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ABSTRACT

Context. Atomic diffusion is believed to be an important physical process in the atmospheres of several types of stars. Stellar at-
mospheres, including the stratification of the elements due to diffusion, are then needed to properly compare theoretical results to
observations for such stars.
Aims. This paper aims to estimate the effect of vertical abundance stratification on the atmospheric structure of stars and its potential
importance regarding observational anomalies for various types of stars.
Methods. Simulations using a modified version of the PHOENIX atmosphere code will be described, while taking vertical abundance
stratification into account.
Results. Our results show that large abundance gradients can exist in the atmospheres of Ap and blue horizontal branch stars.
Stratification can also lead to relatively large atmospheric structural changes. The effect of elemental stratification on the atmospheric
structure might well be able to explain the well-known core-wing anomaly of the Balmer lines observed for cool Ap stars.
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1. Introduction

Microscopic diffusion in hydrodynamically stable stellar regions
can lead to abundance stratification (Michaud 1970). If diffusion
is the dominant transport process in the stellar atmosphere, ver-
tical abundance gradients can occur and can modify its struc-
ture (Hui-Bon-Hoa et al. 2000; LeBlanc & Monin 2004). The
diffusion phenomenon is due to the competition of the various
forces on the atomic species (e.g. radiative, gravitational, elec-
trical, etc.). The main ingredient in the diffusion equation is the
radiative acceleration term, which is related to the momentum
transferred to ions from the radiative field during photoexcitation
or photoionization (e.g. Gonzalez et al. 1995). Accurate compu-
tation of radiative accelerations necessitates precise knowledge
of atomic data, as well as the local physical conditions, espe-
cially the radiative flux.

In the past, the vast majority of spectroscopic and photo-
metric studies have employed stellar atmospheres with verti-
cally uniform abundances. Recent theoretical studies of white
dwarfs (Dreizler & Wolff 1999) and blue horizontal branch
(hereafter BHB) stars (Hui-Bon-Hoa et al. 2000) have attempted
to remedy this situation by calculating self-consistent stellar at-
mospheres including vertical abundance gradients caused by dif-
fusion. Self-consistent models are defined here as atmospheres
whose structure is calculated with the stratification of the ele-
ments predicted by diffusion. These models have been able to ex-
plain certain observational anomalies caused by radiative diffu-
sion in the atmosphere of these types of stars. Recently, Alecian
& Stift (2007) has calculated abundance stratification in the at-
mospheres of magnetic Ap stars. However, these last models

do not take the effect of stratification on the atmospheric struc-
ture into account. Meanwhile, Shulyak et al. (2004) constructed
model atmospheres that empirically include stratification of the
elements. These are LTE models that treat the opacities using the
line-by-line method.

Meanwhile, Michaud et al. (2008) have constructed evolu-
tionary models for BHB stars. These models do not treat the
atmosphere in detail and assume that it is chemically homoge-
neous. However, recent observational evidence (Khalack et al.
2007 and 2008) shows that the atmospheres of such stars exhibit
vertical abundance stratification (see discussion below).

Observational evidence of the existence of vertical abun-
dance gradients is mounting for several types of chemically pe-
culiar (CP) stars (e.g. Ryabchikova et al. 2003; Ryabchikova
2005). Abundance stratifications for several elements have been
detected in Ap stars. For example Babel (1994) detected Ca strat-
ification in such stars, while Wade et al. (2001) showed that
strong and weak lines of certain iron peak elements could not
be fitted by a single abundance. They also showed that an empir-
ical two-zone abundance profile could reproduce spectra better.
Many other studies pertaining to the detection of stratification
in the atmospheres of Ap stars have also been undertaken (e.g.
Bagnulo et al. 2001; Kochukhov et al. 2006; Ryabchikova et al.
2002, 2005 and 2008). The method commonly used to detect
abundance stratification in Ap stars is based on finding an abun-
dance stratification profile that fits better the atomic lines.

