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ABSTRACT

Context. A large proportion of observed white dwarfs show evidence of debris disks, remnants of the former planetary systems, and/or
signatures of heavy elements in their atmospheres, induced by the accretion of planetary matter onto their surfaces. The observed
abundances are the result of the balance between the accretion flux and the dilution of this planetary material by internal transport
processes. A recent study showed that more massive DA white dwarfs are less polluted than smaller mass ones. It was suggested that
the reason could be related to the formation of planetary systems when these stars were on the main sequence.
Aims. The aim of this work is to test how internal dilution processes, including thermohaline convection, change with white dwarf
masses, and whether such an effect could account for variations in the observed pollution.
Methods. We computed the efficiency of atomic diffusion and thermohaline convection after the accretion of heavy elements onto
white dwarfs using static DA models with various masses, effective temperatures, and hydrogen contents.
Results. We confirm that thermohaline convection is always more efficient in diluting accreted elements than atomic diffusion, as
previously shown in the literature. However, we find that element dilution by thermohaline convection is less efficient in massive
white dwarfs than in smaller mass ones, due to their larger internal density.
Conclusions. We showed that the differences in observed heavy element pollution in white dwarfs according to their masses cannot
be explained by the dilution induced by atomic diffusion and thermohaline mixing alone. Indeed, the pollution by planetary system
accretion should be more easily detectable in massive white dwarfs than in low-mass ones. We discuss other processes that should be
taken into account before drawing any conclusion about the occurrences of planetary systems according to the mass of the star on the
main sequence.
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1. Introduction

All stars with masses lower than 8 M� become white dwarfs
(WDs) at the end of their evolution. They represent about 97%
of the stellar population of the Galaxy. A key question is how
planetary systems are affected when their host stars evolve
from the main sequence up to the final WD stage. Recent
observations give evidence that many of these planetary sys-
tems have partly survived, leading to debris disks around the
WDs detected in the infrared (see Zuckerman & Becklin 1987;
Farihi et al. 2008; Guidry et al. 2024, and references therein) or
by their transit in front of the star (see Vanderburg et al. 2015;
Vanderbosch et al. 2020, 2021; Bhattacharjee 2025, and refer-
ences therein). Planetary matter falling onto WD atmospheres
is also detected as heavy-element lines in their spectra (see for
example Zuckerman et al. 2010; Gentile Fusillo et al. 2021, and
references therein).

The accreted elements cannot remain in the WD atmospheres
because of rapid downward diffusion. The observed abundances
are therefore the result of a delicate balance between the accre-
tion rate and the downward dilution rate. The situation is still
more complicated due to the fact that, in addition to atomic dif-
fusion, the accumulation of heavy matter above lighter matter
can give rise to thermohaline (fingering) mixing, a well-known
process in the oceans that also occurs in stars (Deal et al. 2013;
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Bauer & Bildsten 2018, 2019; Wachlin et al. 2022, and refer-
ences therein).

In most published studies, however, atomic diffusion is the
only process introduced for metal settling below the atmospheres
of WDs. In the present work, we point out the necessity of a
correct treatment of element dilution inside the stars to derive
reliable results on the chemical composition of the planetary
matter that remains around WDs. As mentioned above, thermo-
haline mixing may have a much larger diluting effect than atomic
diffusion, in which case the results obtained with atomic diffu-
sion alone are not correct. It is even more important consider-
ing recent attempts to derive constraints on the pristine planetary
systems and the circumstances of their formation, as discussed
below.

