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ABSTRACT

Context. Chemical transport mechanisms are fundamental processes in stellar evolution models. They are responsible for the chemical
distribution, and their impact determines how accurately we can characterize stars. Radiative accelerations are one of these processes.
They allow the accumulation of elements at different depths in the star.
Aims. We aim to assess the impact of radiative accelerations on the modeling of FGK-type stars and their impact on the prediction of
surface abundances.
Methods. To reduce the cost of the computation of radiative accelerations, we implemented the single-valued parameters (SVP)
method in the stellar evolution code MESA. The SVP method is more efficient in calculating radiative accelerations, which enables
computations of large enough grids of models for stellar characterization.
Results. Compared to models that include atomic diffusion (with only gravitational settling), the inclusion of radiative accelerations
has a small effect on the inference of fundamental properties, with an impact of 2%, 0.7%, and 5% for mass, radius, and age. However,
the treatment of radiative accelerations is necessary to predict the chemical composition of and accurately characterize stars.
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1. Introduction

Chemical composition is a fundamental component in stars,
and it undergoes significant variations through their evolution.
Chemical transport mechanisms are mostly responsible for these
changes. Therefore, knowing how to model these processes
in stellar evolution codes is essential for the accurate charac-
terization of stars. Spectroscopic missions such as the APO
Galactic Evolution Experiment (APOGEE; Ahumada et al.
2020) and the Echelle SPectrograph for Rocky Exoplanet and
Stable Spectroscopic Observations (ESPRESSO; Cupani et al.
2017) have provided new and precise surface chemical abun-
dances of stars, complemented by asteroseismic data from
missions such as Kepler/K2 (Borucki et al. 2010) and the Tran-
siting Exoplanet Survey Satellite (TESS; Ricker 2016). These
new constraints allow us to improve the models used for stel-
lar characterization for upcoming missions such as PLAnetary
Transits and Oscillations of Stars (PLATO; Rauer et al. 2024)
and Ariel (Tinetti et al. 2018, 2022).

There are a variety of chemical transport mechanisms, either
microscopic or macroscopic, that compete to redistribute chem-
ical elements, affecting the internal structure and evolution of
stars. One of the most commonly included in stellar models is
atomic diffusion. It is a microscopic process driven by chemi-
cal, thermal, and pressure gradients inside stars (Michaud et al.
2015), and it can be divided into two main components. One is
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gravitational settling, which brings the elements from the surface
to the interior of the star, except for hydrogen, which is trans-
ported from the interior to the surface. The other are the radiative
accelerations, which push some elements, especially the heavy
ones, toward the surface. Valle et al. (2014, 2015) found that
neglecting atomic diffusion can lead to uncertainties in the mass,
radius, and age of 4.5%, 2.2%, and 20%, respectively. Using a
sample of Kepler stars with masses lower than M = 1.2 M�,
Nsamba et al. (2018) found systematic differences in age of up
to 16%. Cunha et al. (2021) performed a model-based control
study and found that the impact on the inference of stellar age is
about 10% for a 1.0 M� star near the end of the main sequence.

The study of atomic diffusion is key to reducing uncertainties
in stellar characterization. However, radiative accelerations are
often ignored. This process is, in fact, extremely computationally
demanding because it requires a deep understanding of opac-
ities (usually requiring the inclusion of monochromatic opac-
ity). While gravitational settling reproduces surface abundances
for low-mass stars (Chaboyer et al. 2001; Salaris & Weiss 2001),
radiative accelerations are required for stars with thin convec-
tive envelopes (e.g., for solar-metallicity stars with effective tem-
peratures higher than ∼6000 K; Michaud et al. 2015). Recently,
Rehm et al. (2024) showed that chemical accumulation zones
caused by radiative accelerations in B-type stars can excite pre-
viously missing modes.

Seaton (1997) proposed an interpolation method that was
integrated into the OP monochromatic opacity package devel-
oped by Seaton (2005) to determine the necessary parameters

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A9, page 1 of 12

https://doi.org/10.1051/0004-6361/202453130
https://www.aanda.org
http://orcid.org/0000-0002-2087-6427
http://orcid.org/0000-0001-6774-3587
http://orcid.org/0000-0002-9480-8400
mailto: nmoedas@astro.up.pt
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Moedas, N., et al.: A&A, 695, A9 (2025)

for the calculation of radiative accelerations. This method has
been implemented in several stellar evolution codes, for example
TGEC (Théado et al. 2009; Hui-Bon-Hoa 2024) and Modules
for Experiments in Stellar Astrophysics (MESA; Paxton et al.
2013), following the method outlined in Hu et al. (2011). Recent
work by Mombarg et al. (2022) optimized the Seaton (1997)
method by computing only the necessary parameters when
the stellar model’s internal structure changes significantly. The
Mombarg et al. (2022) method has been implemented in recent
versions of MESA (Jermyn et al. 2023). LeBlanc & Alecian
(2004) and Alecian & LeBlanc (2020) developed a paramet-
ric approximation to compute radiative accelerations, avoid-
ing the on-the-fly consideration of monochromatic opacities:
the single-valued parameters (SVP) method. This method sep-
arates the dependence on atomic data and chemical composition
using an analytical expression for radiative accelerations. This
method is slightly less accurate than the previous ones (with at
most 30% uncertainties) but enables much faster computations
(103 times faster than the Seaton 1997 method). Comparison
between the Seaton (2005) and SVP methods was performed by
Campilho et al. (2022) and Hui-Bon-Hoa (2024), who find that
the two methods predict very similar surface abundances.