Stratification of N and S has also been detected in the
BHB star HD135485 (Khalack et al. 2007). Stratification of
other metals, including iron, has also been detected in sev-
eral other BHB stars (Khalack et al. 2008). Since abundance
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stratification of Fe is found in several BHB stars, the evidence
of the presence of an abundance stratification in the atmospheres
of this type of stars is quite convincing. The approach used for
the detection of elemental stratification in BHB stars differs from
the one used in the references given above related to Ap stars.
Abundance stratification signatures are detected by calculating
the abundance of lines formed at different depths (while assum-
ing an homogeneous abundance during these calculations).

Stratification of Cr in HgMn stars has also been suggested
in an observational analysis by Savanov & Hubrig (2003).
Recently, Thiam et al. (2008) detected signatures of Mn strat-
ification in the HgMn star HD178065. Moreover, Sigut et al.
(2000) suggest that the occurrence of emission lines in the 3He
star 3 Cen A is a sign that abundance stratification occurs in
the atmosphere of this type of CP star. However, more observa-
tional studies of HgMn stars are needed to confirm the presence
of elemental stratification in their atmosphere.

For a better understanding of these CP stars, it is imperative
to have stellar atmosphere models that include self-consistently
such abundance gradients.

In this paper we will show results of self-consistent atmo-
spheric modeling including vertical abundance stratification for
two stellar models with Teff = 8000 and 12 000 K, respectively.
These models were chosen since they are typical of Ap and BHB
stars, in which diffusion is most likely important in their atmo-
sphere. Atmospheres of BHB stars with Teff � 11 500 K have
low rotational velocities and thereby are hydrodynamically sta-
ble. Meanwhile, Ap stars possess large magnetic fields and it
is commonly believed that these completely inhibit convection.
Below, we will show the effect of one aspect of the magnetic
field on the diffusion of the elements. Our models seek to ob-
tain a vertical abundance profile that is at equilibrium (i.e. that
the diffusion velocity of each element is nil). These models are
not time-dependent. Since the diffusion time scales are much
smaller in stellar atmospheres than in stellar interiors (for in-
stance see Fig. 3 of LeBlanc 2005), time-dependent diffusion
calculations there are thus not numerically feasible for the mo-
ment. Such time-dependent calculations would require a large
number of time steps and therefore an enormous amount of CPU
time. However, the models presented here represent an impor-
tant step to gauge the potential importance of vertical abundance
stratification on the atmospheric structure of certain CP stars.

2. Theory

The diffusion velocity of ion i of the trace element A can be ap-
proximated by the following equation (Burgers 1960; Vauclair &
Vauclair 1982; Alecian & Vauclair 1983; Landstreet et al. 1998):

Vdiff,i ≈ Di

⎡⎢⎢⎢⎢⎢⎣ − � ln Ci +
Aimpgrad

kT
−

{(Ai − 1) + (Ai − Zi) fp} � ln P

⎤⎥⎥⎥⎥⎥⎦ (1)

where Di is the diffusion coefficient of the ion under consid-
eration, Ai and Zi represent its atomic weight and charge, Ci its
concentration and grad its radiative acceleration. The variables T ,
P and fp are the local temperature, pressure and HII ionization
fraction. The first term found in the bracket is the diffusion that
naturally occurs when there exists a concentration gradient rel-
ative to depth. This term, which can in some cases vary very
rapidly, poses numerical challenges and will be excluded in the

numerical simulations presented in this paper. Its potential im-
portance will be discussed later. The second term gives the dif-
fusion related to the momentum transfer to ions from photons
following photoexcitation or photoionization. The third term in-
cludes gravitational settling and the effect of the electric field.
The part of this third term multiplied by fp is chosen as such
because it gives proper asymptotic feature for the electric field
in the case where hydrogen is completely neutral and when it is
completely ionized (Landstreet et al. 1998). Other terms, such
as thermal diffusion (which is negligible in the atmosphere) and
exchange terms among the species, have been neglected here.

The most important ingredient in the diffusion equation is
the radiative acceleration. For an accurate determination of this
term, proper atomic data of all the elements present in stars must
be known along with the radiative flux (for instance, see Eq. (1)
of Hui-Bon-Hoa et al. 2002). The radiative acceleration is calcu-
lated by integrating the monochromatic opacity of each ion times
the flux over the whole spectrum. The opacity must then be sam-
pled (e.g. LeBlanc et al. 2000) on a sufficiently refined frequency
grid for this integral to be precise. In the calculations presented
here, two different grids with up to nearly a quarter of a million
frequency points were used. It should be noted that grad has a
non-linear dependence on the abundance of the element under
consideration (e.g. Alecian & LeBlanc 2000) and also depends
on the abundances of the other elements through the radiation
field.

