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ABSTRACT

The standardsolarmodelis one of the mostcompleteand successfutheoriesin modern
astronomy| discusghebasicassumptionsf themodel: hydrostaticequilibrium,enegy trans-
port, thermonucleareactionsandinitial conditions. The successeandfailuresof the model
areillustrated, followed by a brief analysisof the modeldata. A discussionof what canbe
learnedrom the modeldatais presentedisingcompositionegnegy productionandconvection
asexamples.
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1. BasicAssumptions

The Sunis the mostprominentobjectin our sky, andunderstandingt hasbeenone of the primary
focusessincethe birth of modernastronomy Additionally, after the realizationthat the Sunwasitself a
star solarresearctbecamea meandfor investigatingconditionstoo distantto obsere directly. Startingin
the early twentiethcentury astronomer$eganbuilding a model of the Sunthatwould accuratelypredict
the Sun’s obserablefeatures.If the modelcanaccuratelypredictwhatis obsered,thenit is reasonabléo
assumehatit canaccuratelytell astronomersboutwhatthey cannotobsere, bothinsidethe Sunandits
behaior at otherepochs. This modelis known asthe standardsolarmodel,andit hasbeenin a stateof
constantevolution sinceits inception.

The standardsolar model hasfour basicassumptionsthe first being that the sun evolvesin hydro-
staticequilibrium(3). Hydrostaticequilibriumimpliesalocal balancebetweempressurandgravity, canbe

expresseds:
d_P - _ G_er (1)
dr r2
whereP is the pressurep is the density andm is the masscontainednsidethe radiusr. To describethis
conditionin detail, onemustspecifythe temperaturegensity andcompositionof the stellarmaterial. This
combinationis known asanequationof state the simplestof which beingtheideal gaslaw:
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= — 2
m 2)

wherep is the meanmolecularweight, T is thetemperaturef the material,and®_is aconstan{4).

P

The secondassumptiorof the standardsolar modelis that enegy can be transferredn the starvia
radiation,conduction,corvection, and neutrinolosses(3; 4). Radiationand corvectionarethe dominant
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formsof enegy transportanda measuref enegy flow is thetemperaturgradientproducedhrougheach

process:
ar 3kpL
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and
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for radiatve andconductve transportrespectiely, wherek is the opacityof the stellarmaterial,L is thelu-
minosity andy is theratio of specificheatsCp/Cy . Thesewo processesaryin their efficienciesdepending
onthelocal valuesata givenpointinsidethe star

Thethird assumptiorof the modelis thatthermonucleareactionsarethe only sourceof enegy pro-
ductioninsidethe star(3). The thermonucleareactionsthattake placein the coreof a starlike our Sun
are processeshat fuse hydrogennucleiinto helium nuclei, releasingcopiousquantitiesof enegy in the
processTherearetwo processeqr chainsof reactionsthatareresponsibldor thefusionin our Sun,these
arethe proton-proton(pp) chainandthe carbon-nitrogenxo/gen(CNO) chain. Thesechainsaredescribed
in moredetailbelov. Fusionreactiongequirehigh densitiesandtemperatureto take place,andtherefore
arepredominanthyfoundin stellarcores. A measuref the luminosity in starcreatedby thesereactionss
givenby:

dL
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wheres is theenegy productionrate[ergsg~* s1] (6).

Thefinal assumptiorof the standardsolarmodelis thatthe sunwasinitially of a homogeneousri-
mordialcompositionandhighly corvective atits mainsequenceéurn on. Sinceheary elementsareneither
createdhor destrgyedin thethermonucleareactionsn a solartype star they provide arecordof theinitial
abundancesandonly the relative amountsof hydrogenand *helium are an indicator of stellarevolution.
Thestandardolarmodelhasbeensuccessfubverits lifetime in reproducinghe conditionsobseredtoday
and producingscenariodor stellarinteriorsthat arein agreementvith standardphysicsand subsequent
measurementskor example, Turck-Chiezeet al. (5) (5) definetheir model successfulf it corvergesto
solarvalueswith errorslessthangivenin thetablebelow.