In Moedas et al. (2022, hereafter Paper I) we presented
another approach to calibrating radiative accelerations in a turbu-
lent diffusion coefficient: a formulation that parameterizes chem-
ical transport mechanisms in competition with atomic diffusion.
Turbulent mixing is needed for F-type and more massive stars
to avoid unrealistic surface variations caused by atomic diffu-
sion (Verma & Silva Aguirre 2019). In Paper I we found that it is
necessary to increase the efficiency of turbulent mixing with the
stellar mass to reproduce the effects of radiative acceleration on
iron. It improves stellar characterization and allows atomic dif-
fusion to be included in stellar models without producing unreal-
istic abundances variations. We showed in Moedas et al. (2024,
hereafter Paper II) that neglecting atomic diffusion can lead to
age uncertainties of more than 20% for F-type stars. However,
this prescription cannot reproduce the full chemical evolution in
stellar models. It is in fact valid only for iron, the element used
to constrain the approximation, but not for other elements (e.g.,
calcium accumulation at the stellar surface; see Paper I).

In this work we studied the SVP method to include radiative
accelerations in the stellar models, which allowed us to improve
chemical predictions without any great loss of efficiency. We
implemented the SVP method in the r12778 version of MESA
to study how it affects the stellar models and how it performs in
characterizing a sample of Kepler observed stars.

This article is structured as follows. In Sect. 2 we present
the input physics of the grids of stellar models. In Sect. 3 we
present the SVP method and how it affects the stellar models.
The stellar sample, the optimization process, the grids of stellar
models we used, and the results for the fundamental properties
are presented in Sect. 4. In Sect. 5 we discuss the impact of the
different methods on the surface abundances. We conclude in
Sect. 6.

2. Stellar models

Stellar models were computed with the MESA r12778 evolu-
tionary code (Paxton et al. 2011, 2013, 2015, 2018, 2019). This
version includes a routine for calculating radiative accelerations
that follow the work of Hu et al. (2011). However, the present
method is not efficient enough to compute the large number of
stellar models necessary to characterize stars by grid-base mod-
eling methods. For faster computation, we implemented the SVP

method in this version of MESA. This method allows the use
of simpler opacity tables for the computation of the Rosseland
mean opacity, which significantly speeds up the computation.
The use of these opacity tables is appropriate if the metal mixture
is not strongly modified (e.g., the OPAL table; Iglesias & Rogers
1996). This approximation of the computation of the Rosseland
mean is justified by the fact we also included a turbulent diffu-
sion coefficient that reduces the change of metal mixture for the
stars analyzed in this work (see Sect. 3). The detailed steps of the
implementation of the SVP method in MESA are presented in
Appendix A. We note that we did not test the new method imple-
mented in MESA (Mombarg et al. 2022; Jermyn et al. 2023)
since it is not available in the version of the code we used, to
be consistent with the one we used in Papers I and II. Further
comparisons will be performed in the future.

2.1. Input physics

In this work we adopted the following input physics.
We included the solar heavy elements mixture given
by Asplund et al. (2009), and the OPAL opacity tables
(Iglesias & Rogers 1996) for the higher-temperature regime,
and the tables provided by Ferguson et al. (2005) for lower
temperatures. All tables are computed for a given mixture
of metals. We adopted the OPAL2005 equation of state
(Rogers & Nayfonov 2002). We used the Krishna Swamy
(1966) atmosphere for the boundary condition at the stellar
surface. We followed the Cox & Giuli (1968) for convection,
imposing the mixing length parameter (αMLT) in agreement with
the solar calibration we performed for the grids. In the presence
of a convective core, we implemented core overshoot following
an exponential decay with a diffusion coefficient, as presented
in Herwig (2000):

Dov = D0 exp
(
−

2z
f Hp

)
, (1)

where D0 is the diffusion coefficient at the border of the convec-
tive unstable region, z is the distance from the boundary of the
convective region, Hp is the pressure scale height, and f is the
overshoot parameter. In MESA, it is necessary to define an addi-
tional parameter f0, the starting point of the overshoot mixing.
We set f0 = 0.0001 and f = 0.0101 to have an overshoot of 0.01.

2.2. Turbulent mixing

Here we present a brief description of turbulent mixing prescrip-
tions implemented in the models. More detail are provided in
Paper I and references therein. We included turbulent mixing in
two grids of this work, following two prescriptions. One is the
prescription proposed by Proffitt & Michaud (1991),

DT = C
(
ρBC

ρ

)n

, (2)

where C and n are constants, ρ is the local density, and the ρBC
is the density at the bottom of the convective zone. The other
prescription is taken from Richer et al. (2000),

DT = ωD(He)0

(
ρ0

ρ

)n

, (3)

where ω and n are constants, D(He) is the local diffusion coeffi-
cient of helium, and the index 0 indicates that the value is taken

A9, page 2 of 12



Moedas, N., et al.: A&A, 695, A9 (2025)

at a reference depth. The D(He) is computed following the ana-
lytical expression given by Richer et al. (2000):

D(He) =
3.3 × 10−15T 2.5

4ρ ln (1 + 1.125 × 10−16T 3/ρ)
, (4)

where T is the local temperature. In this work we set ω and n to
104 and 4, respectively (Michaud et al. 2011a,b).

