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Abstract: Opacity is a fundamental quantity for stellar modeling, and it plays an essential role
throughout the life of stars. After gravity drives the collapse of interstellar matter into a protostar, the
opacity determines how this matter is structured around the stellar core. The opacity explains how
the radiation field interacts with the matter and how a major part of the energy flows through the
star. It results from all the microscopic interactions of photons with atoms. Part of the momentum
exchange between photons and atoms gives rise to radiative accelerations (specific to each type
of atom), which are strongly involved in a second-order process: atomic diffusion. Although this
process is a slow one, it can have a significant impact on stellar structure and chemical composition
measurements. In this review, we discuss the way opacities are presently computed and used in
numerical codes. Atomic diffusion is described, and the current status of the consideration of this
process is presented.
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1. Introduction

Knowing how chemical elements are distributed in stellar interiors and atmospheres
is crucial in stellar evolution. Hydrogen and helium are the most abundant elements,
and heavy elements (or metals) only account for a small percentage of the total mass of
stars during the majority of the star’s life. However, metals have a strong impact on the
stellar structure. Opacity, which quantifies the interaction of photons with matter, results
from many atomic processes and affects the transfer of radiation through the stellar layers.
Therefore, it is a key ingredient to describe the transport of energy in stars. It depends on
the detailed atomic structure of atoms, on the chemical composition, and more specifically,
on the mixture of heavy elements. Opacities are thus essential to understanding stellar
properties.

The chemical composition inside the star is affected by nuclear processes in the core
and by the transport processes of chemical elements outside the core. Macroscopic transport
processes act similarly for all elements, while atomic diffusion is selective and affects their
distribution. Atomic diffusion, which is mainly driven by the competition between gravity
and radiative accelerations, leads to a redistribution of chemical elements from the interior
to the atmosphere with timescales from a few Gyr (deep inside the star) to a few years in
outer layers. As diffusion timescales increase with depth, the older the star, the deeper the
deepest layers that may be affected by diffusion. The modeling of atomic diffusion requires
accurate stellar opacities and/or atomic data. Stellar opacities and atomic diffusion are
tightly linked. When effective (with weak enough mixing motions), diffusion may have
significant consequences on the structure of the star and on its evolution (it affects the age
derived for globular clusters for instance). Its modeling is therefore important for stellar
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physics and for all studies requiring an accurate understanding of stellar structure and
evolution.

In the following, we describe stellar opacities and their implementation in stellar
evolution code in Section 2. In Section 3, we describe atomic diffusion and some of the
competing macroscopic processes in stellar interiors and atmospheres. Then, we describe
the stratification of abundances from the interior to the atmosphere in Section 4. In Section 5,
we detail some examples of coupling between transport processes of chemical elements
through opacity variations. In Section 6, we briefly discuss radiatively driven wind. Finally,
the discussion and conclusions are in Section 7.

2. Stellar Opacities
2.1. Definitions

The mean free path of a photon ! with a frequency v is defined by

lv = (1)

where 7 is the number of atoms per unit volume and oy is the cross-section for the absorption
of photons at frequency v. The computation of the frequency-dependent cross-sections
includes the contribution of photoionization (bound-free), photoexcitation (bound-bound),
inverse Bremsstrahlung (free-free), and photon scattering. An example of «, = oy, /u for
Ca is shown in Figure 1, where y is the mean molecular weight. An average opacity
cross-section o, also called Rosseland mean opacity cross-section, is the harmonic mean of
the monochromatic opacity cross-section, weighed by the derivative of the Planck function
according to the temperature %,

Oode o0
1y V_/ Fup ?

g erOO dB,,

where u = thT is the dimension less energy, o, is the cross-section for absorption of photons

at the dimensionless energy u, with h the Planck constant and kp the Boltzmann constant,
and F, is the normalized temperature derivative of the Planck function in terms of u see [1].
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Figure 1. An example of monochromatic opacity. The case of calcium from OP data for a temperature
of 10° K and density of 7.8 x 1077 g-cm 3.



Galaxies 2023, 11, 62 3 0f 20

The Rosseland mean opacity (cm?/g) is then written

Kg = op = &, 3)
L
where p is the density. The Rosseland mean opacity then depends on the temperature, the
density, and the detailed chemical composition. The computation of the cross-sections is
very demanding in computation time and requires detailed modeling of the interactions
between the radiation and the atoms. This is the reason why such computations cannot be
performed on-the-fly in stellar evolution codes.

2.2. Implementation in Stellar Evolution Codes

Stellar evolution equations include the contribution of opacity in the energy con-
servation equation. Opacities are also needed for the computation of atomic diffusion
(see Section 7) and other processes. Because the on-the-fly computation of opacity cross-
sections is not possible in stellar evolution codes, the Rosseland mean opacities (or opacity
cross-sections) are provided with tables.

The Rosseland mean opacity tables are given as a function of log T for different values
of logR (with R = p/ T63 and Tg = 107° T K). Each of these tables is provided for one
combination of (X,Y,Z)withX+Y+Z =1land Y being the helium mass fraction. In order
to cover the wide variety of stars and the variations in stellar interiors, the temperature
range generally goes from about 103° to 103 K, and the R range from 10780 to 1019
10'8 g-crrF3 K73, Atlow temperatures (<10* K), the contribution of molecules is important
and specific tables need to be included. A list of the available Rosseland mean opacity
tables is presented in Table 1.

Table 1. List of available Rosseland mean opacity and opacity cross-section type 1 tables for stellar
evolution codes in the literature.

Type of Table Group Status Ref.
Rosseland mean or Public ! [2]
- OPAL Public 2 [3]
- OPAS Public 3 [4,5]
- OPLIB Public 4 [6]
- SCO-RCG In progress [7]
low T Whichita Public ® (8]
- ZESOPUS Public © [9]
Monochror.natic oP Public 1 2]
cross-sections
- OPAL Not public [3,10]
- SCO-RCG In progress [7,11]

Lhttp:/ /cdsweb.u-strasbg.fr/OPhtx (accessed on 20 April 2023). 2 https:/ /opalopacity.llnl.gov/existing.html
(accessed on 20 April 2023). 3 https:/ /cdsarc.cds.unistra.fr/viz-bin/cat/]/Ap]S/220/2 (accessed on 20 April
2023). 4 https:/ /aphysics2.lanl.gov/apps/ (accessed on 20 April 2023). ® https:/ /www.wichita.edu/academics/
fairmount_college_of_liberal_arts_and_sciences/physics/Research/opacity.php (accessed on 20 April 2023).
6 http:/ /stev.oapd.inaf.it/cgi-bin/aesopus_2.0 (accessed on 20 April 2023).

