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ABSTRACT

Context. Ambipolar diffusion of hydrogen gives an additional upward thrust to metals that diffuse in the atmosphere of Ap stars. Its
quantitative effect on the build-up of abundance stratification due to atomic diffusion that produces the observed abundance anomalies
in Ap stars has not been evaluated so far.
Aims. The purpose of this work is to quantify this effect throughout the stratification process of metals inside the atmosphere.
Methods. We used our code caratmotion to compute the time-dependent atomic diffusion of four metals (Mg, Ca, Si, and Fe) in the
atmosphere of a main-sequence star with an effective temperature of 8500 K, which is a typical temperature of Ap stars. The results,
including ambipolar diffusion of H, are compared to results obtained without this process.
Results. Our main result is that ambipolar diffusion must be included in any calculation of atomic diffusion in Ap star atmospheres,
at least for stars with Teff . 10 000 K. We show that this concerns all metals, even those that are well supported by the radiation field,
such as Fe. The crucial role of the stellar mass-loss rate is confirmed; it remains a determining parameter that is constrained, but
still free in our calculations. We also present 3D calculations of Ca distributions in magnetic atmospheres. Questioning the interest
of systematic searches for stationary solutions (which can often only be reached after a long evolutionary process), we note that
remarkable behaviour can occur during the transient phases of the stratification build-up.
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1. Introduction

Modelling the atmospheres of ApBp stars constitutes a major
challenge because their chemical peculiarities result from the
inhomogeneous distribution of elements produced by atomic dif-
fusion (Michaud 1970; Michaud et al. 2015). Atomic diffusion
is indeed a complex physical process that requires numerically
intensive calculations, particularly in the outer stellar layers (the
atmospheres of ApBp stars are assumed to be dynamically sta-
ble), where a fair number of additional constraints must be taken
into account. For example, since radiation plays a major role
in this process, the partial transparency of the medium renders
the problem non-local. As in other chemically peculiar main-
sequence stars, many of these difficulties are encountered in the
modelling of HgMn stars (where atomic diffusion is also effec-
tive in the atmosphere), but in this case, magnetic fields are rather
weak or even non-existent, which makes the calculations less
demanding.

Advanced numerical modelling has led to a number of papers
that were published in the first decade of this century, providing
a better understanding of the abundance stratification process
in the atmospheres of ApBp stars (for example LeBlanc et al.
2009; Alecian & Stift 2010) by means of detailed and accu-
rate calculation of radiative accelerations (the main ingredient in
atomic diffusion calculations). However, these studies only con-
sidered equilibrium stratification that did not take into account
particle number conservation. They simply searched for abun-

? Corresponding author; georges.alecian@obspm.fr

dance values such that grad = −g, that is, the radiative accel-
eration is balanced by the gravity for each element considered
and at each depth point in the atmosphere (the radiative accel-
eration is a vector, but it is justified to work only with the ver-
tical component, we therefore generally use an algebraic form
with a negative value when the vertical component is directed
towards the centre of the star). Recently, Alecian & Stift (2019)
have carried out calculations of time-dependent diffusion with
their caratmotion code, which solves the continuity equation
for element concentrations in the ApBp star atmospheres. Their
code is the most advanced of the codes that are devoted to atomic
diffusion in stellar atmospheres. It calculates element stratifi-
cation as a function of time, treats the influence of magnetic
fields in detail (including the Zeeman effect on line profiles),
and allows for a stellar wind due to stellar mass loss. A grid of
models established with caratmotion allowed Alecian & Stift
(2021) to build a 3D picture of a Bp star magnetic atmosphere.
So far, work with caratmotion has focused exclusively on
atmospheres with Teff & 10 000 K because cooler stars are sus-
pected to be affected by ambipolar diffusion of hydrogen, as
first studied by Babel & Michaud (1991). Except for this pio-
neering paper, which dates back several decades, this physical
process has not been taken into account in any publication prior
to 2023, nor was it implemented in the caratmotion code used
by Alecian & Stift (2021).

Very recently, the effect of ambipolar diffusion of hydrogen
(hereafter ADH) on the diffusion velocities of a number of met-
als has been examined in detail by Alecian (2023). Potential con-
sequences of this process on the stratification of metals were
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discussed, and it was shown that this effect should not be neglected
in atmospheres cooler than Teff = 10 000 K. In the present study,
our purpose is to go one step further in revealing how ADH affects
the build-up of the abundance stratification of metals in realistic
time-dependent calculations. We therefore implemented ADH in
caratmotion, and we present a comparison between the strati-
fication of metals with and without ADH for a typical cool (Teff =
8500 K) Ap star atmospheric model. This investigation will pave
the way for modelling cool Ap (including roAp) stars for which
extensive observational data exist. The final but still remote goal
is the successful modelling of individual stars.

In Sect. 2 we outline the effects of ADH and stellar mass
loss on the atomic diffusion of metals in Ap stars atmosphere. In
Sects. 3 and 4 we consider numerical aspects related to our code
caratmotion. The results presented in Sect. 5.2 are followed
by a discussion (Sect. 6) and conclusions (Sect. 7).

2. Two physical processes affecting diffusion of
metals

Atomic diffusion is a slow second-order process, and its effects
can therefore easily be modified or even completely cancelled by
perturbing motions, such as large-scale mixing (e.g. convection).
Some processes are of the same order of magnitude, however,
and interact with atomic diffusion, such as ADH, or compete
with it, such as a wind due to stellar mass loss. In the follow-
ing, we comment on these two processes, which were recently
introduced in the caratmotion code.

