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SOMR OPACITYAND EQUATLONOF S7ATE

W. F. Ihebne.r
TheoreticalDivision,T-4

UniversityGf California,Los Almoe ScientificLaboratory

The disadvantages

photosphereas used in

Abatr8ct

of radiativediffusion

structurecalculations

over radiativetransferin the

is reemphasized.Uncertain-

ties in the opacitydue to uncertaintiesin chemicalcompositionand in

approximationof the physicsare deecribedand estimated. Internalcon-

sistencyof equationof stateand opacityis recommended.
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Energyproducedby nuclearreactionsin the innercore of the ●m is

transportedprimarilyin form of photon radiationoutwardto the photo-

sphereand corom. There the ●nergy manifestsitselfthroughluminosity

and to ● smallermeasure throughthe solarwind. Opacitydeterminesthe

rateof diffusionof the ●nergywhich in turn determinesthe temperature

gradientsand to ● lesserdegreethe temperaturein the core. Since some

nuclearreactionathat produceneutrinosdependsensitivelyon conditions

in the solarinterior,opacityand ●quationof state (EOS)directlyaffect

solarneutrinoproduction.1

I will not describethe detailsof opacitycalculations;for astro-

physicsthis has been d~ne in severalearlierpapers.2-5 Instead,I will

diacu?ssourcesof uncertaintiesconnectedwith opacitiesand indicate

lim.ltsof accuracy,wherepossible,in regardto the followingaspects:

(1)

(2)

(3)

(4)

(5)

Radiativediffusionvs. radiativetransferin the photosphere.

Chan8eaof opacitydue to changesin totalmetal~❑ass abund-

●nce Z relativeto hydrogenand helium.

Charigesof opacitydue to changesin relativeabundancesof

=tals relativeto ●ach other (constantZ).

Changesof opacitydue to.multipoleradiation,relativity,

collective●f?~cts,and ●lectronconduction.

Internalconsistencyof ●quationoi state (EOS)and opacity.

Beforegoing into the detailsthe standardfor compaxiaonmust be

deZined. The opacitiespresentedhere for temperaturesabove 1 ●V were

6
obtainedfromour AstrophysicalOpacityLibrary. This Libraryis based

on two models for the ions: the explicition model for temperaturesless——

than about 100 eW ●nd on the mean ion model for highertemperatures●nd—. —

*1 en= 11605K
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for S- of the higherdensities●t the lowerteq]eratures.Experimental

dats ●nd screeningconstantsare used in the atomicstructuredetenaina-

thas. Opacitiesbased on thesemodelsfor inaivihal elementsheavier

tkmlfg ●re in good●greementwith opacitiesbasedon modelsusinga Thomas-

Fernipotential. The usualprocessesfor opacityc~lculationsare consid-

●red: photoionization,inversebremsstrahlung,lincIabsorptionand scat-

tering.

(1) Radiativediffusionvs. radiativetransferin the photosphere.

RecentlyUlrichand Rhodes’pointedout that even thoughthe structure

of the solar●nvelopedoes not iufluencethe interior

it does determinetit mixing-lengthparameterfor the

Since

solar

solar

solar

the mixing-lengthparameteris sensitiveto the

structuredirectly,

:onvectivezone.

compositionof the

mixture,it is then possibleto test the low-Z (1OUmetal ●bundance)

model that had been inventedto ●zplainthe lack cf detectionof

neutrinos. The ●ffectof low-Zon opacityis descsibedin the nezt

section. Here I want to make a few remarisaboutradiativetransfervs.

diffusionthatmay ●ffectthe solarenvelope.

The diffusion●pproximationto radiationflow is app~opriatefor

conditionswhere localthermodynamic●quilibrium(LTE)is valid and the

gradientof the net radiationflux normalthrougha surface,dFV(~)/drn,is

-11. Under thoseconditions

(1)

.,

is ●bout zero ●nd the zerothmoment (or●ngle averaged)intensityis Jv(~)=

BV(T,:). This leadsto the Rosselandmean opacity



# =“[ [[# ~BV(T)/8T]dv/ [M+(T)/llT]dv.

.