All these tables need to be computed with a fixed mixture of metals, most of the
time following the solar composition. This gives rise to two main issues: firstly, the open
question of the solar abundances proposes to include in the stellar evolution code one
set of tables per chemical composition (including the low-temperature tables). Secondly,
stellar models computed with these tables should keep the same mixture of metal over the
evolution, which is often not the case because of nuclear reactions in the core and transport
processes of chemical elements (see Section 3 for the impact of atomic diffusion). This is
the reason why, for models with a varying metal mixture over time, the Rosseland mean
opacity should be computed at each time step and each mesh point in order to keep the
consistency of the internal structure. For that, monochromatic opacity cross-section tables
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should be used (see the list at the bottom of Table 1). The difference in the opacity profile
when such tables are used is shown in Figure 2. The computation time of models including
these tables is larger by a factor of about 10 and they should be used when the variation is
large; in other cases, the use of simpler Rosseland mean opacity tables do not significantly
affect the accuracy of the models, e.g., [12].

log(k)

1.7 M, monochromatic opacities
=27 -==- 1.7 My, opacities at a fixed composition -

35 40 45 50 55 60 65 70 75
log(T)

Figure 2. Profiles of the logarithm of the Rosseland mean opacity according to the logarithm of the
temperature for 1.0 (blue) and 1.7 M, (orange) models at X, = 0.55. Higher temperatures correspond
to deeper layers inside the models. The dashed green curve represents the opacity profile for the
same model but using the Rosseland mean opacity not computed from the monochromatic opacities
with the exact mixture. The vertical dotted line shows the bottom of the mixed region, where the iron
accumulation is induced by radiative acceleration, i.e., where iron is one of the main contributors to
the opacity.

2.3. Asteroseismic Constraints on Opacities

The study of the pulsation of stars gives important constraints on their internal struc-
ture. The intrinsic oscillation frequencies of stars depend on the properties of the medium
they propagate in, hence giving access to information on the inner parts of stars. These
pulsations can be driven by different mechanisms depending on the type of pulsator (e.g.,
B Cephei pulsators and solar-like pulsators).

The Sun is the most studied star, and therefore serves as a reference. Thanks to the
high-precision solar data, helioseismology brings strong constraints on the solar internal
structure and on solar-like oscillating main-sequence stars in general. Nevertheless, the
modeling of the Sun remains a challenge. The inversion of the internal properties of the
Sun (thanks to the pressure modes stochastically excited by the convective envelope) shows
the need for an increase in theoretical opacities, e.g., [13]. For more massive stars and
pulsators such as B-type stars, the pulsations are driven by the x-mechanism activated by
an opacity bump (see, e.g., Section 15.1 of [14] for a description of the mechanism). The
understanding of most of the pulsations driven by this mechanism also points toward a
current underestimation of the theoretical stellar opacities. The experimental measurement
of the iron opacity in the conditions of the base of the solar convective envelope confirmed
an underestimation of theoretical opacities between 30 and 400% [15]. The study of stellar
pulsations in the Sun and driven by the x-mechanism is then very important to test the
current and future stellar opacity tables.

For example, the origin of some pulsations of the rapidly oscillating Ap' stars (roAp),
is currently attributed to the x-mechanism activated by the opacity bump in the hydrogen
ionization zone [16,17], with the magnetic field and turbulent pressure also playing an
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important role, see [18] for a recent review. For O- and B-type star pulsators, namely j
Cephei and SPB? stars, the opacity bump is due to iron-peak elements (mainly Fe and Ni),
see [19-21]. In the latter example, observations and theoretical predictions suffer from the
underestimation of stellar opacities, especially for elements such as Ni and Fe. Ref. [22]
showed that an increase of 50-100% of the opacity at the temperature at which the Ni
opacity is maximum is needed to understand the pulsations of B-type pulsators of the
Magellanic clouds. Ref. [23] showed that for O-type  Cephei stars, an increase of 75% of
the iron opacity (which is consistent with the experiment of Bailey et al. [15]) would explain
the presence of pulsations in this type of stars.

Revised theoretical opacities are then mandatory for a better understanding of O- and
B-type pulsating stars. The OPLIB tables [6] have been tested to model these stars [24].
OPLIB tables predict a larger Rosseland mean opacity than OPAL and OP, leading to wider
instability regions. However, all questions cannot be solved by these opacities. Hui-Bon-
Hoa et al. [11] compared stellar structure models computed with Ni opacities computed
with SCO-RCG [7] and OP. They found that the new Rosseland opacity of Ni is up to a
factor of 6 larger than the OP one for log(T) < 6, and the maximum of Ni opacity is also
slightly shifted toward lower temperatures. However, the total Rosseland mean opacity
is almost not affected by these changes (see Figure 3). Even if these results show that the
opacity enhancement is not yet sufficient to explain the pulsation of B-type stars, this opens
new possibilities to understand their pulsations and emphasizes the room for improvement
in opacity tables.

KR, SR/KR, OP
S = N W B~ W

45 5.0 55 6.0 6.5 7.0

log T (K)
Figure 3. Ratio of the SCO-RCG (kg sg) and OP (kg op) Rosseland means vs. log T for the stellar
mixture (thick line) and for Ni alone (thin line) for a 9.5 My main-sequence model without atomic

diffusion. The dotted line represents a ratio of one. Courtesy of Alain Hui-Bon-Hoa, adapted
from [11].