The presence of a magnetic field can also modify the radia-
tive accelerations via the Zeeman effect (Alecian & Stift 2004).
The diffusion of charged ions is also affected by magnetic field
lines (e.g. Hui-Bon-Hoa et al. 1996) through the diffusion coef-
ficient. Only this last magnetic effect will be considered here.

As previously mentioned, our models do not take into ac-
count time-dependent diffusion such as in the evolutionary mod-
els of Turcotte et al. (1998) and Michaud et al. (2004) for
example. The abundances calculated here approximate the max-
imum values that can be supported by the radiation field at each
point of the atmosphere. Phenomena occurring below the atmo-
sphere could hinder this from happening in real stars and is a
source of uncertainty in our models. Other effects such as mass-
loss could also play a role. However, the models presented here
are among the first attempts to include abundance stratification
due to atomic diffusion in stellar atmospheres and to evaluate its
potential importance on the atmospheric structure. This is an im-
portant step towards a better understanding of the atmospheres
of certain stars that have hydrodynamically stable atmospheres
where diffusion could occur.

3. Models

The models presented here are calculated with a modified ver-
sion of version 11 of the PHOENIX code (e.g. Hauschildt et al.
1999), in LTE mode, previously used in Hui-Bon-Hoa et al.
(2000). A total of 39 elements (H-Ga, Kr-Nb, Ba and La) are
included in this code.

Radiative accelerations for both bound-bound and bound-
free transitions were included here. For example, the radia-
tive acceleration (assuming no redistribution of the momentum
among the ions, see discussion below) on an ion Ai due to bound-
bound transitions is

gbb
rad(Ai) =

4π
c

1
XAi

∫ ∞
0
κbb
λ (Ai)Hλdλ (2)

where κbb
λ (Ai) is the opacity due to bound-bound transitions and

Hλ is the Eddington flux. A similar equation can be written for
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bound-free transitions. However, for bound-free transitions, the
momentum gained by ions of charge Z, comes from the absorp-
tion of photons by the ions with charge Z − 1. More details con-
cerning the theoretical aspects surrounding the evaluation of ra-
diative accelerations can be found in Hui-Bon-Hoa et al. (2002),
Alecian & LeBlanc (2000) and Gonzalez et al. (1995). The line
opacities used here are calculated using Kurucz’ (1994) linelist.
The bound-free absorption coefficients are assumed to be hydro-
genic (i.e. proportional to ν−3, see Hui-Bon-Hoa et al. 2002, for
more details) and it is assumed that no momentum is taken away
by the ejected electron.

As mentioned previously, radiative accelerations are ob-
tained by integration on frequency grids that properly sample
the opacity spectrum. For the 8000 K model, the grid used in
this paper is the following:

Δλ = 0.5 Å for 1 Å ≤ λ < 350 Å

Δλ = 0.05 Å for 350 Å ≤ λ < 104 Å

Δλ = 2 Å for 104 Å ≤ λ < 105 Å

Δλ = 104 Å for 105 Å ≤ λ < 106 Å

Δλ = 105 Å for 106 Å ≤ λ ≤ 107 Å

This grid is chosen so that its maximal resolution Δλ = 0.05 Å
is sufficient to properly sample the spectral region where most
of the atomic lines are present. This resolution is such that it is
smaller than typical line widths. Even though the radiative accel-
eration of each atomic line is not precisely obtained, on average,
the overall acceleration for the given species is sufficiently pre-
cise. However, it should be mentionned that opacity sampling
cannot precisely evaluate radiative accelerations of species with
a small number of lines. Only detailed calculations with a large
number of frequency points within the lines can achieve precise
results in this particular case. This drawback is not of critical im-
portance for the study of the effect of stratification on the atmo-
spheric structure since such species will generally not be stongly
supported by radiation and will not significantly affect the over-
all opacity spectrum. The grid used for the 12 000 K is twice as
coarse as the grid described above (see below for more details).

