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Abstract:Wehaveinvestigatedtheincompressibilityofasymmetricnuclear matterwithinthe
Brueckner灢Hartree灢Fockapproachextendedtoincludeamicroscopicthree灢bodyforce.Theisospin灢
dependenceanddensity灢dependenceofthenuclearincompressibilityhavebeenobtainedanddis灢
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1暋Introduction
Oneofthemainaimsofheavyioncollisions

(HIC)inducedbyradioactivebeamsistoextract
reliableinformationabouttheequation ofstate
(EOS)ofasymmetricnuclear matter,especially
thehighdensitybehaviorofsymmetryenergy[1-2].
Nuclearmatterincompressibilityisanimportant
propertytocharacterizetheEOSofnuclearmat灢
ter.Anaccurateinformationofthenuclearmatter
compressibilityisnotonlycrucialfordescribing
manybasicpropertiesoffinitenucleiandthedy灢
namicsofHIC,butalsoplaysakeyroleinunder灢
standingtheneutronstarstructureandsupernova

explosion[3-5].Experimentally,theincompressi灢
bilityaroundsaturationdensitycanbeextracted
fromthegiantmonopoleresonances[4,6-7]andHIC
atintermediateenergies.

Uptonow,theincompressibilityandother
mostimportantphysicalquantitiesrelatedtothe
EOS of nuclear matter have been extensively
studiedbyusingdifferenttheoreticalapproaches,

suchasnon灢relativistic[8-10] andrelativistic[11-13]

Hartree灢Fock (HF)models,variationalapproa灢
ch[14-15],Thomas灢Fermiapproximation[16-17] and
thechiralsigmamodel[18].Mostofthepreviousin灢
vestigationsabouttheincompressibilityhavebeen
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concentratedonsymmetricnuclearmatterand/or
theisospindependenceoftheincompressibilityof
asymmetricnuclear matteratequilibrium densi灢
ties.TheincompressibilityKeqofsymmetricnuc灢
learmatteratsaturationdensitypredictedbydif灢
ferentauthorscanbedividedintotwocategories,

i.e.,thesoftone(around200MeV )andthestiff
one(around300 MeVorhigher).Forexample,

Keq=185[8],216.6[15],209[15],202[15],238[14],

370.3[15],and355.3MeV[15].InRef.[10],Khoa
etal.calculatedtheincompressibilityofasymmet灢
ricnuclearmatterinawiderangeofdensityandup
to high isospin灢asymmetry by using the HF
approachwiththephenomenologicalM3Yeffective
interaction.Theyfoundthatboththedensity灢de灢
pendenceandisospinasymmetrydependenceofthe
predictednuclearincompressibilitydependstrongly
ontheadoptedparametersoftheM3Yeffectivein灢
teraction.InRef.[16]itwasshownbyK.Koleh灢
mainenthattheincompressibi灢lityatsaturation
Keq(毬)isalinearfunctionof毬2 (where毬isthe
isospinasymmetryofasymmetricnuclearmatter).
Otherauthorsgotsimilarresults[8,14-16].InRef.
[19],itwasshownthatthepredictedneutronden灢
sity distribution of neutron灢rich nucleidepends
sensitivelyontheisospin灢dependenceoftheequi灢
librium densityofasymmetricnuclearmatter.A
slowerdecreasingoftheequilibrium densityasa
functionofasymmetry(forexample,theresultby
theSkyrme灢Hartree灢Fock(SHF)modelusingthe
parametersetSIII)mayleadtoahighercentral
densityofneutron灢richnuclei,whileafasterde灢
creasingoftheequilibrium density withisospin
symmetryresultsinasmallercentraldensity[19].
InRef.[9],Lopez灢Quelleshowedthattheequilib灢
riumdensity氀eq(毬)isalsoalinearfunctionof毬2up
totheasymmetry wheretheequilibrium point
exists.

Inthepresentpaper,weshallinvestigatethe
isospin灢dependenceanddensity灢dependenceofthe
incompressibilityofasymmetricnuclearmatterina
widedensityrangewithintheBrueckner灢Hartree灢

Fock(BHF)approachextendedtoincludeamicro灢
scopicthree灢bodyforce.Theisospin灢asymmetry
dependenceoftheequilibriumpropertiesofasym灢
metricnuclearmatterarealsopredictedanddis灢
cussed.Thepresentpaperisorganizedasfollows.
Wewilldescribebrieflytheadoptedtheoreticalap灢
proachin Section2.Thenumericalresultsare

presentedanddiscussedinSection3.InSection4a
summaryofthepresentworkisgiven.