2.1. Expected effects of ambipolar diffusion of hydrogen

As previously mentioned, ADH was first considered by
Babel & Michaud (1991) within the framework of magnetic Ap
stars. The authors showed that in regions where hydrogen is par-
tially ionised, there is an upward flux of protons always opposite
to the flux of neutral hydrogen. The ionisation ratio (protons to
neutral H) is not affected by these fluxes. Due to interactions
with protons, metal ions are carried upwards with an additional
drag velocity that must be added to the usual atomic diffusion.
The sum of these two terms is usually called the drift veloc-
ity. Alecian (2023) quantified the drift velocity of various met-
als, took the radiative acceleration into account (not taken into
account by Babel & Michaud 1991), and showed where this
effect becomes most significant. The ADH process is closely
related to the usual atomic diffusion of metals. In contrast to the
latter, however, the drag velocity due to ADH does not depend
on abundances. This particular aspect of ADH has been high-
lighted by Alecian (2023), who identified an ambipolar flood
area in which an almost unstoppable upward flux of metals might
produce locally extreme concentrations of a number of metals.
ADH has not been considered before in numerical experiments
describing the abundance stratification process of metals, and the
effects of the drag velocity therefore remained unquantified prior
to our present study.

2.2. Stellar mass loss

The main effect of mass loss (Michaud et al. 1983) on Ap star
atmospheres with stratified abundances consists of matter rising
from deeper layers, which is characterised by a different chem-
ical composition of the layers, and it may not yet be stratified
at all (or at least much less stratified). The reason for this is
that atomic diffusion timescales greatly increase with depth. The

mixture may therefore still be homogeneous at the bottom of
the atmosphere even though stratification advances apace in the
upper layers. In practice, this results in some sort of smoothing
of the stratification profiles in the atmosphere, the effectiveness
of which increases with growing mass-loss rates. We can there-
fore say that mass loss and atomic diffusion compete, the former
erasing the abundance stratification created by the latter. Atomic
diffusion can only prevail if the mass loss is sufficiently low.

The study of radiatively driven winds that cause stellar mass
loss has a distinguished history, starting with Lucy & Solomon
(1970), Strittmatter & Norris (1971), Castor et al. (1975), and
many papers have followed up with numerical estimates of mass-
loss rates, for example Krtička (2014), Fišák et al. (2023) for
B- and O-type stars. Because the upper photosphere is con-
cerned, studies of this type have to be carried out with non-local
thermodynamic equilibrium (NLTE) effects taken into account.
Unfortunately, the numerical results cannot yet be compared
with direct measurements of wind velocities due to observa-
tional limitations: Relatively low mass-loss rates imply low wind
velocities. It might prove necessary to return to indirect means of
estimating these low rates, for example by means of modelling
the stratification of elements due to atomic diffusion.

We note the interesting fact that for normal A-type stars,
the wind might exhibit a chemical composition different from
that of the atmosphere. This difference is observed in the solar
corona (Meyer 1985). Babel (1995, 1996) showed that for A-
and late B-type stars, metals pushed by the radiation flux can
decouple from hydrogen in the wind above the photosphere (in
any case, much higher up than the layers involved in the calcu-
lations presented here) due to poor momentum transfer between
H and metal ions, leading to a completely separated wind. In
this case, the wind composition of A-type stars will be predom-
inantly metallic, and hydrogen and helium remain in the photo-
sphere (see detailed discussion and references in Michaud et al.
2015, their Sect. 7.5). Consequently, for a given wind velocity,
the corresponding mass loss of the star is much lower than what
it would be if the chemical composition of the wind also included
hydrogen and helium. This mass-loss rate can be assumed to be
equal to Z multiplied by the mass-loss rate of the non-separated
wind (Z is the mass fraction of metals). This is certainly a
rough approximation, for in the case of a separate metallic wind,
the velocities of the different elements should not be identi-
cal because the transfer of momentum between metal ions is
expected to be negligible in the region where separation occurs.

In the present work, the wind velocity is a critical quantity
that enters the continuity equation (it is simply added to the
drift velocity mentioned in Sect. 2.1 in the flux term), which
we solved for time-dependent stratification produced by atomic
diffusion. We assumed that the wind velocity is the same for
all metals1, in contrast to the drift velocity. The mass-loss rate
becomes a free parameter that is only used to determine the
wind velocity in each layer of the atmosphere, assuming that
the relatively low mass-loss rates we considered do not affect
the fundamental structure of the star. In any case, it does not
matter whether the free parameter chosen for the code is the
mass-loss rate of a fully separated or of a non-separated wind.
For the sake of simplicity, we therefore decided to use the mass-
loss rate for a non-separated wind in unit of solar mass per year
for this free parameter, and we used Eq. (1) of Alecian & Stift
(2019) to determine the wind velocity for each atmospheric
layer. However, hereafter, we also give the rate corresponding to

1 This is easily justified, since the layers concerned by our calculations
are located too deep for separation to occur.
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a fully separated wind, which we call Z-loss (computed assum-
ing solar abundances). For our purposes, the mass-loss rate is
assumed to remain constant over time.

