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Abstract. The various processes that need to be included in
calculations of radiative acceleration in stellar envelopes are
presented and their importance is evaluated. The general pro-
cedure used to compute radiative accelerations and the usual
approximations are recalled, together with a summary of the
useful equations.

Major improvements are obtained by using the newly avail-
able atomic data provided by the OPACITY project (OP). They
first allow to compute the frequency dependence of the back-
ground opacity and to improve the evaluation of the collisional
line broadening. The contributions of bound-bound and bound-
free transitions to the radiative acceleration are then calculated
for each ion of a given element. A method of averaging among
ions is developed to obtain the net acceleration on the element, in
a simple model taking into account the effects of rapid reactions
between ions.

Examples of results are given for carbon and iron in a model-
envelope with T = 8000 K, logg = 4.2, Z = 0.02. They
differ significantly from previous calculations. The effects of
the different improvements are discussed.

Key words: atomic processes — diffusion — line: profiles — ra-
diative transfer — stars: atmospheres — stars: chemically peculiar

1. Introduction

Photoabsorption processes produce radiative accelerations act-
ing selectively on different atoms and ions in stellar atmo-
spheres. This is now recognized (see the proceedings published
by Michaud & Tutukov 1991, and Dworetsky et al. 1993) as
the basic mechanism leading to the chemical peculiarities ob-
served in main-sequence stars. Following the papers by Michaud

Send offprint requests to: M.-C. Artru (first address)

(1970) and Michaud et al. (1976), quantitative models have
been developed to explain the various observed abundances and
their correlation with stellar characteristics: effective tempera-
ture (T ), evolutionary stage, magnetic structure...

Theoretical investigations of particle transport depend
mainly on the opposition between radiative acceleration and
gravity and so pose the challenge to calculate precisely the ra-
diative acceleration. A compromise between two opposite goals
is needed: on the one hand the required accuracy (about 10%)
implies the use of refined atomic physics (Michaud 1987,1993);
on the other hand, the results should be obtained for an extensive
number of atoms, ions and plasma conditions. In order to facili-
tate the astrophysical applications, Alecian & Artru (1990) have
proposed an approximate expression for the radiative accelera-
tion, using two parameters obtained from atomic and statistics
physics. For example, this method is useful in order to intro-
duce the radiative diffusion into stellar evolutionary codes (e.g.
Richer & Michaud 1993). The accurate calibration of the fit-
ted atomic parameters depends on the precision of the detailed
calculations.

This paper describes the present state-of-the-art in detailed
calculations of radiative accelerations, assuming Local Ther-
modynamical Equilibrium (LTE). A wide range of tempera-
tures and densities which covers all radiative stellar envelopes
and the deepest photospheric layers is considered. The results
should not be used in stellar atmospheres since the diffusion
approximation hypothesis is used for radiative transfer.

Our main purpose is to give a synthesis of the methods
and approximations proposed in several previous theoretical
papers and to point out the recent improvements which have
become possible, thanks to the extended atomic database of the
OPACITY project, subsequently referred to as OP (Seaton 1987,
Seaton et al. 1992), which is now accessible to astrophysicists
(Cunto et al. 1993a,b). In particular, we use the data for H, He,
C, N, O, and Fe, the relevant calculations being described by
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2 Fernley et al. (1987), Peach et al. (1988), Luo & Pradhan (1989),
Tully et al. (1990), and Butler et al. (1993).

We first summarize the basic definitions and the formalism
leading to the radiative acceleration (gr,q) on a given element.
In subsequent sections, we detail the steps of the computation
and our proposed improvements: the evaluation of the back-
ground continuum opacity, the refined approximations for line
broadening, methods of distributing the acceleration between
adjacent ions, and the addition of the radiative acceleration due
to photoionization.

Examples of results are given throughout the paper in order
to illustrate the successive improvements and to compare the dif-
ferent levels of approximation. They will concern either carbon
or iron, in all their ionization stages; the radiative acceleration
for these two elements of important astrophysical interest are
under current investigation by the authors (Gonzalez et al. 1994;
LeBlanc & Michaud 1994). Since the data for Fe 1 and Fe 11is not
included in OP, we will use the line data of Kurucz (1990,1991)
for these ions. Their radiative acceleration and opacity due to
photoionization are neglected since the corresponding data is
not given by Kurucz.

To facilitate comparisons, we have chosen to display all the
results for the same stellar envelope model having an effective
temperature of 8000 K, a gravity g = 10*2 cms~2, with metal-
licity Z = 0.02 and relative metal solar abundances taken from
Grevesse & Noels (1993). This stellar model was calculated
as in Richer & Michaud (1993), but using the latest version of
the OPAL opacities (Iglesias et al. 1992). We will also present
each newly calculated radiative acceleration with reference to
a basic standard approximation which is summarized as fol-
lows: the radiative acceleration is summed over the lines only
(excluding the photoionization), the background absorption co-
efficient «,(v) (see Sect. 2) is given with the fitted formula of
Borsenberger et al. (1979) (see Sect. 3), the coefficient of pres-
sure broadening is the one given by Alecian & Artru (1990) (see
Sect. 4), the radiative acceleration is summed for each ion, with-
out distribution between adjacent ions, and the average over the

different ions of charges Z; is weighted by Vi /Z2 (see Sect. 5).

2. Basic equations

The net momentum transported by a radiation flux %, across
the surface d.S in time dt and frequency interval dv is

dp, dv = ?detdu. (1)

The differential radiative force pushing a particle of element A,
with ionic charge 7, undergoing the transition j (bound-bound
or bound-free) with the cross-section o;;(v), caused by photons
with frequencies in the range (v, v + dv) is then

@)

0§ dp, F,
FJdv= 7 dv =0;(v) —~ dv.
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In stellar interiors (where 7,, > 1), one can apply the dif-
fusion approximation and assume LTE, which yields for the
radiation flux

F = 3 pr(v) OT dr’ )

(see for example Egs. 2-91 of Mihalas 1978) where B, (T) is
the specific intensity of a black body of temperature 7" (Planck
function) and

") = % 3" Npoa®) @

is the total monochromatic opacity per unit mass at frequency
v, the sum of all absorption or scattering processes caused by
the species present in the mixture (N, is the number density of
the initial state). In this paper, we note ,(v) the total opacity
at frequency v minus the contribution x;;(v) of the transition
being considered, and refer to it as the background opacity. The
total opacity may then be written as

K(V) = Ky (V) + Kij (V). &)
The reason for this definition of the total opacity is discussed in
Sect. 3.