(2)

In theseequationsKv is the mass extinction(absorptioncorrectedfox

(a)‘ tie ~8Z •b~orp-ati.mulated●missionplus scattering)coefficient,Kv

tion coefficientcorrectedfor stimulated●mission(bothdependon density

p and teqerature T) and Bv is the Planckintensityfunction. These con-

ditionsapplyin the solar interiorbut not in the photosphere.Here

precisely,the Rosselandopacityappliesonly underLTE conditionsat

depthsArm= belowthe photospherewhere the opticaldepth

(3)

at frequenciesv betweenspectralabsorptionlinesis large comparedto 1.

If, on the otherhand, the magnitudeof the flux gradientis large

(e.g., Jv s O), then the Planck❑ean opacity

(4)

im obtained. But the flux gradientis largeat ●ll frequenciesonly if the

opticaldepth,Eq. (3),is smallat physicaldepthtimin at the centersof

the strongestabsorption”lines.timin ●nd ArW are measuredinwardfrom

the photosphere(or from somepoint ; ●t which BV(T,;)= O). There is no

●amilydefinedgrey opacitythat appliesbetweenAr~in and Ar
W.x“

Many structurecalculations❑atch the obsewed solar luminosity,but

ignorethe detailsof the boundarylayersparticularlyin the lowerphoto-

sphere. Some●tmospheremodelscorrectthiswith lineblanketin8 ~ropacity

distributionfunctionapproximationsor ● statisticalsampling

Hone of these80 smoothlyover into the Rosselandmean opacity

procedure.

with in-
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creas~ depth. Planckand Rosseland8roupmean opacitiescoupledwith ●n

interpolationsch- that givesPlanckopacities●t Ardn and Rosseland

opacities8tAm= has ●pparentlynot been tried. The largerthe number

photon energy groupsis the closerthe two mean opacities●pproachone

another●nd the closerthe calculationapproachesradiativetransfer.

of

Table I, col~ A is the solarmetal abundanceas takenfrom Cameron’s

coqilationa thatwas used in calculationsof the low temperatureopacities

and EOS presentedin Table II forX= 0.770,Y = 0.212,Z = 0.018. Some of

the more importantmoleculartransitionshave been includedin this table.

Figure 1 illustratesthe ●xtinctioncoefficientas a functionof photon

energy●t ● typicaltemperatureand density. Groupmean opacities,not

presentedhere,can be formedfrom such calculations.The non-LTEcondi-

tions in the chromosphereand in the corona❑ust stillbe consideredsepar-

●tely. Perhapsthe convectionzone belowthe photosphereintroducesgreat-

●r uncertaintiesin the flux and

- 71
ments warrant.

(2) Changesof opacitydue

temperatureprofile

to changesin total

than these improve-

metalsmass abundance

2 relativeto hydrogenand helium.

A referenceBet of opacities,presentedin Table 111,was calculated

for= ●ixturewith X=0.770, Y= 0.212,Z = 0.018and a set for a

metal poor mixtureis

0.0018. The relative

is presentedin Table

the metalpoor to the
.

presentedin Table IV for X = 0.8832,Y ❑ 0.1150,Z =

compositionof the ❑etals for thesetwo calculations

I, ColumnA. The maximumdifferenceof opacityof

ref.rencemixtureis 80% at kT s 200 ev, in the

dennityrange0.2 to 1.0 &I/Cm3.A contourmap of the logarithmof the

Roaaelandopacityfor the refezznceset is shown in Fig. 2 as a functionof

densityand temperature.The bumps ●re due to the shell structureof the



constituentel~nts. AIBO ●bown ●re t6e conditionsfor the standarasolar

model ●a a fmction of radius.g Consultingthis map it is seen that the

maxiDuachangeof opacitydue to the above changein metal abundanceoccurs

●t 0.6 Rd of the standardmodel. Cu-e A in Fig. 3 illustratesthe rela-

tive differenceof opacitiesat temperature-densitypointsas functionof

solarradius.

(3) manges of opacitydue to cbnges in relativeabundancesof

metalsrelativeto each other (constantZ).