Harrison et al. (2021) analysed 230 helium-rich, cool WDs,
with metal-polluted atmospheres, particularly in Ca, Mg, Fe, Ti,
Ni, Cr, and Na. They performed direct modelling of the expected
chemical composition of the WD atmospheres, assuming many
different initial compositions, temperatures, and geological his-
tories of the original bodies as they were formed in the proto-
planetary system. Then they used a Bayesian approach to derive
the most likely original abundances of the accreted material from
the observed abundances in their sample of WDs. They were
able to infer the chemical composition of the original planetary
bodies as well as physical processes such as heating and frag-
mentation during their formation. However, in their analysis,
thermohaline mixing was ignored.
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Ould Rouis et al. (2024) (hereafter OR24) performed a sta-
tistical study of the metal abundances observed in more than 250
hot WDs (13 000 K < Teff < 30 000 K) according to their masses.
They found that more than 40% of all these WDs show silicon
and sometimes carbon lines, presumably due to planetary matter
accretion. Surprisingly, they also found evidence of a metallic
trend according to the WD masses for similar effective temper-
atures. The fraction of polluted stars is around 44% for the less
massive ones (<0.7 M�), whereas it is only around 11% for the
more massive ones (>0.8 M�). Going backwards along evolu-
tionary tracks, they claim that the most massive WDs are the
descendant of main-sequence stars more massive than 3.5 M�,
and that their results give evidence of a difference in planetary
formation at the origin, according to the stellar mass. This is an
important result that needs to be confirmed. Here again, thermo-
haline mixing was ignored in the computations. More recently,
Cunningham et al. (2025) revisited this question by computing
population synthesis of WDs according to their masses. They
proposed two possible scenarios to explain the observed trend,
with no thermohaline convection.

Thermohaline convection was discussed in a simplified way,
together with other hydrodynamical processes that may influ-
ence the abundances in polluted WDs, by Buchan et al. (2025).
In this important paper, they confirm that hydrogen-rich WDs
may suffer enough thermohaline convection to inhibit the effect
of atomic diffusion.

Rogers et al. (2025) analysed the surface composition of
eight hydrogen- and helium-rich WDs, compared it with the
composition of their disk, and found a good correlation in silicate
mineralogy. This is also an indication that the diluting processes
are not strongly selective for Mg and Si, which is consistent with
a dilution by atomic diffusion (mostly dominated by the effect of
gravitational settling) and thermohaline mixing.

As was first discussed by Deal et al. (2013) and confirmed
in later papers (see Wachlin et al. 2022, and references therein);
thermohaline mixing is much less efficient in He-rich (DB) WDs
than in H-rich (DA) ones (see below). This is due to the ini-
tially heavier material, the larger gas density, and the larger con-
vective depth in DBs compared to that of DAs. In the case of
Harrison et al. (2021), since they used a sample of solely DB
WDs, we have checked that their results are not affected by ther-
mohaline mixing and are thus reliable. In the present paper, we
focus on the study by OR24 that was carried out for a sample of
DA WDs.

The paper is structured as follows: we describe the internal
structure models of WDs and the modelling of accretion and
transport processes in Sect. 2. The comparison of the efficiency
of atomic diffusion and thermohaline convection for the differ-
ent models and cases are presented in Sect. 3. The results are
discussed in Sect. 4, and we conclude in Sect. 5.

2. Modelling of the transport of chemicals after
accretion

2.1. The white dwarf structures

We want to compare the relative efficiencies of atomic diffusion
and thermohaline convection in WD models corresponding to
those discussed in OR24. The aim was to test in which cases
atomic diffusion alone may be used to derive the accreted abun-
dances from the ones observed in the stellar atmospheres, and in
which cases thermohaline convection cannot be neglected. WD
structures were computed using the STELlar modelling code
of the Université de Montréal (STELUM; Bédard et al. 2022).

Table 1. Properties of the white dwarfs’ static structures.