The local enhancement of opacities needed to explain B-type star pulsations may also
be partly due to the transport of chemical elements, and especially the effect of atomic
diffusion [11,25]. In 2003, Turcotte and Richard [26] showed that chemically peculiar stars
of type HgMn overlap the cool side of the HR diagram region of SPB stars. Their numerical
simulations showed that HgMn stars should develop Fe accumulation due to atomic
diffusion in the iron-bump layers like SPBs. Therefore, these authors proposed that some
HgMn stars could pulsate like SPBs. Indeed, photometric variations have been detected
in at least two HgMn stars by the CoRoT satellite. However, it has not been established
whether these variations are pulsations or rotational modulations [27,28]. Concerning
the B Cephei stars, it has been shown by Bourge et al. [29] that atomic diffusion could be
responsible for an iron overabundance above the opacity iron-bump zone and thus could
affect the spectrum of low radial order eigenfrequencies. Note that atomic diffusion can
produce iron overabundances, especially in low metallicity stars such as those of the SMC
for which the instability strip should be absent if the iron abundance is homogeneous and
identical to the superficial one (see [30]). The fact that some pulsating f Cephei have been
observed in the SMC [29] could be explained if, around the iron bump region, layers are
stable enough to allow iron accumulation by atomic diffusion.

More recently, it has been shown that the accumulation of Fe and Ni induced by
radiative accelerations around log(T) ~ 5.2 combined with thermohaline convection,
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e.g., [31-33], a hydrodynamical instability occurring in the presence of an unstable mean
molecular weight gradient, led to a local increase in the opacity for A- and B-type stars.
Even if the increase occurs at the right temperature inside the star, it is not sufficient to
explain the pulsations of B-type stars [34]. Hui-Bon-Hoa et al. [11] emphasize the fact that
the radiative acceleration computation of elements such as Ni needs to be refined to draw
stronger conclusions. Nevertheless, the transport of chemical elements is an important
factor to take into account to solve the long-standing questions about B-type star pulsations.

3. Atomic Diffusion

A stellar plasma is a multicomponent gas in an anisotropic environment where, for
instance, temperature and pressure gradients inside a gravitational field contribute to
determining the structure of the star. Each of the gas components (particles of the various
chemical species, protons, electrons) interacts and exchanges momentum with the others
and with photons in a specific way according to its properties, and so, undergoes average
forces that differ from those for other components. Therefore, in the absence of matter-
mixing motions, there is no reason for the plasma to remain homogeneous. The physical
processes describing how the spatial inhomogeneities of the various components may
develop in a stellar plasma is called atomic diffusion. It is a transport process first considered
in the astrophysical context by S. Chapman [35] who first examined the role of thermal
diffusion. The theory of atomic diffusion, which is based on the solution of Maxwell—-
Boltzmann equations (we are in the framework of the kinetic theory of gases), was sometime
later detailed in the books of S. Chapman and T.G. Cowling [36], first printed in 1939
and ].M. Burgers [37], with a different approach. Actually, atomic diffusion in stars was
neglected in stellar modeling during the first half of the XXth century because it was thought
that mixing motions are too strong to allow element separation, see [38,39]. However,
gravitational settling (due to atomic diffusion) was considered in 1945 for white dwarfs by
E. Schatzman [40].

Atomic diffusion in stellar modeling started to be considered again for main-sequence
stars from the pioneering work of G. Michaud [41] in 1970 who gave, for the first time,
a convincing solution to the enigma of Ap stars invoking the atomic diffusion process
strongly enhanced by radiative accelerations in their atmospheres. Amazingly, radiative
acceleration had not been considered by previous works, while it will appear to be the most
important ingredient. Because ApBp stars and HgMn stars® are slow rotators, and ApBp
also have strong magnetic fields, their atmospheres have been shown to be stable enough
to allow efficient atomic diffusion processes.

After the work of G. Michaud and mainly during the following decade, many papers
dedicated to atomic diffusion in atmospheres of ApBp stars were published, but also for the
interiors of Am stars*. From the 1990s, much more effort has been put into stellar interiors
than atmospheres, not only to study Am stars but also because it was clear that atomic
diffusion can affect many other types of stars, the Sun, for instance [42]. Indeed, atomic
diffusion may modify the spatial distribution of elements (abundance stratifications) as
soon as one has stable radiative layers. Of course, inhomogeneous element distributions
inside normal stars are not as impressive as in CP stars; however, some tens of percentages
of enhancement/depletion may be found, which may be non-negligible if one considers
precise positions of convection zones, evolutionary tracks [10], or precise values of oscil-
lation frequencies for instance. Notice that the time scale needed for elements to stratify
varies from some years in the upper atmosphere to more than millions of years in the
interior (see Section 4). For a complete discussion of atomic diffusion, the reader can refer
to the monograph of [30].

3.1. Main Ingredients to Be Included in Evaluating This Physical Process

Usually, in hydrodynamics, when one speaks about diffusion in a gas or a fluid, one
refers to a process that homogenizes the medium and that appears as a second spatial
derivative of concentrations in a continuity equation. For instance, if the medium is com-
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posed of various types of particles, the concentration of n particles of type k is smoothed
according to the time by a term Dy-021;, where Dy is the diffusion coefficient and z is the
spatial coordinate. There is no advection invoked in this process, however, in studies of
atomic diffusion in stars, one often speaks about the diffusion velocity of particles of type k.
Such a velocity Vi, of species k with respect to t type particles was defined by Chapman
and Cowling [36] as previously mentioned, see also [43], and may be expressed through:

Pk Pt
Vi=A 4)
Zt:pDkt Kk

where Ay is a term gathering all the forces acting on particles k, Dy, the diffusion coefficient
of k type particles colliding with a dominant f type particles (generally protons), p, p:, and
p are the partial and total pressures, respectively. Here, again, there is no global matter
motion in this process, the velocity Vj; must be understood as the average velocity of k
type particles in the center of mass frame. As soon as the medium is no more isotropic, this
average velocity is different from zero. Following the approach of [36,41,44], an algebraic
approximation (assuming a plane-parallel medium) of the diffusion velocity of k type
particles with respect to protons (p) in stellar interiors may be written as:

dInCy Akmp( rad ) (Zx+1)mpg olnT

Vi, =~ Dy, | — k
kp X Pip | =5, T (& T T |

©)

where Cy is the concentration of species k with atomic weight Ay, charge Ze (ionization
degree times the proton charge), m, the mass of proton, g,’(”d the radiative acceleration,
g the gravity, and kr is a factor for thermal diffusion. Other symbols have their own
usual meaning. The first term in brackets will give the smoothing term we mentioned at
the beginning of this subsection, the second term represents the competition of radiative
acceleration against gravity, the third term is the effect of the electric field®, the last term is
the thermal diffusion.