The temperature gradient can be derived from the assump-
tion of radiative equilibrium and the definition of the Rosseland
opacity Kg:

dr 3 _ R'TY
- 1P T (6)
which gives the expression

g Tk*T4 R? R
FY dy = eff =% R B

v v 203 12 Rky(V) + K (V) 0i;(v) P(u) du, @)
where

hv

=T ®
Pu) = u* L, 9

( ) (eu _ 1)2 ( )

R is the stellar radius, and r the distance from the center.
In the case of a bound-bound (b-b) transition, the cross-
section is

0500 = 2% fiy 645 ) (10)
(%] = MeC 1j Pij )

where f;; is the oscillator strength of transition j, and the line

absorption profile, ¢;;(v), is normalized to 1 (see Sect. 4).

For a bound-free (b-f) transition from ion A*, the momentum
of the incident photon is not transmitted entirely to ion A**!, but
part of it is taken away by the ejected electron. One must then
include a correction factor fio,, defined as the fraction of the
momentum transferred to ion A**! (see Sect. 6).
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Integrating Eq. (7) over all frequencies and dividing by the
mass m 4 of element A, one obtains the contribution of transition
j to the radiative acceleration on A*:

( . k4T4 R2 R
—big¥ = et fr

b Grad 33 12 X(Az)x

/°° ki (V)

0o Ke(W)+ Ki(V)

7rk4Te4ff£2 For “

2R3c3 12 X(AY

/°° Ki—1,; () fion

L o KV + ki1 (V)
where X (A?) is the massic abundance of ionization stage i. The
total radiative acceleration on A°® is then

i ij ij
Grad = Z Irad + Z Yrad

7,b—b 7,b—f

P(u)du
(1D

b-f:g7 =

* Jrad

P(u) du,

(12)

In first approximation, one may consider that each ion dif-
fuses through fully ionized hydrogen, with a diffusion coeffi-
cient D; and a velocity v;, given by a diffusion equation of the

type

(13)

N, = D, (_sz’ N mA(Grg — 9))

dr TN T

where IV; is the number population of A*. To simplify the present
discussion, only the radiative and gravitational forces have been
written in Eq. (13). The complete diffusion equation includes
additional terms for thermal diffusion and electric fields, which
do not directly affect radiative accelerations.

When many chemical elements diffuse relative to each other,
the diffusion of an element modifies the diffusion of the oth-
ers. An accurate determination of thermal diffusion and of the
interaction terms requires solving a system of equations for
heat fluxes, electric field and diffusion velocities of the vari-
ous species (Burgers 1969). Once one uses such a system of
equations coupling the diffusion of the various elements, it is
nearly as simple to extend this system to include separately each

_ state of ionization. The appropriate equations and constants are
discussed in Michaud & Proffitt (1993).

Equation (13) is based on the assumption that D; does not
depend on the excitation state of A? (see Sect. 5), and that an
equilibrium balance exists between ionization and recombina-
tion. We neglect any coupling of ionization with diffusion; this
may be important at lower densities, as discussed by Babel &
Michaud (1991).

In order to describe the migration of element A through the
stellar envelope, it is often convenient to write a single diffusion
equation similar to Eq. (13), without subscripts 7. The mean
radiative acceleration gr,q entering this equation depends on the
choice of the mean diffusion coefficient D adopted for element
A. Tt may be defined as

Y. Ny D; _ > NiD;
> N N ’

D= (14)
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Fig. 1a and b. Opacity spectrum calculated in the same conditions
as in Fig. 8b of Iglesias et al. (1992): logT = 5.3 and log R = -5,
where R = p/ T2 is the parameter used by the OPAL group. a Average
formula of Borsenberger et al. (1979). b Our calculation

and the radiative acceleration on element A is then

i NiDighy _ s X(49 Digh
ND XA)D )

Orad =

(15)

3. Opacity spectrum

As seen in Sect. 2, the total opacity at each frequency is needed
to evaluate radiative accelerations. Previous studies (Alecian
et al. 1993; Borsenberger et al. 1979,1981) used for the back-
ground opacity the simple formula proposed by Borsenberger
et al. (1979, Eq. (8)). It was eye-averaged to an opacity spec-
trum calculated by Cox (1977) and scaled to the Rosseland mean
opacity in order to be applicable in models using different opac-
ity tables. The fitting formula has little monochromatic structure
(see Fig. 1a) and is a source of uncertainty in radiative acceler-
ation computations.

In order to improve the evaluation of the background opac-
ity we have calculated monochromatic opacities at 4000 fre-
quency points including the contributions of the elements listed
in Table 1. These points are equally spaced and restricted to the
0 < u < 20 domain. The opacities are computed on a grid with
21 values of R., within the range —3.0 < log R, < 7.0 where
R.=N./T? (16)
and for the same 50 temperature values used by the OPAL group
(Rogers & Iglesias 1992). The parameter R, is introduced by
analogy to the one used in OPAL tables, but based on the elec-
tronic density instead of the mass density. We limited ourselves
to those elements because of the size of the required data files.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...297..223G

FT9O5ACA & ~297° !

226

Table 1. Abundances used in the monochromatic opacity calculations

Massic abundance
0.70000 = X
0.28000=Y
0.00347

0.00106

0.00965

Fe 0.00155

Element

H
He
C
N
(0]

The chosen composition of the plasma is given in Table 1.
The four elements C, N, O, and Fe have solar relative abundances
(Grevesse & Noels 1993), their absolute values are scaled to ob-
tain Z = 0.02. The relative metal solar abundances used here
are those presently used by the OPAL and OP groups. The ma-
jor difference between these abundances and those of Anders
& Grevesse (1989) is that the photospheric abundance of iron
(Grevesse & Noels 1993) is closer to the meteoritic value since
recent studies (e.g. Hannaford et al. 1992) favor this value.

Both the bound-bound and bound-free transitions given in
the OP atomic database are included. Our frequency steps are
large enough not to introduce the detailed profiles of the spectral
lines except for the Lyman and Balmer lines of hydrogen. These
series are computed with the parametrized profiles of Clausset et
al. (1994). Thompson scattering is also included in our calcula-
tions. The atomic populations are calculated with the formalism
of Hummer & Mihalas (1988), except for Fe1 and Fe 11 which
are treated classically. The partition functions used for these two
ions are taken from the ATLAS code (Kurucz 1979).