Model M [M�] R [R⊕] Teff [103 K] MH/MWD

M06T20H-4 0.6 1.48 20 10−4

M08T20H-4 0.8 1.16 20 10−4

M10T20H-4 1.0 0.90 20 10−4

M06T25H-4 0.6 1.53 25 10−4

M08T25H-4 0.8 1.18 25 10−4

M10T25H-4 1.0 0.91 25 10−4

M06T30H-4 0.6 1.57 30 10−4

M08T30H-4 0.8 1.20 30 10−4

M10T30H-4 1.0 0.92 30 10−4

We relied on parametrised static models of DA WDs described
in Giammichele et al. (2016, 2017). Such models are typically
used for WD asteroseismology, but their flexibility to explore
the model parameter space makes them practical tools for our
present purposes as well. The static models that we computed
assume a core composition as predicted by evolution calcula-
tions (from the BASTI code; Salaris et al. 2010), which is there-
fore mass-dependent. The helium-dominated mantle is a mixed
C/O/He buffer of 10−1.3 M�, whose structure is fixed for the
computed set of models. It is surrounded by a pure hydrogen
envelope, the mass of which may be modified. Once the chem-
ical stratification of the DA WD was specified with its global
parameters, the stellar structure equations were solved to estab-
lish the equilibrium state of the star. The equation of state, opac-
ities, and convection treatment used in this process are those
described in Bédard et al. (2022). The depths of the outer hydro-
gen zones were estimated after seismic determinations (see e.g.
Romero et al. 2025). The list of models is presented in Table 1.

2.2. The accretion process

The precise way in which the matter of debris disks is accreted
onto WDs is unclear. It is possible that accretion first occurs in
stellar equatorial regions and that the accreted matter then spher-
ically diffuses in the outer stellar layers. In our computations, we
assumed as a first boundary condition that the matter is initially
dispersed in a spherical shell at the surface. When stars have an
outer convective zone, the depth of this shell is that of the con-
vective layers. This is not the case for the effective temperature
range studied here.

We were thus obliged to arbitrarily define the depth of this
initial outer dilution zone. If all the mass was accreted in the first
layer of the model (corresponding to an exterior mass ranging
between 1.4×1011 and 3.3×1012 g, and a depth ranging between
0.3 and 2.6 km, depending on the model), the mean molecular
weight in this layer would be very large compared to the compo-
sition of the star, leading to almost instantaneous thermohaline
mixing. The situation would evolve and lead to a fully mixed
region at the top of the star and an abundance of heavy elements
decreasing with depth. To simulate this effect, we arbitrarily con-
sidered a layer with a mass Mmix = 1015 g (corresponding to a
depth between 39 and 141 km depending on the model), and we
assumed additional dilution of the accreted matter that decays
exponentially with the radius. The mass fraction profile of the
accreted matter Xaccr is defined as

Xaccr =
Maccr,mix

Mmix
e−

( rmix−r
σ

)
, (1)
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Fig. 1. Mass fraction profiles of accreted Mg (left panels) and mean molecular weight gradients’ profiles (right panels) for the M06T25H-4,
M08T25H-4, and M10T25H-4 models, as a function of the outer mass normalised to the total mass of the white dwarf model. The top panels
correspond to case 1 (the same value for σ for all models), the bottom panels to case 2 (a different value for σ so that the µ gradients’ profiles
would be the same for all models). All cases were computed with the same total accreted mass (1016 g).

where Maccr,mix is the accreted matter in the region of mass Mmix,
rmix is the radius at the bottom of the same region, and σ is a
fraction of the total radius of the WD that controls the steepness
of the decay. We then iterated the value of Maccr,mix to obtain a
total accreted mass Maccr = 1016 g (a test mass, approximately
the mass of Phobos).

Applying the same initial conditions for the accreted matter
profiles for all models would introduce some mass-dependent
effects that are not related to the efficiency of the dilution of
the accreted matter. We followed two different scenarios to test
the robustness of the results, including a case (case 2) where we
introduced some fine-tuning to remove this dependency. In both
cases, the properties of the accreted matter are the same for all
models (i.e. the same accreted mass Maccr = 1016 g and the same
Mmix = 1015 g). What differs is the exponential decay below the
mixed zone (i.e. the value of σ).

Case 1: The same exponential decay for all models with σ
equal to 0.25% of the total radius of the WD. The computed pro-
files of the mass fraction of the accreted matter Xaccr are shown
in the top left panel of Fig. 1. The corresponding mean molecular
weight gradients are presented in the top right panel of the same

figure. They are different for stars of different masses, which has
a direct influence on the efficiency of thermohaline convection.

