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PropertiesofDenseMatterandEquationof
StateforSupernovaeandNeutronStars
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Abstract:Thepropertiesofdensematterarestudiedwithintherelativisticmean灢fieldtheory.The
equationofstate(EOS)ofdensematterareconstructedcoveringawiderangeoftemperature,

protonfraction,anddensityfortheuseofsupernovasimulations.Therelativisticmean灢fieldtheo灢
ryisemployedtodescribetheuniform matter,whiletheThomas灢Fermiapproximationisadopted
todescribethenon灢uniform matter.TheEOSofneutronstarmatterisdiscussedwiththeinclu灢
sionofhyperons.ItisfoundthattheEOSathighdensitycanbesignificantlysoftenedbythein灢
clusionofhyperons.The1S0superfluidityof毇hyperonsmayexistinmassiveneutronstars.
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1暋Introduction
Thestudyonthepropertiesofdensematter

hasbeenahottopicinrecentyears[1-2].Theequa灢
tionofstate(EOS)ofdensematterplaysanim灢
portantroleinvariousastrophysicalphenomena
suchassupernovaexplosionsandtheformationof
neutronstars[3-4].Greateffortshavebeenmadeto
derivetheEOSforsupernovasimulationsandneu灢
tronstars[5].Mostoftheinvestigationswerere灢
strictedtothecaseofzerotemperatureorhigh
density with uniform distribution of particles,
whichweremainlyaimedatthestudyofneutron
stars,butnotapplicablefortheuseinsupernova
simulations.Sofar,thereexistonlytworealistic
EOS暞s whicharecommonlyusedinsupernova
simulations,namelytheonebyLattimerandSw灢
esty[5]andtheonebyShenetal.[6].TheLattimer灢
SwestyEOSisbasedonacompressibleliquid灢drop
modelwithaSkyrmeforce.TheShen EOSis
basedonarelativistic mean灢field (RMF)model

andusesthe Thomas灢Fermiapproximationina
Wigner灢Seitzcellforthedescriptionofnon灢uni灢
form matter.Recently,aHartreemean灢fieldcal灢
culationwasperformedfortheWigner灢Seitzcellin
non灢uniform matter[7].The Hartree calculation
canincorporatenuclearshelleffects,butitrequires
muchmorecomputationalresources.

WeconstructtheEOSfortheuseofsuperno灢
vasimulationsandneutronstarcalculationsinthe
frameworkoftheRMFtheory.TheRMFtheory
hasbeensuccessfullyandwidelyusedforthede灢
scriptionofnuclearmatterandfinitenuclei[8-14].
IntheRMFapproach,baryonsinteractthrough
theexchangeofscalarandvectormesons,andpa灢
rametersaregenerally determined byfittingto
somenuclear matter properties or ground灢state
propertiesoffinitenuclei.Westudytheproperties
ofdense matterwithbothuniform andnon灢uni灢
formdistributionsintheRMFframeworkadopting
theTM1parameterset,whichwasdeterminedin
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Ref.[15]byfittingsomeground灢stateproperties
ofnucleiincluding unstableones.Foruniform
matter,theRMFtheorycanbeeasilyusedtocal灢
culatethepropertiesofmatter.Fornon灢uniform
matterwhereheavynucleiareformedinorderto
lowerthefreeenergy,weadopttheThomas灢Fermi
approximationbasedontheworkbyOyamatsu[16].
Thenon灢uniform mattercanbemodeledasamix灢
tureofasinglespeciesofheavynuclei,alphaparti灢
cles,andfreenucleonsthatexistoutsideofnuclei.
TheresultsoftheRMFmodelaretakenasinputin
theThomas灢Fermicalculation,sothetreatmentof
non灢uniform matterisconsistentwiththatofuni灢
formmatter.WeconstructtheEOStableofsuper灢
novamattercoveringawiderangeoftemperature
T,protonfractionYp,andbaryonmassdensity氀B

forthe use ofcore灢collapse supernova simula灢
tions[6,17].Recently,theShenEOStablehasbeen
updatedwithanimproveddesignofrangesand
gridsaccordingtotherequirementsoftheEOS
users[18].In addition,non灢nucleonic degrees of
freedom,suchashyperonsanddeconfinedquarks,

havebeenconsideredathighdensitybyseveral
groups[19-21],andtheirEOStablesareconnected
withtheShenEOSatlowdensity.