An example of an opacity spectrum for our mixture is pre-
sented in Fig. 1b. This figure can be compared to Fig. 8b of
Iglesias et al. (1992) and this shows that the opacities calcu-
lated here with the OP data are in good agreement with those of
OPAL, even with the limited number of elements used. How-
ever, our opacities are undervalued by at least a factor of 4, as
compared to OPAL, for photon energies for which v & 15. In
this energy range, the radiative acceleration is weakly affected
because of the small value of P(u), which gives the frequency
dependence of the flux (Eq. (9)). It will also be interesting to
compare our results to those of OP (Seaton et al. 1994) when
their monochromatic opacities are available. Figure 1a shows
the previously mentioned fitting formula which approximates
the background monochromatic opacities. Comparing Figs. 1a
and 1b shows that the approximate formula underestimates the
opacity at most frequencies which usually causes an overesti-
mate of radiative acceleration as will be seen below.

Since all metals are not included in our computations and
since the fine structure is neglected, the Rosseland mean calcu-
lated with our monochromatic opacities, &, is expected to differ
from the OP (Seaton et al. 1994) and OPAL (Iglesias et al. 1992)
ones, Kqp and Kopa..- These three opacities are compared in Fig. 2,
in the standard 8000 K, log g = 4.2 stellar model calculated with
OPAL opacities. Kqp and Fop,. are very similar; a discussion of
their discrepancies is given by Seaton et al. (1994). The Rosse-
land mean calculated in this paper is very close to those of OP

J.-F. Gonzalez et al.: Improvements on radiative acceleration calculations in stellar envelopes
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Fig. 2. Rosseland mean opacity calculated in this paper (solid line), that
given by OP (dotted line) and by OPAL (dashed line) for our standard
model with Ter = 8000 K, logg =4.2 and Z = 0.02

and OPAL for log T' < 4.8 and is smaller by at most 0.5 dex
for higher temperatures. The comparison of Fig. 2 to Fig. 9 of
Seaton et al. (1994) indicates that the difference is mainly due
to the contribution of elements heavier than Ne.

Our limited mixture gives a reasonable estimate of the
Rosseland mean. However, in the gpg calculations, we prefer
10 Use Kopy,, instead of &, in the numerator of Eq. (11), since the
former is more accurate and was used to construct the model.
To maintain self-consistency, the monochromatic opacities ap-
pearing in the denominator of Eq. (11) were scaled by the factor
Foe/Rx- This scaling is especially critical in the deeper layers,
where the monochromatic opacities calculated here are under-
estimates due to the missing elements. In the outer atmospheric
layers, the Rosseland mean is too low since the opacity of H~
is not included.

It should be stressed that since the opacity spectrum is calcu-
lated for a limited number of frequency points, the rapid opacity
changes inside line profiles are not resolved. In Eq. (11), the fre-
quency variation of the opacity spectrum is included by defining
a total opacity which equals the background opacity plus, sepa-
rately, the opacity of the transition considered (see Eq. (5)). The
background opacity is defined as the monochromatic opacity
minus the contribution of the transition, in order not to include
the contribution of this transition twice in the total opacity.

The difference in radiative accelerations computed with the
monochromatic opacities calculated here and with the old fitting
formula is shown in Fig. 3. The radiative acceleration of the
bound-bound transitions is changed by less than 0.4 dex due to
the inclusion of the frequency dependence of the background
opacity. These results suggest that the previous approximation is
reasonably accurate, at least in the upper layers of the envelope.
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Fig. 3a and b. Radiative acceleration (b-b transitions) computed with
the use of the formula of Borsenberger et al. (1979, reference calcula-
tion, dotted line) compared to the one calculated with the background
opacity calculated in this paper (solid line): a for iron, b for carbon

4. Line profiles

In a stellar plasma, the line absoption profile ¢;;(v) is deter-
mined by several processes. First, the natural damping, referring
to the finite lifetime of a level caused by its radiative decay, pro-
duces a Lorentz profile of full width at half-maximum (FWHM)
Aug. Collisions with other particles of the plasma in addition
induce pressure broadening, whose profile is also Lorentzian in
the case of the quadratic Stark effect, of width Av,. Finally, each
profile is Doppler-shifted according to the absorber’s velocity on
the line-of-sight; the corresponding velocity distribution being
Maxwellian in LTE.

The resulting profile, i.e. the superposition of all the indi-
vidual profiles, is then a convolution of a Gauss profile of width
Av, and of a Lorentz profile of width Ay, + Av:

1
¢i5(V) = mﬂ(a, ), an
where

and H(a,v) is the Voigt function. Equation (17) ensures that
#i;(v) is normalized to 1. It is important to use as accurate line
widths as possible, since they determine the saturation and so
the critical abundance for which grg = g.

The radiative width is given by

Avg = — (l . i) , (19)
2n \T1. Ty
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where 7, and 7, are the lifetimes of the lower and upper energy
levels of the transition; and the Doppler width is

(20)

v being the central frequency of the transition.

The evaluation of the pressure width requires a quantum
mechanical approach, involving elaborate calculations for each
line. An exact treatment is unrealistic in astrophysical problems
where one has to take hundreds of thousands of lines. Previous
radiative acceleration calculations (e.g. Alecian et al. 1993) used
a semi-empirical approximation:

4 4 4
ny +ng Ne

Ave =Y G TR T

@1

where n, and n, are the principal quantum numbers of the
lower and upper levels, Z; is the charge of the ion, and N, is
the electron density (see Griem 1960,1968 and Cox 1965). The
numerical value of the coefficient -y can be taken from Griem
(1968):

_ 5h?
7= 3T Mme/6mmek

if the Gaunt factor § is approximated to 0.2, and when Av, is in
s, Neincm™3, and T in K. This coefficient was subsequently
calibrated with different experimental or more refined theoret-
ical results and was taken equal to 1.6 10~ by Michaud et al.
(1976, Eq. (32)), to both 1.6 1075 and 1.6 103 by Michaud et
al. (1983), to 2.0 1073 by Cox (1965), to 1.9 10~ by Alecian
& Michaud (1981, Eq. (2.6)), to 8.0 10~ by Alecian & Artru
(1990, Egs. (8) and (9)), and to 6.3 10~ by Alecian etal. (1993,
Eq. (1)). The calculation of gr,q used as reference takes the value
v = 8.0 10~° given by Alecian & Artru (1990), which was cali-
brated with line widths obtained by the more elaborate modified
semi-empirical (MSE) approximation described below.