Actually, in stellar plasma, elements are partially ionized, except very deep inside the
star where they become completely ionized (radiative acceleration is then negligible), and
where diffusion time-scale becomes very large (larger than the star’s lifetime). Generally, if
an element k is mainly in an ionization state i at some depth, states i — 1 and i + 1 are also
present and contribute to the V},,, especially through the radiative acceleration. However,
it is not allowed to write a continuity equation using Equation (5) for each ion separately
since the population of ions is constrained by the Saha equations. A way to overcome
this difficulty is to consider a single velocity equation for element k, assigning an average
ionization degree at each depth to it, an average diffusion coefficient, and an average
radiative acceleration. This method is discussed and detailed in the book of Michaud
et al. [30] (in Section 2.3.3).

The rather simple algebraic expression of the diffusion velocity given by Equation (5)
is for stellar interiors, assuming that diffusing element k is a trace element in a plan-parallel
medium composed of totally ionized hydrogen. However, to consider more general cases,
for instance, in modeling the diffusion of many metals together with He (for which trace
element approximation cannot apply), to account for large accumulations of metals at some
depth, it is more appropriate to use the Burgers’ expressions [37]. This implies solving a
system of equations (one by component) to consistently obtain the diffusion velocity of
each component simultaneously. This is, of course, a much heavier calculation than using
Equation (5), but is necessary for modeling stellar evolution.

For atmospheres, some of the approximations that greatly help calculations in stellar
interiors are no more valid, and the Burgers” expressions [37] cannot be used. The fact
that a large part of the medium is optically thin and that low ionization degrees have
to be considered drastically complicates the calculations, see for instance [45]. Moreover,
diffusion velocities become very sensitive to the presence of magnetic fields in atmospheres,
the diffusion velocity must be considered as a 2D vector even in plan-parallel modeling
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according to the magnetic line inclination. In what follows, we will not discuss atomic
diffusion in atmospheres too deeply, but we will mention the notable differences each time
it is pertinent.

3.2. Radiative Acceleration

The radiative acceleration of atoms results from their interactions with the radiation
field. These interactions are essentially the absorption of photons through bound-bound
and bound—free atomic transitions, free—free interactions are generally negligible. The
evaluation of radiative acceleration is generally the heavier task in computing diffusion
velocities. In this section, we would like to give a short overview of how radiative accelera-
tions may be evaluated, without going too deeply into the numerous technical aspects. A
detailed presentation of radiative accelerations may be found in [30].

In an infinite isotropic medium (including the gas of photons), this acceleration is
zero. In stars, the radiation flux is not isotropic, and so, radiative acceleration is a non-zero
vector oriented as the net radiation flux. A generic algebraic expression for a unique atomic
transition may be written as:

1 [ee)

rad

= F

8 Ampc{% vdv ©)

where F,dv is the net outward radiative energy flux in the frequency range dv, o, is the
absorption cross-section, and c is the velocity of light. Strictly speaking, to have the full
radiative acceleration giad of an atom k, one should have to sum over the infinite number
of atomic transitions for each ion of k. Of course, in concrete applications, one selects
the most contributing bound-bound and bound—free transitions before computing the
integrals. Notice an important property of giad: the net radiation flux F,dv depends on
the concentration of element k since there are less photons available at frequency v for
absorption by each atom k if there are more atoms k. In other words, atoms k must share the
available momentum at frequency v between them. Therefore, g]r(ad (average acceleration of
each atom k) decreases when C, increases.
For stellar interiors, there is an equivalent form of Equation (6) in expressing the
radiative acceleration of element k that is much more convenient for stellar modeling:
rad <
d_ 15 L/ KR /MP u)du )

k7162 ¢ X | Kuall

with y
P(u):u‘lie 5 and u:h—v
(e"—1) kT
where L, is the luminosity of the star, X} is the mass fraction of element k, kg the Rosseland
opacity, x, x the monochromatic opacity of the element, x, , the total monochromatic
opacity, all these quantities being estimated at radius r. With this expression, one could take
benefit from several numerical opacity databases (for instance, OP, OPAL), where the sum
of all contributing atomic transitions is already performed, provided that monochromatic
opacity for each element separately is available.

For atmospheres, Equation (7) cannot be used because this expression is only valid
in an optically thick medium. Moreover, in atmospheres, there is a complex process of
momentum redistribution between the ions of a given element that cannot be accounted for
with Equation (7). Generally, methods in evaluating radiative accelerations in atmospheres
are much heavier [45,46].

There are several methods for the computation of radiative accelerations, they are
detailed and discussed in [30] that we may summarize as follows:

®)

—  Atomic transition approach. This method consists of calculating explicitly the integral of
Equation (6) over the transition probability profile for each atomic transition that is
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considered to make a significant contribution to the acceleration. Note that momentum
acquired by bound—free transitions of ion 7 have to be attributed to i + 1. This method
is most often used for atmospheres [45,46], and no more for interiors after large atomic
or opacity data banks became available. With no surprise, this method is the most
CPU time-consuming. However, it is, in principle, the most precise one as much as
atomic data are accurate and complete.

—  Opacity sampling in stellar evolution. Here, the radiative acceleration is computed
using Equation (7), the method was developed by Richer et al. (1998) [10] and was
based on the OPAL database. One of the difficulties of this method is that calculation
is performed on a fixed frequency grid, which is most often equally spaced in u,
which needs to pay particular attention to the grid resolution. On another hand,
this method applies to average atoms (with averaged ionization degree). Notice also
that there is a limited number of elements in the databases (mostly elements lighter
than Fe), generally elements contributing to the Rosseland average. This implies that
studies needing to consider the atomic diffusion of these missing elements cannot be
addressed.

