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Solar opacities.
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L Introduction.

Solar opacities are key elements in understanding the physical processes in the interior of the Sun.
They influence the details of the nuclear reactions, thus the solar neutrino flux, luminosity and whole
array of physical details. In addition, the blossoming field of helioseismology provides a large array
of accurately measured (between 0.01 and O.04?/0) p-mode oscillation frequencies. Solar neutrinos
and helioseismology are complimentary tools in studying solar structure. The effect of soli~ opacities
on the standard solar models was investigated in the past [1,2], however, as the physical models of
photoabsorption in hot plasmas become more sophisticated, it seem appropriate to re-calculate solar
opacities. The word ‘standard model’ is frequently used throughout this paper and it is described in
Refs 1 and 2. In general, ‘standard model’ means the application of the best available physics to
describe solar conditions. This paper focuses on solar opacities, however the quantum mechanical
model upon which the opacities rest also provide some vital equation of state data. In Section II. We
present a brief description of the of the quantum mechanical basis of the calculations and in Section
111we present computed data.

11. Quantum mechanical basis of opacity calculation.

There are numerous publications about the details of opacity calculations. For a quick review of the
current status of opacity models the reader is referred to the WorkOp-111: 94 report of the Max-Planck
Institut fir Quantenoptik[3]. Additional papers addressing the quantum mechanical details of hot
plasmas together with the computation ofphotoabsorption were pubiished ek.ewhere [4,5,61,herewe
only recall the essential elements.

The photoabsorption cross section in hot plasmas can be broken down into five components;

cr(h\~) = rsbb(hv) + obf (hv) + aff(hv) +crsc(h\~) +crp’’r(hv) ( 1)



where the superscripts stand for the processes bound-bound, bound-free, free-free. scattering and pair
production, respectively In the soiar interior he cross seclion is dominated by one ore mol-e of the

above components. In the interior. the photoabsorption is dominated by the free.f’ree process, which
is inverse bremsstrahlung. whereas in the olxer regions where the heavy elements are only
partially ionized, the bound-bound and bound-firee processes are dominant, Scattering and pair
production are important only at very high photon energies and they have insignificant roles.

The bound-bound or line cross sections usually involve a large number of’spectral lines and they are
given by

G .I+n,,,(hv) = $a~W(P)pn, (P)Av(n’I’, P)hv-&-Q2(nl;n’l’ )bml+n,,,(hw P)
F (~)

In Equ,(2) tr+n’1’ means a transition when an electron is elevated from a quantum level nf to n’1’ in

a certain many-electron configuration P. Equ. (2) can easily be generalized for j-j coupling. The

number of nl+n’1’ (or rrlj+n’1’j’ in j-j coupling) transitions can be very large due to the number of

many-electron configurations. A major part of any opacity code is to obtain a sufficient rtumber of’

many-electron coni5grsrations and the statistical distribution W(P), In Equ.(2) cx stands for the fine

structure constant, p“i for the occupancy of the initial level, Av for the availability of the final level,

hv for the photon energy, Q for the dipole transition integral and b for the line-shape function which

is a crucially important element. Since Equ. (2) uses the distribution of the many-electron states, it is

labeled as “detailed conllguration accounting’’(DCA). Details of computing line arrays can be found

in refs. 5 and 6.
We note that the calculations presented here were done within the framework of the ion-sphere

model, For each Z component a radius is given determined by the total plasma density and by the
requirement that the electronic Fermi leve~ for each Z component be the same. The number of
electrons within the ion-sphere radius must be equal to Z, the nuclear charge, which assures charge
neutrality within the ion-sphere.
Photoionization is analogous to the line transition except that the final state is in the continuum.
There, the line shape fimction is replaced by the density of the final states. The computation of the
density of the final states together with the proper normalization of the continuum wave functions are
not entirely trivial, and they are not identical in the ion-sphere and in Debye-Huckel type models. In
the ion-sphere model the density of states of an I partial wave in the wKB approximation is given by

where rt and ro stand for the inner turning radius and the ion-sphere radius, respectively and E is the

continuum ener-q. If the radial wave function R!.,(r) is normalized to unity within the ion-sphere,
then the proper continuum wave timction is