AsfortheEOSofneutronstarmatter,the
protonfractionisdeterminedbythe毬灢equilibrium
condition.Athigh density,contributionsfrom
non灢nucleonicdegreesoffreedomhavebeenexten灢
sivelydiscussedintheliterature[1-2].Itisgeneral灢
lybelievedthathyperonsappeararoundtwicenor灢
malnuclear matterdensityinneutronstar mat灢
ter[19,22].Thefirsthyperontoappearshouldbe毇
thatisthelightesthyperonwithanattractivepo灢
tentialinnuclearmatter.Fromtheexperimental
bindingenergiesofsingle灢毇hypernuclei,thepo灢
tentialdepthof毇innuclearmatterisestimatedto
be~ 30 MeV[23].Severalrecentobservationsof
double灢毇hypernucleiindicatethattheeffective毇毇
interactionshouldbeconsiderablyweakerthanthat
deducedfromtheearliermeasurement[24].Ithas
beendiscussedthat1S0superfluidityof毇hyperons

mayexistinneutronstars[25].毑hyperonsarenow
consideredtoappearatahigherdensitythan毇,

because毑hyperonsfeelarepulsivepotentialinnu灢
clearmatteraccordingtorecentdevelopmentsin
hypernuclearphysics[19,25].Thepresenceofboson
condensation and deconfined quarksin neutron
stars has been extensively discussed in many
works[1-2,26-27].Generally,theintroduction of
non灢nucleonic degrees of freedom leads to a
softeningoftheEOSandreductioninthemaxi灢
mum massofneutronstars.Therecentmeasure灢
mentoftheShapirodelayintheradiopulsarPSR
J1614灢2230yieldedamassof1.97暲0.04M曆

[28].
Suchahighneutronstarmassprovidesanimpor灢
tantconstraintontheEOSathighdensityand
rulesoutmanypredictionsofnon灢nucleoniccom灢
ponentsinneutronstarinteriors.However,itis
currentlydifficulttoruleoutallpossibleexotica
withthe1.97M曆 observation[29].

2暋Formalism

WebrieflydescribetheRMFtheoryusedin
thiswork.IntheRMFtheory,baryonsinteract
viatheexchangeofmesons.Thebaryonscouldbe
nucleonsinnuclearmatterorincludingallcharge
statesofthebaryonoctetinhyperonicmatter.The
exchangedmesonsmayincludeisoscalarscalarand
vectormesons(氁and氊),isovectorvectormeson
(氀),andtwoadditionalhidden灢strangenessmesons
(氁* and毤)thatappearonlyinhyperonicmatter.
Itiswellknownthatthepionplaysanimportant
roleinmanyaspectsofnuclearphysics.However,

thepionmeanfieldvanishesinthestandardRMF
theory,wheretheeffectofthepionexchangeis
consideredtobecontainedinthemodelparame灢
ters.Thecontributionofthepionexchangecanbe
takeninto accountexplicitlyin someextended
RMF models and relativistic Hartree灢Fock
methods[30-31].

TheeffectiveLagrangianinthemean灢fieldap灢
proximationisgivenas

LRMF=暺
B

焻氉B[i毭毺灥毺 - (MB+g氁B氁+g氁*B氁* )-

·811· 原 子 核 物 理 评 论 第29卷暋



(g氊B氊+g毤B毤+g氀B氂3氀)毭0]氉B-
1
2m2

氁氁2-1
3g2氁3-1

4g3氁4+

1
2m2

氊氊2+1
4c3氊4+1

2m2
氀氀2-

1
2m2

氁* 氁*2+1
2m2

毤毤2, (1)

where氉BisthebaryonfieldandtheindexBruns

overthebaryonoctet(p,n,毇,毑+ ,毑0,毑- ,毊0,

毊- )ifallofthemaretakenintoaccount.Thisex灢
pressioncanbesimplifiedinseveralaspects.For
matterwithnucleonsonly,theindexBdenotesp
andn,andthehidden灢strangenessmesons氁* and

毤donotappear.Formatterincludinghyperons,

wecanneglectthecontributionfromtheexchange
ofthehidden灢strangenessmesonsbysettingg氁*B=

g毤B=0.Ithasbeenfoundthattheattractionfrom

氁* exchangeisalmostcancelledbytherepulsion
from毤exchange[23].Ifweonlyinclude毇hyperons
inadditiontonucleons,theindexBrunsoverp,

n,and毇.
WeadopttheTM1parametersetforthenu灢

cleonicsector,whichcanprovideagooddescrip灢
tionofnuclearmatterandfinitenucleiincluding
unstableones[15].Asforthemeson灢hyperoncou灢
plings,wetakethenaivequarkmodelvaluesfor
thevectorcouplingconstants,whilethescalarcou灢
plingconstantsarechosentogivereasonablehy灢
peronpotentials[19,25].WiththeeffectiveLagran灢
giangiveninEq.(1),thederivationoftheEuler灢
Lagrangeequationsandthefollowingtreatmentfor
theEOSofuniform mattercanbedonedirectly.