Case 2: In the second step, to eliminate this effect and eval-
uate the intrinsic effect of the WD mass, we adjusted the value
of σ to obtain the same mean molecular weight gradients in all
models. The corresponding σ are 0.25%, 0.177%, and 0.132%
of the total radius for the 0.6, 0.8, and 1.0 M� models, respec-
tively. The resulting mass fraction profiles and mean molecular
weight gradients’ profiles are presented in the bottom panels of
Fig. 1. The discontinuity seen around log(∆M/MWD) = −18 is
the transition between the fully mixed region (corresponding to
the region with the mass Mmix) and the exponentially decaying
region.

2.3. The atomic diffusion coefficient

The atomic diffusion coefficient was estimated in our models,
following the approximations recommended by Michaud et al.
(2015) for trace elements diffusing in a fully ionised pure hydro-
gen medium. This approximation is valid in the outer lay-
ers of all our models, as presented in the previous subsection.
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The expression for the atomic diffusion coefficient (Eq. 4.58 of
Michaud et al. 2015) is then

Dip ≈ 1.947 × 109 T 5/2

npZ2
i

(
Ai + 1

Ai

)1/2 1
2Cip

, (2)

with

Cip ≈
1

1.2
ln(e1.2 ln Λi j + 1) (3)

and

Λip ≈ 2.336 × 103 T 3.2

Zin
1/2
p

, (4)

where T is the temperature, np is the number density of the pro-
tons, and Zi and Ai are the charge and mass of the diffusing atom,
respectively. Assuming that the accreted matter has the same
composition as Earth, the coefficient was estimated for magne-
sium (Ai = 24, Zi = 12) since the mean mass of the particles
of the bulk Earth composition is approximately 24.5 (estimated
from Allègre et al. 1995).

2.4. Thermohaline convection

Thermohaline convection is a double diffusive instability that
occurs in the presence of a stable temperature (T) gradient and an
unstable mean molecular weight (µ) gradient. When the desta-
bilising effect of the µ gradient is larger than the stabilising
effect of the T gradient, the medium is dynamically unstable.
On the other hand, when the stabilising effect of the T gra-
dient overcomes the destabilising effect of the µ gradient, the
medium should be stable (the so-called Ledoux criterium). In
this case, however, blobs of falling matter suffer from heat dif-
fusion towards their surroundings on a much shorter timescale
than particle diffusion. This induces another kind of instability,
a double-diffusing one, namely thermohaline convection, which
is also called fingering convection because it physically resem-
bles falling fingers (Vauclair 2004; Charbonnel & Zahn 2007;
Denissenkov 2010; Théado et al. 2009; Garaud 2011, and ref-
erences therein). These conditions are found in particular when
heavy planetary matter is accreted onto the surface of WDs
(see e.g. Deal et al. 2013; Wachlin et al. 2022; Bauer & Bildsten
2018, 2019; Cresswell et al. 2025).

Precise studies of the effects of thermohaline convection in
Earth’s oceans began long ago (e.g. Stern 1960). The stellar
case, which deals with very different physical situations, was
only addressed twelve years later by Ulrich (1972) (hereafter
U72), who compared both cases and gave a first prescription
for studying the efficiency of thermohaline mixing in stars. A
few years later, Kippenhahn et al. (1980) (hereafter K80) gave
a new prescription for the diffusion coefficient of thermohaline
mixing, giving values about a hundred times lower than those of
U72,

Dth =
CtκT

R0
, (5)

where Ct = 12 is a constant related to the so-called aspect ratio
of the fingers, namely, the ratio of their length to their width
(Kippenhahn et al. 1980; Théado & Vauclair 2012).