For hydrogenic ions, the linear Stark effect is the dominant
broadening process. To take it into account, we follow the ap-
proximation of Cox (1965) and raise the quantum numbers n,,
and n,, to the fifth power instead of the fourth.

In order to improve the treatment of the collisional broaden-
ing, we used the MSE approximation developed by Dimitrijevié
& Konjevié (1980,1986,1987). They gave the quadratic Stark
width

§=331079, (22)

Aveoc S |<elrir> g+ Y |<ulrjor>[* g, 23)
L' u’

where the sums run over all levels perturbing the lower and
upper levels of the transition being considered, using the hy-
drogenic approximation to obtain the matrix elements. It is now
possible to have better values of Av, since one has access to
an extensive set of atomic data. The matrix elements for each
perturbing transition L — L’ or U — U’ were then computed

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995A%26A...297..223G

FT9O5ACA & ~297° !

228

LA S N R S B B SR NN B N N AL B B BN BNL AR IR BRI

10g graa (cms7?)

E'|||||||||||||||||||
4 45 5 5.5 8 6.5

log T (K)

Fig. 4. Radiative acceleration of carbon (b-b transitions) computed
using Eq. (21) for the pressure width, withy = 1.6 10~° (long dashes),
4 = 8.0107% (reference calculation, dotted line), and vy = 2.0107°
(short dashes) compared to the one using the MSE formula (solid line)

using the oscillator strengths provided in the OP database. The
final expression for the Stark width is

_2e* [6rm «
" 3he N mek

l:z Ao fonr g+ Z/\UU’ fou §
L' u’

Ave

Ne
VT

(24)

The Gaunt factors g are given in Appendix A, as well as the
justification of Eq. (24). It must be pointed out, however, that
this method is not valid for the linear Stark effect of H-like ions.
We then kept for these ions the same pressure widths as in our
reference calculation exposed above. Linear Stark profiles for
H-like ions of CNO are being calculated by Stelhé (1994) and
should be included in future studies.

The effect of using the MSE formula can be seen in Fig. 4,
where the newly calculated g;oq for carbon is compared to the
reference calculation. Are also shown on this figure radiative ac-
celerations for which the pressure width was taken from Eq. (21)
with the two extreme values of y: 1.6 107 and 2.0 10~>. The
last two examples differ by as much as 0.3 dex on average. The
calculation using v = 8.0 10~ does not differ from the more ex-
act MSE calculation by more than 0.1 dex, the agreement being
better in the region 4.7 < logT < 5.4, where the ions whose
widths were used for the calibration of v (C 11l and C1V) are
dominant.

J.-F. Gonzalez et al.: Improvements on radiative acceleration calculations in stellar envelopes

5. Distribution of radiative acceleration among ions and av-
eraging.

In a stellar plasma an element is usually in two or more states
of ionization and a large number of excited levels are signifi-
cantly occupied. In principle, each excited level of each state of
ionization has its own collision cross-section and diffusion coef-
ficient. For neutral states, the collision cross-sections may vary
considerably from one excited level to the next since collisions
between neutrals are influenced by the radius dependence of
the electron distribution. For excited states of ionized elements,
however, the collision cross-section depends on the coulomb
field at large distances which essentially depends only on the
net charge of the ion. The dependence of the diffusion coef-
ficient on the state of excitation is considered by LeBlanc &
Michaud (1993). In this paper only the dependence on the state
of ionization is taken into account (see Appendix B).

The averaging of Eq. (15) depends first on the diffusion
coefficients D; of each ion A* and on the choice of the adopted
mean value D. The average adopted here (see Eq. (15))is simply
weighted by the populations: it gives a reasonable evaluation if
the gradient of density remains weak, which is usually the case
in stellar interiors.

This approach allows to separate the solution of the transport
equation from the solution of the rate equations for excitation,
ionization and recombination occurring in the plasma. An exact
solution would require treating together as many Boltzmann
equations as existing atomic states for all the ions present in the
plasma. This would be too demanding in the stellar context.

The basic formulae to evaluate diffusion coefficients needed
for the radiative diffusion calculations are recalled in Ap-
pendix B. They were established in the theoretical frame of the
elastic interaction between spherical particles in a dilute mixture
(Burgers 1969; Chapman & Cowling 1970). A general result for
a positive ion A? is that the diffusion coefficient D; decreases
with increasing ionic charge, proportionally to Z,~ 2, The diffu-
sion coefficients Dy of neutral species are much larger; Michaud
et al. (1979) have suggested to adopt the ratio Dy/D; = 100,
as a first approximation based on a detailed comparison of the
helium results (see Appendix B). This assumption is used to
calculate the mean gg,q from Eq. (15), the neutral case being
simply included with the formal value Z = 0.1.

The total radiative acceleration onion A® appearsin Eq. (11)
as a simple addition of the photon momenta absorbed by all the
bound-bound transitions of this ion and the bound-free transi-
tions of ion A*~!. This neglects possible effects of ionization or
recombination inside the stellar plasma. Any absorbing species
may change its state of ionization before it completely loses
the momentum acquired in the photoabsorption. Therefore this
momentum must be partially attributed to other ions.

After excitation by absorption of a photon, in the ground
state, say, ion A° is in an excited state. It has a finite proba-
bility to ionize (mainly by electronic collisions), before being
scattered by 90° (mainly by collisions with protons) and so los=
ing the effect of the momentum gained by photon absorption.
Since the scattering probability depends on the ionic charge
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(proportionally to D ! or Z2, see below), the effect of the ab-
sorbed photon is lost more rapidly if the element ionizes after
absorption of a photon than if it returns to the initial state. This
consequently modifies the effectiveness of the radiative acceler-
ation and leads one to define an effective radiative acceleration,
geft, that depends not only on photon absorption but also on
the various collision processes involved. An ideal calculation
of gefr requires determining in detail what happens to ion A*
for each final excitation state of each state of ionization. Var-
ious processes are involved, since ionization can occur by the
absorption of another photon, by the successive absorption of
many photons (in which case one should determine the prob-
ability of each of the processes at each stage), by a series of
electronic excitations or by a combination of these processes.
This amounts to calculations of a complexity comparable to
non-LTE calculations and will not be attempted here. An ap-
proximate evaluation of the distribution of the momentum after
absorption is instead proposed.

