ter about 20 iterations for each model. In that way, we created,
for each effective temperature, a 2D-grid of 21 models (field
strength, field angle).

3.2. From the grid of models to 2D-stratifications

When we consider a simple (centred) dipolar geometry and a
spherical star, the field strength and its orientation over the stellar
surface can be computed in a straightforward way. In the follow-
ing, we assume that field strength and orientation do not depend
on the depth in the atmosphere.

The maximum field strength is found at the magnetic pole
(0◦ angle between surface normal and field vector) and the mini-
mum strength (half the maximum) at the magnetic equator (90◦).
In contrast to the variation in the field strength however, the ef-
fect of this dipolar field on the diffusion coefficient for vertical
diffusion is null at the pole and reaches a maximum at the mag-
netic equator.

We compute the equilibrium stratification of a given element
at a given position along the magnetic meridian by first deter-
mining the field angle and the field strength at that position, then
using the grid of equilibrium solutions to interpolate the strat-
ified abundances. The parameters of the grid that we have es-
tablished allow us to consider any star for which the polar field
strength does not exceed 20 kG. For this paper, we decided to
present 2D stratifications for this particular maximum polar field
strength. Our results are presented in the online figures (Figs. 9
to 24), which display gray-scale pictures of the concentration
with respect to H (given by log (NX/NH) + 12). In the figures,
an identical grey level is used to represent the solar concentra-
tion, irrespective of the element: darker shades correspond to
overabundances, brighter shades to under-abundances. Because
of technical constraints in the preparation of these figures, the
depth in the atmosphere (y-axis) is given by the number of the
layer rather than the optical depth. These numbers are more or
less proportional to log τ5000, their precise relation to log τ5000
being indicated in Fig. 1.

Our iterative method converges in general correctly toward
the equilibrium solution. However, when the magnetic field is
strictly horizontal, the iteration frequently does not converge
well above log τ5000 ≈ −4, corresponding approximately to
layer 30. The diffusion of ions happens to be close to being
blocked, and then, the main contribution to the total diffusion
velocity comes from the neutral state of the element. Lines orig-
inating from neutral states are generally only weakly saturated
or not saturated at all. In this case, the radiative acceleration is
quite insensitive to the element concentration, and the iteration
procedure fails to converge within a reasonable number of steps.
Note that, as previously mentioned, the assumption of LTE in
our calculations renders the results anyway unreliable in such
high layers.

Except for the above-mentioned cases, radiative accelera-
tions are almost equal to gravity (i.e. 104 in our models) – and
fluxes nearly zero – for the stratifications that we present, in
accordance with the definition of the equilibrium stratification.
Deviations from these ideal values are caused by the adopted
simple convergence criterion. In view of the considerations out-
lined above, we decided not to present stratifications above
log τ5000 ≈ −4 in the magnetic case. For HgMn stars or Ap stars
with weak magnetic fields (<∼ 1 kG), the bi-dimensionality can
be neglected and the usual 1D stratification representation is
sufficient. For that reason, we also present, in a succinct way

90

80

70

60

50

40

30

20

10

0

L
ay

er
s 

#

-5.0 -2.5 0.0 2.5
log τ 5000

     8 500K
   10 000K
   12 000K
   14 000K

Fig. 1. Layer number versus logarithm of the optical depth at 5000 A
for the four atmospheric models used in the computations.

(Figs. 25 to 28), the zero field cases for the four models. The
case of Fe will be discussed in more detail in subsequent sec-
tions, so a few of the results are also displayed in the printed
version of this paper.

4. The case of iron in a 8500 K star

In this section, we discuss in detail the case of iron for the
Teff = 8500 K model, which is the coolest of our set of models.
This case may be compared more easily to existing observations
than hotter models, since at present most empirical stratifications
have been derived for cool Ap stars (see Sect. 5). We do not dis-
cuss results for layers higher than log τ5000 < −4 because our
calculations are in LTE.