2暋TheoreticalApproach

OurinvestigationisbasedontheBrueckner灢
Bethe灢Goldstone(BBG)theoryforasymmetricnu灢
clear matter[20-22].The extension ofthe BBG
schemetoincludethree灢bodyforces(TBF)canbe
findinRefs.[23-24].Herewegiveabriefre灢
viewforcompleteness.Thestartingpointofthe
BBGschemeistheBruecknerreactionG matrix,

which satisfies the following Bethe灢Goldstone
(BG)equation,

G(氀,毬;氊)=氃NN +氃NN 暳暋暋暋暋暋暋暋暋暋暋

暺
k1k2

旤k1k2暤Q(k1k2)暣k1k2旤
氊-毰(k1)-毰(k2)+i毲

G(氀,毬;氊), (1)

whereki曉(k,氁i,氂i)denotesthemomentum,the
z灢componentofspinandisospinofanucleon,re灢
spectively.氊isthestartingenergyandQ(k1k2)=
[1-n(k1)][1-n(k2)]isthePaulioperatorwhich

preventsthetwointermediatenucleonsfrombeing
scatteredintothestatesbelowtheFermisea.The
isospinasymmetryparameterisdefinedas毬= (氀n

-氀p)/氀,氀n,氀p,and氀beingtheneutron,proton
andtotalnucleonnumberdensities,respectively.
TheBHFsingleparticle(s.p.)energyisgivenby
毰(k)=淈2k2/2m +Ubhf(k).Insolvingthe BG
equationfortheG灢matrix,weadoptthecontinuous
choiceforthes.p.potentialUbhf(k)sinceithas
beenprovedtoprovideamuchfasterconvergency
ofthe hole灢line expansion forthe energy per
nucleonofnuclearmatteruptohighdensitiesthan
thegapchoice[25].Inaddition,underthecontinu灢
ouschoice,thes.p.potentialdescribesphysically
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attheBHFlevelthenuclearmeanfieldfeltbya
nucleonin nuclear medium[26] andiscalculated
fromtherealpartoftheon灢shellG灢matrix,i.e.

Ubhf(k)=暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋

暺
k曚
n(k曚)Re暣kk曚旤G[毰(k)+毰(k曚)]旤kk曚暤A.(2)

Therealisticnucleon灢nucleon(NN)interaction氃NN

inthepresentcalculationcontainstwoparts,i.e.,

theArgonneV18(AV18)two灢bodyinteraction[27]

plusthecontributionofthemicroscopicTBFde灢
scribedin Ref.[23].TwokindsofTBFshave
beenadoptedintheBHFformalism[23,28-29].One
isthesemi灢phenomenologicalTBF[30] which has
twoorfew adjustableparametersdeterminedby
reproducingtheempiricalsaturationdensityand
energyofsymmetricnuclear matterintheBHF
calculations[29].TheotheristhemicroscopicTBF
basedonmesonexchangecoupledtotheintermedi灢
atevirtualexcitationsofnucleon灢tinucleonpairs
andnucleonresonances[23,28].TheTBFadoptedin
thepresentcalculationwasoriginallyproposedby
Grangeetal.[28]basedonthemeson灢exchangecur灢
rentapproach.TheparametersoftheTBF,i.e.,

thecouplingconstantsandtheformfactors,have
beenredeterminedrecentlyinRef.[23]fromthe
one灢boson灢exchangepotential (OBEP)modelto
meetthe self灢consistent requirement with the
adoptedAV18two灢bodyforce.Thevaluesofthe

parametersaregiveninRef.[23].A morede灢
taileddescriptionoftheTBFmodelandtherelated
approximationscanbefoundinRef.[28].

InourBHFcalculation,theTBFcontribution
has beenincluded byreducingthe TBF toan
equivalentlyeffectivetwo灢bodyinteraction viaa
suitableaveragewithrespecttothethird灢nucleon
degrees offreedom according to the standard
schemeasdescribedinRef.[28].Inr灢space,the
equivalenttwo灢bodyforceVeff

3 reads[23-24],

暣r曚
1r曚

2旤Veff
3旤r1r2暤=暋暋暋暋暋暋暋暋暋暋暋暋

1
4Tr暺

n曇dr3dr曚
3毤*

n (r曚
3)[1-毲(r曚

13)]暳

[1-毲(r曚
23)]W3(r曚

1r曚
2r曚

3旤r1r2r3)暳
毤n(r3)[1-毲(r13)][1-毲(r23)], (3)

wherethetraceistakenwithrespecttothespin
andisospinofthethirdnucleon.Thefunction毲(r)

isthedefectfunction[28,31].Adetaileddescription
andjustificationoftheaboveschemecanbefound
inRef.[28].Duetoitsdependenceonthedefect
functiontheeffectivetwo灢bodyforceVeff

3 iscalcu灢
latedself灢consistentlyalongwiththeG灢matrixat
eachstepoftheiterativeBHFprocedure.