For one grid, we considered the turbulent mixing parameter-
ization presented in Paper I, where we added the effects of radia-
tive acceleration on iron. We used a reference envelope mass
(∆M0, as the reference depth) to indicate the depth that turbulent
mixing reaches inside the star. We showed that this parameter
varies with the mass of the star as

∆M0

(
M∗

M�

)
= 3.1 × 10−4 ×

(
M∗

M�

)
+ 2.7 × 10−4. (5)

Higher values of ∆M0 result in more efficient mixing due to tur-
bulent mixing, which in turn accounts for the radiative acceler-
ation process. Models with our calibrated turbulent mixing we
refer to them as DT,Fe.

When we considered the individual effect of radiative accel-
erations, we also adopted the turbulent mixing coefficient cal-
ibrated by Verma & Silva Aguirre (2019, hereafter VSA19),
where ∆M = 10−4 M�. This allowed us to avoid unrealistic
chemical surface variations without introducing the extra effect
of radiative accelerations in the DT,Fe.

We used both turbulent mixing prescriptions for the models
that included the SVP method for radiative accelerations depend-
ing on the mass of the type of stars. For GK-type stars, we
used the Proffitt & Michaud (1991) prescription (Eq. 2), which
allows us to reproduce the lithium abundance of the Sun (C =
1615.4763 and n = 1.3 from the solar calibration). For F-type
stars, we considered the prescription proposed by Richer et al.
(2000, see Eq. 3) using the calibration done by VSA19, which
allowed us to avoid the unrealistic surface abundance variations
caused by atomic diffusion). To determine which prescription
to use, we considered the size of the convective shell mass
(MCZ) at the zero-age main sequence. If MCZ ≥ 10−4 M�, we
used Proffitt & Michaud (1991); otherwise, we considered the
other. We note that the efficiency of turbulent mixing prescrip-
tion derived by Proffitt & Michaud (1991) depends on the size of
the convective envelope, allowing a smooth transition between
the two prescriptions with this criterion.

3. Modeling of radiative accelerations

In this section we investigate how the SVP method affects the
stellar models, comparing it to the method of Hu et al. (2011)
and the method we presented in Paper I. We computed individual
stellar models for each method.

3.1. The single-valued parameters method

The SVP method (LeBlanc & Alecian 2004; Alecian & LeBlanc
2020) separates the dependence on atomic data and element
abundances. It then parameterizes the atomic data into six
parameters whose values are provided with precalculated tables.
This parameterization is made possible by the fact that some
quantities are almost independent of frequencies for the given
stellar interior conditions. The routines to compute radiative
accelerations with SVP (version released in 2020) are pub-
licly available1. These routines require a few input parameters,
1 https://gradsvp.obspm.fr/index.html

including temperature, density, pressure, and mass (T , ρ, P, L,
r, and m). They also require the mass fraction of the followed
elements, Xi. The method is currently only applicable to main-
sequence stars, and models with masses between 1.0 and 10 M�
(as the tables are only prepared for this stage). The implementa-
tion in MESA is complicated by the fact that the code does not
provide an external hook2 for the radiative accelerations. In this
case, it is necessary to modify the MESA source code directly.
To minimize code changes, we added a new hook to MESA to
be used as an alternative to the default radiative accelerations.
The implementation steps are described in Appendix A and a
schematic is shown in Fig. A.1.

3.2. Impact of radiative accelerations on stellar models

We computed seven evolutionary tracks for each method. The
first includes radiative accelerations computed with the Hu et al.
(2011) method, and also VSA19 turbulent mixing parametriza-
tion to avoid unrealistic surface abundance variations (we refer
to it as the default method). The second uses the models that
include the turbulent mixing calibration presented in Paper I (we
refer to it as the DT,Fe method). The last one uses the SVP method
and includes the VSA19 turbulent mixing calibration (DT,VSA19)
similar to the default model (we refer to it as the SVP method).

Figure 1 shows the models in the Hertzsprung-Russell (HR)
diagram (top panel) with the different ways of accounting for
radiative accelerations. The two bottom panels show the dif-
ference between Teff and log(L) for the 1.4 M� model with the
default method as reference (black and purple circles) and the
calibrated turbulent mixing as reference (orange circles). The
three types of models almost overlap in the HR diagram, indi-
cating that the processes do not have a significant effect on this
aspect of stellar evolution. This is supported by the fact that the
differences shown in the HR diagram are smaller than the uncer-
tainties in Teff and L expected from observations.

Despite showing negligible differences in the HR diagram,
there are two main differences between the methods. The first
one is the computational cost, which can be very different from
one method to another. Compared to the standard method, the
SVP method is almost 20 times faster in computing the models
(in this case from the zero-age main sequence to the end of the
subgiant stage). Compared to the DT,Fe method, the SVP method
is 1.5 times slower, due to the treatment of radiative acceleration
for each element. Nevertheless, the SVP method is more efficient
than the standard method, which allows the effects of radiative
acceleration to be taken into account in individual elements.

