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ABSTRACT

The standardsolarmodel is oneof the mostcompleteandsuccessfultheoriesin modern
astronomy. I discussthebasicassumptionsof themodel:hydrostaticequilibrium,energy trans-
port, thermonuclearreactions,andinitial conditions.Thesuccessesandfailuresof themodel
are illustrated,followed by a brief analysisof the modeldata. A discussionof what canbe
learnedfrom themodeldatais presentedusingcomposition,energy production,andconvection
asexamples.

Subjectheadings:models:solar—thermonuclearenergy: production,transport

1. BasicAssumptions

The Sun is the mostprominentobject in our sky, andunderstandingit hasbeenoneof the primary
focusessincethe birth of modernastronomy. Additionally, after the realizationthat the Sunwasitself a
star, solarresearchbecamea meansfor investigatingconditionstoo distantto observe directly. Startingin
the early twentiethcentury, astronomersbeganbuilding a modelof the Sunthat would accuratelypredict
theSun’s observablefeatures.If themodelcanaccuratelypredictwhat is observed,thenit is reasonableto
assumethat it canaccuratelytell astronomersaboutwhat they cannotobserve, both insidetheSunandits
behavior at otherepochs.This model is known asthe standardsolarmodel,andit hasbeenin a stateof
constantevolution sinceits inception.

The standardsolarmodelhasfour basicassumptions,the first being that the sunevolves in hydro-
staticequilibrium(3). Hydrostaticequilibriumimpliesa local balancebetweenpressureandgravity, canbe
expressedas:

dP
dr

� � Gmρ
r2 (1)

whereP is thepressure,ρ is thedensity, andm is themasscontainedinsidethe radiusr. To describethis
conditionin detail,onemustspecifythetemperature,density, andcompositionof thestellarmaterial.This
combinationis known asanequationof state,thesimplestof whichbeingtheidealgaslaw:

P � ρT
�

µ
(2)

whereµ is themeanmolecularweight,T is thetemperatureof thematerial,and
�

is aconstant(4).

The secondassumptionof the standardsolarmodel is that energy canbe transferredin the starvia
radiation,conduction,convection,andneutrinolosses(3; 4). Radiationandconvectionarethe dominant
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formsof energy transport,andameasureof energy flow is thetemperaturegradientproducedthrougheach
process:

dT
dr

� � 3κρL
16πacr2T3 (3)

and

dT
dr

� �
1 � 1

γ � � T
P � dP

dr
(4)

for radiative andconductive transport,respectively, whereκ is theopacityof thestellarmaterial,L is thelu-
minosity, andγ is theratioof specificheats,CP/CV . Thesetwo processesvary in theirefficienciesdepending
on thelocal valuesatagivenpoint insidethestar.

The third assumptionof themodelis that thermonuclearreactionsaretheonly sourceof energy pro-
ductioninsidethe star(3). The thermonuclearreactionsthat take placein the coreof a star like our Sun
areprocessesthat fusehydrogennuclei into helium nuclei, releasingcopiousquantitiesof energy in the
process.Therearetwo processes,or chainsof reactions,thatareresponsiblefor thefusionin ourSun,these
aretheproton-proton(pp) chainandthecarbon-nitrogen-oxygen(CNO) chain.Thesechainsaredescribed
in moredetailbelow. Fusionreactionsrequirehigh densitiesandtemperaturesto take place,andtherefore
arepredominantlyfound in stellarcores.A measureof the luminosity in starcreatedby thesereactionsis
givenby:

dL
dr

� 4πr2ρε (5)

whereε is theenergy productionrate[ergsg� 1 s� 1] (6).

Thefinal assumptionof thestandardsolarmodelis that thesunwasinitially of a homogeneous,pri-
mordialcomposition,andhighly convective at its mainsequenceturn on. Sinceheavy elementsareneither
creatednor destroyed in thethermonuclearreactionsin a solar-typestar, they provide a recordof theinitial
abundances,andonly the relative amountsof hydrogenand4helium arean indicatorof stellarevolution.
Thestandardsolarmodelhasbeensuccessfulover its lifetime in reproducingtheconditionsobservedtoday
andproducingscenariosfor stellar interiors that are in agreementwith standardphysicsandsubsequent
measurements.For example,Turck-Chiezeet al � (5) (5) definetheir modelsuccessfulif it convergesto
solarvalueswith errorslessthangivenin thetablebelow.