Theincompressibilityofnuclearmatterisde灢
finedas:

K(氀,毬)=9灥P(氀,毬)
灥氀

, (4)

where氀isthetotalnucleonnumberdensity,Pis
thenuclearpressureandcanbecalculatedby:

P(氀,毬)=氀2灥EA(氀,毬)
灥氀

, (5)

whereEA (氀,毬)denotestheEOSofasymmetric
nuclearmatter (i.e.,theenergypernucleonof
asymmetricnuclearmatter).Forasymmetricnu灢
clearmatter,theincompressibilityKcanbesplit
intotwocontributions[10,32],i.e.,

K(氀,毬)=K0(氀)+Kasy(氀)毬2, (6)

whereK0denotestheiso灢scalarpartoftheincom灢
pressibilityandKasydescribestheiso灢vectorpart.
According to the microscopic investiga灢
tions[20-21,24,33],theenergypernucleonofasym灢
metricnuclearmatterfulfillssatisfactorilyaquad灢
raticdependenceonisospinasymmetry毬inthe
wholeasymmetryrange0曑毬曑1,i.e.,EA(氀,毬)

=E(氀,毬=0)+Esym(氀)毬2.Here,Esymisthenu灢
clearsymmetryenergy.Consequently,theisovec灢
torcontributionKasycanbecalculatedasfollows:

Kasy(氀,毬)=9氀2灥2Esym(氀,毬)
灥氀2 +暋暋暋暋

18氀
灥Esym(氀,毬)

灥氀
. (7)

3暋ResultsandDiscussion

Inordertocalculatereliablythenuclearin灢
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compressibility,weparameterizefirsttheobtained
EOSofsymmetricnuclearmatterE(氀,毬=0)and
thesymmetryenergyEsym(氀)asfunctionsofdensi灢
tybysmoothcurves.Theobtainedparameteriza灢
tionsaregivenbythefollowingformulas:

E0(氀)=-181.65氀+681.78氀2 -955.19氀3 +
暋暋984.55氀4 +82.69氀5 -378.27氀6, (8)

Esym(氀)=+316.41氀-1257.22氀2+3222.88氀3-
暋暋暋2254.48氀4-536.68氀5+1053.40氀6.(9)

Thenumericalresultsandthecorrespondingpa灢
rameterizationsareshownandcomparedinFig.1.

Fig.1 Thesolidsquaresstandfortheoreticalresultswith

Argonne18potentialandthelinesarefittingresults.

Itisseenthatthefittingresultsareinexcellent
agreementwiththenumericaldata.Forsymmetric
nuclearmatter,thepredictedsaturationdensityis
around0.19fm-3 whichisslightlylargerthanthe
empiricalvalue0.17fm-3,andthecorresponding
saturationenergyisabout-16MeVinquitegood
agreementwiththeexperimentalvalue.Fromthe
lowerpanelofFig.1,onemaynoticethatthesym灢
metryenergyshowsarelativelysoftdensity灢de灢
pendenceatlow densities,whileitsdensity灢de灢
pendencebecomesstiffathighdensities,which
wasalsoderivedinRef.[34]withtheBHFmethod

usingdifferentnucleon灢nucleoninteractionscom灢
plementedwithTBF.

Aroundthesaturationdensityofsymmetric
nuclearmatter氀0,thesymmetryenergycanbeex灢
pandedtosecond灢orderindensity[35],i.e.,

Esym =Esym(氀0)+L(氀0)
3

氀-氀0

氀
æ

è
ç

ö

ø
÷

0
+

Ksym(氀0)
18

氀-氀0

氀
æ

è
ç

ö

ø
÷

0

2
, (10)

whereL(氀0)andKsym(氀0)aredefinedas:

L(氀0)=3氀
dEsym(氀)

d氀 氀0

,

Ksym(氀0)=9氀2d2Esym(氀)
d氀2

氀0

, (11)