The total radiative acceleration – see Eq. (13) of Alecian &
Stift (2006) – of Fe for uniform solar abundance is presented
in Fig. 2 for 0 G and 20 kG (vertical field lines), respectively.
With vertical field lines, the discrepancy between the 2 curves is
caused solely by Zeeman amplification (here, by 0.18 dex, i.e. a
factor of 1.5 enhancement around log τ5000 = −2). As is obvi-
ous from Fig. 2, the radiative acceleration (smaller than gravity)
cannot support a solar abundance of Fe above about log τ5000 =
−0.4, mainly due to the strong saturation of the Fe ii lines.
Saturation decreases in deeper layers because Fe ii ionises (see
Fig. 3). Desaturation of the Fe ii lines and the contribution of
Fe iii leads to an increase in the radiative acceleration, which
reaches a maximum at log τ5000 ≈ 0.65 where a Fe solar abun-
dance is well supported. Deeper down, the radiative acceleration
again decreases because the fraction of Fe ii becomes too small
to contribute significantly to the total acceleration of Fe.

Following the behaviour of the total radiative acceleration
shown in Fig. 2, the diffusion flux of iron (i.e. the net flux of
particles across a horizontal surface unit), which has the same
sign as the diffusion velocity, must be negative above log τ5000 ≈
−0.4, and positive below. This is, indeed, what one finds in Fig. 4
for 0 G and 20 kG (vertical field lines, magnetic pole). However,
the flux is positive above log τ5000 = −1.5 for 10 kG when field
lines are horizontal as at the magnetic equator of a dipole with
20 kG at the pole. This is a well known effect of horizontal mag-
netic fields (for a detailed discussion see Alecian & Stift 2006).

By considering the behaviour of the diffusion flux as a func-
tion of field angle displayed in Fig. 4, one deduces that iron
should accumulate around log τ5000 = 0.65 and be depleted
above log τ5000 ≈ −0.4 for both the zero field case and a verti-
cal (0◦) 20 kG field. One can also surmise that, according to the
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Fig. 2. Radiative acceleration of Fe for homogeneous solar abundance
(Teff = 8500 K) vs. the optical depth (both quantities are given logarith-
mically). The dashed curve corresponds to zero magnetic field, the solid
one to 20 kG (vertical field lines). The differences between the curves
are due exclusively to Zeeman amplification.

Fig. 3. Population of the first 4 ionisation stages of Fe (Teff = 8500 K,
LTE assumed) vs. the logarithm of optical depth.

accelerations of Fig. 2, the accumulation around log τ5000 = 0.65
will be by a factor between 3.4 and 10 with respect to the solar
value, since the medium is almost optically thick in the vicin-
ity of these layers. It is indeed known that for saturated lines
in an optically thick medium, the radiative acceleration varies
as Nα, with −1 <∼ α <∼ −0.5 according to the Voigt parame-
ter of the line profile (see Alecian & LeBlanc 2000). It is not
possible to quantitatively estimate the equilibrium abundance in
an optically thin medium without resorting to numerical com-
putation (see below), but one expects Fe to accumulate above
log τ5000 ≈ −1.5 for 10 kG (90◦). This is again verified in Fig. 5,
where we present equilibrium stratifications obtained with our
CaratStrat code for the three cases of Fig. 4.

From the whole grid of models, and as discussed in Sect. 3.2,
we build the 2D stratification of Fe for a dipolar field (20 kG at
the pole). The result is presented in Fig. 6 – this figure shows
the same stratification as presented in the online Fig. 11 (top-
right panel). Note that the curves for 20 and 10 kG of Fig. 5
correspond to a cut in Fig. 6 at 0◦ and 90◦, respectively.
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Fig. 4. Diffusion flux of Fe for homogeneous solar abundance (Teff =
8500 K) vs. the logarithm of optical depth. The solid line is for a vertical
20 kG field, the dashed-point line for a 10 kG horizontal field; the zero
field case is given by the dashed line.

Fig. 5. Equilibrium stratifications of Fe (Teff = 8500 K) vs. the loga-
rithm of optical depth. Abundances are in log (NX/NH)+12). The mean-
ing of the lines is the same as in Fig. 4, the horizontal dotted line corre-
sponds to the solar abundance of Fe (the starting value of the iterations).