Quantity AcceptableErr or
SolarLuminosity, L � � 5 	 10� 3 L �
SolarAge, t � � 0.1 	 109 yr
SolarRadius,R� � 5 	 10� 4 R�

Until very recently, thebiggestshortcomingof thestandardsolarmodelwasthesolarneutrinopredic-
tion. Experimentson theearthsetanupperboundfor thenumberof neutrinosthatcouldbeproducedin the
sun,andthesenumbersfell well shortof thenumberof neutrinospredictedby thestandardmodel.Solving
this problemwasthe focusof solarmodelresearchover the last30 years.Theanswerwasrecentlyfound
by (2) whenthey measuredoscillationsin thetypeof neutrinosemittedfrom thesun.
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2. Standard Solar Model Data

Thenext stepis to insertthemodelassumptionsinto acodethatwill generatevaluesfor mass,luminos-
ity, pressure,density, andcompositionfor eachvalueof stellarradius. Theseessentialphysicalquantities
canbecombinedin variouswaysto shedlight on theprocessesoccurringto createthephysicalconditions
insidethestar.

2.1. Composition

Equation(2) canbe invertedto solve for themeanmolecularweight for a givenregion, which allows
one to observe the overall changein compositionthroughoutthe star. This figure shows the declinein
molecularweightwith increasingradius. This declineis a productof the thermonuclearreactionsthatare
powering the star. As mentionedabove, during stellar evolution, hydrogenis converted into helium in
the hot, densecore. That the star is no longerof a homogeneouscompositionis a clear indicationof its
evolution. The4heliumcontentin thecoreof thestaris enhancedasthestarusesup its fuel, which canbe
seenfrom thenuclearchainsmentionedabove. Thedominantprocessfor convertinghydrogento heliumin
asolar-typestaris the pp chain,where:

p 
 p � D 
 e�
 νe

D 
 p � 3 He 
 γ
3He 
 3 He � 4 He 
 p 
 p

(6)

is known as pp-I, and is responsiblefor 84.6 % of solarenergy generation,where p areprotons,D are
deuteriumnuclei,andν andγ areemittedneutrinosandphotons,respectively. Thestarhasanotheroption,
pp-II, whichoccursif:

3He 
 4 He � 7 Be 
 γ (7)

followedby furtherstepsleadingto thecreationof 4helium.This processproduces13.8% of solarenergy.

Theotherprocessmentionedabove is theCNO chain,which alsoconvertshydrogeninto 4helium,but
usescarbon,nitrogen,andoxygennucleiascatalysts.This processdoesnot dominateuntil 20-25million
degreesKelvin, so in our Sun, wherethe core temperatureis � 16 million Kelvin, this processis only
secondary, producingthe remaining1.6 % of solarenergy. TheCNO chainplaysanotherimportantrole
in the coreof a star, which is to changeits composition. Carbonis convertedinto nitrogenthroughthe
CNO process,which shouldbe observed asan enhancementof nitrogenanda depletionof carbonin the
core.Both carbonandnitrogengo throughthecatalyticcycle abouta dozentimesover thelife of theSun,
whereasoxygennucleionly go througha fractionof a cycle (1). Figure2 illustratesthefractionof stellar
materialcomposedof hydrogenand4heliumasa functionof radiusaswell astheCNO catalystscompared
to 4helium.

2.2. Energy Production Regions

As discussedabove, thethermonuclearreactionsthatpower thesunrequirethehigh temperaturesand
densitiesassociatedwith thecoreof theSun.Equation(5) canberewrittento solvefor theenergy production
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rate.Theenergy productionrateis seento fall off appreciablyby 0.2R� . Thisfactis furtherseenby noticing
that the Sun’s luminosity hasreachedits full valueby 0.2 R� , telling us that all of the energy production
took placeinsidethat radius. Similarly, Bahcallet al � (1) find 95 % of solar luminosity producedwithin
0.21R� , andasimilarcalculationof energy productionfindsits peakat0.09R� with half-maximumat0.16
R� . Anotherinterestingquestionis to askhow differentis theSuntodaythanat its mainsequenceturn on.
Thiscanbeansweredby takingasuccessfulmodelandcomparingits initial conditionswith presentvalues.
Turck-Chiezeet al � (5) find thatsincemainsequenceturn on, theSun’s luminosityhasincreasedby 30 %,
theradiushasincreasedby 15%, thecoretemperaturehasincreasedby 8 %, thecorepressurehasincreased
by 61%, andthecentralhydrogenabundancehasbeendepletedby 50 %.