LandKsymarerelateddirectlytotheslopeandcur灢
vatureofsymmetryenergy,respectivelyandthus
aretwo mostimportantquantitiesfordescribing
thedensity灢dependenceofsymmetryenergy.The
valueoftheslopeparameteratsaturationdensity
L(氀0)playsasignificantroleinunderstandingthe
propertiesofneutron灢richnucleiandheavynuclei.
Forexample,ithadbeenshowninRefs.[36-38]
thatL(氀0)iscorrelatedlinearlytotheneutronskin
thicknessofheavy nuclei.Experimentally,the
valueofLaroundsaturationcanbeextractedby
studyingtheisospinobservablesin HICandthe
obtainedvalueisL(氀0)=(88暲25)MeV[35].From
ourcalculation,wegetavalueofL(氀0)=70MeV
whichturnsouttobeinquitegoodagreementwith
thevalueextractedfrom HIC.In Fig.2,we
displaythecalculatedslopeparameterL(氀)vs.
density.ItisseenthattheslopeparameterL

Fig.2 Thepredicteddensitydependenceoftheslopeparam灢

eterL(氀)ofsymmetryenergy.
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increasesmonotonicallyasafunctionofdensity.
Atrelativelylowdensities,theincreasingofL(氀)

vs.densityisratherslow,whileabove氀=0.25
fm-3,theincreasingrateofL(氀)vs.densitybe灢
comesverylargeasthedensityincreases.Forthe
curvatureparameterKsym,wehavegotasimilar
densitydependence.

ByusingtheparameterizationsEqs.(8)and
(9),wecan calculatetheincompressibility of
asymmetricnuclear matter K(氀,毬).Shownin
Fig.3istheobtainedK(氀,毬)vs.densityatseveral
isospinasymmetries毬=0,0.4,0.6,0.8,1.
Fromthefigure,onecanclearlyseethedensity
andisospin灢asymmetrydependenceoftheincom灢
pressibility.Atafixedasymmetry,thepredicted
K(氀,毬)increasescontinuouslyasthedensityin灢
creases;atafixeddensitytheK(氀,毬)turnsoutto
beanmonotonicallyincreasingfunctionofisospin灢
asymmetry.Inthehighdensityregion,itisseen
thatthepredictedK(氀,毬)risesupveryfastasthe
asymmetryincreases.Theaboveresultsimplythat
itbecomesmoredifficultandmuchmoreenergyis
requiredtocompressasymmetricnuclearmatterat
alargerdensityand/orahigherisospinasymme灢
try.

Fig.3 Thedensitydependenceandisospindependenceprop灢
ertiesofincompressibilityareclearlyilluminatedin
thisfigure.

Ourpredictedincompressibilitybythemicro灢
scopicBHFapproachshowsaquitedifferentdensi灢
ty灢dependenceorisospin灢asymmetrydependenceas
comparedtotheresultsgiveninRef.[10]byusing
theHFapproximationandthesemi灢phenomeno灢

logical M3Y effectiveinteraction.By usingthe
DDM3Y1parameterset,Khoaetal.[10]foundthat
increasingtheisospin灢asymmetry makestheEOS
ofasymmetricnuclearmatterstifferatalldensi灢
ties.SuchanisospinbehaviorofK(氀,毬)iscompa灢
rablewithourresult.However,theypredicteda
decreasingK(氀,毬)asafunctionofdensityata
fixedasymmetryinthehighdensityregionabove
twotimesnuclear mattersaturationdensityand
theirK(氀,毬)ismuchsmallerthanoursathigh
density.ByusingtheBDM3Y1parameterset,the
K (氀,毬)theyobtainedincreases monotonically
with density,in consistence with our result.
While,ascomparedtoourpresentresult,theyob灢
tainedanoppositeisospindependenceofK(氀,毬)at
highdensity,i.e.,theirK(氀,毬)becomesade灢
creasingfunction ofisospin灢asymmetry at high
densities.