κT =
4acT 3

3κCpρ2 (6)

is the thermal diffusivity (with a the radiative density constant,
Cp the specific heat capacity at constant pressure, κ the opacity,
and ρ the mass density) and R0 =

∇ad−∇

|∇µ |
(where ∇ = ∂ ln T/∂ ln P

is the temperature gradient, P is the pressure, ∇ad is the adia-
batic temperature gradient, and ∇µ = ∂ ln µ/∂ ln P is the mean
molecular weight gradient) is the so-called density ratio, namely
the ratio of thermal to mean molecular weight gradients. One of
the important unknown parameters in these computations is the
aspect ratio. Using 2D simulations, Denissenkov (2010) showed
that this aspect ratio is of the order of one, which is smaller than
that assumed by U72. Later, Traxler et al. (2011) computed more
precise mixing coefficients on the basis of 3D computations and
confirmed this order of magnitude. Using this value in the com-
putations leads to mixing coefficients close to those found by
K80. The condition needed for thermohaline mixing to develop
inside stars is related to two important parameters: the ratio of
atomic to thermal diffusivities τ and the so-called density ratio
R0. The thermohaline instability develops only if R0 is in the fol-
lowing range:

1 < R0 < 1/τ. (7)

From their simulations, Traxler et al. (2011) showed that the val-
ues of the thermohaline mixing coefficient are close to that of
K80 when the local value of R0 is intermediate between the two
limits. However, when it comes close to one of the two limits,
the K80 value can overestimate the mixing coefficient. Perform-
ing computations using the K80 coefficient is safe, provided that
the density ratio is far from the thermohaline limits.

More sophisticated expressions based on 3D simulations
were proposed later on, including studies of other dynamical
effects such as the ‘stair cases’, that is to say successions of ther-
mohaline layers and dynamically convective layers that occur in
some cases, and the possible interactions with shears or magnetic
fields inside the stars (see e.g. Brown et al. 2013; Garaud et al.
2019; Fraser et al. 2024). For the first approach of this study,
we used the simplest mixing coefficient given by K80, verify-
ing that our computations remain in the range of R0 for which
this approximation is acceptable.

3. Efficiency of thermohaline convection according
to white dwarfs’ properties

In this section, we compare the efficiency of thermohaline con-
vection and atomic diffusion for the different models. The ther-
mohaline and atomic diffusion coefficients are plotted in Fig. 2
as a function of the outer mass fraction for several cases. The
effects of the WD masses and effective temperatures and that
of the mass of the outer hydrogen layer were tested. The top
panels display the results for case 1 (accreted profiles with the
same value for σ) and the bottom panels display those for case 2
(accreted profiles with the same mu gradients).

3.1. Effect of mass and effective temperature

In all cases, the large difference between the diffusion coeffi-
cients shows that when the stellar parameters allow thermoha-
line convection to occur, this thermohaline convection is much
more efficient at transporting chemical elements than atomic dif-
fusion, as is expected from the results of previous studies (e.g.
Vauclair 2004; Deal et al. 2013; Wachlin et al. 2022, and refer-
ences therein). This is particularly important at the bottom of the
fully mixed region of mass Mmix where accretion rates should
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Fig. 2. Diffusion coefficient for atomic diffusion (dashed lines) and thermohaline convection (solid lines) for different white dwarf masses and
effective temperatures with log(MH/MWD) = −4. Cases 1 and 2 are presented in the top and bottom panels, respectively. The grey areas represent
the region of mass Mmix where the composition was initially fully mixed (the same region was plotted for each model for clarity).

be determined, which is equivalent to the bottom of convec-
tive envelopes for cooler WDs (see Sect. 3.2). Independently
of the effective temperature, the efficiency of both processes
decreases with increasing WD masses. This is mainly due to the
density differences between the models. The higher density of
more massive WDs directly comes from their mass-radius rela-
tion, which shows that the larger the mass, the smaller the radius
(see e.g. Althaus et al. 2005; Tremblay et al. 2017; Bédard et al.
2017; Sahu et al. 2023; Cang et al. 2025). This can be seen in the
properties of the models in Table 1. A higher density decreases
the thermal diffusivity (κT ∝ 1/ρ2), therefore decreasing the effi-
ciency of thermohaline convection. This is the same effect that
occurs in DA and DB WDs. As the densities of the DB WDs
are larger, the efficiency of thermohaline convection is lower
(Deal et al. 2013). This means that for a given accreted mass
(or accretion rate), the efficiency of dilution of matter decreases
when the mass of the WDs increases, leading to a larger pollu-
tion signature at the surface. From Fig. 2, we also notice that
the higher the effective temperature, the more efficient the ther-
mohaline convection transport. This is again due to the thermal
diffusivity κT ∝ T 3, which is larger at larger temperatures. The

dilution of accreted matter should then be faster in hotter stars
for a given accreted mass (or accretion rate).