— Interpolation method. This method was proposed by M. Seaton in 1997 [47]. He was
the initiator and the main architect of the Opacity Project (OP). The OP project first
consists of computing ab initio numerically a large number of atomic transitions for
many metals (presently lighter than iron). From these atomic data, the OP team
computes tables of opacities (Rosseland average, monochromatic opacities of each
element), and the numerical codes allowing interpolation from these tables for any
chemical composition and position inside the stars. Since all the necessary data for
radiative accelerations are already in the OP database, M. Seaton understood the
potential importance of also providing radiative accelerations. He therefore added the
codes to compute them with interpolations (as performed for opacities) in a specific
table of a function built from Equation (7). This method is accurate and fast compared
to the previous ones since all the necessary tables are already computed by the OP
team. The method is easy to implement in existing codes. The limit of this method, as
previously, is imposed by the list of elements in the database.

—  Semi-analytic or parametric approximation. The SVP (Single-Valued Parameters) method
gives radiative accelerations in stellar interiors without having to explicitly handle
large amounts of atomic data or opacity tables. A preliminary version was first
proposed by G. Alecian (1985) [48]. In developing Equation (6), one obtains an
expression where the atomic data and the concentration of the considered element are
mixed, with a non-linear dependence on the concentration. In the SVP approximation,
radiative acceleration has an analytic expression where atomic data and concentration
are separated. Finally, the part depending on atomic data (which does not change
when the concentration changes) may be obtained through pre-calculated small tables
with only six parameters per ion [49-51]. This method is the less accurate one; however,
it allows very fast computation (10° time faster the Seaton’s interpolation) and was
checked to be accurate enough for modeling stellar evolution [52]. The numerical code
and the small table of parameters are provided online [51] presently for 16 elements
(more elements should be added in a near future), but when needed for other elements
they may be calculated by the user following [49], provided that atomic data are
available.

3.3. Atomic Diffusion and Magnetic Fields

There are three main ways by which magnetic fields affect atomic diffusion. The first
one has an indirect (but important) influence on the diffusion process. Since stellar matter
is essentially composed of charged particles, magnetic fields can impede mixing motions,
and hence allow atomic diffusion to build up abundance stratifications.

The second mechanism is microscopic and effective in atmospheres because particle
density is small enough there. Indeed, if the collision mean free path of charged particles
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is large enough, these particles can spiral enough around magnetic lines to decrease their
diffusion coefficient perpendicularly to magnetic lines [36], dividing it by 1 + wZ.ZTCZOLi P
where 7, ; is the collision time with protons (the time required for collisions to deviate
particle i by 71/2), and w; /27 the cyclotron frequency. The direct consequence of this effect
is to drastically reduce upper atmospheric layers and the vertical diffusion velocity of ions
across horizontal magnetic fields.

The third process affecting atomic diffusion is the Zeeman splitting of absorption lines,
which may amplify radiative acceleration [46]. According to the Zeeman patterns, the
splitting of absorption lines can lead strong lines (which are the main contributors to the
radiative acceleration) to desaturate, and therefore, to increase the radiative acceleration.
In principle, this effect exists anywhere in the star according to magnetic field intensity;
however, its efficiency is significant when line profiles are narrow®. Therefore, it essentially
concerns diffusion in atmospheres.

3.4. Competition with Macroscopic Motions

We often mention in this section the important role of mixing, since atomic diffusion
is a very slow process its effects can only be revealed if mixing is very weak or inexistent.
Mixing in stars is a macroscopic hydrodynamical process that may be due to various
physical processes; therefore, the subject is extremely broad and cannot be exhaustively
addressed here. However, as for many other aspects presented in this section, one can find
a relatively detailed discussion in the monograph of Michaud et al. (2015) [30], Chapter 7.
Besides mixing, we include in this subsection stellar mass loss, which is also a macroscopic
matter flow that competes with atomic diffusion. These competing processes may be
summarized as follows (for the majority of them in the present context):

—  Meridional Circulation. This process is directly linked to star rotation. It is a large-scale
motion that transports matter between the pole and the equator and may go deep
inside the star. It is stronger as rotation is faster, and according to the efficiency of the
kinetic momentum extraction, this could be why chemically peculiar stars are slow
rotators. In slow-rotating stars (with types AV or BV), it is believed that meridional
circulation is too weak to prevent the gravitational settling of He; Therefore, this
diffusion produces the under-abundance of the element. The consequence is that the
superficial He convection zone may disappear, and then external layers become stable
enough for diffusion.

—  Turbulence. This is of course the most trivial mixing process since it involves small
scales and advective motions. E. Schatzman (1969) [53] proposed to model its effect as

a diffusive term. Therefore, he introduced the turbulent diffusion coefficient Dy that

leads to modify Equation (5) by writing the pure diffusive term as — (ka+DT) alg—rc"

instead of — Dy, algrck. Dr is assumed to be the same for all elements. In the case of

perfect mixing, it should be infinite, and zero in a perfectly stable medium. Actually,
this coefficient is difficult to estimate. Generally, it is parametrized in the modeling to
ensure a soft transition between a mixing and a stable zone, see for instance [54].

—  Convection. Convection is a very common process in stars and has an important role
in models, including atomic diffusion. One may say that it is at the basis of our
definition of what we call normal stars. In the absence of convection, possibly all
slowly rotating stars would have been more or less like chemically peculiar stars, i.e.,
with a large variety of superficial chemical compositions. If one limits ourselves to
the usual convection determined by the Schwarzschild criterion, models including
diffusion are strongly constrained by the precise positions of convection zones (CZ).
Inside a CZ, the matter is assumed well-mixed (homogeneous abundances); however,
its chemical composition is affected by how abundances are stratified by diffusion in
the radiative zone just below. This chemical composition is supposed to reflect (with
some dilution depending on the mass of the CZ) the composition of the last stable
layers before it. Therefore, the parametrization of D is crucial since it determines the
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real position of the bottom of the mixing zone. In ApBp stars, the superficial CZ is
assumed non-existent or very small. Therefore, diffusion is extremely efficient directly
in the atmosphere, hence producing spectacular abundance anomalies.