F,.(r) =[II(E)I”2 RtAr) (4)

— —
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It is easy to show that in the limit when the ion-sphere goes to infinity, which is also the Debye-
Huckel limit we have

(5’)

Wherej stand for the sphe~cal Bessel function, k for the wave vector and 6 for the phase shitl,
respectively.
In the Debye-Huckel limit when r~ +X the continuum wave functions given by Eq.(4) are
normalized on the energy scale in the standard fashion as

jFl,c(r)F,,cr’dr =5(G- 81)

The photoionization process, just like the spectral line accounting, has to be done within the DCA

approach with the net effect that the DCA approach predicts a set on m photoiorrimtim edges inthe

vicinity of the average n] edge.

In the solar interior the dominant photoabsorption process is free-free absorption or inverse
bremsstrafdung. Inverse bremsstrahlung is calculated by using Kramer’s classical cross section
multiplied by the so called free-free Gaunt factor which accounts for the quantum mechanical
corrections. The cross section is given by

daff (hv) = —
1lb~ z*e4a _

3J3
gff (kik~ )f(si)d&i (6)

(hv)’

where f(c) stands for the energy distributicm of free electrons in the ion-sphere volume of the central
ion and g for the free-bee Gaunt factor, which is a fcmction of the initial and final wave vector of the
continuum electrons. In the low photon energy limit, whlcb the most important in the case of inverse
bremsstrahlung, the free-free Gaunt factor is given by [7]—.

gff(kikf )=:-kikf ~(1 + l)sin2[5, (k) -b,+ I(k)] (7)
1=0

A somewhat simpler approach to the free-free Gaunt factor is given by the Bom-Elwert
approximation [8]

where

g:,(kikr)=++I(k,k,)x1‘exp(-znn)q1 – exp(–2rcrl’ )

I(kikf) =+ f[2n’\T(q)]’q3dq
e k,

(8)

(9)

z* z*
and ~=r and q’.~

r
In Equ.(9) V(q) id the Fourier transform ofthe potential in which the free electrons move For the
scattering we use the Klein -Nishina formula and pair creation becomes important only above lMeV
photon ener=~.

This summarizes the theoretical background, in the next Section we present computational results.

— —-



III. Computations for the solar plasma.

The Sun consists mainly oh h~dro~en and helium with traces of heavier elements Up to Z=28
The heavier elements play a crucial role in fhe photoabsorption characteristics of the solar plasma,

thus it is important to have a good idea abc,ut the heavy element abundances. There are at least three
proposed heavy element distributions due to Grevesse [9], Aller[l O] and Ross-Aller[ 11] and they
are given in Table 1. and a graphical illustration is shown in Fig. 1, In Fig. I the Grevesse and Aller
distributions are hardly distinguishable, and the only visible difference in the Ross-Aller distribution
is the reduction of the neon and argon components.

Table L Fractional abundances of heavy elements in the Sun.

Element

c
N
o
Ne

Na
Mg
Al
Si
P
s
c1
Ar
Ca
Ti
Cr
Mn
Fe
Ni

Total

Number fraction
(Grevesse, 1984)

0.29661
0.05918
0.49226
0.06056
0.00129
0.02302
0.00179
0.02149
0,00017
0.00982
0.00019
0,00230
000139
0.00006
0.00028
0,00017
0,02883
0.00108
1.0000

Number fraction
(Aller, 1986)

().27983
(),05846
0.49761
(),06869
().00125
0.02552

().00198
0.02672
0.00018
0.01040
0,00019
0.00227
0.00134
0.00007
0,00035
0.00016
0,023s2
0.00114
1.0000

Number fraction
(Ross-Aller, 1976)

0,30279
0.06326
0.50249
0.02699
0.00138
0.02892
0.00241
0.03244
0.00023
0,01151
0,00023
0.00073

