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Introduction

Since the early 70s, our research group at the Institute of Astrophysics of Liege has been
using an evolution code derived from the Henyey code. This code has been continu-
ously updated. Nevertheless, with the progress of asteroseismology, it became clear that
the frequencies and the stability of the oscillation modes were too sensitive to details of
the model, which were unimportant for the computation of stellar evolution. It was thus
decided to write a new code, meeting the specific requirements of our studies in asteroseis-
mology. This code has been named Clés. It is the acronym for Code Liégeois d’Evolution
Stellaire. It is still in an active phase of development. The code is intended to be easily
customized to the needs of the user.

In the presentation of Clés I made at the ESTA meeting in Nice (Scuflaire, 2005) I insisted
on the differences between Clés and CESAM and J. Montalban and Y. Lebreton (2005)
compared evolutions computed by theses codes, after having brought the physics of both
codes closer to each other. The computed evolutions turned out to be in very good
agreement, though both codes rely on completely different numerical approaches.

In the present talk, I will briefly describe some features of the current version of Clés
(version 18) and say a few words about the developments in progress. I will emphasize
a few points which are probably not very important by themselves but which cannot be
neglected in detailed comparisons of evolution codes: the adopted values of the physical
constants and the ambiguities in the definition of the standard GN93 mixture.

Numerics

Clés is a lagrangian code. Finite difference equations of order two are used for the dis-
cretization of the spatial equations. The mesh is automatically adapted so as to limit the
variations of physical variables from one point to the next one. The default criteria used
to choose the mesh size are

Ar/R<5x107%, Am/M <5x107%, AP/P <5x 1072 and AT/T < 1072.

Unfortunately, no effort has been made to increase the number of points near the bound-
aries of convective zones. With these criteria, a 2 M, model starts its evolution on the
Hayashi track with 700 points and reaches the zero-age main sequence with 1150 points.



The same total number of points is approximately kept along the main sequence, with
local additions or deletions of points. A simple command allows the user to require a finer
or a coarser mesh.

The finite difference scheme written to follow the time evolution of the abundances is of
order one to avoid numerical instabilities. The timestep is chosen to limit the variations
of the physical variables from one model to the next. For instance, for a 2 My model in
its PMS or MS phases, the following default limitations are imposed on the variations of
the physical variables from one model to the next.

| AT/T | AP/P | ATJT. | AL/L | AX. |
if 7, <1.6x 107 [4.0x 107 [ 5.0 x 107 [ 4.0 x 1072 | 1.0 x 107 [ 1.0 x 1072
if 7,>1.6x 10" [5.0x 1072 | 7.0x 1072 | 7.0 x 107* | 3.0 x 1072 | 1.0 x 1072

The evolution sequences are normally started on the Hayashi sequence. With the above
criteria, a 2 Mg model evolution needs 125 steps for the pre-main sequence, 75 steps for
the main sequence and 20 steps for the second gravitational contraction.

The timestep may be increased or decreased according to the needs of the user. It is also
automatically reduced when the resolution of the spatial equations becomes too slow.

Equation of state

Two equations of state (EOS) are implemented, CEFF (Christensen-Dalsgaard and Dép-
pen 1992) and OPAL 2001 (Rogers et al. 1996, Rogers 2001). OPAL comes in tabular
form, but tables have also been built for the CEFF EOS (to accelerate the computations).
We were not satisfied with the OPAL interpolation routines. We use our own interpola-
tion routines which ensure the continuity of the first derivatives at cell boundaries in the
four-dimensional space defined by the variables log p, logT’, X and Z. The detailed metal
mixture is supposed to be unimportant for the EOS (and cannot be changed for OPAL).

J. Montalban and Y. Lebreton (2005) have shown how the inconsistencies in the OPAL
thermodynamic quantities, first pointed out by Boothroyd and Sackmann (2003), may
affect the comparison of evolution sequences computed by different evolution codes.

Opacity

Clés uses the OPAL opacities (Iglesias and Rogers 1996), completed with the opacities of
Alexander and Ferguson (1994) at low temperature. The tables are merged in a smooth
way. In the temperature domain logT € [3.9,4.15] where the opacity is defined in both
tables, Clés uses an opacity x defined as the average

logk = (1 —60)logkar + 0logropar ,
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Figure 1: The opacities of Alexander and Ferguson (1994) and OPAL are merged using
the function 6.

where 6 is the third degree polynomial in log T illustrated in Fig 1.

Again we use our own interpolation routines in the four variables log R, logT’, X and Z,
where R = p/T¢. At the present time, the metal mixture is fixed for the computation of
the opacity, within a given model. A few tables are available for different metal mixtures

and new tables are easily computed.

I will discuss later how the ambiguity about the widely used GN93 metal mixture can
affect the opacities.