5. Discussion

5.1. Comparison with observations for the case of Fe

In Fig. 7 we have gathered some “observed” stratifications of
Fe compiled by Ryabchikova (2008). These abundance profiles
were obtained by fitting observed iron lines to synthetic spectra
using essentially two techniques: the step function approxima-
tion (Ryabchikova et al. 2005) and the vertical inverse problem
(Kochukhov et al. 2006). Even though these “observed” strat-
ifications are only approximate (note that no error bars have
ever been published) and do not take into account the struc-
ture of the magnetic field (see the discussion in Stift & Alecian
2009), they provide an opportunity to confront the theoretical
predictions with inversion results. These stratifications, in gen-
eral, tend to show an overabundance of Fe in layers deeper than
log τ5000 ≈ −0.5. The iron abundance is lower by at least 1 dex
in the layers above, the transition being rather sharp. As far as
one can tell from such a small sample of stars, there may be
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sphere can be taken from Fig. 1), the bottom axis the position along the
magnetic meridian, counted from the magnetic pole (0 ◦) with 20 kG
towards the equator (90 ◦). The vertical bar (at about 62 ◦) visualises the
grey level corresponding to the solar abundance of Fe (given in brackets
beside the name of the element). Note how the vertical bar becomes al-
most invisible near the bottom of the plot (and around layer 78), where
the amount of Fe is nearly solar. The scaling of the grey levels is such
that abundances lower than 10−3 times the solar value are white, and
abundances greater than 104 times the solar value are black. The results
above layer 30 are not reliable and are therefore not shown (see text).

another possible general trend in that iron abundances appear
to be lower for the coolest stars and that the size of the step
is smaller for the hottest stars. One cannot notice any correla-
tion between measured quantities and magnetic field strength in
these observations.

We do not consider the magnetic case in this discussion,
mainly because we do not wish to have to deal with an unnec-
essary extra parameter, but also because in our opinion the mag-
netic case should be discussed in a bi-dimensional framework
(see Sect. 5.2). To compare the “observed” stratifications with
our theoretical equilibrium solutions, we have plotted in Fig. 8
our zero field case results for the four atmospheric models used
in the present paper, together with the stratification found for
HD 188091 (Teff = 8800 K, log g = 4.0), which is the star clos-
est to one of our models. The stratification profile for HD 188091
has been offset by −1.3 dex to make it easier to compare the size
and position of the step. We also computed a model (ATLAS12)
of lower gravity (log g = 3.8, Teff = 8500 K) and have plotted,
in the same Fig. 8, the corresponding equilibrium stratification
of Fe (see discussion below). Our theoretical results are simi-
lar (for 0 G) to those obtained by LeBlanc et al. (2009), but one
cannot perform a more precise comparison because the adopted
atmospheric models differ significantly. One finds that the the-
oretical overabundance around log τ5000 ≈ 0.0 is systematically
lower than the “observed” one; however, the position of the jump
in HD 188041 and its magnitude are comparable to what is ob-
tained for the 8500 K model. On average, theoretical overabun-
dances appear to increase with effective temperature and the size
of the jump decreases, both of these findings being compatible
with the “observed” stratifications.
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Fig. 7. Compilation of Fe stratifications determined from the spectra of
six CP stars (compilation by Ryabchikova 2008).

For several reasons, one cannot expect close similarity be-
tween observed and theoretical stratifications. Apart from the
uncertainties/flaws inherent in both the observational and the-
oretical approaches, one has to keep in mind that diffusion in
real stars will not necessarily over time result in theoretical equi-
librium solutions (see Sect. 2.1). On the other hand, theoret-
ical solutions are sensitive to the gravity of the model. Here,
all the models used to prepare our grid have log g = 4.0. To
check the effect of varying gravity, we computed a model with
log g = 3.8 and Teff = 8500 K. The resulting equilibrium strati-
fication of Fe is shown in Fig. 8 (heavy long-dashed curve). One
sees that the supported overabundance is, as expected, higher
for the low gravity model, although, apparently not by a suffi-
cient amount. The large “observed” overabundance of Fe around
log τ5000 ≈ 0.0 remains disturbing since such Fe abundances are
not supported by the radiation field in these layers and for the
assumed combination of effective temperature and gravity. If in
the future, such overabundances were to be confirmed and firmly
established, one would have to invoke some process in addition
to atomic diffusion (e.g., mass-loss).