The second major difference between the methods is their
effect on chemical evolution. Figure 2 shows the surface abun-
dance evolution of several elements using the different treat-
ments of the transport. For iron, all methods reproduce similar
evolution. For the other elements, the SVP method predicts con-
sistent evolution with the default method. In the case of calcium,
the DT,Fe method cannot reproduce the effects of radiative accel-
eration, while the SVP method predicts a much closer evolu-
tion. The behavior of calcium at the surface is due to the radia-
tive accelerations. Figure 3 shows the radiative profiles of iron
and calcium for the 1.4 M� model. In the case of the default
and SVP method, the radiative acceleration is directly taken into
account in the stellar model while for the DT,Fe model the effect
is included in a turbulent diffusion coefficient. When DT,VSA19
(vertical dotted black line) is included, the mixing reaches a

2 External routines that can be modified without changing the source
code.
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Fig. 1. Upper panel: HR diagram of different evolutionary tracks for the
different radiative acceleration methods – the default method (gray line),
models with DT,Fe (blue line), and the SVP method (red line). Lower
panels: Difference for the 1.4 M� models for the different methods, for
effective temperature (middle panel) and luminosity (bottom panel) as a
function of the central hydrogen mass fraction. The black circles are the
differences between the default method and the DT,Fe, the purple squares
the differences between the default method and the SVP method, and the
orange diamonds the differences between DT,Fe and the SVP method.

region where the radiative acceleration is higher than the gravi-
tational settling, leading to a constant or an accumulation of the
element. In the case of DT,Fe there is no individual effect of radia-
tive acceleration that leads to a depletion of calcium, as we see
in Fig. 2. As expected, this indicates that SVP allows for a better
reproduction of the effects of radiative accelerations for each ele-
ment in the stellar models compared to the calibration presented
in Paper I, with a more efficient computation than the default
method available in MESA.

4. Impact of radiative acceleration on stellar
fundamental properties

Next we investigated how the SVP method affects the inference
of the fundamental properties of observed stars. We used a sam-
ple of Kepler stars (Sect. 4.1) and inferred their properties using
three different grids (Sect. 4.3).

4.1. Stellar sample

The sample of stars is the same as in Paper II, and it is
selected from two different sources. The first source is the Kepler
LEGACY sample from Lund et al. (2017, hereafter L17). The
second source is the work of Davies et al. (2016, hereafter D16),
a study of 35 Kepler stars (32 of them different from L17) that
are planet hosts. For both samples, we only selected stars with
[Fe/H] > −0.4 to stay within the parameter space of the grids.
The smallest value of [Fe/H] is −0.37 dex. We note that the value
of [Fe/H] is usually smaller than [M/H] in the stellar models,
reaching a difference of up to 0.04 dex, as reported in the Paper I,
allowing the stars selected to be well within the grid parame-
ter space. We excluded two stars from D16 that show mixed
modes (KIC7199397 and KIC8684730). Finally, we included the
degraded Sun as presented in Lund et al. (2017) as a control star.
Thus, we obtained a sample of 91 stars (62 from L17, 28 from
D16, and the Sun). The distribution of the full sample is pre-
sented in the asteroseismic diagram of Fig. 4.

For all stars, we used the effective temperature (Teff), iron
content ([Fe/H]), luminosity (L), and individual seismic frequen-
cies (νi) as constraints. We computed the L from the magni-
tudes and parallaxes of Gaia DR3 (Gaia Collaboration 2021).
The other constraints were taken from the respective papers,
except for 13 stars of L17, for which we used the Teff and [Fe/H]
values updated in Morel et al. (2021).

4.2. Optimization process

The optimization process we adopted is the same as in Paper II,
and we give here a brief overview. The fundamental properties
of the sample are inferred with the asteroseismic inference on
a massive scale (AIMS) tool (Rendle et al. 2019) code. AIMS
is an optimization tool that uses Bayesian statistics and Markov
chain Monte Carlo to explore the parameter space of the grids
and find the model that best fits the observational constraints. In
the present work we used the two-term surface corrections pro-
posed by Ball & Gizon (2014) to compensate for the difference
between theoretical and observed frequencies due to incomplete
modeling of the surface layers of stars. AIMS distinguishes the
contribution of the global constraints, Xi (in our case Teff , [Fe/H],
and L),

χ2
global =

3∑
i

X(obs)
i − X(mod)

i

σ(Xi)

 (6)

and the constraints from individual frequencies, νi,

χ2
freq =

N∑
i

ν(obs)
i − ν(mod)

i

σ(νi)

 , (7)

where “(obs)” corresponds to the observed values and (mod) cor-
responds to the model values. The weight that AIMS gives to the
seismic contribution can be absolute (3:N), where each individ-
ual frequency has the same weight as each global constraint,

χ2
total = χ2

freq + χ2
global, (8)

or relative (3:3), where all the frequencies have the same weight
as all the global constraints,

χ2
total =

(
Nglobal

Nfreq

)
χ2

freq + χ2
global, (9)

where Nglobal and Nfreq are the numbers of global and frequency
constraints, respectively.
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Fig. 2. Evolution of the surface abundance of some chemical elements for a 1.4 M� model. The solid gray lines represent a default model, the
dashed blue lines the model with DT,Fe (Paper I), and the dot-dashed red lines the model that considers the SVP method.