It involves defining a radiative acceleration for each state of
ionization and a way to approximate the averaging of the con-
tributions of all states of ionization. The radiative acceleration
so couples the various states of ionization and limits the gain in
accuracy achieved by calculating the particle transport with sep-
arate equations for each state of ionization. In order to make it
possible to carry out stellar evolution calculations treating each
state of ionization separately for particle transport (Eq. 13), or
using one average equation when it is sufficient (Eq. 15), we
determine radiative accelerations for both cases.

The distribution correction is of special importance for neu-
tral species, because of two opposite effects: first diffusion in
the neutral state may be dominant, even at high temperature
where ionization is nearly complete, because the diffusion co-
efficient is much larger for neutral than for ionized atoms; but
conversely, its efficiency is reduced by the distribution, because
of its small scattering cross-section which may result in its be-
ing ionized before being scattered. This will be illustrated in
examples below.

Montmerle & Michaud (1976) have described a general for-
malism for the calculation of the average radiative acceleration.
A detailed application to the case of helium is given by Michaud
et al. (1979). They have pointed out that the more efficient re-
actions between ions are those induced by electronic collisions.
After undergoing transition 7, ion A® may either stay in its state
of ionization before losing the acquired momentum or ionize and
then lose its momentum in the state A**! (it is higly unlikely that
it will ionize again, since it is in a low energy level, see Fig. 5).
Recombination processes are generally unimportant compared
to ionization (see Appendix C). This implies distributing be-
tween ions A® and A*! the momentum gained in transition j.
It is distributed in proportions 7;; and 1 — 7;;, where

_ ﬁcoll

Tij = ) (25)
“ ﬂco]l + ﬁion
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Bion being the ionization rate and B, the rate to which ion A*
transmits its additional momentum to the surrounding protons.
We then define an effective radiative acceleration geg by

9o = Tij 9roy
" ) 6)
+ 3,

Gorr 7 = (1 =745) grag-

The radiative acceleration on A* (g%,) is then obtained from

Eq. (12), replacing g,7; with g%, and the total radiative acceler-
ation onelement A is calculated using Eq. (15). The effective ac-
celeration was defined differently in previous studies (Michaud
et al. 1976 or Vauclair et al. 1979). Only the radiative accelera-
tion is here included in g.¢. For accurate calculations, it will be
included in the complete diffusion equation.

The rate (., is inversely proportional to the diffusion coef-
ficient:

kT
ma D;’

Beoll = 27

and its value can be estimated from the formulae given in
Appendix B, neglecting any possible variation with excitation
state.

The evaluation of (., should include direct ionization as
well as possible cascading processes (ionization after succes-
sive excitations and decays) and it strongly depends on the ex-
citation state after photoabsorption. Appendix C recalls general
formulae useful to calculate the different rates of excitation, de-
excitation, ionization and recombination, induced either by the
radiation field B, (T") or by electronic collisions. In principle
this should allow to generalize the results obtained by Michaud
et al. (1979) who treated the case of helium in detail.

For complex atomic structures, we suggest the use of a sim-
plified model which consists in fixing a boundary according
to the probability of excited states to ionize. For example the
different rates are shown in Fig. 5 for several states of C* at
the depth of our stellar model where this ion is dominant. We
have selected the state which is the more often reached by b-b
transitions for each value of the principal quantum number n of
the outer electron. The excitation and de-excitation rates plotted
here are summed over the transitions with An # 0. From this
comparison it can be confirmed that direct radiative ionizations
as well as both radiative and collisional recombination proba-
bilities, are negligible. For all states with n > 3, the more rapid
changes occurring after a photoabsorption are excitation and
de-excitation with rates larger than (., by factors of 100 and
more. This ensures that the relaxation time between the differ-
ent excitation states is short compared to the scattering collision
time scale Teon = 1/8con With protons. Direct ionization appears
more probable than proton collisions for all excited states with
n > 4. For n = 3, the ion will rapidly be excited to an upper
state for which Bion > Beon. Once ionized into C2*, it is in a low
energy level; it is then very unlikely that it will either recombine
into C*, or ionize again before losing its momentum (the rates
for n = 2 levels of C** have relative values comparable to those
of C* shown in Fig. 5). Therefore, for all these rapidly ionized
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Fig. 5. Collisional excitation rate (solid line), collisonal de-excitation
rate (short dashes), radiative de-excitation rate (dotted line), colli-
sional ionization rate (long dashes), radiative ionization rate (dots-long
dashes), and recombination rate (dots-short dashes) compared to Beon
(heavy solid line) for selected levels of C* (see text), at T' = 3.1 10* K
and N, = 1.6 10' cm™>; nis the quentum number of the outer electron

states, we set r;; = 0, while we take 7;; = 1 for the lowest
states belonging to a configuration having a maximum value of
n = 2, since even their excitation rate is smaller than G.o;. From
other comparisons (not shown), this model appears applicable
to the different ions of C, N and O. For iron we will also use
a model in which we set ;; = 1 for the transitions ending in a
state for which the principal quantum number is greater than that
of the fundamental plus one. For the radiative acceleration due
to photoionization, we will suppose that all of the momentum
tranfered to the atom is spent in the newly ionized state.

In Fig. 6 is shown the radiative acceleration due to b-b tran-
sitions obtained for carbon using different options for redistribu-
tion. The correction of Montmerle & Michaud (1976) has little
effect except in the region where g,4 is dominated by the contri-
bution of the neutral state (log 7' < 4.5). This can be explained
by the fact that they only used the radiative ionization to com-
pute Gion and that the neutral atom, whose G is smaller, may
be the only ionization state for which radiative ionization domi-
nates. The radiative acceleration calculated with our correction
is reduced by 0.2 dex with respect to the reference calculation,
and, as expected, the effect is greater for the neutral state, where
the difference can reach 1.2 dex. The lower curve shows the ra-
diative acceleration computed in the limit where ionization is
dominant for all states, that is r;; = O for all transitions.