Nuclear energy generation

The following reactions are taken into account in Clés.



p-p chains:
2 H—2H+et +v
H+'H — 3He + v
23He — ‘He +2 'H
3He + ‘He — "Be + v
Be+e — Li+v
Li+'H — 2 ‘He
Be+'H—2%He+et +v+7

CNO cycles:

PC+H-"BC+et+v+ny
136+1H—>14N—|—’}/

14N—|—1H—>15N+€++V—|—’7
BN+ 'H — 12C + *He
BN 4 TH — 190 +

YO+'H—-1"O+e" +v+7y
17O+1H—>14N+4He
18O+1H—>15N+4He

He combustion:
3 4He — 2C+ v

2C +4He — 190 + ~
UN +4He - 80 +em + v+~
160 4 4He — 2°Ne + v

We follow thoroughly the combustion of ?H and "Li. Only unstable species (as "Be, *N,
150 and '"F) are supposed to be at equilibrium.

We have already implemented the main reactions of the helium burning phase but we
have yet to improve our code to be able to accurately follow this phase of the evolution
(semi-convection, equation of state, opacity).

The Caughlan and Fowler (1988) reaction rates have been used. For MN(p,v)'0, we use
the significantly lower cross-section given by Formicola et al. (2004). A variant of the
program using the NACRE reaction rates in their approximate analytical form (Angulo
et al. 1999) has been written to facilitate the comparisons with CESAM.

The next version of Clés will use NACRE tables instead of analytical fits.

Detailed comparisons between Clés and CESAM showed that the screening factors were
slightly different (a few 107 to 1073) though both programs implemented the Salpeter (1954)
formula.

/ Xi
6 i i

It turned out that a large part of the differences could be ascribed to the value of the
coefficient adopted in Clés (it has been recomputed with recent values of the physical
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constants and is taken as 0.18791 instead of 0.188) and in an approximation in the com-
putation of ¢ (which was computed with the assumption of a GN93 metal mixture). See
J. Montalban (2005, this workshop) for more details.

Gravitational energy generation

There are two different versions of this term in textbooks. In Cox and Giuli (1968) for
instance, we find

as dn;
o= TG g

where the p; are the chemical potentials and the n; the number of moles per gram. In
Kippenhahn and Weigert (1990) we find

ds
€g=—T—.
I dt
The difference between both expressions is not negligible. If we integrate during the whole
main sequence, the difference is of the order of the local internal energy. There is a very
convincing paper of Strittmatter et al. (1970) in favor of the first expression, which can
also be written . a1
e~ _p (1/p)
dt dt
We have adopted this form of €, in the current version of Clés.

Convection

We have implemented the usual mixing-length theory of Bohm-Vitense (1958), also ex-
posed in the textbooks of Cox and Giuli (1968) and Kippenhahn and Weigert (1990).

In a convective zone, it is usual to define four gradients: V,.q > V > V' > V.. To
determine V in terms of V.4 and V.4, one must solve a cubic equation in I', the efficiency
of convection (defined as the ratio of the energy effectively transported by convective
elements to the energy they loose by radiation). In the Bohm-Vitense theory, this equation

reads 9
ZFB + T2 +T = B(Vyad — Vad) ,

where the mixing-length parameter enters the definition of coefficient B. Each term of
the left-hand side of this equation is linked to a gradient difference,

9
ng =B(V,aa—V), T?=B(V-V'), T'=BV —Vu).

From these relations the actual gradient in the convective zone can be expressed as

%szad + (F + 1)Vrad
M2 +T+1 '

V:

>



The usual prescription for the choice of the mixing-length ¢ is
{=aH P,

where Hp is the pressure scale height and « a coefficient, the value of which is determined
by a solar calibration (the value we determine in this way is of the order of 1.8).

Henyey et al. (1965) have described a variant which has been totally or partially imple-
mented in some evolution codes, but not in ours.

Presently, the mesh is not adapted to a rigourous treatment of the boundaries of the
convective zones. This results in some numerical diffusion at the boundaries. This does
not seem to be a major problem but we plan to better describe these boundaries with
double mesh points in a future version of the code.

Overshooting

In the present version of Clés, the extension of the overshooting zone is limited in a rather
conventional way
Toy = Te £ Qo min(Hp, h) ,

where 7. is the radius at the boundary of the convective zone and h its size.

In the standard version of Clés, the gradient in overshooting zones is taken as the radiative
gradient V,.q, whereas in other codes it is taken as the adiabatic gradient V4. However,
one of our PhD student, Mélanie Godard, with the help of Josefina Montalban, has
also implemented the possibility of a choice between the two gradients. This will allow
comparisons with other evolution codes.

Diffusion

We follow the theory of stellar diffusion developed by Thoul et al. (1994). A rather
crude treatment taking into account only three components (H, He and metals) and
neglecting the radiative forces is presently implemented. Pierre-Olivier Bourge, one of
our PhD student, in collaboration with Georges Alecian, is implementing a more detailed
treatment taking radiative forces into account in a particular version of the code.

Atmosphere

The models computed by Clés extend up to the photosphere (7' = T¢) or an optical depth
7 =1, 10 or 100 chosen by the user where they are fitted to a model atmosphere of Kurucz
with overshooting (1998). A grey Eddington atmosphere (without convection) can also
be fitted at the photospheric level.