The absolute and relative weight impact the stellar charac-
terization especially the inferred uncertainties. Nonetheless, in
this work we only compare the results obtained with absolute
weight in the frequencies as it does not affect the conclusion of
this work.

4.3. Parameter space of the grids

To understand the effect of radiative accelerations on stellar fun-
damental properties, we built three grids of stellar models. The
three grids cover the same parameter space in mass M, ini-
tial metallicity [M/H]i

3 and the initial fractional abundance of
helium Yi (see Table 1). The main difference is in the chemical
transport mechanisms included in the models. Two of the three
grids (grids A and B) are the same as those presented in Paper II.

Grid A only includes atomic diffusion without radiative
accelerations. In this case, to avoid the effects of unrealistic sur-
face abundances this process is turned off for F-type and more

3 [M/H] = log(Z/X) − log(Z/X)�.

massive stars. We used the ∆[Fe/H]Max
4 > 0.2 dex to define the

evolutionary tracks that present an extreme surface abundance
variation. This criteria takes into consideration the effects of dif-
ferent mass and chemical compositions on the surface abundance
variation (see Paper I for more details).

Grid B includes atomic diffusion (without radiative accel-
erations) and the turbulent mixing parametrization (DT,Fe) pre-
sented in Paper I, where the efficiency increases with stellar mass
according to Eq. (5). This prescription avoids unrealistic surface
abundance variations, allowing atomic diffusion to be included
in all grids of stellar models. Also, the calibration provided in
Paper I adds the global effect of radiative accelerations on iron.
Grids A and B have the same αMLT = 1.711 from their solar
calibration.

Grid C includes the SVP method for calculating radiative
accelerations. However, the SVP tables are valid for stars with
masses between 1.0 and 10.0 M�. Hence, in this grid only stellar
models with masses ≥1.0 M� include radiative accelerations. We

4 ∆[Fe/H] =| [Fe/H] − [Fe/H]i |.
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from VSA19, and the dashed blue line is the reference envelope mass
(∆M0 = 2.4 · 10−3 M�) for the maximum accumulation of Ca at the
surface of the model.

also included turbulent mixing in the stellar models, considering
two prescriptions in different regimes.

4.4. Results

To understand the impact of the different input physics of the
grids we investigated the absolute differences

∆X = XC − Xr, (10)

and the relative difference with

∆X
Xr

, (11)

where X is the inferred parameter value, XC is the value obtained
from grid C, and Xr is the reference value obtained whether grid
A or B is used.

4.4.1. Grid C versus grid A

We first compared the results obtained with grids A and C.
Figure 5 shows the relative difference in the fundamental prop-
erties between the two grids. The results show a small bias,
smaller than 1%, and a dispersion of about 2.6%, 0.9%, and
7.2% for mass, radius, and age. Compared to the individual error
of the relative differences determined through the propagation of
uncertainties (assuming the inferred results are independent), the
biases (µ) are two times smaller than the relative errors (values of
the error in ∆X

Xr
are larger than 0.015, 0.009, and 0.06 for mass,

radius, and age, respectively). This suggests that these proper-
ties are almost not affected by the inclusion of atomic diffusion
with radiative accelerations. However, when we look at individ-
ual stars, this difference can be larger than 25% for age. These
results are in agreement with Paper II when comparing results
between grids A and B. It is also possible to observe an increase
in the dispersion (especially in the age) toward higher masses.
If we focus on stars with masses greater than 1.2 M�, the bias
toward lower ages increases to 3%. This dispersion and bias in

450050005500600065007000750080008500
Teff(K)

50

100

150

200

250

 (
Hz

)

0.7M

0.8
0.9

1.0
1.1

1.2
1.3

1.41.51.61.7
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Fig. 4. Asteroseismic diagram showing some computed evolutionary
tracks with [M/H]i = 0.0 and Yi = 0.26 (which are not the solar cal-
ibrated values) in solid black lines. The symbols show the distribution
of the sample considered in this work; orange circles are taken from
Lund et al. (2017), blue squares from Davies et al. (2016), and the black
star is the Sun.

age are mainly caused by the fact that atomic diffusion is turned
off in the models of grid A in this mass regime. Models with
atomic diffusion evolves faster because the settling of heavier
elements reduces the quantity of hydrogen in the core. However,
grid C shows a slightly larger relative difference compared to
Paper II, with about 10%, 4%, and 29% for mass, radius, and
age, due to the inclusion of the individual effects of radiative
accelerations with the SVP method.

For the lower masses, we obtained a higher dispersion at this
regime compared to Paper II. This is not due to the inclusion
of radiative accelerations as their effects are negligible at these
masses (also they are not included for models with masses lower
than 1.0 M�) but due to the inclusion of a different prescription of
turbulent mixing. In fact, grid C in this regime includes the pre-
scription from Proffitt & Michaud (1991) calibrated to reproduce
the lithium abundance at the surface. This can lead to relative
uncertainties of up to 8%, 3%, and 10% for the determination of
mass, radius, and age, respectively.