The first improvement brought to the code is the implementa-
tion of a new iterative diffusion velocity convergence algorithm.
This algorithm is used to calculate equilibrium abundances of
chemical elements as a function of depth in the atmosphere and
it aims to find the abundance in each layer of the model needed
to give a nil diffusion velocity for each element considered. As
will be shown below, this can create highly non-uniform vertical
distributions.

The algorithm employed uses an iterative process. In self-
consistent model atmospheres, the atmospheric structure has to
be adjusted each time the abundances are modified. Therefore,
abundance corrections are followed by temperature corrections.
In turn, the changes in the physical structure lead to an imbal-
ance of the forces acting on the chemical elements. The diffu-
sion velocities become non-zero, and the abundances have to be
corrected again in order to compensate for this imbalance.

In our calculations, the abundance correction applied for a
given element is proportional to its diffusion velocity. The atmo-
sphere is divided into 50 layers, and Vdiff is calculated in each
layer and is then used to compute abundance corrections in each
of these layers. The abundance is multiplied by the correction
factor 1 + Vdiff

K , where K is a constant chosen so that | Vdiff
K |< 1.

If Vdiff is positive, the abundance is increased and it is de-
creased if Vdiff is negative, the reason being that grad increases

when the abundance decreases due to the desaturation of the
spectral lines. Abundance corrections should be small enough so
that the algorithm remains robust. The radiative transfer equation
is solved, for all wavelengths, after every abundance or temper-
ature correction.

We also improved the diffusion coefficients used in the code,
since we now include the effect of interactions betweens the ions
and neutral hydrogen, in addition to their interaction with pro-
tons (e.g. Budaj & Dworetsky 2002; Landstreet et al. 1998). The
effect of horizontal magnetic fields on diffusing ions (Alecian
& Vauclair 1981) was also added to the present code (see
Sect. 4.1.3).

When an ion of a given element absorbs a photon, the ac-
quired momentum can be spent while the ion is in the same
ionization state or, depending on what happens to the ion, it
can be spent in another ionization state. For instance, the ini-
tial ion can be ionized immediately following the absorption of
the photon mentioned previously, and the momentum will then
be given to the newly ionized ion. Similarly, if the absorbing ion
recombines soon after this absorption, the momentum will then
be spent while the ion is in the newer less ionized state. This pro-
cess of redistribution of momentum among the ions can strongy
affect radiative acceleration since more highly ionized species
have less mobility or lower diffusion coefficients (Montmerle &
Michaud 1976; Gonzalez et al. 1995). Redistribution depends on
the collisional, ionization and recombination rates and it is there-
fore very difficult to estimate with precision. This can lead to rel-
atively large uncertainties for radiative accelerations, especially
in the atmospheres of stars where redistribution can be very im-
portant due to the presence of neutral ions. In the calculations
presented here, a redistribution scheme proposed by Montmerle
& Michaud (1976) was used, as described in Hui-Bon-Hoa et al.
(1996). More details concerning grad calculations can be found
in Hui-Bon-Hoa et al. (2002). Results will also be shown while
using other approximations related to redistribution.

For the hotter models, the total radiative acceleration on
matter can in some cases become greater than gravity. This is
due to the fact that we are calculating the approximate maxi-
mum amount of each species that can be supported by radiative
diffusion. Some elements can then become very overabundant.
In more realistic time-dependent diffusion models, such large
amounts of matter might not have time to diffuse to the outer
regions. To eliminate this problem and in an attempt to avoid
conditions not observed in the type of stars under considera-
tion here, we impose that the maximum abundance permitted for
each species is 1000 times its solar value. This is a reasonable
value, since the chemical elements in our set are not observed at
such high overabundances in most CP stars.

The diffusion equation assumes that the diffusing species is
a trace element (i.e., the test particle approximation). However,
since we calculate here the maximum abundance that can be sup-
ported by radiative diffusion, the abundance of certain elements
at certain depths can become very large and violate the test par-
ticle approximation. In order to avoid such theoretical inconsis-
tencies, we set a maximum abundance (as compared to the total
number of atoms) of 0.005 or one part per 200.