Inthelow灢temperatureandlow灢densityregion
whereheavynucleiareformedinordertolowerthe
freeenergy,weadopttheThomas灢Fermiapproxi灢
mationbasedontheworkbyOyamatsu[16].Inthis
approximation,thenon灢uniform matteratfinite
temperatureismodeledasamixtureoffreeneu灢
trons,freeprotons,毩灢particles,andasinglespe灢
ciesofheavynuclei,whiletheleptonsaretreated
as uniform non灢interacting particles separately.
Forthenon灢uniform matteratzerotemperature,

therearenofreeprotonsand毩灢particlesoutsidethe
heavynuclei.Weassumethateachheavynucleus
islocatedinthecenterofacharge灢neutralcell,and
theheavynucleiformabody灢centered灢cubic(BCC)

latticetominimizetheCoulomblatticeenergy.It
isusefultointroducetheWigner灢Seitzcelltosim灢
plifytheenergyoftheunitcell.Weassumethe
nucleondistributionfunctionsni(r)(i=nforneu灢
tron,i=pforproton)intheWigner灢Seitzcellas
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whererrepresentsthedistancefromthecenterof
thenucleus,andRcellistheradiusoftheWigner灢
SeitzcelldefinedbytherelationVcell=4毿R3

cell/3=
a3(aisthelatticeconstant).Thedensityparame灢
tersnin

i andnout
i arethedensitiesatr=0andr 曒

Ri,respectively.TheparametersRiandtideter灢
minetheboundaryandtherelativesurfacethick灢
nessofthenucleus.Rn andtn maybedifferent
from Rp andtp duetotheadditionalneutrons
forminganeutronskininthesurfaceregion.Fora
system withfixedT,Yp,andbaryondensity氀B,

theoptimalstateisdeterminedbyminimizingthe
freeenergydensitywithrespecttotheindependent
parametersintheapproximation.Thefreeenergy
densitycontributed by baryonsispresented by
f= E-( )TS /a3,whereaisthelatticeconstant,

E=Ebulk+ES+ECistheenergypercell.Thebulk
energyEbulkandtheentropypercellScanbecal灢

culatedbyEbulk=曇cell
毰RMFd3randS=曇cell

sRMFd3r ,

where毰RMFandsRMFaretheenergydensityanden灢
tropydensityobtainedintheRMFtheory.Forthe
surfaceenergyESandtheCoulombenergyEC,we
usetheformulagiveninRef.[16].Thesystem
preferstheBCClatticebecauseitgivesthelowest
Coulombenergy.

3暋Results

WeconstructtheEOStablecoveringawide
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rangeoftemperatureT,protonfractionYp,and
baryonmassdensity氀Bfortheuseofsupernova
simulations.AteachfixedT,Yp,and氀B,the
thermodynamicallyfavorablestateisdeterminedby
performingthe minimization ofthefreeenergy
density.Wedecidethephasetransitionfrom no灢
nuniform mattertouniform matterbycomparing
theirfreeenergydensities.InFig.1,weshowthe
phasediagraminthe氀B灢TplaneforYp=0.1,0.3,

and0.5.Theshadedregioncorrespondstothe
non灢uniform matterphasewhereheavynucleiare
formedinordertolowerthefreeenergy.The
dashedlineistheboundary wherethe毩灢particle
fractionX毩changesbetweenX毩<10-4 andX毩>
10-4.Wefindthatheavynucleicanexistinthe
medium灢densityandlow灢temperatureregion.At
lowdensity,thethermodynamicallyfavorablestate
ishomogeneousnucleongaswithasmallfraction

Fig.1PhasediagramofdensematteratYp=0.1,0.3,and

0.5inthe氀B灢Tplane.Theshadedregioncorresponds

tothenon灢uniformmatterphasewhereheavynucleiare

formed.Thedashedlineistheboundarywherethe毩灢

particlefractionX毩changesbetweenX毩<10-4andX毩

>10-4.

of毩灢particles.Theheavynucleiareformedatsome
mediumdensitieswherethefreeenergyofthesys灢

temcouldbereducedbyformingheavynuclei.The
optimalstateisauniform matterwhenthedensity
increasesbeyond~1014.2g/cm3.Itisshownthat
thestarting density ofthe non灢uniform matter
phasedependsonT strongly,whiletheending
densityisnearlyindependentofT.Asthetempe灢
ratureincreases,thedensityrangeofthenon灢uni灢
form matterphasebecomesnarrower,anditdisap灢
pearscompletelyathighertemperature.