4.4.2. Grid C versus grid B

The comparison of the estimated mass, radius, and age using
grids B and C for the full sample is shown in Fig. 6. Overall, the
results show very small biases (less than 1% for each parameter)
and a scatter of 2%, 0.7%, and 5% for mass, radius, and age,
respectively. Compared to the error of the relative differences,
the biases (µ) are more than two times smaller than the relative
errors (values of the error in ∆X

Xr
are larger than 0.015, 0.009, and

0.05 for mass, radius, and age, respectively). This indicates that
there is no significant effect of modeling the effect of radiative
accelerations using a calibrated turbulent mixing coefficient or
the SVP method for the inference of the fundamental properties
of stars. This is explained by the fact that only iron is used to
constrain the chemical composition. We also find a large scatter
for the lower-mass stars for the same reasons as the previous
section (different turbulent mixing prescription).

A9, page 6 of 12



Moedas, N., et al.: A&A, 695, A9 (2025)

Table 1. Parameter space and additional input physics of the three grids.

Grid Mass (M�) [M/H]i Yi Atomic diffusion Turbulent
Range Step Range Step Range Step g grad mixing

A ∆[Fe/H]Max < 0.2
No

No

B [0.7;1.75] 0.05 [−0.4;0.5] 0.05 [0.24;0.34] 0.01
All Models

DT,Fe

C M > 1.0 M� DT,PM91 if MCZ ≥ 10−5 M�
DT,VSA19 if MCZ < 10−5 M�

Notes. DT,Fe is the calibration of turbulent mixing presented in Paper I, DT,VSA19 is the calibration done by VSA19 (both based on the Richer et al.
2000 prescription), and DT,PM91 is the prescription of Proffitt & Michaud (1991).
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Fig. 6. Same as Fig. 5 but for the differences between grids B and C.

5. Surface abundances

The main effect of using either the SVP method or a tur-
bulent mixing calibration to model radiative accelerations is
visible with the evolution of elements other than iron. The
chemical abundances inferred from the different grids are
hence not the same. We focused only on the surface abun-
dances determined with grids B and C since these two grids
include a more accurate modeling of the transport of chemical
elements.

Morel et al. (2021, hereafter M21) provides the surface
abundances of carbon, magnesium, aluminum, sodium, sil-
icon, calcium, and lithium for 13 stars, 12 of which are
part of the sample studied here. This allows us to compare
these observed abundances with the inferred ones from the
grids.

5.1. Lithium

Lithium is an important element for calibrating the extra mix-
ing below the convective envelope because it is easily destroyed
at low temperatures, providing strong constraints on the effi-
ciency of the transport. For a standard solar model without
extra mixing, the estimated abundance of lithium is much higher
than the one determined from observations. The lithium abun-
dances estimated using the models including the turbulent mix-
ing parametrization presented in Paper II are shown in the left
panel of Fig. 7. Most of the low-mass stars have higher lithium
abundances than observed, indicating that the mixing in these
models is not efficient enough to transport lithium into deeper
layers where it is destroyed. The models with the calibrated tur-
bulent mixing coefficient DT,Fe cannot reproduce the observed
abundances of lithium.
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Fig. 7. Estimated lithium abundances versus observed abundances from M21 using grid B (left) and grid C (right). The diamonds and downward
triangles refer to the 16 Cyg A and B stars (KIC 12069424 and KIC 12069449), respectively, and the star represents the Sun. The arrows pointing
to the left indicate upper limits. The dashed line marks where the observed value is equal to the estimated value.

As expected, when turbulent mixing is calibrated to repro-
duce the lithium abundance of the Sun (grid C, right panel of
Fig. 7), the abundances of solar analogs are in better agreement
with the determination of M21. This is confirmed with 16 Cyg A
and B (KIC 12069424 and KIC 12069449), two solar-type stars
that are usually used to check the quality of the solar-analog
models. For 16 Cyg A, the inferred value is within 2σ of the
observed one, while for 16 Cyg B is in agreement with the obser-
vation within 1σ. It is important to keep in mind that the cal-
ibration of turbulent mixing for grid C was done with one star
(the Sun), which is not sufficient since the mixing efficiency
may be different for each star. This is the reason why for stars
with masses lower than the Sun, the parametrization induces a
depleting that is too large indicating it is not adapted. More-
over, additional events may affect the abundance of lithium such
as the accretion of planetary matter during its evolution (e.g.,
Deal et al. 2015 and references therein).

For the higher-mass stars, there is no difference in the pre-
dictions because the radiative acceleration does not affect this
element. Also, the difference in turbulent mixing efficiencies
between the two grids is not large enough to produce a signif-
icant difference in the lithium surface abundances.

5.2. Other elements

For the other elements, Fig. 8 shows the observed and predicted
abundances (with grids B and C) for carbon, magnesium, alu-
minum, sodium, silicon, and calcium for four stars. These four
stars are representative of the different results we obtained for
the 13 stars. For the G-type stars (the upper panels), the predicted
surface abundance of KIC 3656476 (left panel) is consistent with
the observations for all elements. For KIC 7871531 (right panel)
all predicted abundances are in agreement with the observation
except for Al and Ca. This could indicate a slight α enrichment
for this star, although there is no enrichment in Mg and Si (also α
elements). If this is an α-enriched star, our models are expected
to not be able to reproduce these abundances as we do not change
the element mixture (we only consider the solar one). For these
two stars, there is no difference between the predictions obtained
with grid B and C, as expected for G-type stars.