Also, at some depths, certain elements are simply not sup-
ported by their radiative force that is always weaker than grav-
ity. In this context, our models tend towards a zero abundance
for these elements at the concerned depths. In reality, other dy-
namical processes such as mass-loss would lead to a non nil
abundance for these elements. To avoid this inconsistency, we
imposed a minimum abundance for such cases to a value of
0.001 times the solar abundance of the elements in question.
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The minimal and maximal values for the abundance imposed
and discussed above are arbitrary. However, there are sound rea-
sons related to the limitations of our models that lead us to im-
pose these abundance limits.

4. Results

For the self-consistent model atmospheres presented below
(Sect. 4.2), the abundance of each element, except for H which
acts as the buffer gas, is calculated by imposing that its diffu-
sion velocity is nil everywhere, when possible, while the atmo-
spheric structure is calculated with the new abundance profiles.
The number fraction of H is normalized such that it is equal to
one minus the sum of the number fractions of the other elements.
But first, some results will be shown while neglecting the correc-
tion to the structure.

4.1. Results with no temperature correction

4.1.1. Convergence

In this section, we examine how the diffusion velocities and the
abundance profiles converge while using chemically homoge-
neous model atmospheres (i.e., no temperature correction was
undertaken here, the underlying T − τ relation was that of a
chemically homogeneous model for which the hydrostatic equi-
librium equation was solved for each iteration). Since Fe is an
important element in most CP stars, results featuring this el-
ement will be shown for illustrative purposes. Figure 1 shows
the convergence of the diffusion velocity for Fe in models with
Teff = 8000 K and Teff = 12 000 K (both with log g = 4.0).
For the 8000 K model we used an atmosphere model with so-
lar abundances and began the iteration process with these abun-
dances. For the 12 000 K model we chose to use a metallicity
of –1.5 dex the solar value. These last abundances were chosen
since they are typical of globular clusters where BHB stars are
mostly found (e.g. Grundahl et al. 1999).

We clearly see that the convergence algorithm used strongly
diminishes the diffusion velocity. In the examples shown here,
the diffusion velocity is diminished by two to six orders of mag-
nitudes as compared to its initial value in the atmosphere. In
these calculations, the Montmerle & Michaud (1976) redistri-
bution scheme was employed. We also note that the cooler of
these two models converges faster than the hotter one. In order
to better illustrate the convergence scheme, no upper or lower
limits were imposed on the abundances (see discussion in previ-
ous section) for the results shown in Figs. 1 and 2.

It should be noted that the frequency grid used for the hotter
model has half the resolution of the one used in the cooler model
shown which comprises of nearly of a quarter million frequency
points. This was necessary to limit the CPU time needed for the
convergence of the self-consistent models with Teff = 12 000 K.
Since the lines are wider in the hotter models, this compromise
still gives relatively accurate radiative accelerations. For exam-
ple, the error due to the decrease of the frequency grid refine-
ment on the supported Fe abundance is less that 0.2 dex in most
regions of the atmosphere.

Figure 2 illustrates the calculated abundances for iron at var-
ious abundance correction iterations as we seek to reach equi-
librium (i.e. Vdiff = 0) for the same two models used above. We
observe very different abundance profiles in these two models.
However, in both models we see a large overabundance bump
(as compared to solar values, at i = 1) due to the increase of
the opacity of iron with depth. In the 8000 K model, we see
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Fig. 1. The ratio of the diffusion velocity of Fe at various iterations i as
compared to that of the first iteration in models with a) Teff = 8000 K
and b) Teff = 12 000 K (both with log g = 4.0). These calculations are
performed using a chemically homogeneous model atmosphere with the
chosen initial abundances.

that in the exterior regions (log(τ5000) ∼ −3) Fe is not strongly
supported by the radiative field. However, in a real star, the Fe
abundance might not be as small in this region since mass loss
could for example limit this abundance decrease. This is one of
the reasons that for the results shown in the rest of this paper, the
abundance limits discussed in Sect. 3 are imposed.