6. Radiative acceleration due to photoionization

Since the OP atomic database contains photoionization cross-
sections for all levels, it is now possible to study the impor-
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Fig. 6. Radiative accelerations for carbon (b-b transitions) computed
without distribution (reference calculation, dotted line), with the distri-
bution model proposed by Montmerle & Michaud (1976, short dashes),
with our distribution model (solid line), and in the limit where g7, is
entirely distributed to ion A®*! for all transitions (long dashes)

tance of photoionization on the radiative force. In the past, the
contribution of photoionization to the radiative accelerations
could only be evaluated in the hydrogenic approximation (e.g.
Michaud 1970).

As discussed briefly in Sect. 2, during photoionization, only
part of the momentum of the photon is transferred to the ion.
The factor fion introduced in Eq. (11) is needed for every en-
ergy level in order to properly calculate radiative acceleration
due to photoionization. The only known quantum calculation
of this correction factor is for the hydrogen fundamental state
(Sommerfeld 1939). The correction factor in that case is

8 hv — x

fion=1“§ h ’

(28)

where v is the frequency of the ionizing photon and y the ion-
ization energy threshold. Calculations of fi,, for any nl orbital
in a central potential are in progress (Massacrier 1994). The
values of fio are also needed for complex ions. They cannot be
computed from OP data; moreover, their extensive calculation
would have been more lengthy than those performed by OP.

In this paper, we use the correction factor given above for
all the energy levels of the elements studied. Examples of the
possible importance of fis, are given in Fig. 7. By adding the
correction factor, the radiative acceleration due to photoioniza-
tion can be diminished by as much as 0.9 dex for carbon and up
to 0.4 dex for iron.

Alecian (1994) developed a method of approximation for
the radiative acceleration due to photoionization, but as he men-
tioned, his method is not valid for abundant elements like CNO
or Fe.
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Fig. 7a and b. Radiative acceleration due to photoionization computed
with fion = 1 (dotted line) compared to the one calculated with fion
given in Eq. (28) (solid line): a for iron, b for carbon. The monochro-
matic opacity is that of Borsenberger et al. (1979) in both cases

Examples of the relative importance of both b-b and b-f
transitions are given for iron in Fig. 8. The radiative acceleration
is increased by a maximum of 0.2 dex when photoionization is
included.

7. Discussion

This paper puts together, from the many papers that have been
published pertaining to radiative acceleration calculations, the
various processes that need to be included to obtain accurate
radiative accelerations. Emphasis has been put on the improve-
ments made possible by using the atomic databases that have
become available recently and on approximations that need im-
proving.

For abundant ions, the broadening mechanism plays an im-
portant role in determining the radiative acceleration. A sys-
tematic use of semi-empirical approximations is proposed for
the quadratic Stark broadening (Sect. 4) using the OP data. The
broadening is specially critical for hydrogenic ions where the
linear Stark effect is dominant. New calculations are currently
underway for these ions (Stelhé 1994). They should be used in
future work.

It has been shown how electronic excitation, electronic ion-
ization, atomic scattering and photo-absorption cross-sections
all play an important role in the distribution of the momentum
absorbed from the radiation field among the various ionization
states of the absorbing atomic species (Sect. 5). A simple model,
based on a comparison of collision rates for the important pro-
cesses, has been derived and shown to lead to reasonably accu-
rate radiative accelerations for most cases. A more exact evalua-
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Fig. 8. Total radiative acceleration for iron (solid line) together with
the contributions of b-b transitions (reference calculation, dotted lines)
and of b-f transitions (with fi, from Eq. (28), dashed line)

tion would require very elaborate calculations of the successive
excitations and de-excitations following all photon absorptions.

The photoionization cross-sections calculated in the OP
have made it possible to include the contribution of the
bound-free transitions to the radiative acceleration calculations
(Sect. 6). These however also require an evaluation of the frac-
tion of the photon momentum given to the electron after ioniza-
tion, demanding further calculations since it is currently avail-
able only for the ground state of hydrogenic ions.

Accurate radiative acceleration calculations consequently
require determining not only how many photons are absorbed
by each atomic element but also the state each ion is in after
the absorption as well as the process causing the absorption
since the distribution of the momentum among the ionization
states is important and since special corrections must be applied
after some processes, such as photoionization. The OP data base
contains most of the needed information, except those necessary
to calculate fion.

In the calculations of radiative accelerations done up to now
ithas been assumed that the continuum spectrum had a relatively
simple form (see Sect. 3). This caused significant uncertainties
in the radiative acceleration calculations, since the opacity at
the frequency of absorption determines the fraction of the pho-
tons of that frequency absorbed by an ion (see Eq. (7)). It is
now possible to calculate the opacity as a function of frequency
using the OP data and use these for the radiative acceleration
calculations (see Sect. 3). This was done here assuming that the
main contributions to the opacity came from H, He, C, N, O
and Fe. This led to the construction of a large table contain-
ing separately the contribution of H, He, C, N, O and Fe at
each of 4000 frequency values, at each of 21 densities and at
each of 50 temperature values. Although the total of some 50
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Fig. 9. Radiative acceleration for carbon. The reference calculation
(dotted line) is compared to the calculation including all corrections
mentioned in Sects. 3 to 6 (solid line)

Megabytes of data per element is large, it can be handled by
modern computers. It is being used to calculate radiative accel-
eration calculations as a function of abundances for C, N, O and
Fe which will be published separately (Gonzalez et al. 1994;
LeBlanc & Michaud 1994). It would of course be preferable
to include more atomic species in the continuum opacity cal-
culations but the size of the data files required would become
prohibitive for applications.

An example of the effect of all the corrections mentioned
above is shown on Fig. 9 for carbon (solid line). The dotted
line gives the reference calculation. Additional calculations of
linear Stark broadening (Stehlé 1994) and of fi,, (Massacrier
1994) are underway and are not included. The difference be-
tween the reference calculations and the new ones is large at
T ~ 10° K, where there is a potential effect of linear Stark
broadening since C VI dominates, but it is mainly due to the
inclusion of photoionization (see also Fig 7b) for which the on-
going calculations for fion could be important. The change in
continuum opacity also plays a role (see Fig. 3b). The other
large difference occurs at low temperatures. There it is related
to the redistribution of the momentum absorbed by C1, since it
has been found that ionization by successive collisions reduces
the radiative acceleration considerably, although there remains
some uncertainty in this correction factor. However, diffusion
occurs only below the convection zone, that is for logT" > 4.3
in our standard model, where the latter effect is smaller. It is
still important, though, at the bottom of the convection zone.