3. Convergence towards a stationary solution

In general, caratmotion converges quite well towards a sta-
tionary solution, except when an excessively steep abundance
gradient develops in the course of the stratification build-up, for
instance a change by two or three orders of magnitude in num-
ber relative to H over a depth interval smaller than ≈0.5 dex
in log τ. Most often, this occurs when a positive total velocity
(drift + wind velocities) becomes negative in an adjacent layer,
implying the existence of a virtual point with zero velocity2

where particles pass through with difficulty, at least not effi-
ciently enough to reduce the gradient. In our opinion, this is not
an artefact caused by the algorithm; a large increase in the abun-
dance gradient can be expected or understood physically. How-
ever, similar to high water waves breaking on the shore, a high
wave of concentration can be expected to break as well, but treat-
ing this is beyond the scope of the code. We are largely ignorant
of what might occur in such a situation in a real atmosphere, or
which type of physical process will dominate; we can only spec-
ulate. It seems reasonable to suggest that above a certain level,
the concentration gradient term in the diffusion velocity equation
(see Eq. (5) of Alecian 2023), which smooths the concentrations,
becomes strong enough to stop the steepening of the gradient,
unless a hydrodynamic instability occurs first. In the latter case,
mixing homogenises the layers concerned, and the stratification
process may well start again from scratch when the instability
relaxes. When the concentration gradient becomes critical for
one of the diffusing metals, the code caratmotion is found to
react in two different ways: Either the time step decreases dis-
proportionately, preventing further atmospheric evolution, or the
code becomes unstable (see discussion in Sect. 6). In order to
arrive at a stationary solution, we then need to adapt our input
parameters (generally the mass-loss rate, which is the only free
parameter) to avoid these situations.

4. Numerical code: New developments

We outline the two main improvements and modifications we
made to the code caratmotion as compared to the version used
by Alecian & Stift (2021).

First, ADH was implemented to calculate drift velocities in
static atmospheres, using the same equations as were given by
Alecian (2023).

Secondly, as mentioned in Sect. 2.2, to estimate the wind
velocity using Eq. (1) of Alecian & Stift (2019), we need to
know the mass of the star. In the current version of the code,
we calculate the stellar mass corresponding to given atmospheric
parameters (effective temperature and gravity) with the help of
a grid of stellar main-sequence evolutionary tracks kindly pro-
vided by Morgan Deal (2023, private communication) and estab-
lished with the code3 Cesam2k20. This grid of models has
helped us to considerably improve upon our previous method of
estimating stellar masses. Starting from the effective temperature
of a star, a straightforward interpolation in the respective log Teff

2 We denote this point as “virtual” because it does not lie in an atmo-
spheric layer, but rather between the two adjacent layers.
3 See Morel & Lebreton (2008), Marques et al. (2013), Deal et al.
(2018), and the website https://www.ias.u-psud.fr/cesam2k20/
home.html

versus log L (the luminosity) relations for various masses in the
theoretical grid yields the corresponding log L and thence log g
values. The log g versus mass relation (at constant log Teff) thus
established leads to a good estimate of the stellar mass.

5. Time-dependent diffusion including ambipolar
diffusion of hydrogen

To compute the stratification with respect to time of a metal with
density n (in number per cm3), caratmotion solves the follow-
ing continuity equation along the vertical z-axis:

∂tn + ∂z [n · (Vdrift + VW)] =0, (1)

where z is the depth in cm (z = 0 corresponding to the highest
layer), Vdrift and VW are the drift and wind velocities, respec-
tively (negative velocities are directed towards the centre of the
star). When collisions of the metal ions with neutral hydrogen
are neglected, the drift velocity is the sum of the drag velocity
Vdrag (mentioned in Sect. 2.1) and the usual diffusion velocity VD
(see Eqs. (11) and (12) in Alecian 2023, for details),

Vdrift ≈ Vdrag + VD. (2)

We recall that the implementation of atomic diffusion in
caratmotion assumes that metals are trace elements, and that
local thermodynamic equilibrium (LTE) applies. In the solution
of the radiative transfer equation, abundances of all elements
are taken into account, including the stratification of diffusing
species.

As usual for time-dependent diffusion calculations, time t =
0 corresponds to the starting time of the abundance stratifica-
tion process that is assumed to occur for Ap stars shortly after
their arrival on the main sequence and after the disappearance
of the superficial He convection zone (see Sect. 5.1). At t = 0,
abundances are taken to be homogeneous and solar. In carat-
motion, element stratification evolves in a plane-parallel atmo-
sphere until a stationary solution is reached, that is, particle
fluxes are constant in depth and time for all the elements speci-
fied in the input parameters. The atmospheric model is updated
at each time-step using Kurucz’s Atlas12 code (Kurucz 2005)
as translated into the Ada programming language by Bischof
(2005)4.

5.1. Input parameters

Since we wish to address the case of cool Ap stars and study the
effects of ADH, we chose to carry out our numerical calculations
for a model characterised by Teff = 8500 K and log g = 4.0;
here the partial ionisation zone of H is well located (with strong
gradients of protons and neutral H populations) to evaluate the
role of this effect (see Fig. 6 of Alecian 2023). We neglected
the long-term evolution of the star on the main sequence and
restricted the changes in atmospheric structure to those result-
ing from new local abundances and opacities. We recall that the
radiative acceleration of a given element (and therefore its dif-
fusion velocity) is extremely sensitive to the local abundance of
this element. We also know that in Ap star atmospheres, He is
deficient, it is about ten times lower than solar. This is due to
gravitational settling of helium5. For the initial chemical com-
4 caratmotion is entirely written in Ada.
5 Ap stars are slow rotators, so that gravitational settling of helium
can take place in outer layers. This leads to the disappearance (or slow-
ing down) of the outer convection zone, which is a necessary condition
for the efficient diffusion of metals in the atmosphere (Michaud 1970;
Michaud et al. 2015).

A265, page 3 of 11

https://www.ias.u-psud.fr/cesam2k20/home.html
https://www.ias.u-psud.fr/cesam2k20/home.html


Alecian, G. and Stift, M. J.: A&A, 689, A265 (2024)

position of the atmospheric model, we adopted the solar abun-
dances proposed by Asplund et al. (2009), except for He, for
which the abundance relative to H (in number) was divided by
10.