5.2. The significance of bi-dimensional results

A magnetic field affects the equilibrium stratifications of chemi-
cal elements in two ways: (i) the Zeeman amplification of radia-
tive accelerations usually increases the element abundance sup-
ported by the radiation field, and (ii) the decrease of the diffusion
coefficient of ions impedes the ion’s motion across the field lines.
The first effect is the most dominant at the magnetic poles and
is illustrated in Fig. 2. The second effect is less trivial since its
efficiency depends on the inclination of the field lines towards
the vertical and on the relative populations of neutral state and
ions, respectively. For most elements and atmospheres shown in
Figs. 9 to 24, one notes a sharp contrast in the stratifications close
to the magnetic equator. The effect of the magnetic field inclina-
tion changes rather moderately between 0◦ and 75◦, but the rate
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Fig. 8. Zero-field equilibrium stratification of Fe for the 4 model at-
mospheres used in this work, and the lower gravity model. The strat-
ification proposed for HD 188041 (Ryabchikova 2008) is also shown
(same as in Fig. 7), but with an abundance offset of −1.3 dex to make
the comparison with the calculated step of the closest model (8500 K)
easier.

of change steepens between 75◦ and 90◦, often leading to narrow
equatorial belts of enhanced metals in atmospheres permeated
by a field with dipolar structure. If such equilibrium stratifica-
tions were to be achieved in real stars without a dipole field, our
calculations would indicate that patches form each time the field
lines come close to 90◦. Stars could then be quite spotty if the
field fluctuates about the horizontal. Such a high sensitiveness to
the inclination angle – confined to angles around 90◦ – suggests
that the effect of the magnetic inclination on the abundances will
affect a rather small fraction of the stellar surface.

Let us outline a possible consequence of the sensitivity of
abundances to a field angle near 90◦. If the field topology of an
Ap star is not strictly dipolar and if the field angle does not take
values close to 90◦ over a sufficiently large distance from the
magnetic equator, it is conceivable that the width of the equa-
torial belt will become too narrow at some longitudes to be de-
tected by the Doppler mapping technique. In that case, one might
obtain a sequence of largish spots (where the field angle stays
close enough to 90◦), instead of a belt. This may possibly help in
explaining some of the features observed in stars such as 53 Cam
(Kochukhov et al. 2004) where, clearly, no equatorial belt can be
seen.

In some cases, Zeeman Doppler mapping reveals significant
differences between opposite polar regions (see e.g. Lüftinger
et al. 2010). In a strictly dipolar configuration such as the one
we have considered, the simple diffusion model cannot repro-
duce such patterns. For these cases one can invoque, for instance,
either a non-dipolar configuration (or a decentred dipole which
results in significantly different field intensities at the poles), or
the existence, in addition to the diffusion process, of wind veloc-
ities that differ slightly from one pole to the other. More accurate

observational data are needed to better constrain the theoretical
models.

In our results, we note that silicon is usually not tightly sup-
ported by the radiation field, even at the magnetic equator. This
is inconsistent with the high overabundances (by a factor of 10
and sometimes even more) observed in Ap Si stars. We propose
that this may be due to an insufficient representation of autoioni-
sation lines and/or numerous weak lines in our atomic database.
Because Silicon is a very abundant element, these lines could
contribute significantly more to the radiative accelerations than
is the case for other elements. Autoionisation lines are presently
only taken into account via photoionisation cross-sections pro-
vided by the Opacity Project database. The role of silicon au-
toionisation lines was discussed in detail in Alecian & Vauclair
(1981). These authors found that the autoionisation lines known
at the beginning of the 1980’s were not expected to contribute
much to support this element; this question however deserves to
be re-examined with updated atomic autoionisation line lists.