The availability of the radiative accelerations on the main
contributors to the opacity (H, He, C, N, O and Fe) and of the
tables containing their contribution to the opacity as a function
of frequency makes it possible to calculate for the first time stel-
lar evolution models containing all aspects of atomic diffusion.

J.-F. Gonzalez et al.: Improvements on radiative acceleration calculations in stellar envelopes

This requires calculating at the same time as stellar evolution,
the particle transport of He, C, N, O and Fe using their radia-
tive accelerations and recalculating continuously the Rosseland
opacity for the mixture, taking into account the changes in abun-
dance of He, C, N, O and Fe. However, detailed calculations of
radiative accelerations for each layer, at each step of evolution
would be too time consuming. The use of faster methods is then
necessary: one can use either approximate formulae, such as that
developed by Alecian & Artru (1990), calibrated according to
the detailed calculations, or tables of radiative accelerations con-
venient for interpolation at the temperature, electronic density,
and abundance of interest. The combination of such methods
with the 50 Megabytes opacity tables mentioned above then al-
lows a simultaneous calculation of evolution and diffusion. The
contributions of over and underabundance to the background
opacity can be taken into account in detail since the contribu-
tion to opacity is stored independently for each of H, He, C, N,
O and Fe at each frequency for all densities and temperatures
of interest.

Such stellar evolution calculations may then serve as ref-
erence showing the effect of unhampered atomic diffusion on
stellar structure. They may be compared to the observations of
AmFm stars as well as those of the Li gap stars in order to
determine the extent of the effect of potential competing hydro-
dynamical processes (turbulence, meridional circulation, mass
loss) on stellar structure.

One limitation of these calculations is that blends are not
taken into account except in some average way (they are in-
cluded in each of the 4000 frequency bins but they are spread
over the bin). Blends could be important for some unabundant
elements that would compete for photons with a strong line
of an abundant element. Taking this into account requires the
precise determination of the position of each line. This line po-
sition is not accurate enough in the OP database. Experimental
wavelengths are used by Kurucz but his database covers only a
fraction of the envelope that is of interest for stellar evolution
calculations.

Finally, from the results of the radiative acceleration cal-
culations presented here, it is already evident that at least Fe
can be supported in parts of the envelope and so lead to over-
abundances, as already found by Alecian et al. (1993). This can
modify the structure of those stars. It could even possibly lead
to pulsations. This will be considered separately (Turcotte et al.
1994). The contribution of photoionization is never dominant for
radiative accelerations. It is however large enough that it should
not be neglected. It could lead to factors of about 1.5 in the equi-
librium abundances of Fe at some places in stellar envelopes.
Consequently it appears that all the processes considered here
should be included in radiative acceleration calculations.
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Appendix A: quadratic Stark widths — MSE approximation
A.l. Neutral atoms

The half Stark width at half-maximum of level , in angular
frequency units, is given by Dimitrijevié & Konjevié (1986):

Awneytral _ 2 N hag _E_H %
2 V27 " me VrT
R, AE, .,
Z RLL’ fw(—LLk_TLL_> )

where the sum runs over all levels 1’ perturbing level L, AE,

(Al)

is the energy difference between levels L and 7', and
_<ifrjr>P?
R, = =, (A2)
Gy
and with
2.27 0.487u
_ 133
fu(w) =€ ln(l + " > + 0153+ 0573 +
U
—_—. A3
7.93 + 3 (A3)

Using the expression of the Bohr radius ag = A% /mee? and
of the Rydberg Ey = mce*/2h%, one gets, for the FWHM in

frequency units:
h2
Av, = X
Vneutal 3m2meer/3mek
RLL’ AELL’ Ne
[ZRLLI (T) 7= o

A.2. Ions

Dimitrijevi¢ & Konjevic (1987) give the full Stark width at half-
maximum of level L, in angular frequency units:

3kT

87 K> [2m, _
Boton = Ne™ 2\ 7T fZRLL’ <2AELL,)’ (83)

where g is the Gaunt factor. They take the values of g(z) given
by Griem (1968) in the case of transitions with An # 0. For
transitions with An = 0, they refine the approximation, using
the modified factor

g(z)=0.7 — + () (A6)

1.1
Z+1
(Dimitrijevi¢ & Konjevi¢ 1980). When the energy of the per-
turbing electrons (3mv? = 3kT') becomes large with respect
to the energy difference AFE, ., the Gaunt factor must tend to-
wards the quasi-classical GBKO result (Griem et al. 1962) given
by Dimitrijevi¢ & Konjevi¢ (1980) in the form:

\/5(1+1n4x(2+1)>.

g(z) = g§(z) = - \2 3—”%'— (A7)
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The FWHM in frequency units can be written:
Avigp = 2 X
o 3TMe/6mmek
3kT N,
R, =,
[Z v <2AELL’> vT A8

A.3. General formula

Equations (A4) and (A8) can be written in the general form:

Av = 3me [Z R, g (A9)
defining
neutral = %fw(%) .
27 z with z = N (A10)
Gion = G(x).

The value R2 , can be calculated from the oscillator strength
fr of transition L — L’ at wavelength X+ (see e.g. Cowan
1981):

61> mee
RLL' = e ‘_e A foor, (A1D)
which gives:
Av = 3hc [Z ALy fLL’ \/— (A12)
The Stark width of a spectral line L — U is therefore

2¢* [ 6rm
A% = 35\ ek

S e i 3+ Aow four | . (A13)
L/ UI ﬁ

Appendix B: diffusion coefficients

The diffusion coefficient D; of ion A® is defined by the diffusion
equation (Eq. (13)). Basic formulae giving D; are established
in the theoretical frame developed in particular for spherical
particles in a dilute mixture by Chapman & Cowling (1970).

B.1. Ions

In the case of ions, the dominant interaction is usually the long-
range Coulomb force with protons. Equations (4-12) of Spitzer
(1968) leads to

2k A+ 752 1
Tmy N, InA’

3R
D 8et Z?