—  Mass loss. This is not a mixing process, but its effect on abundance anomalies may
be comparable. In models including atomic diffusion, mass loss is a global outflow
of matter. Assuming that it is permanent, stationary, and the star spherical, without
magnetic fields, it is modeled as a constant flux of matter (a wind) determined by a
unique parameter: the rate of mass loss. At a given radius r with matter density p
inside a star of mass My, it is easy with the assumptions to determine the velocity of
the flow to be (dM.. /dt)/4mpr?. It appears that this velocity may be comparable, at
certain depths, to that of diffusion in A- and B-type main sequence stars. If the rate
of mass loss is too great (e.g., greater than about 10~!2 solar mass per year), the mass
loss flux brings in new material from deeper parts of the star faster than diffusion can
change the local composition, thus preventing abundance stratification. In particular,
it is believed that the CP stars phenomenon does not extend to stars hotter than about
Tege ~ 18,000 K because of their strong mass loss. Several studies show that the CP
star phenomenon is better reproduced by models if atomic diffusion is combined with
mass loss rates around 107 13-10714 solar mass per year see for instance [55,56].

4. Stratification of Abundances across the Star

Atomic diffusion leads to an abundance stratification that depends on the balance
between radiative accelerations and gravity. For low mass stars (G-type and cooler), the
surface convective zone is deep enough so that, at the base of the convective envelope,
radiative accelerations are negligible compared to the local gravity. Moreover, the diffusion
timescale is a few Gyr so the abundance variations are small. For a 1.0 M, star, this leads
to a slight decrease in the abundance of all elements from the surface (except hydrogen)
as seen in the convective envelope of the model shown in Figure 4. As a comparison, the
profile variation is much larger in the core for the elements involved in nuclear reactions.
Above r = 0.2 R, the metal distribution is almost not affected and the surface abundances
are close to the initial ones. To do a parallel with the previous part on stellar opacities, the
use of opacity tables at fixed mixture is suitable for this type of star.
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Figure 4. Profiles of the logarithm of the mass fraction according to the radius of several elements
for a 1.0 My model corresponding to ages of 3.48 Gyr. The model is computed with the Cesam2k20
stellar evolution code [52,57,58]. The track is not calibrated on the Sun. The grey area represents
the convective region. The vertical dash line represents the boundary between convective and
radiative zones.
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The picture is different for more massive stars. When the convective envelope becomes
shallower (due to the gravitational settling of He because of slow rotation), radiative
accelerations start to play an important role in abundance stratification. Some elements
accumulate just below the bottom of the superficial convection zone while others are
depleted, with much smaller diffusion timescales at this depth. This may significantly
modify the superficial chemical composition. Figure 5 shows the abundance profiles for
a 1.7 M model. In addition to atomic diffusion, the model includes turbulent mixing
according to the parameters determined for Sirius A [55]. For this model, the most abundant
metal at the surface is iron and not oxygen. Aluminum, silicon, and magnesium are also
accumulated at the surface. Calcium is depleted at the surface but accumulated below the
convective envelope around r = 1.50 Ry at X, = 0.45 (r = 2.50 Ry at X, = 0.05). The
surface abundance variations are of the same order of magnitude as the variations induced
by the nuclear reactions. For a star with a mass of 5.0 M, the results are qualitatively
similar, with a more extended convective core, shallower convective envelope, and smaller
abundances variations at the surface due to a shorter evolution timescale than for a 1.7 Mg,
star (see Figure 6). In both cases, the use of an opacity table to fix the metal mixture is not
suitable for accurate modeling of the stellar interior.
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Figure 5. The same legend as Figure 4 for 1.7 M models at X, = 0.45 (top panel) and X, = 0.05
(bottom panel). The ages are 0.98 Gyr and 1.76 Gyr, respectively. The grey and green areas represent
the convective and turbulent mixing regions, respectively. In the bottom panel, the turbulent mixing
region is located inside the convective envelope.
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For slowly rotating magnetic stars that are more massive than 1.7 M, it is possible
that their atmosphere is stable enough to allow atomic diffusion in building up abundance
stratifications in upper layers. 1.7 M, is the lower mass boundary from which the CP stars
phenomenon starts to appear: roAp and Ap, followed by the Bp’s’. The stability of their
atmosphere is confirmed by observations, see for instance [59]. Such a stratification of
metals could not be explained if mixing would exist. Before this observational confirmation,
the stability of the atmosphere of the Ap star was just the hypothesis needed by theoretical
models with atomic diffusion in explaining these stars. Because particle density is much
smaller in atmospheres, diffusion velocities are much higher, and diffusion timescales
are much shorter. The consequence is that abundance anomalies (overabundances and
underabundances) are much stronger. Moreover, since these stars have strong magnetic
fields, in addition to vertical stratifications, metals are no more uniformly distribute above
the stellar surface. Clouds of metals should be distributed according to the magnetic
structures. As written in Section 3.1, we will not detail the atmospheric cases in this chapter;
however, to illustrate this domain, we show the case (Figure 7) of a chromium cloud that
is due to atomic diffusion in a magnetic atmosphere of T = 12,000K, and log g = 4.0,
assuming an anisotropic wind. This 3D model is a stationary solution obtained from time-
dependent calculation of continuity equation (self-consistent model of atmosphere and
polarized radiation transfer calculation including Zeeman effect for radiative accelerations)
was published by Alecian and Stift (2021) [60].
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Figure 6. Same legend as Figure 5 for 5.0 M models. The ages are 57 Myr and 96 Myr, respectively.
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Cr

log Ab

Figure 7. Chromium cloud in an atmosphere Tos = 12,000K, and log ¢ = 4.0, assuming an anisotropic
wind. The top panel shows the positions (point 1 and point 2) for probing the atmosphere (Hammer
projection of the full stellar surface). The right panel presents the chromium abundance stratifications
at the last time step, the blue line corresponding to point 1, the pink line to point 2. The horizontal
solid black line represents the initial solar abundance. The vertical dashed lines show the depth limits
of the slab shown in the top panel.

For non-magnetic slowly rotating stars with the same masses as above, a superficial
convection zone may exist. For Teg < 10,000K, the bottom of this CZ goes deeper than
the atmosphere, but it is not so deep as for normal stars; hence, these stars are also CP
stars. They are the AmFm stars with relatively milder abundance anomalies. Above
Toe =~ 10,000 K, we find the HgMn stars, which have stable atmospheres and where atomic
diffusion is in play, producing strong abundance anomalies such as ApBp stars, but without
magnetic fields.