Our discussion so far has been based on equilibrium so-
lutions. One cannot exclude that the strong contrasts found
close to the magnetic equator are overestimated by this equilib-
rium assumption. Since the real stratification build-up is time-
dependent, inclined magnetic lines increase the diffusion times
of ions. For strictly horizontal magnetic lines, diffusion veloci-
ties of ions approach zero, i.e. diffusion timescales become very
long, and are moderated only by the neutral state of the atom.
This makes the equilibrium solution much more difficult to at-
tain. The longer diffusion times also weaken the stratification
build-up as they compete with other processes such as wind.
Note that the equilibrium solutions are sensitive only to the sign
of the diffusion velocity and to the dependence of radiative accel-
eration on concentration; they are insensitive to diffusion time.
It thus remains to be checked whether the large overabundances
obtained at equilibrium for horizontal field lines can ever be built
up during the evolution of the star.

6. Conclusions

Over recent years, much observational evidence of abundance
stratifications has been presented and a considerable number of
papers has dealt with the detailed mapping of inhomogeneous
distributions of chemical elements over the surfaces of CP stars.
The quantity of the observations will continue to increase, and
the quality of the various inversion methods will of course im-
prove. Theory has to meet the challenge of modelling these
empirical abundance inhomogeneities. At present, the diffusion
model offers the only viable framework to understand the ob-
served abundance anomalies, at least qualitatively (more quan-
titative, time-dependent diffusion calculations are progressing
step by step). In the present paper, we have addressed the prob-
lem by calculating a grid of abundance stratifications based on
LTE equilibrium solutions for 16 metals, for stellar atmospheres
with 4 different effective temperatures typical of Ap stars, and
for magnetic field strengths between 0 and 20 kG. By interpolat-
ing in this grid, we have established 2D stratifications – abun-
dances as a function of depth and co-latitude along the magnetic
meridian – of the metals in question, assuming a simple dipolar
field geometry. For stars without magnetic fields (HgMn stars),
and considering layers deeper than log τ5000 ≈ −4.0, there is no
need to go beyond 1D stratifications.

Improved physics need to be incorporated into these calcu-
lations, such as NLTE effects and self-consistent atmospheric
structure (taking into account abundance stratifications together
with magnetic fields). This will be among the next important
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steps in forthcoming work. The comparison of our results for
Fe with stratifications deduced from real spectra is encourag-
ing insofar as the global shapes of the stratification curves are
compatible; one should be careful, however, when interpreting
these results because of the limitations of the equilibrium ap-
proach discussed in the previous sections. Equilibrium solutions
may sometimes be reached in real stars but that end-product of
radiative diffusion cannot always be expected. Still, they consti-
tute an important reference point for further studies of chemical
stratifications.
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Fig. 11. Bi-dimensional stratification of Mn, Fe, Co, and Ni for a Teff = 8500 K model. Same annotations as in Fig. 9.
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Fig. 12. Bi-dimensional stratification of Cu, Zn, Ga, and Hg for a Teff = 8500 K model. Same annotations as in Fig. 9.
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Fig. 13. Bi-dimensional stratification of Mg, Al, Si, and P for a Teff = 10 000 K model. Same annotations as in Fig. 9.
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Fig. 14. Bi-dimensional stratification of Ca, Ti, V, and Cr for a Teff = 10 000 K model. Same annotations as in Fig. 9.
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Fig. 15. Bi-dimensional stratification of Mn, Fe, Co, and Ni for a Teff = 10 000 K model. Same annotations as in Fig. 9.
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Fig. 16. Bi-dimensional stratification of Cu, Zn, Ga, and Hg for a Teff = 10 000 K model. Same annotations as in Fig. 9.
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Fig. 17. Bi-dimensional stratification of Mg, Al, Si, and P for a Teff = 12 000 K model. Same annotations as in Fig. 9.
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Fig. 18. Bi-dimensional stratification of Ca, Ti, V, and Cr for a Teff = 12 000 K model. Same annotations as in Fig. 9.
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Fig. 19. Bi-dimensional stratification of Mn, Fe, Co, and Ni for a Teff = 12 000 K model. Same annotations as in Fig. 9.