For the two F-type stars (lower panels), the two grids yield
similar abundances, except for calcium, which is higher when

the SVP method is taken into account (grid C). Regarding the
comparison with observations, for KIC 12317678 (right panel),
the predicted surface abundances are in agreement with the
observed ones, except for calcium. This star shows a high cal-
cium abundance, and SVP models can predict abundances closer
than turbulent mixing models. However, it is not sufficient to
explain the observed surface abundance for this star. This indi-
cates that either the efficiency of the extra mixing is not adapted
(for calcium) in grid C or the star is enhanced in calcium com-
pared to the Sun.

To better predict the surface [Ca/Fe] of KIC 12317678 the
efficiency of turbulent mixing needs to be increased. It is impor-
tant to note that for most of the elements, increasing the effi-
ciency of the extra mixing decreases the impact of atomic diffu-
sion. However, calcium is an exception in this case. Figure 3
shows the radiative profiles of iron and calcium. In the case
of calcium, enhancing the efficiency of turbulent mixing (by
increasing the ∆M0), the mixing reaches a point where the radia-
tive accelerations are higher than gravity. The maximum effects
of radiative accelerations are observed around a reference mass
envelope of ∆M0 = 2.4 · 10−3 M� (blue dash line of the plot).

5.3. Calcium abundance in F-type stars

Grid C includes a more realistic treatment of chemical transport
mechanisms in the stellar models. If we look for the predicted
surface [Ca/Fe] in our sample (see Fig. 9) there is an increase in
its abundance for F-type stars as the Teff increases (for stars with
Teff > 6000 K). Compared to the abundances provided by M21,
it seems that the prediction of the models is in agreement with
observations, supporting the conclusion that radiative accelera-
tions have a strong impact on calcium for F-type stars. There are
also two low-temperature stars with higher calcium abundances,
which are probably α-enhanced stars, as they also show higher
abundances of Mg, Al, and Si. However, since this is a small
sample, there are no statistical arguments to support it.

We extended the analysis to a larger sample using the sur-
face abundances determined by Brewer et al. (2016) for more
than 1600 FGK stars. Figure 10 shows the calcium abundances
of the Brewer et al. (2016) sample. Although we see that there
is a tendency for calcium to be 0.02 dex higher than iron for
the whole sample, there is no tendency for the abundance of
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Fig. 9. Surface abundance of calcium. The blue symbols are the abun-
dances predicted using grid C and the black symbols the observed abun-
dances provided by Morel et al. (2021).

calcium to increase with effective temperature. To confirm this,
we performed an Orthogonal Distance Regression (ODR) sta-
tistical test. For our inferred data, we find that for stars with
Teff ≥ 6000 K, the fit gives a slope of 7.5 ·10−5 with a correlation
of 0.35. For the Brewer et al. (2016) sample the slope is smaller
(7.5·10−6) with almost no correlation (about 0.02). This suggests
that the transport processes competing with atomic diffusion are
probably less efficient than what we included in grid C (turbulent
mixing coefficient calibrated by VSA19 on helium abundances
obtained from the analysis of seismic glitch signature) or much
more efficient with a reference depth deeper than the region
where radiative accelerations of Calcium are larger than gravity
(see Fig. 3). Another possibility could be that KIC 12317678 is a
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Fig. 10. Abundance of calcium relative to iron as a function of effective
temperature for the Brewer et al. (2016) sample.

chemically peculiar star for which the competing transport pro-
cesses are more efficient, leading to a strong impact of radiative
accelerations on calcium.

6. Conclusion

The purpose of this study was to explore the effect of radia-
tive acceleration on the characterization of FGK-type stars.
As mentioned, the standard method for computing radiative
accelerations in MESA is very computationally expensive and
not practical for the construction of a large number of mod-
els, which are necessary for stellar characterization procedures.
To improve the calculation, we implemented the SVP method,
which enables faster calculations (20 times faster compared to
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the standard method). This allowed us to include the effects of
radiative accelerations for 12 chemical elements, and we show
that they follow a similar evolution compared to the standard
method.

We computed three grids. The first (grid A) neglects atomic
diffusion for models of F-type stars. The second (grid B) con-
sidered DT,Fe, and the last (grid C) considered the SVP method.
Compared to the standard method (grid A), the results obtained
with the model that includes the SVP method (grid C) are con-
sistent with those found in Paper II when we tested the results
with DT,Fe (comparison of grid A with grid B). The results show
a bias of less than 1% and a dispersion of 2.6%, 0.9%, and 7.2%
for the mass, radius, and age, respectively. In this case, we still
find an increase in dispersion with stellar mass, confirming that
the uncertainties for F-type stars are due to the neglect of atomic
diffusion. This leads to uncertainties of up to 10%, 4%, and 29%
in the inference of mass, radius, and age, respectively, for indi-
vidual stars.