Horizontal-Branch, and More Evolved Stars

Horizontal-Branch stars (HB) are evolved stars with masses smaller than about two
solar masses, which are going to evolve toward the asymptotic giant branch of the HR
diagram. At the beginning of the HB phase, these stars are characterized by a He-burning
core, below a H envelope. The concentration of carbon in the core increases during the
evolution (those of nitrogen and oxygen also but to a lesser extent), and helium gradually
disappears in the inner core. Michaud et al. [61] have quantitatively estimated the role
of atomic diffusion on the structure of those stars. Because atomic diffusion transports
matter through the borders of these different zones, it refuels the nuclear reactions. This
affects, for instance, the luminosity and duration of the evolution sequences of the HB stars.
Since some methods of determining the distance of globular clusters are based on the HB
luminosity, this may indirectly affect the age estimate of the clusters [62,63]. Radiative
accelerations or opacities are not involved in what happens at the borders of these different
zones, since the concerned layers may be considered fully ionized. This is, however, not
the case when one considers the H envelope of HB stars.

Noting that HB stars sequence in the HR diagram crosses the main sequence at regions
populated by HgMn and AmFm chemically peculiar stars, Michaud and Richer [64] esti-
mated the effect of atomic diffusion (including radiative accelerations of metals) assuming a
similar envelope model as for AmFm stars (comparable T.¢ and log g), i.e., with the diffusion
of metals just below a H convection zone. They obtained metal overabundances in the outer
layers of their model, giving so an explanation of those observed by Behr [65]. Of course, the
model was simple and could only give trends. On another hand, Khalack et al. [66] found
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vertical stratification of iron in the atmosphere of blue HB stars (BHB), which shows that
atomic diffusion is efficient in the atmosphere of these stars (they have T, closer to those
of HgMn stars). Theoretical models by Hui-Bon-Hoa et al. [67], LeBlanc et al. [68], Leblanc
et al. [69] had given such a trend of metals stratifications in these atmospheres, and have
explained the photometric jumps and gaps observed in BHB stars. A detailed review of
atomic diffusion in horizontal branch stars can be found in chapter 12 of Michaud et al. [30].

Of the evolved stars where atomic diffusion is clearly effective in stratifying elements,
white dwarfs are of particular importance. Indeed they are the first stars for which atomic
diffusion has been identified as being able to play an important role in stellar physics. Schatz-
man [40] in 1945, has shown that the almost pure hydrogen observed in the spectrum of
some white dwarfs (DA white dwarfs actually) is the consequence of the gravitational settling
of heavier elements (see also Schatzman [70]). In other words, the hydrogen is floating in
their atmosphere. A lot of theoretical works have followed this study, and, as knowledge
about white dwarfs has progressed, particularly about their status in stellar evolution, it was
shown how element stratifications in them depend on effective temperature. Fontaine and
Michaud [71] have shown that radiative acceleration in their extremely thin atmosphere is no
more negligible for T > 20,000 K, and T.¢ > 38,000 K for DB white dwarfs which have a
hydrogen convection zone at their surface for cooler Ts. Here, again, a detailed review of
atomic diffusion in white dwarfs can be found in Michaud et al. [30] (Chapter 13).

5. The Opacity as Vector of Coupling between Transport Processes

The opacity is directly linked to the chemical composition. Any change in the metal
mixture affects it and can lead to interesting coupling between transport processes. Such
coupling mainly occurs where the metal mixture is strongly affected by atomic diffusion.

The first example is the coupling between atomic diffusion and convection. Radiative
accelerations induce local accumulations of chemical elements, where they are the main
contributors to opacity. When an accumulation of iron is located in the convective envelope,
or close to it, it induces a local increase in the opacity (see Figure 8). This then leads to an
increase in the mass of the surface convective zone up to a factor of two depending on the
initial chemical composition of the star [52,72]. In more massive stars, the accumulation of
iron and nickel induces the so-called iron—nickel convective zone (around T = 20,000 K)
below the hydrogen-helium ones [31,33,73].

5

— Without g,44

8 =6
log(AM/M,)

Figure 8. Rosseland mean opacity profiles of 1.4 M models with X, = 0.6 (solid curves), X, = 0.4
(dashed curves), and X, = 0.2 (dotted curves) from [52]. The blue and red curves represent, re-
spectively, the models without and with radiative accelerations taken into account in the diffusion
velocity. The solid dashed and dotted vertical lines represent the positions of the bottom of the surface
convection zone for the model without radiative accelerations for the same value of X, as the opacity
profiles (for clarity, they are not represented for the model with grad). Adapted from Figure 5 of [52].
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Another example is the coupling between atomic diffusion and rotation. In Section 3.4,
we mentioned that rotation attenuates the effect of atomic diffusion, but not suppressing
it completely. For F-type stars, atomic diffusion starts to be slightly more efficient than
rotation in transporting chemical elements, leading to an accumulation of iron. Again,
the local increase in the opacity induces the deepening of the surface convective zone.
Rotation-induced mixing strongly depends on the extraction of angular momentum through
the magnetized wind at the surface (magnetic braking), and hence the size of the surface
convective zone. In this case, magnetic braking is then slightly more efficient thanks to the
effect of atomic diffusion and, as a consequence, the rotation-induced mixing is also slightly
more efficient [74].