To checkthe sensitivityof opacity,to changesof abundancesof

metalswith respectto ●ach other a calculationwas made using the abund-

●nce in ColumnB in Table I. Theseabundancescorrespondtn those given

by Allen.g It shouldbe kept in mind that all thesecalculationsare done

with the AstrophysicalOpacityLibrary.6 This impliesthat the basic

equationof stateand opacitydata for each constituentelementis the same

regardlessof the relativeproportionsiu the mixture. This couldneverbe

guaranteedin previouscalculationswhich alwaysstartedfrom scratch. The

maximumchangeof opacit~relativeto the referencecase is 13% at kT =300

●V ●nd psO.1 g/aa3. Additionalmaximaof 12% occurat kTU60 eV and p=

1 x @ g/cm3and at kT ~1.5 keV and p s1OO g/cm3. The relativediffer-

ence of opacitiesat temperature- densitypointsas a functionof radius

in the standardsolar❑odel is shownin Fig. 3, cume B.

Aa ● furthertest the ●lementsP, Cl, Ti and Mnwere removedfrom the

list givenin Table I, ColumnA and the abundanceof Fe was increasedto

includethe abundancesof Cr and Ni. The metal abundancewas then renor-

malizedto give Z = 0.018. The maximumreductionof opacityrelativeto

the referencemixturewas about6%. This test servesaa a sensitivityin-

dicatorfor completenessof chemicalcomposition.
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(4) Change-of opacitydue to multipoleradiation,relativity,collec-

tive●ffects,●nd electronconduction.

Uhen the photonwavelengthis comparableor smallerthan the size of

the ions,then the dipoleapproximationof the matrix●lementsfor cross

sectionsis insufficient.llultipolecontributionsto the opacitybecme

isportantfor conditionsfoundnear the centerof the sun. Contributions

to the matrix●lementsdue to relativistic●ffects involvethe same para-

=ters. Hultipoleand relativisticcontributionsshouldthereforebe,

consideredtogether. These ●ffectshad in the past not been includedin

solaropacities;they have

the opacitiesas pre~ented

coefficientsas a function

been includedin the bound-freecontributionsto

here. Figure4 illustratesthe mass extinction

of reducedphotonenergyu 5 hv/kTat densities

and temperaturesfoundin the standardsolarmodel. Readingfrom the

bottomup the curvescorrespondapproximatelyto distancesO, 0.2, 0.4,

0.6, 0.8, 0.9, 0.95, 0.995 timesthe solar radiusR8 as ❑easuredfrom the

sun’scenter. The Rosselandweightingfunction,appropriatefor all these

●xtinctioncoefficientcurves,is plottedat the top of Fig. 4. At kT =

1.25keV importantbound-freecrosssectionsinfluencedby multipoleand

relativity●ffectscontributeto the ●xtinctionaboveu s 6 where the

Rosselandweightingfunctionis rapidlydecreasing. At lowertemperatures

thesecontributionsadd-in●t stillhigheru values●nd thusbecome●ven

less important.

Collectiveeffectsto scatteringhave been describedby Watson.
10

These ●ffects reducethe scatteringcrosssectionin high densityplasmas

●t high photon●nergies. Sincescatteringis not ● domirantprocesswhere

the Rosselandweightingfunctionis large●ven ac the highesttemperatures

in the sun, the reductionof the opacityis only ● f= percent.
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TableVpresents opacitiesdue to electronconduction. The largest

effecton the totalRosselandopacity

(5)

●t temperaturesand densitiesappropriateto the standardsolarmodel is ●

reductionby about0.5%.
%?

opacity,respectively.

The net ●ffect fromall

and K ●re thec

correctionsis

radiative●nd conductive

smallsincethey tend to cancel.

(S) Inteml consistencyof ●quationof state (EOS)and opacity.