The value of the mass-loss rate (even though it is not directly
observable) can be constrained. Several simulations carried out
with caratmotion showed that a rate higher than about 10−12

solar mass per year (non-separated wind) for ApBp stars pre-
vents any significant build-up of an abundance stratification due
to diffusion. We therefore considered 10−12 solar mass per year
as an upper limit. On the other hand, Alecian & Stift (2019)
have shown that the abundances of Mg observed in HgMn stars
require a mass-loss rate of around 0.5 10−13 solar mass per year.
Vick et al. (2010), who modelled the evolution of AmFm stars,
including atomic diffusion (below the superficial convection
zone, and deeper than the atmospheric layers) found that obser-
vations can be explained by a mass-loss rate between 0.5 10−13

and 10−13 (see also Michaud et al. 2011, for the case of Sirius).
In our calculations, we therefore set this rate close to 10−13 (see
Sect. 5.2 for the various values we considered). This rate of the
non-separated wind corresponds to a Z-loss of 2.2 10−15 solar
mass per year (see Sect. 2.2). The wind velocity at each layer was
based on the estimate of 2.07 solar mass for our Teff = 8500 K
and log g = 4.0 model, which is located in the middle of the
evolutionary track on the main sequence, assuming solar com-
position (Sect. 4).

We considered simultaneous diffusion of four metals: Mg,
Si, Ca, and Fe. Mg, Si, and Ca were chosen because they are
not well supported by the radiation field (VD < 0) in our atmo-
spheric model. These elements thus exhibit negative drift veloc-
ities, except when ADH is considered. Fe was included because
its stratification significantly affects the opacities, and conse-
quently, the diffusion of other metals. We present detailed results
only for Ca and Fe below; the behaviour of Mg and Si is found
to be very similar to that of Ca.

5.2. Numerical results

To better illustrate the role of ADH in the stratification build-up,
we first performed calculations in the absence of magnetic fields.
The magnetic case is considered in Sect. 5.3. In the present
section, we compare two runs of caratmotion with the input
parameters discussed previously. The first run was performed
with and the second run without ADH. After testing several val-
ues for the mass-loss rate, we set it to 3.8 10−13 solar mass per
year (or Z-loss = 8.36 10−15). This is the lowest rate that allows
the code to reach a stationary solution for both cases (calcu-
lations with ADH generally tolerate lower rates). For higher
rates, the calculations always converge, but the stratification
becomes increasingly less significant. Imposing rates lower than
3.8 10−13 leads to gradients that are too steep (at depths around
log τ ≈ −2.), which prevents the code from continuing beyond
a certain stage of evolution (Sects. 3 and 5.3.3). Adding a mod-
erate smoothing process to the particle flux term usually simply
delays this moment by a few time steps. Activating a smoothing
procedure is tantamount to adding an unphysical numerical dif-
fusion that should therefore be used with the utmost caution in
our context.

5.2.1. Velocities

Figs. 1 and 2 (for Fe and Ca, respectively) display the
three velocities (in cm s−1) involved in the continuity equation
(Eqs. (1) and (2)): the usual diffusion velocity of metals VD, the
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Fig. 1. Velocities involved in Eqs. (1) and (2) for iron. The absolute
velocity values in cm s−1 are plotted vs. the optical depth. The thick
dash-pointed grey curve shows the wind velocity (VW, always positive).
VD and VD +Vdrag for the stationary solutions are plotted in blue and red,
respectively. Positive velocities have vertical bar markers, and negative
velocities have horizontal bar markers.
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Fig. 2. Same as Fig. 1, but for Ca. The velocity curve for the wind is the
same as for Fe, and VD is negative in all layers.

drift velocity VD+Vdrag, and the wind velocity VW. The velocities
shown were obtained when the stationary solution was finally
reached. The bump in VW (always positive) around log τ = 1.0
is due to the decrease in mass density when hydrogen becomes
fully ionised. At about log τ = −2.0, the absolute diffusion veloc-
ity (with horizontal bars) of Fe is very close to but still lower than
the positive wind velocity. This means that the total velocity is
very close to zero at about this depth, but is still positive. With
a lower mass-loss rate, the total velocity changes sign in some
layers, implying the existence of a virtual point with zero total
velocity. This case is discussed in Sect. 3. This virtual point pre-
vents the code from reaching a stationary solution. We therefore
did not consider here mass-loss rates lower than 3.8 10−13 solar
mass per year.

For both iron and calcium, the bump due to ADH is clearly
visible around log τ = 0.0. It is particularly remarkable for Ca,
since without ADH, the drift velocity (in blue) of Ca is always
negative.
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Fig. 3. Comparisons of stationary solutions for Fe with and without
ADH. The logarithm of the abundance on the [log (NCa/NH) + 12] scale
is plotted vs. the logarithm of the optical depth at 5000 Å. The horizon-
tal thick solid grey line is the abundance at t = 0 (homogeneous solar
abundance), the solid black curve is the stationary solution for usual
atomic diffusion (VD alone), and the dash-pointed curve takes ADH into
account (VD + Vdrag).
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Fig. 4. Same as Fig. 3, but for Ca. These curves show the same abun-
dance stratification as the thick solid blue curves of Figs. 5 and 6.

5.2.2. Final stationary solutions for the abundances

To compare the stationary solutions obtained with and with-
out ADH, we plot the final stationary abundance stratification
in Figs. 3 and 4 (for Fe and Ca, respectively). Without ADH,
the two elements are clearly stratified and are over-abundant
above log τ = −1.0. A maximum over-abundance is reached at
log τ = −2.0, with approximately 0.87 dex for Fe and 0.32 dex
for Ca. With ADH, the over-abundances occur at the same depth,
but prove somewhat less important: 0.67 dex for Fe, and 0.28 dex
for Ca. A most noticeable feature due to ADH consists of the
appearance at log τ = 0.0 of under-abundances for both ele-
ments; no such abundance drop is found without ADH. These
under-abundances may be explained by the upward drag of
metal ions, which is caused by ADH creating an abundance hole
in these layers. However, the reduced over-abundances above
log τ = −1.0 in the presence of ADH are difficult to understand
and require a more elaborate analysis.