6. Radiatively Driven Winds

The stellar wind observed in O and early B-type stars has been shown to be due to the
interaction of the radiation field with metals through their bound-bound atomic transitions.
This mechanism was first proposed by Lucy and Solomon [75] who demonstrated (steady-
state model) that the scattering of photons in strong lines can be enough to maintain
an outflow of matter. Therefore, one speaks of radiatively driven wind. As far as this
process is related to the interactions of photons with atomic transitions, it is connected to
opacities. However, it is even more connected to atomic diffusion (Section 3) as far as it
involves the same important ingredient: radiative acceleration. The study of the mechanism
of radiatively driven wind needs to consider detailed radiation transfer in an optically
thin expanding atmosphere (in non-local thermodynamic equilibrium condition, hereafter
NLTE) where strong velocity gradients cause a desaturation process of strong lines due
to the Doppler effect. It also needs to consider how the momentum acquired by heavy
metallic ions is efficiently transferred to hydrogen and helium to create a global matter
outflow. One could roughly say that the momentum transfer from metals to passive atoms
(hydrogen and helium) through Coulomb’s interactions is much stronger than for atomic
diffusion in layers where this process may produce chemical elements stratification. This
momentum transfer drags the whole matter of hot stars to outer layers and determines
the mass loss rate. Following the work of Lucy and Solomon [75], the theoretical models
were improved by Castor et al. [76], Abbott [77], enlightening the role of a large number
of weak transition lines. In 1996, Babel [78] showed that for late B-type stars, the metallic
components of the wind may decouple from hydrogen for cooler stars (A- and late B-type
stars), leading in some cases to the pure metallic wind. The efficiency of momentum transfer
from active (ions of metals) to passive components has been studied in more detail by
Krticka and Kubat [79], Krticka et al. [80]. To have a quantitative estimate rate of mass
loss rate according to the star type is a difficult task: the process is complex and needs
considering NLTE effects, and magnetic fields introduce geometric inhomogeneity which
leads to going beyond 1D modeling (see for instance Fisak [81]). In addition, observational
data are relatively poor in constraining models, especially for late-type stars.

7. Discussion and Conclusions

Stellar opacities are fundamental ingredients of stellar evolution because they control
the transport of energy. They depend on the complex interactions between photons and
atoms, and on the detailed chemical composition. In numerical modeling, one generally
considers only the main contributors to the opacity (about 20 elements). Stellar evolution
codes include opacity in the form of tables with a fixed mixture of heavy elements. When
the mixture is modified by internal transport processes of chemical elements, the Rosseland
mean opacity has to be computed again from monochromatic opacity tables, at each time
step and each mesh point. With the current discrepancy between helioseismology and solar
models (the so-called solar problem), the present opacity tables are questioned through the
determination of solar chemical composition.

There is a direct link between stellar opacities and the transport processes of chemi-
cal elements, which, in the case of efficient atomic diffusion, modifies the local chemical
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Notes
1
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composition, and therefore, the Rosseland opacity. Atomic diffusion selectively transports
chemical elements, and it is at the origin of most of the chemically peculiar stars. It is in
competition with several processes such as convection, large-scale motions induced by
rotation, turbulence, magnetic field, and mass loss. One of the main ingredients determin-
ing the diffusion velocities is radiative acceleration, which comes from the exchange of
momentum between photons and ions. The computation of radiative accelerations requires
accurate atomic data and/or stellar opacities tables. Accumulations of metals, induced
by radiative accelerations, that contribute the most to the opacity increase the Rosseland
mean in the concerned layers. This establishes a dependence between microscopic and
macroscopic transport processes that affect the internal structure of stars.

We know from the work of G. Michaud [41] in 1970 that atomic diffusion with radiative
accelerations is responsible for the spectacular phenomenon of chemically peculiar stars,
especially for those having stable atmospheres. Presently, because of the difficulty in
numerical modeling of this process, it is not yet possible to model in detail the atmosphere
of a given observed star. This is mainly due to the extreme sensitivity of abundance
stratification build-up to macroscopic motions, which are presently difficult to measure in
real atmospheres, and therefore, are treated as free parameters. However, numerical models
help in understanding the main trends of observed anomalies. Actually, one knows that
what happens in the atmosphere does not generally significantly affect the star structure.
However, understanding the main trends is important for making various diagnostics since
the stellar chemical composition is essentially estimated (from observed spectra) through
abundances in atmospheres. Therefore, one needs to be careful when these abundances are
considered to be those in deeper layers of the star.

The problem is different for stellar interiors for which macroscopic motions are better
constrained in models, and numerical modeling of atomic diffusion is easier since radiative
accelerations may be computed from large opacity databases.

The recent asteroseismology surveys such as CoRoT, Kepler, TESS, and in the future,
PLATO have emphasized the need for accurate stellar evolution models for the accurate
determination of stellar systems. Transport processes and stellar opacity play an important
role, especially in the determination of accurate stellar age, which can only be obtained
from models. It has been shown that neglecting atomic diffusion can lead to errors up to
16%, 2.1%, and 0.8% on the age, the mass, and the radius of solar-like stars, respectively [82].
Neglecting radiative accelerations for stars more massive than the Sun also impacts the
stellar ages up to 9% [52]. Atomic diffusion has also been shown to have an influence on
the pulsations of more massive stars, such as y Dor stars, and hence on the determination
of their fundamental properties [83]. The contribution of all transport processes of chemical
elements is different for each type of star and acts differently on the surface abundances. The
effect of atomic diffusion is always present at different levels and should not be neglected
in the modeling of stars, especially in the era of high-precision observations that require
high-accuracy stellar models. The accurate modeling of atomic diffusion and opacities in
stellar evolution models is then essential to achieving the 10% PLATO/ESA requirement
on the ages of stellar systems similar to the solar one.
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A group of main-sequence magnetic and chemically peculiar stars (CP stars) of type A.

Slowly Pulsating B-type stars.



Galaxies 2023, 11, 62 18 of 20

Groups of main-sequence CP stars of types A and late B, showing the strongest abundance anomalies in their atmospheres. In
these stars, some elements are underabundant, but most heavy metals are overabundant by several orders of magnitude with
respect to solar abundances: for instance Fe may be 102 time overabundant, Hg up to 10° time!

4 Group of main-sequence CP stars of type A, with milder abundance anomalies than the groups previously mentioned.

> Electric field is due to the relative diffusion of protons and electrons due to the gradient of the total pressure, it was introduced
by [44].

6 We are speaking about local line profile (not the observed one), i.e., the absorption profile of the net radiation flux at radius r (even
in optically thick depth), and at the absorption frequency. Below atmosphere, due to an increase in the collisional broadening of
transition probability profile, saturation of lines decreases, and Zeeman splitting has much less effect on radiative acceleration.
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