0,00163
0.00008
0,00037
0,00019
0.02297
0,00138
1.00000

To the heavy element distribution given by Table I the hydrogen and helium components have to be
added and the number fractions must be properly renormalized. In the actual solar mixture we take
one of the columns in Table 1, add the helium and hydrogen components in such a way that the mass
ffactions of the hydrogen, helium and heavy element components follow the prescription of the
standard solar model. Customarily, the mass fractions of the hydrogen, helium and heavy elements
are labeled by X, Y and Z, respectively In this paper the calculations were done by using the
Grevesse distribution with Z=O.O195. The hydrogen mass fraction x is a function of the solar radius
due to the nuclear reactions in the center region. In Figures 2, 3 and 4 we show X, the solar density
and temperature as a fimction of the solar radius. It should be noted that the presently accepted solar
radius IL is 6.96 xlOi” cm. The data shown in Figs. 2, 3 and 4 were taken from the standard model of



Ref [ 1] and they are very ckme to that of the stzndzrd model of D. Dearborn [12]. Figure 5 shows the
Rosseland mean opacity versus solar radius for the Grcvcssc mix~urc.
An important quantity is the mdiativc luminosity given by

:ap(kT),13(kT)
L(r):= –4nr’ — —

i%
(10)

R

where ORand p stand for the Roseland mean opacity and plasma density, respectively and

‘1~=~— In Fig, 6 we show three luminosity curves, the solid curve is the total luminosity
13 (lrc)’

given by Dearborn [12] including convective luminosity, and the short dashed and long dashed
curves are the radiative luminosities computed by the author, The short and long dashed curves
correspond to the usage Eq. (7) and Eq. (9) for tbe tlee-free Gaunt factor, respectively.
In Figs. 7 and 8 we show some frequency dependent opacities of the solar mixture at different solar

radii. We show the opacities at the center c,f the Sun corresponding to kT= 1362.1 eV and 157.02 g/cc
density, near half-way from the center at 0.5545 solar radius where the temperature and density are
293.24 eV and 0.7727 ,g/cc, respectively and in Fig. 8 we show the opacity near the photosphere at

r=lb, kT= 1.0724 ev and 9.616X107 .4CC AS is evident from Figs. 7 and 8, as lower temperatures
the spectral lines due to the heavy element components become more dominant,
Next, we investigate some of the equation-of state properties of the solar plasma In Figs. ‘9and 10 we
show the pressure and tbe specific heat CY per particle (electrons and nuclei) as a iimction of the solar
radirs.
For helioseismology the speed of sound is important given by

c=[’ar’c[’(’+2z*-)=T(11)

where c stands for the velocity of light, kT and Mc2 for the temperature and ionic mass in the same

energ units, Z* for the degree of ionizaticm, Yfor the ratio of the specific heats CP/Cv, n for the

degeneracy parameter of the electron gas and the F-s stand with the Fermi-Dirac integrals given by

.
t“dt

‘m“1)= [ exp(t – q) + 1

The specific heats are given by

where the superscript ‘el’ refers to the contribution from the plasma electrons. In thk work for C;

and q we take the values as determined by the self consistent states of the Z components of the solar

plasma. However, since the computation of C; at present is not included in the self consistent

procedure, for the later we take the value determined for a free electron gas,
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[

I F,,, (TI) :F,,, (q) F.,/, (rI) _3~cl=~:+~.
1,

3 F,,,(q) 3 F;,:(rl) 1 (1?)

In Fig. II weshowthe speed ofsound asgivenby Eq. (11). Actually, Fig. 11 shows three barely

distinguishable cumes, the two solid lines are those of the author and D, Dearborn[ 12] and the dashed

line isexperimental, asprovided totheauthor by D. Dearborn, Therelative deviations intbe three

curves of Fig. 11 are les than .1°’6

Conclusion.

The Sun is an excellent object to test the different parts of the physics of the solar model. ‘rhe

opacities and the equation-of state data are closely coupled to determine the equilibrium conditions of

the Sun, thus the solar plasma is veg’ good for testing theoretical models for radiative and equation-of

state predictions. Wkthnew andmore accurate obsemations solar physics till continue to play an

active part in plasma research.
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Fig. 3
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work,
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Solar temperature versus solar radius. The dashed line is given by the
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Fig. 5. Rosseland mean opacity of the solar plasma versus solar radius. The
solid and dashed curves correspond to Eq, (7) and Eq.(8) for the free

-free Gaunt factor, respectively,
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radiative luminosities calculated in this work with the two forms of the free

-free Gaunt factor
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Fig. 9

Fig. 10
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