5.2.3. Evolution of the Ca abundance

In order to understand these results (as far as possible for this
non-linear process), we need to closely examine the details of the
evolution. Because both elements exhibit a similar behaviour, we
only considered the case of calcium. We first stress that accord-
ing to Figs. 1 and 2, the total velocity (Vdrift + VW) is positive at
all depths (owing to the wind), which implies an upward flux of
calcium throughout the atmosphere.

Fig. 5 displays the evolution of the Ca stratification in the
absence of ADH from t = 0 to t = 7.93 107 years (the duration
required to reach a stationary solution). This final age represents
a theoretical age, based on the assumption that the atmosphere
evolves without any disturbance only with the physical processes
implemented in our numerical code. The meaning of the various
curves is detailed in the legend. It is instructive to comment on
the three time-steps that are highlighted with thick green lines
and tagged 1–3. Curve 1 reveals that a cloud of Ca forms at a
depth of log τ = −2.0 after about 2400 years of diffusion. The
over-abundance of Ca in the cloud is relatively large (about twice
higher than the final stationary solution). This cloud, evolving
through steps 2 and 3, is expelled from the atmosphere in the
course of about 2000 years. In the region where this cloud forms,
the atmosphere is optically thin and the process of the abun-
dance stratification due to atomic diffusion is no longer local,
which drastically increases the non-linear nature of the process.
This cloud must be considered as a concentration wave, since
its upward motion is about five time faster than the motion of
matter dragged by the wind. After this, the stratification evolves
gently towards the stationary solution, and no trace of the cloud
remains.

Fig. 6 includes ADH, and the evolution of the Ca stratifica-
tion proceeds in a significantly different way. The cloud (peaks
1–3) of Ca proves much less prominent. We note that the hole at
a depth of log τ = 0.0, which is due to ADH, develops immedi-
ately from the start of the diffusion process. On account of this
hole, fewer Ca atoms are available to fill or maintain the rising
cloud (ADH is effective only around log τ = 0.0).

5.3. 3D modelling with magnetic fields

In Sect. 5.2 we examined a plane-parallel model without mag-
netic fields in order to better understand how ADH affects the
time-dependent diffusion of some metals. Since all Ap stars have
relatively strong magnetic fields (unlike Am stars, where the
fields lie below the detection threshold), often with a predom-
inantly dipolar geometry, we attempt in this section to model the
distributions of metals in a magnetic atmosphere with ADH. To
do this, we employ the same method as Alecian & Stift (2021)
(see their Sect. 2) to construct 3D abundance views for a given
magnetic configuration, based on a grid of plane-parallel atmo-
spheric models.

5.3.1. Field geometry

On the one hand, atomic diffusion is extremely sensitive to
the field geometry, and the other hand, reliable detailed mag-
netic geometries of real Ap stars with strong magnetic fields
are currently unavailable (see Stift & Leone 2022). We therefore
again followed Alecian & Stift (2021) and adopted the geome-
try of HD 154708 (Stift et al. 2013) (see their comments in their
Sect. 3.1). This time, however, we rescaled the magnetic field
to a maximum intensity of 5 kG (at the strong magnetic pole),
which can be considered typical for Ap stars, with the mini-
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Fig. 5. Evolution of the Ca abundance stratification in our Teff = 8500 K, log g = 4.0 atmospheric model, assuming a mass-loss rate of 3.8 10−13

solar mass per year (Z-loss = 8.36 10−15). The horizontal thick solid black line shows the abundance at t = 0 (homogeneous solar abundance), and
the thick solid blue curve represents the final stationary solution (t = 7.93 107 years). This is the same stratification as shown by the solid line in
Fig. 4. The stratification at intermediate time steps is displayed with thin lines (grey, red, and blue), and a few of them are highlighted (thick green
curves); the corresponding ages in years are listed within the drawing area (same colours as the corresponding curves). Three of the four green
curves are tagged (1–3) to illustrate the development and subsequent expulsion of a Ca cloud. The dashed thick green line corresponds to the three
stratification steps prior to stationarity (towards the end, the evolution slows down markedly).

mum situated at about 1.27 kG (magnetic lines largely horizon-
tal). This scaling is different from that chosen by Alecian & Stift
(2021) because in that paper, we wished to emulate magnetic
field intensities close to those of θ Aurigae (as determined by
Kochukhov et al. 2019), whose parameters differ significantly
from those of the model we consider in the present work. The
magnetic field configuration used for our calculations is shown
in Figs. 7 and 8. The field geometry corresponds to a non-
axisymmetric, tilted, and decentred dipole.

5.3.2. Ca distribution for stationary solutions

As explained in Alecian & Stift (2021), our method of mod-
elling 3D abundance distributions of metals is based on a grid
of plane-parallel, stratified models computed by caratmotion.
Some metals are assumed to change in abundance due to time-
dependent diffusion, and the remaining metals keep their initial
homogeneous abundances. The stellar surface is considered as a
juxtaposition of facets (around 105 facets in the present work),
each of which corresponds to a 1D atmosphere model obtained
by interpolation in a grid of the plane-parallel models.