Compared to the DT,Fe results (grid B), the results obtained
with the SVP method (grid C) show differences for higher-mass
stars of less than 5%, indicating that for F-type stars both meth-
ods do account for the effect of radiative accelerations and are
equivalent for the inference of the fundamental properties. In
contrast, there is a significant difference for lower-mass stars,
where a larger dispersion leads to uncertainties of up to 8%, 3%,
and 10% in mass, radius, and age, respectively. This dispersion
is not due to the inclusion of radiative accelerations, but rather to
different turbulent mixing prescriptions for this mass regime. In
the case of the SVP method, the turbulent mixing was calibrated
to reproduce the lithium abundance at the surface of the Sun.
This shows that neglecting the constraints brought by lithium on
transport can lead to non-negligible uncertainties in the inference
of stellar parameters.

Neither method (DT,Fe and SVP) shows any major discrep-
ancies in the prediction of surface abundances, except for cal-
cium. In F-type stars, the combination of the SVP method
with turbulent mixing led to an accumulation or constant abun-
dance of this element at the stellar surface, while with the
DT,Fe method it led to a depletion. The models that use the
SVP method show better agreement with the Morel et al. (2021)
results. For KIC 12317678 specifically, this method yields a cal-
cium abundance closer to the observed value. This suggests, as
expected, that the SVP method provides a more realistic pre-
diction of the evolution of the surface abundance compared to
those that use DT,Fe. Comparing the predictions of the mod-
els the include the SVP method and the observations, there is
a higher abundance for the F-type stars compared to the low
effective temperature stars. However, Morel et al. (2021) stud-
ied a sample with a low number of F-type stars, which lim-
its our ability to draw statistical conclusions. When we exam-
ined the variation in calcium abundance with effective temper-
ature in a larger sample from Brewer et al. (2016), we found
no evidence that calcium accumulates in F-type stars. This sug-
gests that the turbulent mixing used in grid C may not be
suitable.

The results of this work show that radiative accelerations
need to be included in stellar models in order to accurately char-
acterize F-type stars. The SVP method we used is fast and gives
good results, on par with those found using the current method
implemented in MESA. Moreover, the implementation of radia-
tive accelerations in stellar modes will be necessary to study the
hotter stars that will be observed by upcoming missions such as
Ariel and PLATO.
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Appendix A: Implementing the SVP method in MESA

The SVP method was developed by G. Alecian and F. LeBlanc (LeBlanc & Alecian 2004; Alecian & LeBlanc 2020) and the routines
to compute radiative accelerations are publicly available5. These routines require only a few input parameters to compute radiative
accelerations, such as T , ρ, P, L, r, m, and Xi, the mass fraction of the elements being followed. The method is currently only
applicable to main sequence stars (as the tables are only prepared for this stage). The implementation in MESA is not as simple as
for turbulent mixing, since the code does not provide an external hook for the radiative accelerations. In this case, it is necessary to
modify the MESA source code directly. To minimize code changes, we added a new hook into MESA to be used as an alternative
to the default radiative accelerations. For the implementation, we took the following steps (a schematic is presented in Fig. A.1):

1. Add a new hook that creates null functions in the files star_data.inc, star_data_def.inc, and star_controls.inc in the star_data
folder;

2. Create a new hook file/module called other_g_rad.f90 in the folder other and add it in the MESA makefile_base for compilation
in the make folder. All in the star folder of MESA;

3. Add in the control.default file the routine and set it off by default in MESA;
4. In the radiative acceleration file (in diffusion_procs.f90), add a condition to select whether to use the hook or the default routine;
5. Add a condition in the diffusion routine that allows us to turn the computation of the Rosseland mean opacity with monochro-

matic opacity on or off when using SVP (in diffusion.f90 and diffusion_procs.f90). MESA by default does not allow the use of
radiative accelerations if the monochromatic opacities are not used;

6. Add a folder that contains the SVP routine, and add its directory in the makefile for the models;
7. Finally, reinstall MESA after making the changes.

This gives access to an “outside” hook to implement all the different functions needed to call the SVP routine, without major changes
to the source code of MESA. The routine we implemented are publicly available6.

MESA

star_data star

public private make other private

star_data.inc
star_data_def.inc star_controls.inc makefile_base

defaults

other_g_rad.f90

control.default
diffusion_procs.90

diffusion.f90

Step 1 Step 2 Step 3 Step 4
Step 5

Step 6 makefile
Work 

Directory

Fig. A.1. Schematic of the MESA modules and folders that need to be modified to implement SVP.

5 https://gradsvp.obspm.fr/index.html
6 https://doi.org/10.5281/zenodo.14678036
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Appendix B: Absolute differences

Figures B.1 and B.2 show the absolute difference of the derived values. Figure B.1 are the results between grids C and A, and
Fig. B.2 the results between grids C and B.
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Fig. B.1. Absolute difference for mass (left panel), radius (middle panel), and age (right panel) between grids A and C. The solid blue line indicates
the bias, and the blue region is the 1σ of the standard deviation. Each point is color-coded with the corresponding reference age (left panel) and
mass (middle and right panels).
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Fig. B.2. Same as Fig. B.1 but for the differences between grids B and C.
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