4.1.2. The effect of redistribution of the momentum

Figure 3 shows the predicted abundance stratification of iron for
various redistribution schemes. Four curves are shown. A curve
is shown where we impose no redistribution among the ions.
In other words, we suppose that all of the acquired momentum
is spent in the initial ionic stage. This may be regarded as an
upper limit for the radiative accelerations, since recombination
rates are generally much less important than ionization rates (e.g.
Gonzalez et al. 1995). A second curve is shown using the method
described in Montmerle & Michaud (1976) which depends on
the relative values of the collisional, ionization and recombi-
nation rates. A third curve shows a redistribution curve where
we suppose that all of the momentum is transferred to the next
higher ionization state. This may be considered as a lower limit
for the radiative accelerations. Finally a curve assuming that all
of the ions possess the same diffusion coefficient is shown. For
this case, redistribution does not affect the results since all ions
have the same mobility.

For the Teff = 8000 K model atmosphere, we can notice
that the redistribution scheme of Montmerle & Michaud (1976)
is quite close to that assuming no redistribution. In the Teff =
12 000 K model, the Fe abundance profile strongly depends on
redistribution. Comparisons to observed abundance profiles such
as those of Khalack et al. (2007 and 2008) could shed light on the

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200810848&pdf_id=1
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Fig. 2. The supported abundance of Fe at various iterations i as com-
pared to that of the first iteration in models with a) Teff = 8000 K; and
b) Teff = 12 000 K (both with log g = 4.0). These calculations are per-
formed using a chemically homogeneous model atmosphere with the
chosen initial abundances.

level of redistribution taking place in such stars. In both models
and as expected, the abundances supported by diffusion when as-
suming that all of the momentum is redistributed to the next ion
is much lower than the other three cases. The position and the
intensity of the main abundance gradient found for Fe strongly
depends on redistribution.

4.1.3. The presence of magnetic fields

Since Ap stars may have strong magnetic fields, it is essential
to gauge the effect of these fields on the predicted abundance
stratifications. Magnetic fields can affect elemental stratification
through two effects. The first, that will be neglected here, is the
Zeeman effect (Alecian & Stift 2004). Generally, Zeeman split-
ting will desaturate atomic lines and therefore increase grad. A
second way that magnetic fields can play a role is related to
the interaction of diffusing ions with these fields. The horizontal
component of the magnetic field can hinder the vertical diffusion
of the ions (e.g. Hui-Bon-Hoa et al. 1996).

These models predict that Fe is supported at much shallower
regions when horizontal magnetic fields are present (see Fig. 4).
The magnetic field decreases the effective diffusion coefficient
of charge ions. This increases the relative importance of FeI and
leads, in this case, to a larger radiative acceleration. Deeper in
the atmosphere, the presence a magnetic field is less important
since collisional frequencies become larger than the Larmor fre-
quency. Similar results were found by Alecian & Stift (2007).

4.2. Self-consistent models with stratification

In this section, we will investigate the effect of vertical strat-
ification in models for which the structure is calculated while
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Fig. 3. The supported abundance of Fe for various redistributions in
models with a) Teff = 8000 K with log g = 4.0; and b) Teff = 12 000 K
with log g = 4.0. The dashed curve assumes no redistribution, the solid
curve assumes a redistribution calculated as in Montmerle & Michaud
(1976) and the dotted curve assumes that all of the momentum is redis-
tributed to the next higher ionization state. The solid line with crosses
represents calculations assuming that all of the ions have similar diffu-
sion coefficients. These calculations are performed using a chemically
homogeneous model atmosphere with the chosen initial abundances.
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Fig. 4. The supported abundance of Fe in a model with Teff = 8000 K
and log g = 4.0 for two values for the horizontal magnetic field: H =
0 and 2 kG. The Montmerle & Michaud (1976) redistribution scheme
was used for both curves and these calculations are performed using
a chemically homogeneous model atmosphere with the chosen initial
abundances.

taking into account these abundance gradients. Both the changes
in structure and abundances can modifiy the radiative acceler-
ations of the elements. The temperature alterations change the
opacity via the modification brought about to the atomic popula-
tions. Meanwhile the change in abundances with depth, modifies
the line blending and thus the saturation effects. This can lead to
significant changes in radiative accelerations and therefore also
to the amount of a given species that can be supported by ra-
diative diffusion. We will begin by evaluating the changes in the
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Fig. 5. The ratio of the temperature of various models including strat-
ification (with Teff = 8000 K and log g = 4.0) as a function of depth
to that of a chemically homogeneous model with a) solar composition;
and b) metal abundances at 10 times solar values. The various curves
shown are those defined in Fig. 3, while the solid curve with circles is a
model assuming the Montmerle & Michaud (1976) redistribution with
a horizontal magnetic field of 2 kG. The dashed-dotted curve represents
the value of unity.

temperature profile due to elemental stratification for a 8000 K
model.