(B1)
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The proton mass and charge are noted m, and e, those of the
considered ion being m 4 = A m, and Z; e. The Coulomb loga-
rithm In A introduces the Debye screening limit in the effective
range of the ion-proton interaction. It is given by the Spitzer
(1968, Eq. (4-13)) formula:

3k k T3/2
itzer = - . B
Aspiver = 573 Z. V& VN, (B2)

To avoid divergence and negative logarithm for increasing Z;
and density, the cut-off value of InA = 0.5 is adopted at the
limit of validity of the model (see e.g. Hansen 1980), so that

In A = max(In Aspiger, 0.5). (B3)

This gives a first approximation which is sometimes suffi-
cient. More accurate values require replacing Coulomb poten-
tials by Debye shielded potentials (Paquette et al. 1986) to cal-
culate diffusion coefficients for the Chapman & Cowling (1970)
or Burgers (1969) formalisms (Michaud & Proffitt 1993).

B.2. Neutral atoms

When the diffusing particle is neutral the interaction with pro-
tons is weaker and it depends on the atomic quantum state
through its polarisability and the radius of its repulsive core.

We recall here the general formulae derived from the theoret-
ical procedure detailed by Chapman & Cowling (1970, pp. 163-
171).

In the model of hard-sphere collision (HS), the diffusion co-
efficient is obtained from Eqs (9.81,1) and (10.22,2) of Chap-
man & Cowling (1970) as a function of an effective core radius
of the atom, 7¢ore:

pus 3 [k [AXTVT 1
° "8\ 27rm, A N 72

When the interaction is due to the atomic polarisability «,
the interaction force is proportional to 3, leading to the for-
mula (from Egs (9.81,1) and (10.31,11) of Chapman & Cowling
1970):

(B4)

pol _ k A+1 lL
O " 2meAi(5)2mp V A N o’

where the value of A;(5) = 0.8 for a repulsive force is given by
Ratel (1975).

Examples of quantitative evaluation are given by Michaud
et al. (1978) for the case of helium. They also applied a more
realistic composite potential including the two previous effects,
that is a short-range repulsion and a long-range attraction. They
found that the HS approximation overestimates the diffusion
coefficient (by a factor of about 5) and that the polarisation
model gives a better estimate.

Equations (B4) and (B5) require the knowledge of the
atomic core radius and of the polarisability. These atomic data
may be found in different compilations such as Radzig &
Smirnov (1985).

(B5)
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Table 2. Ratios Dy/ D, for different atoms. The plasma conditions are
defined by log R, = 2.7 and T such as kT = I,/10

Element Iy (eV) o« (&%) Do/D;
He 2459 021 97
C 1126 175 108
N 1453 L11 93
0 1362  0.80 120
Na 514 24 95
Mg 7.65 11 77
Si 8.15 55 99
Ca 6.11 25 72
Fe 7.87 13 68

The ratio of diffusion coefficients between a neutral atom
and the corresponding first ion is given by the ratio of Egs. (B1)
and (B5) as

D! 5 InA
— =338107°" —. B6
D, VaT?3 (B6)

We have evaluated this ratio in typical stellar enveloppe condi-
tions with R, = 2.7 (see Eq. (16) for definition) for different
elements. The temperature is chosen so that the contribution of
the neutral to the radiative acceleration is dominant: this im-
plies that kT is of the same order of magnitude as one tenth
of the ionization energy of the atom Ij. Using the values of I
and o compiled by Radzig & Smirnov (1985), we found that
v aT?3 varies within a factor of 1.7 only. This leads to a mean
value Do/D; =~ 92 (see Table 2), very similar to the value
Dy/D; =100 adopted in our calculation.

Appendix C: radiative and collisional rates

This appendix summarizes usual approximate formulae which
allow to evaluate the different ionization and excitation rates.
They are needed to calculate what happens to an ion after a
photoabsorption, and to evaluate the distribution of the radiative
acceleration, as shown in Sect. 5.

The rates 3 are defined as the probability per unit time of
the reaction per ion. The functions are written using the fun-
damental constants, to help the comparison with other forms
of similar approximations, given in textbooks, such as Jefferies
(1968), Sobelman et al. (1981), or Mihalas (1978). Major sim-
plifications of the theoretical results arise from the hypothesis
that the reactions are mainly induced by photons of energies
hv much larger that kT" and by weak inelastic collisions with
thermal electrons.

C.1. Radiative processes

The radiative ionization rate used here is given by

8mk3 _
ﬂion,rad = _C—Z—h_:”— T (2] u(z) e™™, (CDH
where the integration over frequencies has been performed
with an hydrogenic variation law for the photoionization cross-
sections, o = oy (uo/u)3, assuming that thresholds satisfy
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ug = hvo/kT > 1. This formula is commonly applied with
the hydrogenic approximation for the threshold cross-section
0o. Here we have instead introduced the values of o taken
from the OP data.

The radiative rates for excitation and de-excitation can be
directly derived from the g f values of the OP database. In our
plasma conditions, only the spontaneous radiative decay may
change the atomic state, the induced processes being less fre-
quent by a factor of the order of exp(—hv/kT).

C.2. Collisional processes

To evaluate the electronic collisional rates, we use the ratio be-
tween corresponding radiative and collisional cross-sections (it
is then limited to allowed transitions) as described by Seaton
(1962). This ratio is approximated by means of the empirical
average Gaunt factor g that has already been introduced for line
broadening (Sect. 4 and Appendix A).

The formulae giving collisional de-excitation and excitation
rates from level L to level L', consistent with detailed balance,
may be written:

47 e e
ﬂex,coll = A 3m A T3/2 fLL (C2)
47 et 1
ﬁde—ex,coll = k k: T3/2 fLL (C3)

The expression of the ionization rate is derived from the
radiative ionization rate (Eq. (C1)):

4e’c e uo

27rme N,
ﬁion ,coll = h

3k \/-— 00 ——

It is equivalent of the one given by Mihalas (1978, p. 134), the
numerical value of the constant coefficient being 1.55 10'3 (cgs-
esu).

The recombination rate for ion A™*! should include all the
ways of recombination towards all possible states of ion A°.
Therefore the total result cannot be expressed in a simplified
formula. To evaluate the recombination rate plotted in Fig. 5,
we have considered the initial ground state of C* and made the
summation over the all possible final states of neutral C, up to
the quantum number n = 6. This example shows a recombi-
nation rate smaller than the ionization one by several orders of
magnitude. This result can be understood using detailed bal-
ance: in the plasma conditions where the radiative acceleration
due to ion A is important, both ions A* and A™*! are signifi-
cantly populated. In this case, the recombination rate is much
smaller than the ionization one since the occupation of the states
causing most ionizations (highly excited states of A%) is much
smaller than that which recombines (the ground state of A™*!).

(C4)
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