The magnetic configuration being given by a non-
axisymmetric, tilted, off-centre dipole, no straightforward rela-
tion exists between field intensity and angle. We therefore
used a simple empirical approach first described in (Sect. 2.1
Alecian & Stift 2017) and later optimised by Alecian & Stift
(2021) for the magnetic geometry of HD 154708. A few estab-
lished facts are at the basis of our approach: (i) the stratification
process varies little for magnetic angles smaller than 60◦, they
become significantly more sensitive to angles between 80 and
90◦. (ii) At the same time, stratification depends in a relatively

simple way on the field strength. (iii) The change with atmo-
spheric depth is important: lower densities make for stronger
effects of the magnetic field on the diffusion process. Keeping
this in mind, we improved upon the grid spacing (field strength
and angle) employed in 2017, and thereby reduced the number
of models to 706.

In this section, we only discuss 3D models obtained from
caratmotion runs where stationary solutions were reached
for all the specified diffusing metals. All facets are indepen-
dent of each other since horizontal diffusion is negligible. In
our approach there is no exchange of matter between facets. The
parameters used to calculate stratification in a given facet differ
from those of its neighbours only by the magnetic field angle and
intensity. For this exercise, we assumed a homogeneous mass-
loss rate over the star of 3.8 10−13 solar mass per year (or Z-
loss = 8.36 10−15).

With our adopted parameters, all the models of the grid con-
verged to a stationary solution after around 108 years. The time
elapsed to reach a stationary solution may slightly differ from
one facet to the next, and models evolve very little close to
the stationary solution. The entire atmosphere around the star
was divided into slabs according to the depth (in log τ). For
the sake of conciseness in the presentation of the results, we
divided the atmosphere into four slabs (Fig. 9, with and with-
out ADH) that extended from log τ = −3.0 to log τ = +0.1.
The actual optical depth intervals are indicated at the top of each

6 The 70 models of our grid are characterised by the following mag-
netic parameters: field modulus |B| = 1270, 1650, 2070, 2620, 3310,
4140, 5000 G, angle 0, 30, 60, 70, 75, 80, 83, 85, 87, 90◦. Note that the
|B| values are scaled intensities from the 2021 paper.

A265, page 6 of 11



Alecian, G. and Stift, M. J.: A&A, 689, A265 (2024)

 !"

#!$

#!#

#!%

#!&

'(
)
*+
,

-% -. -& -/ " / &

'()*0

 

               !"!!#$!!

               !"##$%&&

               '"''$%&&

               !"('$%&)

               ("*+$%&) ,!-

               ."//$%&) ,)-

               !"&+$%&( ,(-

             00!"'($%&(

               *"+#$%&*

/

&
.

 !
1+234

Fig. 6. Same as Fig. 5, but with ADH. The thick solid blue curve corresponds to the same stratification as given by the dash-dotted curve in Fig. 4.
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Fig. 7. Magnetic field intensity in Gauss (Hammer equal-area projec-
tion).

panel. The Ca abundance shown in these panels represents the
average abundance in each slab. The calculation for the deepest
slab with ADH (last right panel of Fig. 9) shows that there is a
patch of under-abundance (in light blue) of Ca around the hor-
izontal magnetic lines (90◦) and a field intensity of about 3 kG.
This patch does not appear when ADH is neglected (left pan-
els of Fig. 9). This behaviour may be expected from the results
shown in Fig. 4, which show a significant under-abundance of
Ca around log τ = 0.. The patch of under-abundance in Fig. 9 is
less pronounced than in Fig. 4 because the under-abundance is
averaged over the depth of the slab. This is a qualitative differ-
ence between the two cases. In this deepest slab, the abundance
contrast over the star is very low (hardly detectable by spectro-
scopic observation); but there is about 0.1 dex less Ca in that slab
when ADH is taken into account.

5.3.3. Ca distribution for non-stationary solutions

As explained in Sect. 5.2, in order to have stationary solutions
for the metals we wished to consider, we constrained the mass-
loss rate to lie above a certain value, 3.8 10−13 solar mass per
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Fig. 8. Magnetic field angle with respect to the vertical (horizontal field
lines have 90◦).

year in the present case. Even though this allowed us to confirm
the significant effects of ADH (which is our main purpose), it
remained quite frustrating to have to do so because we expect
an interesting behaviour for lower mass-loss rates that cannot be
excluded for real stars. We therefore decided to carry out cal-
culations with more realistic mass-loss parameters to determine
how the abundance stratification evolves over time at least during
the first years of time-dependent diffusion up to the age beyond
which the code can no longer cope.

Following Babel (1992), Alecian & Stift (2021) considered
a mass-loss rate to be a function of the magnetic field angle
(see their Fig. 3), that is, a decreasing rate with increasing
field angle, the highest wind speed occurring at the magnetic
poles. In this section, we adopt the same approach and chose
the mass-loss rate profile shown in Fig. 10: A maximum mass-
loss rate of 3.0 10−13 (Z-loss = 6.6 10−15) for vertical field lines
and a ten times lower rate for horizontal fields. In this sim-
ple model, the mass-loss rate only depends on the angle. In
the absence of observational evidence, this profile is arbitrary,
but it is more realistic than a uniform rate for a magnetic
atmosphere.
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neglecting ADH including ADH

Fig. 9. Comparison of all atmosphere of stationary solutions for 3D calcium abundances (tomographic view) without (left panels) and with ADH
(right panels) in four contiguous slabs of a magnetic atmosphere, situated between log τ = −3.0 and +0.1 (Hammer equal-area projection). The
depth interval of each slab is written at the top of each panel. The dark green colour corresponds to the solar abundance (6.36 ± 10%). The mass-
loss rate is assumed to be uniform over the star (3.8 10−13 solar mass per year, or Z-loss = 8.36 10−15). In the last panel on the right, displaying
abundances with ADH, Ca is slightly under-abundant (light blue) in some parts of the star at a depth of around log τ = 0.0, as in Fig. 6. In this
slab, the Ca abundance differs very little from the solar value.