Quantity AcceptableErr or
SolarLuminosity Ly, | +5x 1073 L,
SolarAge, t, +0.1x 10° yr
SolarRadius R, +5x 104 R,

Until very recently the biggestshortcomingof the standardsolarmodelwasthe solarneutrinopredic-
tion. Experimenton the earthsetanupperboundfor the numberof neutrinoghatcouldbeproducedn the
sun,andthesenumberdell well shortof the numberof neutrinospredictedoy the standardnodel. Solving
this problemwasthe focusof solarmodelresearctover thelast 30 years. The answemwasrecentlyfound
by (2) whenthey measuredscillationsin thetype of neutrinosemittedfrom the sun.
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2. Standard Solar Model Data

Thenext stepis to insertthemodelassumptiongto acodethatwill generatealuesfor massjuminos-
ity, pressuredensity andcompositionfor eachvalue of stellarradius. Theseessentiaphysicalquantities
canbe combinedn variouswaysto shedlight onthe processesccurringto createthe physicalconditions
insidethe star

2.1. Composition

Equation(2) canbeinvertedto solve for the meanmolecularweightfor a givenregion, which allows
oneto obsenre the overall changein compositionthroughoutthe star This figure shavs the declinein
molecularweightwith increasingradius. This declineis a productof the thermonucleareactionghatare
powering the star As mentionedaborve, during stellar evolution, hydrogenis convertedinto helium in
the hot, densecore. Thatthe staris no longerof a homogeneousompositionis a clearindication of its
evolution. The*helium contentin the coreof the staris enhancedsthe starusesup its fuel, which canbe
seenfrom thenuclearchainsmentionedabore. Thedominantprocesdor converting hydrogerto heliumin
asolartype staris the pp chain,where:

p+p—D+et+ve
D+p—3Hety (6)
SHe+3He—*He+p+p

is known as pp-l, andis responsibldor 84.6 % of solarenegy generationwhere p are protons,D are
deuteriumnuclei,andv andy areemittedneutrinosandphotonsfespecirely. The starhasanotheroption,
pp-ll, which occursif:

*He+*He—'Be+y 7)

followed by furtherstepdeadingto the creationof “helium. This processroducesl 3.8% of solareneny.

The otherprocesamentionedabove is the CNO chain,which alsocorvertshydrogerninto “helium, but
usescarbon,nitrogen,andoxygennucleias catalysts.This processdoesnot dominateuntil 20-25million
degreesKelvin, so in our Sun, wherethe core temperaturas > 16 million Kelvin, this processis only
secondaryproducingthe remainingl1.6 % of solarenegy. The CNO chain playsanotherimportantrole
in the core of a star which is to changeits composition. Carbonis corvertedinto nitrogenthroughthe
CNO processwhich shouldbe obsered asan enhancementf nitrogenanda depletionof carbonin the
core. Both carbonandnitrogengo throughthe catalyticcycle abouta dozentimesover thelife of the Sun,
whereasoxygennucleionly go througha fraction of a cycle (1). Figure?2 illustratesthe fraction of stellar
materialcomposedf hydrogenand*heliumasa functionof radiusaswell asthe CNO catalystscompared
to “helium.