The GN93 mixture

Table 1 shows the origin of the metal abundances used in OPAL opacities. In a first
step, the 23 most abundant metals (from Li to Ni) have been retained. The values
adopted by OPAL come from three publications: Anders and Grevesse (1989), Grevesse
and Noels (1993) and Grevesse and Sauval (1998). This last publication is more recent
than the Iglesias and Rogers (1996) publication, but private communications have been
exchanged. The normalized number abundances of this 23 elements mixture are given in
column fo3 of the table. In a second step the abundances of the 4 less abundant metals in
this list (F, Sc, V and Co) have been redistributed between their neighbours in the table,
reducing the list to 19 elements (column fi9 of the table).

The precomputed GN93 OPAL opacity table is so widely used for stellar evolution studies
that probably GN93 means the values in the fi9 column.

Another feature of the GN93 OPAL opacity tables is the choice of atomic masses. Table 2
shows the mean atomic masses (column AG89) computed from the isotopic abundances
of Anders and Grevesse (1989) and recent atomic masses (Audi et al. 2003) and the values
adopted for the computation of OPAL opacities. The agreement is generally good enough,
except for Ar where the difference amounts to 10 %. The effects of this difference on the
opacities have been discussed by J. Montalban (2005, this workshop).

A third remark about the GN93 mixture concerns the abundances of Li, Be, B. In the
current version of Clés, we follow the abundance of “Li and in the version in development
we will follow the evolution of °Li, “Li, *Be, 1B and 'B. So we need initial abundances.
Because of the possibility of partial nuclear processing of these elements in the Sun, we
prefer to adopt their meteoritic values (contrary to the case of the other metals). Table 3
gives the meteoritic and photospheric abundances of these elements according to Anders
and Grevesse (1989) and Grevesse and Noels (1993).

With these three remarks, I wanted to stress the ambiguity of the definition of the GN93
metal mixture. This term has certainly not the same meaning for everybody, as was
shown by J. Montalban (2005, this workshop). It does not define the abundances of the
elements in a unique way and must be completed by isotopic abundances.



Table 1: The GN93 mixture as used in OPAL opacities, log A refers to logarithmic abun-
dances in an arbitrary scale while f refers to normalized (sum = 1) number abundances.

log A number abundance
AG89  GN93  (CS98 OPAL fys f1o

6 C | 856 855] 852 855 |245518¢-1 2.45518e-1
7 N | 805 7.97] 792 797 | 6.45777c-2  6.45777c-2
8 O | 893 8.87] 883 887 |5.12959%-1
9 F 456 4.56 | 2.51236¢-5

10 Ne | 8.09 8.07 8.08 | 8.31922¢-2
11 Na |[6.33 6.33  6.33 |1.47939¢-3  1.47939¢-3
12 Mg | [7.58 758 758 | 2.63077e-2  2.63077e-2
13 Al |[6.47 6.47 647 |2.04213¢-3  2.04213¢-3
14 Si |[7.55 755  7.55 | 2.45518e-2  2.45518¢-2
15 P |[5.45 545 545 |1.95022¢-4  1.95022¢-4
16 S |[7.21 733 7.21 [ 1.12223¢2  1.12223¢-2
17 Cl | [5.50 550 550 |2.18818c-4  2.18818c-4
18 Ar | 6.56 6.60  6.40  6.52 |2.29130e-3  2.29130c-3
19 K |[5.12 512 512 | 9.12184e-5  9.12184e-5
20 Ca |[6.36 6.36  6.36 | 1.58519¢-3
21 Sc | 3.10 3.14/3.20 [3.17] 3.17 |1.02349¢-6

22 Ti | 499 5.03/5.04 [5.02] 5.02 |7.24574e-5
23 V| [4.00 4.00  4.00 |6.91963¢-6

24 Cr |[5.67 567  5.67 | 3.23655c-4
25 Mn | [5.39 539 539 |1.69857c-4 1.69857c-4
2 Fe | 7.67 7.51 7.50 | 2.18818¢-2
27 Co |[4.92 4.92 492 |5.75549¢-5

28 Ni |[6.25 6.25  6.25 | 1.23050e-3




Table 2: Atomic masses computed from Anders and Grevesse (1989) isotopic abundances
and atomic masses adopted by OPAL.

AG89 OPAL diff.

H 1.007859  1.00790
He  4.002463  4.00260
12.011037 12.01100
N 14.006723 14.00670
8§ O 15999305 15.99940
10 Ne 20.130472 20.17900 0.2 %
11 Na 22.989770 22.98977
12 Mg 24.305052 24.30500
13 Al 26.981538 26.98154
14 Si 28.085509 28.08550
15 P 30.973762  30.97376
16 S 32.064388  32.06000
17 Cl  35.452738 35.45300
18 Ar 36.282786 39.94800 10.1 %
19 K  39.098301 39.09830
20 Ca 40.078023 40.08000
22 Ti 47.878426 47.90000
24 Cr 51.996138 51.99600
25 Mn 54.938050 54.93800
26 Fe  55.846819 55.84700
28 Ni  58.687892 58.70000

N O N~
Q

Table 3: Meteoritic and photospheric abundances of Li, Be and B.

log A (AG89, GN93)

meteor. phot.
3 Li 3.31 1.16
4 Be 1.42 1.15
5 B 2.88 2.60
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