We calculated two more grids of 1D models (with and
without ADH, but with the same magnetic parameters as in
Sect.5.3.2) using the mass-loss rate model of Fig. 10. As
expected, none of the 1D models reached a stationary solution.
Depending on the magnetic angle and intensity of a given model
in the grid, the calculations stopped at an evolution time of
between about 103 and 104 years. This is due to the very strong
abundance gradient of iron, which is several orders of magnitude
in a narrow depth interval (in log τ) of about 0.5 dex. We finally
selected from each grid the stratification attained after approxi-
mately 103 years; thus, all the facets making up the stellar surface
have an identical evolutionary age. The results are presented in
Fig. 11. The abundance contrasts are much stronger than those
found for stationary solutions derived for higher mass-loss rates.
The differences in the abundance distributions that are derived
without and with ADH are also larger.

6. Discussion

6.1. Importance of the ambipolar diffusion of hydrogen

Our numerical results presented in Sect. 5.2 show that ADH sig-
nificantly affects metal stratification in atmospheres with effec-

tive temperatures at which partial ionisation of hydrogen is
important. We specifically considered diffusion of three met-
als (Mg, Si, and Ca) because for these effective temperatures,
they are not strongly supported in the atmosphere by the radia-
tion field (weak radiative acceleration, often lower than gravity)
which should make them more sensitive to ADH, which gives
them an upward push in certain layers. We only discussed the
case of Ca because it appears that Mg and Si exhibit very similar
behaviour. We included Fe diffusion because the total opacity is
more affected by the abundance stratification of iron than by that
of any other element; it thus affects the atomic diffusion of all
metals. Figs. 3 and 4, quite at variance with our initial hypothe-
sis, showed that ADH is effective not only for Ca (idem for Mg
and Si), but also for Fe, even though this element is well sup-
ported by the radiation field.

Figs. 5 and 6 reveal a remarkable behaviour during the evo-
lution of the abundances with time. They illustrate how impres-
sively transient phases can differ from the final stationary solu-
tion. This constitutes a perfect example of the non-linear build-
up of an abundance stratification, which was a well-known fact
immediately at the beginning of the studies of time-dependent
diffusion. The transient cloud is less prominent when ADH is
included, possibly because it helps to prevent a strong abundance
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Fig. 10. Mass-loss model for the calculations underlying Fig. 11. The
mass-loss rate is given in solar mass per year vs. magnetic field angle
with respect to the vertical (0◦ for a magnetic pole). The mass-loss rate
is 3.0 10−13 (Z-loss = 6.6 10−15) at the magnetic pole and ten times lower
for horizontal magnetic lines (90◦).

gradient from appearing with the current set of input parameters,
in particular, with the assumed mass-loss rate.

6.2. Mass-loss rate: A crucial parameter

As discussed in Sect. 2.2, even though an upper limit7 can be
assumed for the mass-loss rate that is to be adopted, it still
remains a free parameter in our modelling. This represents a
major drawback because all our calculations show just how sen-
sitive the process of abundance stratification is to this parame-
ter. For the specific discussion of stationary solutions, we had
to adopt the lowest mass-loss rate (3.8 10−13) that allowed us to
reach these solutions (for the non-magnetic case), and we note
that it is close to the upper limit. We therefore caution that the
abundance distributions presented in this work should not be
generalised to observed stars without taking their strong depen-
dence on the assumed mass-loss rate into consideration. This is
of particular importance for the 3D stationary distribution shown
in Fig. 9: It is based on an unrealistically uniform mass-loss rate
because the main purpose was to estimate the role of ADH.

In order to obtain a more realistic picture of a 3D distribu-
tion over the entire stellar atmosphere, we used non-isotropic
(and lower) mass-loss rates, as shown in Fig. 10. This came at a
cost, however: We no longer reached stationary solutions. Fig. 11
shows the Ca distribution after 1000 years of diffusion. The Ca
over-abundances are observed at the magnetic poles, with a
belt of notable under-abundances following horizontal magnetic
lines. We do not know how the abundance stratification evolve
in this atmosphere beyond a few thousand years of diffusion. As
discussed previously, the Fe abundance gradient becomes rather
strong. As an example, we show in Fig. 12 the Fe stratification
for one of the models in our grid that was used to construct the
3D distributions in Fig. 11 (case with ADH). This model per-
tains to a magnetic pole (5 kG, 0◦), and the iron abundance dis-
played corresponds to the abundance we derived in the last time

7 10−12 solar mass per year (non-separated wind).

step for this specific model (about 4000 years of diffusion8). The
abundance of Fe increases strongly from log τ = −2.5 to −2.0:
The iron concentration grows by a factor of 100. This causes the
simulation algorithm to greatly reduce the time steps, which pre-
vents the calculation from being performed in a reasonable time
or even advancing at all.

6.3. Importance of transient phases

The first generation of studies devoted to the modelling of atomic
diffusion in stellar atmospheres (up to the first decade of this
century) customarily presented equilibrium solutions (as already
mentioned in Sect. 1) because they allow an objective esti-
mate of the effectiveness of this process in producing abundance
anomalies in CP star atmospheres. This also makes it possible
to confirm whether the diffusion process is compatible with the
observed anomalies; but the results cannot be used to predict
all of the particular abundances determined for a given CP star.
When time-dependent diffusion calculations involving the solu-
tion of the continuity equation became technically possible, it
made sense to base the improved estimates of the stratification of
elements on general stationary solutions (equilibrium solutions
constitute the simplest members of this family).