Sensitivityof the solarneutrinoflux to chan~esin opacityand EOS

has been investigatedby Bahcallet al.ll They foundthat the neutrino

flux is

opacity

pendent

much more sensitiveto localEOS changesthan it is to local

changes. In theiranalysisEOS and opacitywere treatedas inde-

quantities,while in fact (fora constantcomposition)they are

not. Comparirgthe two mixturespresentedin Table I the relativediffer-

●ricesof opacityas a functionof solarradiusare shownby curveB in

Fig. 3. Iricontrastthe relativedifferencesin the EOS are less than

to.1%. Althoughuncertaintie~of EOS have a much biggereffecton bolar

neutrinoproductionthen opacitieshave,the uncertaintiesof opacities

●re ❑uch larger. It appearsthat solarstructurecalculationshawe not

been carriedout with an internallyconsistentset of EOS and opacity. The

tablesprovidedhere are internallyconsistentand show the effectsof

shellstructureat low temperatures.At conditionsappropriateto the

deep solarinterior,shellstructureeffectsdue to the heavierconstituents

●re not clearlydiscernible,but bumps cf the orderof a few percentcannot

be ruledout.



9
.

sumary.

in

so

There does not ●xist ● singleexperimentalverificationof opacities

the temperature-densityregionof interestto solarstructure. This is

becauseopacityis nonlinearwith respectto plasmapropertiessuch as

the densityand temperature●nd attemptsto measuretheseto the required

●ccuracyhave failed. LTB and opticaldepth requirementsrestrictthe ex-

perimentalrangeand fluiddynamiccouplinggreatlycomplicatesinterpreta-

tion of experiments.

All opacitiessre obtainedfrom calculationsbased on well founded

theory. Some●xperimentaldata for crosssectionsand energylevelsare

used;but ●ven thesedata are incompleteand oftenvery sparseand must be

supplementedwith calculatedvalueswhich are fittedor normalizedto.

experimentaldata in neighboringregions. As is the case in most calcula-

tions,approximationsmust be made to keep problemstractable. Thus,

experimentalerrorsin the data and uncertaintiesdue to approximations

must be combinedin the erroranalysis. For thispurposeI have tabulated

the uncertaintiesfor relativeabundancebetweenmetals (Fig.3, curveB),
.

uncertaintiesfor relativeabundancein termsof X-Y-Z,the errorsin basic

opacitydata and uncertaintiesin the atomic❑odel approximations.It is

extremelydifficultto make a complete,quantitativeanalysis. Although

only very few opacityprogramscan handlegeneralastrophysicalmixtures,

●bout ten programs

elementsor simple

●nd atomicnumber.

have been availableto make comparisonsfor individual

mixturesin overlappingregionsof density,temperature

Four of theseopacityprogramsexistat Los Alamos.

Variousindependentinvestigatorshave made comparisonsusing two of my

programs: LEO (li@t elementsopacity)and HEO (heavyelementopacity)as

& ●tandard. In all comparisonsmost disagreementshave been tracedand
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explained. IEO, based on ● scaledHartree-Fockmodel of the ●tom, and HEO,

basedon the Thomas-Fexmipotentialhave alao been comparedwith ●ach other

●nd are in ;oodagreement(betterthan 30%) as alreadyindicatedin the

introduction.From the generalnatureof thesecomparisons,and the many

calculations,studiesof resultsand improvementsthat we have made (see,

●.g.Ref. 5) some ruleshave emergedto estimateopacityuncertainties.

Uncertaintyvaluesare presentedin TableVI as a function@f solarradius

●ppropriateto conditionsin the standardmodel. Since the valuesin

columnsA and B dependon composition,they are correlatedwith radius.

The valueain columnsC are basedprimarilyon uncertaintiesof the p?==ial

photoelectriccross sectionsand the valuesin columnsD take into account

the complexityof the spectralstructureas apparentin Fig. 4. Columns.

C and D dependon atomicstructures(e.g.electronicoccupationnumbers)

uhich changewith temperatureand are thereforeuncorrelated.