Figure 5 shows the ratio of the local temperature of self-
consistent models with various assumptions as compared to
chemically homogeneous models assuming solar abundances
and a metallicity enhanced by+1 dex. These two cases were cho-
sen to gauge the relative effect of simply choosing to use a chem-
ically homogeneous model with differing metallicity as com-
pared to a model with vertical abundance stratification. Also,
since Ap stars generally have enriched abundances, it is instruc-
tive to also compare the temperature profile of the self-consistent
models to that of a chemically homogeneous model with a metal-
lic abundance of 10 times the solar value.

In the deeper regions (log(τ5000) ∼ 1) of the models, the
modifications brought about to the temperature by stratification
can be quite large (up to 20%) and are strongly dependent on
redistribution. As expected, the ratio showed for the metallically
enriched model is smaller than the one for the solar homoge-
neous model since many elements in these deeper regions are
well supported by radiative diffusion. However, the temperature
profile of the self-consistent models are very different from both
chemically homogeneous models used here.

Figure 6 shows the Fe stratification profile in the 8000 K
model. For all cases shown, we find a large increase of the Fe
abundance within the region −1 	 log(τ5000) 	 0.

Figure 7 shows that stratification of the elements leads to
large variations of temperature in most of the cases shown for
the 12 000 K models. Since the chemically homogeneous model
with a metallicity of 10 times solar was chosen to compare our
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Fig. 6. The iron abundance as a function of optical depth for models
with Teff = 8000 K and log g = 4.0. The various curves shown are those
defined in Fig. 5. The case assuming no redistribution is not shown since
it is almost indistinguishable from the solid curve.
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Fig. 7. The ratio of the temperature of various models including strati-
fication (with Teff = 12 000 K and log g = 4.0) as a function of depth
to that of a chemically homogeneous model with a) metals at –1.5 dex
times solar values; and b) metal abundances at 10 times solar values.
The various curves shown are those defined in Fig. 5.

results to typical of BHB stars, the ratio that is of most interest
is the one shown in Fig. 7b, the reason being that most metals
are generally observed to be overabundant in the atmospheres of
these stars (e.g. Grundahl et al. 1999). When using the redistribu-
tion scheme of Montmerle & Michaud (1976), the temperature is
increased by approximately 10% or more for log(τ5000) � −2 as
compared to the chemically homogeneous model with a metal-
licity of 10 times solar.

Figure 8 shows that the Fe stratification profile depends
strongly on the redistribution of momentum among the ions.
When assuming no redistribution, the Fe abundance reaches the
maximum allowed abundance of one part per 200 particles for
log(τ5000) 	 −2. The structural changes due to stratification also
decreases and displaces the Fe abundance gradient seen in the
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Fig. 8. The iron abundance as a function of optical depth for models
with Teff = 12 000 K and log g = 4.0. The various curves shown are
those defined in Fig. 3.
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Fig. 9. The abundance of the elements Mg, Si, Ca, Ti, Cr and Ni as
a function of optical depth for models with a) Teff = 8000 K and b)
Teff = 12 000 K (both for log g = 4.0) assuming the Montmerle &
Michaud (1976) redistribution.

region where −3.5 	 log(τ5000) 	 −2 as compared to the results
shown in Fig. 3.

Figure 9 shows representative results for the stratification
found for a few elements of interest in the 8000 K and 12 000 K
models. The general form of the stratification profiles in the
8000 K model are very similar from one element to another,
while those in the 12 000 K model vary greatly. The relative
abundances of these elements that are supported in the atmo-
sphere of these two models are also considerably different.

5. Discussion and conclusion

In this paper, we presented an improved version of model at-
mospheres while including vertical chemical stratification of
Hui-Bon-Hoa et al. (2000). The first generation of our mod-
els were successful in qualitatively reproducing the photometric

jumps and gaps observed for BHB stars. They were thereafter
applied to Ap stars (Ryabchikova et al. 2003; LeBlanc 2003) but
without including any magnetic effects.