2.3. Convection

In theouterregionsof a star, local perturbationsmaycausediscreteregionsto becomeunstable.The
regionbecomesunstablewhenits densitybecomesappreciablydifferentthanits surroundings.Thisdensity
changewill resultin a buoyancy forceactingon theregion andcausingit to riseor fall. This bulk motion
of materialis convection,andis an importantprocessthat influencesstellarstructureby carryingenergy
andmixing stellarmaterial(4). If weassumethattheregionchangesadiabatically, andthatthesurrounding
region is predominantlytransportingenergy via radiation,we canwrite down a conditionfor theregion to
bestable:

∇rad � ∇adb (8)

which is known astheSchwarzchild stability criterion. The∇s aretemperaturegradients,andaredefined
as:

∇rad
� 3κLP

16πacGmT4 (9)

theradiative temperaturegradient,and:

∇adb
� ∇region

� �
d lnT
d lnP � region

(10)

theadiabatictemperaturegradient(4). Whenthestability criterion is violated(ie-whentheradiative tem-
peraturegradientis greaterthanthe adiabatictemperaturegradient),the region will becomeunstableand
convection will begin. When convection is most efficient, the adiabatictemperaturegradientis roughly
equalto the total gradient(ie- ∇adb � ∇tot ) (4). Thesegradientscanbecalculatedandonecandetermine
whereconvectionwill playasignificantrole in thestellarstructure.Figure4 shows thatin theouterregions
of the star, the radiative transportis insufficient for carryingall of the energy. Convection is seento be
transportingits maximumfractionof stellarenergy near0.7R� (6).

3. Closing

AppendixA containsasetof figuresthatcanbeproducedwith thedatafrom thestandardsolarmodel.
They are mostly self-explanatory, andwere plottedagainstradiusbecause(in the author’s opinion) it is
the most intuitive way to look at a sphericalbody, andadditionally, plots versusradiuscontainthe same
informationasplotsversusmass,with theaxesshifted.Notablein theseplotsis acheckon theconditionof
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hydrostaticequilibriumanda ‘bump’ in theindividual compositionsneartheconvective zone.Theopacity
was calculatedusing Kramer’s law, a classicalapproximationto the solar opacity, and it experiencesa
minimumneartheconvective zone.Onceanopacitywasobtained,the logical next stepwasto look at the
changingopticaldepthinsidethestar. Finally, onenoticesthestronglypeakeddistributionof 3helium,in the
solarinterior. This is dueto thefactthat3heliumis quickly consumedby the pp chainsin theinnerregions
of theSun,but hasnomechanismfor formationin theouterregions.In thepeakregion,3heliumis produced
via thefirst two reactionsof pp-I, but temperaturesarenot high enoughfor thesubsequentreactionto take
place.AppendixB containsthe IDL codeusedto produceall figuresin thispaper.

A. Additional figures

Figurescreatedfrom standardsolarmodeldata.

A. IDL codeusedto producefigures

filename:/home/france/idl/solarmodel.pro
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Fig. 1.— Themeanmolecularweightdecreasesin theouterregionsof thestar.
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Fig. 2.— Enhancedheliumandnitrogenabundancesareevidencefor stellarevolution.
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Fig. 3.— Most stellarenergy productionoccursin thecore.
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Fig. 4.— Convectionbecomesimportantwhenthestarcannottransportall of its energy via radiation.
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Mass and Luminosity as a function of Radius�
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Carbon Fraction as a function of Radius�
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Fig. 5.—
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Solar Opacity using Kramers Law
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Heavy element abundances as a function of Radius*
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Enhanced metallicity traces energy production.
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