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 7 

 6.5 
 6.5 

 6.5 

 6.5 

 6 

 6 

 6 

 6 

 6 

 5.5 

 5.5 

 5 

 5 

 4.5 

 4.5 

Cu [ 4.21]

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 6.4 

 6.2 

 6 
 5.8 

 5.8 

 5.6 

 5.6 

 5.4 

 5.4 

 5.2 

 5.2 

 5 

 5 

 4.8 

 4.6 

 4.6 

 4.4 
 4.4 

 4.4 

 4.2 

 4.2  4  3.8 

Zn [ 4.60]

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 5  4.8 
 4.8 

 4.8 

 4.6 

 4.6 

 4.4 

 4.4 

 4.2 

 4.2 

 4.2 

 4 

 4 

 4 

 3.8 

 3.8 

 3.8 

 3.8 

 3.6 

 3.6 
 3.6 

 3.6 

 3.4  3.2  3  2.8 

 2.8 

 2.6 

 2.6 

 2.4 

 2.4 

 2.2 

 2.2 

Ga [ 2.88]

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 5 
 4.8 

 4.8 

 4.6 

 4.6 

 4.4 

 4.4 

 4.2 

 4.2 

 4 

 4 
 3.8 

 3.6 
 3.4 

 3.2 
 3.2 

 3 
 2.8 
 2.6 

 2.4 
 2.2 

 2 
 1.8 

 1.6 

Hg [ 1.13]

Teff = 12 000K

Fig. 20. Bi-dimensional stratification of Cu, Zn, Ga, and Hg for a Teff = 12 000 K model. Same annotations as in Fig. 9.

Page 13 of 17



A&A 516, A53 (2010)

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 7.8 
 7.6 
 7.4 
 7.2 

 7 

 6.8 

 6.6  6.4  6.2 
 6  5.8  5.6 

Mg [ 7.58]

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 7.2 

 7.2 

 7 

 7 

 7 

 6.8 

 6.8 

 6.8 

 6.8 

 6.6 

 6.6 
 6.6 

 6.6 

 6.4 
 6.2 

 6 
 6  6 

 5.8  5.6 

Al [ 6.47]

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 7.8  7.8 

 7.6 

 7.6 

 7.4 

 7.4 

 7.2 

 7.2 

 7 

 7 

 7 

 7 

 6.8 

 6.8 

 6.8 

 6.6 

 6.6 
 6.4 

 6.4 

 6.2 

 6.2 

 6 

 5.6  5.2 

Si [ 7.55]

9080706050403020100

Degrees

90

80

70

60

50

40

30

L
ay

er
#

 8.8 
 8.8 

 8.6 

 8.4 

 8.2 
 8  7.8 

 7.6 

 7.6 

 7.4 

 7.4 

 7.4 

 7.2 
 7.2 
 7.2 

 7.2 

 7 

 7 

 7 

 6.8  6.6  6.2 
 6  5.6  5 

P [ 5.45]

Teff = 14 000K

Fig. 21. Bi-dimensional stratification of Mg, Al, Si, and P for a Teff = 14 000 K model. Same annotations as in Fig. 9.
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Fig. 22. Bi-dimensional stratification of Ca, Ti, V, and Cr for a Teff = 14 000 K model. Same annotations as in Fig. 9.
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Fig. 23. Bi-dimensional stratification of Mn, Fe, Co, and Ni for a Teff = 14 000 K model. Same annotations as in Fig. 9.
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Fig. 24. Bi-dimensional stratification of Cu, Zn, Ga, and Hg for a Teff = 14 000 K model. Same annotations as in Fig. 9.
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Fig. 25. 1D stratifications for the zero field case and four atmospheres with (Teff = 8500, 10000, 12 000, 14 000 K). The heavy-grey dashed line
indicates the initial (solar) abundance. Case for Mg, Al, Si, and P.
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Fig. 26. Same as Fig. 25 but for Ca, Ti, V, and Cr.
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Fig. 27. Same as Fig. 25 but for Mn, Fe, Co, and Ni.
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Fig. 28. Same as Fig. 25 but for Cu, Zn, Ga, and Hg.
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