The use of more realistic physics and the temptation to
embark on the modelling of observed individual stars are accom-
panied by a number of difficulties, however, first of which is
the increased number of parameters such as the precise knowl-
edge of the magnetic configuration (which also concerns equilib-
rium solutions), and of the mass-loss model that is to be adopted
(which does not apply to equilibrium solutions). A second diffi-
culty is specific to time-dependent diffusion and is linked to the
dynamical aspect of abundances stratification. When we are able
to find stationary solutions (sometimes facing technical prob-
lems that can probably be overcome) and can follow the stratifi-
cation build-up, we do not know a priori to which stratification
stage the atmosphere of an observed Ap star might correspond.
This introduces highly undesirable uncertainties, and we recall
that very different the transient phases are obtained compared
to a final stationary solution. Therefore, the legitimate question
arises whether it is still justified to consider general stationary
solutions to illustrate the effects of atomic diffusion in CP star
atmospheres.

According to the calculations shown in Figs. 3 and 4, the
answer may be yes for high enough mass-loss rates because the
evolution is fast and the stratification is close to the stationary
solutions after a few thousand years of diffusion. However, the
answer could rather be no for low mass-loss rates: The stratifica-
tion presented in Figures 11 and 12 is still very far removed from
stationary solutions. Large over-abundances and strong gradi-
ents of iron can form in the presence of these mass-loss rates,
and we simply do not yet understand how the abundance strat-
ification process will evolve further. It is possible that in some
cases, the strong gradients may eventually decrease, allowing
a gentle evolution to take over. The time required for this sce-
nario is currently unknown but is expected to be significant, cer-
tainly in excess of 104 years, during which the atmosphere must
remain stable enough (this also applies to the magnetic config-
uration), a condition far from guaranteed. Alternatively, large
over-abundances and strong gradients of iron (and/or of other

8 We recall that the last time step occurs at different times from one
model to the next. The abundances in Fig. 11 were obtained at the age of
1000 yr, corresponding to the maximum time in common to the models
in the grid.
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neglecting ADH including ADH

Fig. 11. Same as Fig. 9, but assuming the non-uniform mass-loss rates shown in Fig. 10. The abundances of Ca are no longer stationary solutions,
but are those reached after 1000 years of diffusion. The similarities between the images can be misleading when the colour scale next to each panel
is not taken into account.

metals) may trigger some hydrodynamic instability, for example
thermohaline (fingering) convection or turbulence, which leads
to a mixing of the medium. In these unstable cases, the instabil-
ity will disappear when the medium is re-hoomogenised, and the
stratification process can restart, which might lead to some type
of cyclic behaviour. Furthermore, we cannot exclude a purely
diffusive instability because the medium is optically thin (radi-
ation screening)9. In the latter case, the instability would only
affect the element that triggered it.

7. Conclusions

Alecian (2023) showed that ambipolar diffusion of hydrogen
(ADH) significantly affects the diffusion velocity of metals in
the atmospheres of Ap stars when partial ionisation of hydro-
gen is high. This process essentially concerns cool Ap stars,
and it becomes negligible for stars with effective temperatures
higher than about 10 000 K. We evaluated the effect of ADH

9 This instability was proposed by Alecian (1998) (see Sect. 2.2 of
this article). An instability like this, plausible as it may appear, has not
yet been identified in numerical simulations, however.

in the process of abundance stratification due to atomic diffu-
sion, which has not been studied before. We considered a typical
main-sequence atmosphere with Teff = 8500 K and computed
the time-dependent atomic diffusion of four metals (Mg, Si, Ca,
and Fe), using our code caratmotion. The results with and
without ADH were compared.

The abundance stratification process is clearly affected by
ADH, not only for metals that are weakly supported by the radi-
ation field such as Mg, Si, and Ca, but also for metals that are
strongly supported, such Fe. As a first conclusion, any calcula-
tion of atomic diffusion in cool Ap stars must therefore include
ADH.

As a second conclusion, we confirm the importance of
the mass-loss rate. We confirm that the existence of the CP
phenomenon implies that the mass-loss rates in these main-
sequence stars must be lower than about 10−12 solar mass per
year (non-separated wind, or Z-loss. 2.2 10−14). Due to the
lack of observational data, the mass-loss rate is a free param-
eter in our computations. On the other hand, for numerical
reasons, there is a lower limit to this parameter when sta-
tionary solutions are sought. This limit is often approximately
3.8 10−13 (Z-loss≈ 8.36 10−15) for the atmospheric model we
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Fig. 12. Abundance stratification of Fe at the magnetic pole (5 kG) after
about 4000 yr of diffusion.

considered in this work, depending on the assumed magnetic
parameters.

Due to the limitations imposed on caratmotion by the
mass-loss rate parameter, we were unable to verify the situation
that allows ambipolar flooding as discussed by Alecian (2023) .
This phenomenon cannot be observed when the mass-loss rate
is relatively high, which unfortunately is the case for the current
version of caratmotion.

To illustrate the 3D abundances resulting from mass-loss
rates lower than the limit imposed by caratmotion, we
studied non-stationary stratification, which occurs in a diffu-
sion time shorter than 1000 years for our atmospheric model.
The amplitudes of the vertical abundances during the transient
phases of the stratification build-up can be far higher than
those of the softer final stationary solutions and are arguably
as valid as the latter. This induces us to question the value
of systematically searching for stationary solutions when mod-
elling time-dependent atomic diffusion in the atmospheres of CP
stars, especially when these stationary solutions are only reached
after evolution times that approach the lifetime of the star on the
main sequence.
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