For all models presented in Fig. 2, the thermohaline mixed
zone extends deeper as the mass of the WDs decreases. This
effect is related to the instability criterium (Eq. (7)) that depends
on R0, and hence on the thermal diffusivity.

The results for cases 1 and 2 present the following differ-
ences:

Case 1: The shape of the accreted matter profiles have the same
properties for all models (especially the exponential decay in the
radius). As the density is lower for smaller masses, the abun-
dance variation at the surface is larger in the 0.6 M� models than
in the 1.0 M� models, leading to a larger mean molecular weight
gradient and a larger mixing by thermohaline convection. The
difference with mass is then enhanced by this effect.

Case 2: In this case, the µ-gradient profiles are similar for all
models as seen in the bottom right panel of Fig. 1. The differ-
ences in the efficiency of thermohaline convection according to
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Fig. 3. Ratio between accretion rates determined assuming gravitational
settling and thermohaline convection as dilution processes (Ṁg+th) and
accretion rates determined assuming gravitational settling only (Ṁg),
for models of different masses and effective temperatures (listed in
Table 1). See the text for more details.

mass are smaller but still present. In this case only the effect of
the density of the models is seen, leading to about one order of
magnitude differences in the diffusion coefficient of thermoha-
line convection. All other aspects are similar to case 1.

Altogether, we clearly show that the more massive the WDs,
the less efficient the internal dilution processes. This should lead
to larger pollution signatures at the surface. We note that the
results are qualitatively the same if we use elements other than
Mg such as Ca or Fe. We also tested that different configurations
of the initial conditions (i.e. different values for Maccr, Mmix, and
σ) do not affect the overall conclusions.

3.2. Estimation of relative accretion rates

The observed pollution of WDs by heavy elements is the result of
the balance between the fall of matter from outside and the dilu-
tion inside the star. It has been shown by Deal et al. (2013) and
Wachlin et al. (2022) that in the case of element dilution domi-
nated by thermohaline convection, equilibrium may be reached.
A similar result is obtained when thermohaline convection is
triggered by iron accumulation induced by radiative accelera-
tion in A-type stars (see e.g. Théado et al. 2009; Zemskova et al.
2014; Deal et al. 2016; Hui-Bon-Hoa & Vauclair 2018). Assum-
ing that the abundance profiles presented in the bottom left panel
of Fig. 1 are representative of such equilibria, the accretion rate
leading to such profiles can be determined with

Ṁ = 4πr2Xaccrρv, (8)

with

v = Dip
Aimpg

kT
+ Dth

1
Xaccr

∂Xaccr

∂r
, (9)

where g is the local gravity. All quantities were estimated at the
bottom of the region of mass Mmix at the radius rmix. Figure 3
shows the ratio of accretion rates determined with and without
the contribution of thermohaline convection for the models with
MH/MWD = 10−4 presented in Table 1. We can see in this figure
that the ratio is always larger than one and may go up to four

orders of magnitude. The accretion rates decrease when the mass
and effective temperature of the WDs increase. This again shows
the importance of the contribution of thermohaline convection
in the context of accreting WDs. These results may be extrap-
olated to larger effective temperatures. However, this is not the
case for lower effective temperatures because of the appearance
of convective envelopes. The point at which the accretion rates
are estimated would then be deeper inside the WD and the ratio
would be slightly different. However, thermohaline convection
would still lead to higher accretion rates by orders of magnitude
(see e.g. Deal et al. 2013; Wachlin et al. 2022).