The temperature change due to stratification in the line form-
ing region of the 8000 K model shown in Fig. 5 is relatively
small except for the case with a magnetic field. In the line form-
ing region, the maximum temperature increase in the model with
a magnetic field of 2 kG is on the order of 500 K and occurs
at log(τ5000) ∼ −3. This temperature increase, which depends
on the magnetic field strength, might be able to explain the
well-known core-wing anomaly of hydrogen Balmer lines ob-
served in cool Ap stars. This anomaly is defined by broad wings
and relatively narrow cores (Wegner 1976; Cowley et al. 2001).
Kochukhov et al. (2002) showed that an empirical increase of
the temperature by 500 to 1000 K in the atmospheric layers with
−4 	 log(τ5000) 	 −1 can reproduce the core-wing anomaly. The
theoretical results shown in Fig. 5 seem to confirm that such a
temperature increase is possible in Ap stars. More detailed cal-
culations will be undertaken in the near future to verify if our
theoretical models can explain this well-known anomaly.

Wade et al. (2001) found that the lines of Ca, Fe and Cr in the
Ap star β CrB could be fitted better by using an empirical two-
zone abundance profile with a sharp transition between these two
abundance zones than a chemically homogeneous abundance. In
these simulations, the underlying atmospheric model was cal-
culated with a vertically homogeneous composition. Such an
empirical stratification profile has also been applied to other
Ap stars (e.g. Ryabchikova et al. 2005; Ryabchikova 2005).
A two-zone abundance profile has also been employed for the
study of possible stratification in HgMn stars (Smith 1995). The
abundance jump seen in Fig. 6 is qualitatively consistent to those
found in the studies of Ap stars just mentioned. The models
shown here assume that the atmospheres of Ap stars are com-
pletely stable. However, even though no sign of convection is
observed in the atmospheres of these stars, it cannot be excluded
that a slow mixing zone could persist. LeBlanc (2005) showed
that this may lead to a flattening of the abundance bump seen
approximately between log(τ5000) = −0.5 and 2 for the 8000 K
model.

Since BHB stars are non-magnetic, the models presented
here should better reproduce certain observational anomalies ob-
served for these stars. Khalack et al. (2008) detected Fe stratifi-
cation in the atmosphere of three BHB stars. They found that
when assuming zero microturbulent velocity the Fe abundance
first decreases and then increases as a function of optical depth in
the line forming region. This same feature can be seen in Figs. 2b
and 8 where the minimum of Fe abundance is respectively found
near log(τ5000) ∼ −3 and –4. However, this same study showed
that the presence of weak microturbulence can erase this upturn
of the Fe abundance observed at low optical depths. The stabil-
ity of the atmosphere is therefore critical for this case. In future
studies, we plan to apply our models to these stars and especially
to recent detections of vertical abundance stratification found by
Khalack et al. (2007 and 2008).

The models presented here have several drawbacks. As men-
tioned, they are not time-dependent. Also, since these are one di-
mensional the complex magnetic field configurations of Ap stars
cannot be taken into account. However, simulations using mod-
els with various values for the magnetic field could be used to
simulate the horizontal abundance gradients observed at their
surface. However, the Zeeman effect which is not included in
our models probably plays an important role in such phenom-
ena. Uncertainties also remain regarding the effectiveness of re-
distribution. The models presented here also have limitations
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pertaining to incomplete atomic data and neglect of heavy el-
ements in the present version of PHOENIX code. This is espe-
cially important for Ap stars.

Several physical phenomena were neglected here. First, the
term related to the abundance gradient was not included. Monin
& LeBlanc (2007) have included this term exclusively for iron
while using an underlying chemically homogeneous model at-
mosphere and they found the abundance jump of Fe in Ap stars
can be shifted to lower optical depths (by less than 0.5 dex). The
general shape of the abundance profile remains similar, but the
abundance at some of the points in the part of the profile that
has a strong gradient can be increased significantly. Other ef-
fects such as mass loss, Zeeman splitting and the possible pres-
ence of slow mixing due to convection (LeBlanc 2005) were also
neglected here. However, the models presented here are an im-
portant step to better understanding the importance of vertical
abundance stratification in stellar atmospheres.
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