2.2. Energy Production Regions

As discusse@bove, thethermonucleareactionghat power the sunrequirethe high temperatureand
densitiesassociatewvith thecoreof theSun.Equation(5) canberewrittento solve for theenegy production
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rate. Theenegy productionrateis seerto fall off appreciablhby 0.2R,,. Thisfactis furtherseerby noticing
thatthe Sun’s luminosity hasreachedts full valueby 0.2 Ry, telling usthatall of the enegy production
took placeinsidethatradius. Similarly, Bahcallet al. (1) find 95 % of solarluminosity producedwithin
0.21R,, andasimilar calculationof enegy productionfindsits peakat 0.09R;, with half-maximumat0.16
Rs. Anotherinterestingquestionis to askhow differentis the Suntodaythanat its mainsequencéurnon.
This canbeansweredy takinga successfuinodelandcomparingts initial conditionswith presentalues.
Turck-Chiezest al. (5) find thatsincemain sequencéurn on, the Suns luminosity hasincreasedy 30 %,
theradiushasincreasedy 15 %, the coretemperaturéasincreasedby 8 %, thecorepressurdasincreased
by 61 %, andthe centralhydrogernabundancehasbeendepletedoy 50 %.

2.3. Convection

In the outerregionsof a star local perturbationsnay causediscreteregionsto becomeunstable. The
region becomesainstablevhenits densitybecomesppreciablydifferentthanits surroundingsThis density
changewill resultin a buoyang force actingon the region andcausingit to rise or fall. This bulk motion
of materialis corvection, andis animportantprocesshat influencesstellar structureby carryingenegy
andmixing stellarmaterial(4). If we assumehattheregion changesdiabaticallyandthatthe surrounding
region is predominantlhytransportingenegy via radiation,we canwrite down a conditionfor theregion to
be stable:

Urad < Uadb (8)

which is known asthe Schwarzdild stability criterion. The s aretemperaturgradientsandaredefined
as:

3kLP
Hrad = TEmcGmT ©)
theradiatve temperaturgradientand:
dinT
Uado = Dregion = (—) (10)
dinP region

the adiabatictemperatureyradient(4). Whenthe stability criterionis violated (ie-whenthe radiative tem-
peraturegradientis greaterthanthe adiabatictemperatureyradient),the region will becomeunstableand
corvectionwill begin. When corvectionis mostefficient, the adiabatictemperatureggradientis roughly
equalto the total gradient(ie- Uagp = Liot) (4). Thesegradientscanbe calculatedandonecandetermine
wherecorvectionwill play asignificantrole in thestellarstructure Figure4 shavs thatin the outerregions
of the star the radiatve transportis insuficient for carryingall of the enegy. Corvectionis seento be
transportingts maximumfraction of stellarenegy near0.7 R, (6).

3. Closing

AppendixA containsa setof figuresthatcanbe producedwith the datafrom the standardgsolarmodel.
They are mostly self-explanatory and were plotted againstradiusbecaus€in the authors opinion) it is
the mostintuitive way to look at a sphericalbody andadditionally plots versusradiuscontainthe same
informationasplotsversusmasswith theaxesshifted. Notablein theseplotsis a checkon the conditionof
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hydrostaticequilibriumanda ‘bump’ in the individual compositionsearthe cornvective zone. The opacity
was calculatedusing Kramers law, a classicalapproximationto the solar opacity and it experiencesa

minimum nearthe corvective zone.Oncean opacitywasobtainedthe logical next stepwasto look at the

changingopticaldepthinsidethestar Finally, onenoticesthestronglypealeddistribution of *helium,in the

solarinterior. Thisis dueto thefactthat3heliumis quickly consumedy the pp chainsin theinnerregions
of the Sun,but hasno mechanisnfor formationin theouterregions. In the peakregion, 3heliumis produced
via thefirst two reactionsof pp-I, but temperaturearenot high enoughfor the subsequenteactionto take

place.AppendixB containshe | DL codeusedto produceall figuresin this paper

A. Additional figures

Figurescreatedrom standardsolarmodeldata.

A. IDL codeusedto producefigures

filename:/home/france/idétarmocel.pro
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Fig. 1.— Themeanmolecularweightdecreases the outerregionsof the star
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Fig. 2.— Enhancedeliumandnitrogenalbundancesreevidencefor stellarevolution.
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Fig. 4.— Corvectionbecomesmportantwhenthe starcannottransportall of its enegy via radiation.
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Mass and Luminosity as a function of Radius
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Density as a function of Radius
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Solar Opacity using Kramers Law
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