Forneutronstar matter,weconstructthe
EOSatzerotemperaturecoveringawidedensity
range.Theprotonfractioninneutronstarmatter
isdeterminedbythe毬灢equilibriumcondition,and
leptonsshouldbeincorporatedinordertokeep
chargeneutrality.ThepropertiesoftheEOSfor
neutronstarswithinthenucleondegreeoffreedom
havebeendiscussedinRef.[21],whilethecontri灢
butionofhyperonshasbeenshownanddiscussed
inRefs.[22,25].InFig.2,weshowtheparticle
fraction,Yi=氀i/氀B,asafunctionofthebaryon
density,氀B,usingtheRMFtheorywiththeTM1

parameterset[15].Itisseenthat毇hyperonsappear
around0.31fm-3,andthenincreaserapidlywith
increasingdensity.毊- and毊0 appearat~ 0.41
and0.75fm-3,respectively.毑hyperonsdonot
appearat氀B<1.0fm-3duetotheirrepulsivepo灢
tential.Wenotethathyperonthresholddensities,

fractions,andeffective massesaredependenton
theRMFparametersused.

Fig.2ParticlefractionYi=氀i/氀Basafunctionofbaryonden灢

sity氀B.
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Weinvestigatethepossibilityofappearanceof
毇superfluidityinneutronstars[25].Westudythe
1S0 superfluidityof毇 hyperonsinneutronstar
matter.WiththeeffectivemassandtheFermimo灢
mentumof毇hyperonsobtainedintheRMFap灢
proach,thegapequationcanbesolvednumerical灢
ly.Weadoptseveral毇毇pairinginteractioninthe
1S0channel.MostofthemarebasedontheNi灢
jmegenmodelsandusedindouble灢毇hypernuclei
studies[32-33].TheND1potentialwasgiveninRef.
[32]asaneffectivesoft灢coreinteractionfittedto
theNijmegenmodelD(ND)hard灢coreinteraction.
AnothersimulationoftheNDinteraction,referred
toasND2,wasobtainedinRef.[33].TheESC00,

NSC97b,NSC97e,andNSC97fpotentialsgivenin
Ref.[33]wereobtainedbychangingthestrength

Fig.3暋1S0 pairinggapof毇hyperonsattheFermisurface

殼Fasafunctionofbaryondensity氀Binneutronstar

matterwiththeESC00,ND1,andND2potentials.

ofthemedium灢rangeattractivecomponentofthe
three灢rangeGaussianpotential,sothattheycould
reproducethescatteringlengthandtheeffective
rangeasclosetovaluesbythecorrespondingNi灢
jmegenmodels.InFig.3,wepresentthe1S0 pai灢
ringgapof毇hyperonsattheFermisurface.Itis
foundthatthemaximalpairinggapisabout0.8
MeVwiththeESC00potential.Thisisbecausethe
ESC00potentialhasthestrongestattractionamong
the毇毇interactionsused.Thepairinggapswith
theND1andND2potentialsareoftheorderof0.1
~0.2MeV.Forotherpotentials,thepairinggaps
areeitherverysmallvaluesorabsent.Thisreflects

thedependenceofpairinggapsonthe毇毇interac灢
tion.Weexaminewhetherthe1S0superfluidityof
毇hyperonscanexistinneutronstars.Bysolving
the Tolman灢Oppenheimer灢Volkoffequation with
theEOSobtainedintheRMFtheory,wefindthat
whetherthe1S0superfluidityof毇hyperonsexists
inthecoreofneutronstarsdependsonthe毇毇in灢
teraction used. With stronger 毇毇 interactions,

suchasESC00,ND1,andND2,the1S0 superf灢
luidityof毇hyperonsmayexistinmassiveneutron
stars.

4暋Summary

Wehavestudiedthepropertiesofdensemat灢
terwithintheRMFtheory.TheEOSareconstruc灢
tedcoveringawiderangeoftemperature,proton
fraction,anddensityfortheuseofsupernovasim灢
ulations.TheRMFtheoryisemployedtodescribe
theuniform matter,whiletheThomas灢Fermiap灢
proximationisadoptedtodescribethenon灢uniform
matter.Thepropertiesofdensematterwithboth
uniformandnon灢uniformdistributionsarestudied
inaconsistent manner.Wehavediscussedthe
EOSincludinghyperonsandthepossibilityofap灢
pearanceof毇superfluidityinneutronstars.Itis
foundthattheEOSathighdensitycanbesignifi灢
cantlysoftenedbytheinclusionofhyperons.With
stronger毇毇pairinginteraction,the1S0superflui灢
dityof毇hyperonsmayexistin massiveneutron
stars.
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致密物质性质和适用于超新星及中子星研究的状态方程

申 虹1),王延楠
(南开大学物理科学学院,天津300071)

摘要:采用相对论平均场方法研究了致密物质的性质,构造了包括较宽温度、同位旋不对称度和密度范围

的适用于超新星模拟研究的状态方程,均匀物质由相对论平均场理论描述,非均匀物质由托马斯灢费米近似

给出。讨论了包含超子自由度的中子星物质的状态方程。计算结果表明,包含超子可以有效地软化高密度

区的状态方程,毇超子的超流态有可能存在于大质量中子星内部。
关键词:相对论平均场理论;状态方程;超新星;中子星
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