I wish to acknowledgethe collaborationof tf.F. Argo,N. H. hagee,

Jr., and A. L. Hertsparticularlyin the productionof tablesand graphs.
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Low Tt?tnperatureEOS and Opacities
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Table 111A

Low Density Rosseland Opacity [an21g], Energy [erg/g], pressure [Ow’c$l

for X= O.770, Y= 0.212, Z=O.018
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Table 111 B

Medium Density Rosseland Opacity [cm*/g], Energy [erg/g], Pressure [dyn/cm2]

for X = 0.770, Y = 0.212, Z = 0.018
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Table Ill c

High Oensity Rosseland Opacity [cm*/g], Energy [erg/g], Pressure [dyn/cm2]

for X= O.770, Y= O.212, 2=0.018
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.
Table IV A

,-

Low Density Rosseland Opacity [cmZ/g], Energy [erg/g], Pressure [dyn/cm2]

for X = 0.8832, Y = 0.1150, ‘Z = 0.0018
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Table IV B

Medium Oensity Rosseland Opacity [cm*/g], Energy [erg/g], Pressure [dyn/cm2j

for X= O.8832, Y= O.1150, Z= 0.0018
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Table IV C

Rosseland Opacity [cm2/g],”Energy [erg/g], Pressure [dyn/cm2]

.

High Density

for X= O.8832, Y= O.1150, 2=0.0018
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Table V

Opacitydue to ThermalElectronConduction[cm2/g]

.2 .5 1

98800 27100 9060
36100 13000
53400 20800
69800 28200
88800 37000

45500
61400
76300
90300

.

2

2300
2750
7490

108OC
14900
18700
26100
32900
39500
51600
62900
73500
93100

5

691
836

1130
1410
3980
5330
7920

10400
12700
17100
21200
25100
32300
38900
46700
53900

10

467
654

10GO
1510
1970
2520
3000
4110
5180
7200
9100

10900
14300
17400
21000
24400

20

128
187
338
499
727
957

1370
1850
1990
2910
3780
4613
6170
7620
9320

10900

50

20.7
31.9
61.5
97.0

155
219
348
484
651
930

1230
1390
1950
2470
3090
3670

100

4.87
7.61

15.3
25.6
42.6
62.8

111
165
222
338
464
588
833

101.0
1290
1560

200

1.12
1.76
3.59
6.16

10.6
16.2
3~.8
47.8
69.4

115
162
217
319
423
5$9
640



Table VI

Sumary of opacityuncertaintiesin X as functionof radius

iu standar~solarmodel.

Composition

o

●2

.4

.6

.8

.9

.95

.995

~ Standard

A B C D Total

10268 14

82810 15

821012 18

611515 22

532020 29

5 7 20”20 30

2 202020 30

072015 26

Low-z

A B C D Total

52548

42659

42 8 6 11

31128 15

341512 20

3 10 15 12 22

1 15 15 12 24

0 10 15 8 20

A= uncertaintydue to relativemetal abundancebetweenmetals.

B = uncertaintydue to a 5% changein Y with 2 held constant.

C = uncertaintyin data (primarilyphotoelectricgronssection).

D s uncertaintyin modelbased on complexityof spectrum.
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Fig. 1. Extinctioncoefficienttc$[cmZ/g]vs. pnotonenergy[eV] at
temperaturekT = 0.5 eV ~nd p = 3 x 10-7g/cm3. Some impo~tant
molecularcontributionsare included. Most of the absorption
linesare of atomicorigin.

Fig. 2. Bqualopacitycontourma; as a functionof temperatureand den-
sity for a standardsolarmixture. The dottedcirclesindicate
conditionsin a standardsolarmodel as a functionof solar
radiusfrom R/Kc= O to 0.995.

Fig. 3. CurveA is the per cent change in opacity of the low-Zmixture
relative to the standard mixture. Curve B is the per cent change
of opacity using the Allen composition of metals relative to the
standard mixture which rises the Cameron composition for the
metals.

Fig. 4. Extinction cc)efficient as a function of u S h~/kT. Curves read
from the bottom up correspond to conditions in a standard solar
model at radii R/R = O, 0.2, 0.4, 0.6, 0.8, 0.9, 0.95,0.995.
The skrongline at”u~ 4 in the top extinctioncoefficientcurve
is the hydrogenW line. The Rosseland weighting function appro-
priate for all extinction coefficient curves is shown at the very
top ● \
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Fig. 1.
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Fig. 2
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Fig. 30
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