3.3. Effect of the depth of the outer hydrogen region

Thermohaline convection develops in the presence of an inverse
mean molecular weight gradient, and it is stopped in the case
of stabilising gradients. This may occur at the bottom of the
outer hydrogen zone in DA WDs, at the limit of the helium-rich
region. We tested, even in the case of smaller hydrogen contents
for models with log(MH/MWD) = −6 and −8, that the hydro-
gen region is deep enough so that the helium transition region
is not yet reached. However, this may not be the case for time-
dependent accretion models for which the accreted matter could
be trapped, in some cases, in the hydrogen zone. This will be
treated in future work.

4. Discussion

OR24 reported differences in the observed pollution of WD
atmospheres by planetary matter accretion, according to their
masses, for similar effective temperatures. They suggested that
this trend could be due to different probabilities of planetary for-
mation when the stars were on the main sequence. Massive stars
would initially have fewer planetary systems than small mass
stars.

This trend was confirmed by Cunningham et al. (2025), who
suggested various scenarios to explain this behaviour, in the
framework of episodic accretion models. In both papers, how-
ever, the authors introduced element settling by atomic diffusion,
but they did not discuss the impact of thermohaline convection,
which is known to have important effects on DA WDs, such as
the ones that they analysed.

Buchan et al. (2025) analysed the various hydrodynami-
cal processes that could alter atomic diffusion results, includ-
ing convective overshoot and thermohaline mixing. Using an
approximate method, they confirmed that thermohaline mixing
decreases heavy element abundances in DA WDs, and that it
must be taken into account in the computations of abundance
evolution and accretion rates. They have not yet performed com-
plete comparisons of the thermohaline effect according to WD
masses.

For the present study, we wanted to test whether thermoha-
line mixing could account for the abundance trend observed in
DA WDs. Our results show that the element dilution inside these
WDs is much larger when thermohaline convection is taken into
account, but the effect decreases when the mass of the WD
increases. As a consequence, the fact that massive WDs have
suffered less matter accretion than small mass WDs seems to
be confirmed, provided that atomic diffusion and thermohaline
mixing are the only mixing processes responsible for the dilu-
tion of the accreted matter. In the following, we discuss several
possibilities to explain this trend.
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4.1. Caveats in our treatment of thermohaline convection

A weak point of our computations is the uncertainty on the
depth of penetration of the accreted particles and their initial
mixing zone. When rapid particles fall onto stellar atmospheres,
they rapidly thermalise in a very thin zone that is much smaller
than the first layer of our models. Then thermohaline convection
occurs immediately and mixes the elements downwards, leading
to µ gradients varying with depth. We began our computations
in an intermediate state for the initial conditions, with a small
mixed zone at the surface and an exponentially decreasing abun-
dance profile below. In Section 3, we have shown cases 1 and 2,
which illustrate that modifying the abundance exponential decay
profile may lead to a different efficiency of thermohaline con-
vection, without changing the general trend. It is not impossible
to manipulate these assumptions according to the stellar mass,
so as to find a reverse trend in the element dilution, with more
deficiency in massive WD than in lower-mass ones. This would,
however, seem completely ad hoc and not satisfying. The only
way to model these aspects correctly would be by solving the
diffusion equation with time, in the presence of accretion.

4.2. Other types of mixing inside the white dwarfs

Other types of mixing processes may occur in WDs, and their
variations with the stellar mass should be checked. Here we
discuss rotational-induced mixing. In their analysis of the sam-
ple of 27 pulsating DA WDs (DAV) from Kepler and K2 data,
Hermes et al. (2017) find a mean rotation period of 35 h with
a mean standard deviation of 28 h for the WD mass inter-
val between 0.51 M� and 0.73 M� and a much shorter rota-
tion period of 1.13 h in the most massive WD of the sample
with 0.9 M�. Although they claim that it is an indication of a
trend for more massive WDs to rotate faster than lower-mass
WDs, it would require more measurements of the rotation peri-
ods of massive WDs to confirm that trend. Oliveira da Rosa et al.
(2024) compiled the results of the rotation period deduced from
asteroseismology data, adding the results from Kawaler (2015)
and Kepler & Romero (2017) to those of Hermes et al. (2017).
They deduced a median rotation period of 24.3 h with a mean
absolute deviation of 12.0 h for this sample of 63 pulsating WDs,
and they do not confirm any trend according to the mass. Using
TESS data, they studied the rotation period of a larger sample
of WDs. Excluding magnetic WDs and WDs in close pairs for
which the rotation may result from processes different from the
simple angular momentum evolution during earlier phases of
stellar evolution, they concentrated on a sample of 115 likely
single WDs for which the observed variability is due to rota-
tion. They find a median rotation period of 3.9 h. The difference
with the median rotation period deduced from asteroseismology
is due to the fact that from asteroseismology, one gets the inter-
nal rotation of the star, whereas the rotation periods deduced
from TESS data are the rotation of the stellar surface induced
by inhomogeneities at the surface. The distribution of the rota-
tion periods as a function of the mass shows a large dispersion
for masses between 0.4 and 0.6 M�, from about 100 h to 0.1 h,
while the dispersion is much smaller between 0.8 and 1.3 M�,
from about 2 h to 0.1 h. This is an indication that in general
the more massive WDs rotate faster than the lower-mass WDs.
In that case, rotation-induced mixing may be stronger for more
massive WDs, leading to additional dilution that could compen-
sate for the different efficiencies of thermohaline convection or
even lead to stronger dilution. Time-dependent accretion models
that include the full treatment of angular momentum and chemi-
cal element transport would be required to test this hypothesis.

4.3. Masses and history of the white dwarf progenitors

Going back to the most probable results, that the accretion sig-
natures are larger for WDs of smaller masses, we shall discuss
the connexion to the main sequence progenitors of these WDs.
The link between the pollution of WDs and the formation of
planets is subject to many uncertainties, especially when assess-
ing planet formation occurrence according to the initial mass of
a star. Relating the mass of a WD to that of its main-sequence
progenitor is very challenging. There are many approximations
for mass loss rates throughout the evolution, and especially for
the latest phases of evolution, that make predictions from stellar
evolution models difficult. Moreover, 30–50% of the more mas-
sive WDs are the result of binary mergers, making the link with
the progenitor even more uncertain (see Temmink et al. 2020,
and references therein). OR24 discussed this aspect in detail and
did not find any merger signature in their sample (looking at
magnetism, rotation, and kinematics). However, the difficulty in
determining the formation mass of WDs may therefore affect the
conclusion on the planetary system occurrences according to the
mass of the progenitor on the main sequence.

5. Conclusion

White dwarf stars polluted by the accretion of planetary mate-
rial onto their atmospheres provide good tools for inferring the
pristine chemical composition and physical conditions of plan-
etary systems at their births. However, one has to be care-
ful when deriving the composition of the accreted matter from
the spectroscopically determined abundances. The observed ele-
ments are the result of the balance between the accretion rate
and the rate of dilution inside the star. Atomic diffusion is not
the only diluting process. In some cases, thermohaline mix-
ing is of much greater importance and has to be treated cor-
rectly; otherwise, the obtained results are unreliable. Computa-
tions show that thermohaline effects are much weaker in He-rich
WDs than in H-rich ones, so the conclusions obtained in the lit-
erature by studying only He-rich ones are correct. The results
presented by Ould Rouis et al. (2024) rely on H-rich WDs, and
we have shown that neglecting thermohaline convection for these
stars leads to underestimating the dilution process and hence the
derived accretion rates. However, according to our computations,
their conclusions regarding the rate of formation of planetary
systems according to the stellar masses on the main sequence
may remain valid when thermohaline convection is taken into
account, under the condition that the progenitors of more mas-
sive WDs are actually more massive stars. In any case, a more
sophisticated (time-dependent) modelling of the accretion and
dilution processes is needed to draw stronger conclusions.
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