Beforesummary,weshalldiscusstheisospin灢
dependenceoftheequilibriumproperties(i.e.,the
saturationproperties)ofasymmetricnuclearmat灢
ter.Here,by“equilibriumproperties暠wedenote
thepropertiesattheequilibriumdensitywherethe
energypernucleonofasymmetricnuclearmatter
reachesitsminimal.Wehavecalculatedtheequi灢
libriumdensityofasymmetricnuclearmatterfor
severalvaluesofisospinasymmetry.Itisfound
thattheobtainedequilibrium density氀eq (毬)isa
monotonicallydecreasingfunctionof毬anddepends
almostlinearlyon毬2 (seeFig.4),whichisin
agreementwiththeresultofLopez灢Quelleetal.[9]

usingtheDirac灢Hartree灢Fock (DHF)method.By
fittingthenumericalresultswithalinearfunction,

weobtain氀eq(毬2)=氀eq(0)(1-b毬2)withb=0.935.
Thecoefficientbdescribesthedecreasingrateof
theequilibrium density withincreasingasymme灢
try.InTable1,wecomparethevaluesofbob灢
tainedusingdifferenttheoreticalapproachesand
differentnucleon灢nucleon forces. Ourresultis
giveninthelastcolumn.Itisnoticedthatthe
valueofb weobtainedisclosetothatofLopez灢
Quelleetal.usingtheDHFmethodincludingboth
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isoscalarandisovectormesons(indicatedbyDHF
(e)inthetable)andslightlysmallerthanthevalue
obtainedfromtheBHFapproachesusingParisnu灢
cleon灢nucleoninteraction withoutconsideringthe
TBF[8](indicatedbyDHF(e)inthetableParisin
thetable).However,itturnsouttobemuchlar灢
gerthanthosepredictedbytheSkryme灢HFap灢
proachusingtheSI暞andSIIparametersets[39].

Fig.4 Equilibrium density氀eq(毬)ofasymmetricnuclear

mattervs.isospinasymmetry.Thesolidsquaresare

thecalculatedvaluesof氀eq (毬)atdifferentisospin

asymmetriesandthestraightlineisthefittingresult.

Table1暋Thepredicted氀eq(毬)andbincomparisonwith

thoseobtainedbyotherauthors(seethetext)

Force 氀eq(0) b

Paris 0.289 1.115

SI¢ 0.1553 0.286

SII 0.1453 0.084

DHF(b) 0.1484 0.65

DHF(e) 0.1484 0.9

BHF(AV18+TBF) 0.1889 0.935

Inordertostudytheisospindependenceofthe
incompressibilityofasymmetricnuclearmatterat
thecorrespondingequilibrium densities,onemay
definethefollowingquantity[8],

Keq(毬)=9氀2灥2EA(氀,毬)
灥氀2

氀eq(毬)
. (12)

TheresultingKeq(毬)at毬=0and毬=1/3aregiven
inthelastcolumnofTable2incomparisonwith
thevaluesreportedinRefs.[8](thefirstcolumn),
[15](the5thand6thcolumn),[16](thesecond

to4thcolumn),and[14](7thcolumn).Itisseen
thatincreasingtheisospinasymmetry makesthe
Keq(毬)become smaller and thus leads to a
softeningoftheEOSofasymmetricnuclearmatter
atthecorrespondingequilibriumdensity,whichis
inagreementwithalltheresultslistedinTable2.

Table2暋ParametersK0fortheisospindependence

oftheincompressibilityatsaturation

Force req(0) K0 (0) K0(1/3)

Paris 0.289 185 143.3

SKM* 0.16 216.6 168.7

SI¢ 0.1553 370.3 318.0

SIII 0.1453 355.3 305.0

AV14+UVII 0.194 209 158

UV14 0.175 202 156

FP 0.16 238 212

AV18 0.1889 225.2 202.7

4暋Conclusion

Insummary,wehaveinvestigatedtheincom灢
pressibilityofasymmetricnuclear matter within
theBHFframeworkextendedtoincludethemicro灢
scopicTBF.Theisospin灢dependenceanddensity灢
dependenceoftheincompressibilityhavebeenob灢
tainedanddiscussed.Thepredictedincompressi灢
bilityofasymmetricnuclearmatterturnsouttobe
amonotonicallyincreasingfunctionofbothdensity
andisospinasymmetry.Theincompressibilityob灢
tainedbythemicroscopicBHFapproachshowsa
quitedifferentdensity灢dependenceand/orisospin灢
asymmetrydependenceascomparedtotheresults
inRef.[10]usingtheHFapproximationandthe
semi灢phenomenological M3Y effectiveinteraction
withdifferentparameters.TheslopeparameterL
andthecurvatureparametersKsymofthesymmetry
energyisshowntoincreasemonotonicallywithin灢
creasingdensity.Atthesaturationdensity,the
obtainedvaluesofLandKsym areabout70 MeV
and45MeV,respectively,whichlieinthemiddle
ofotherresults[8,14-16]andarecomparablewiththe
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valuesextractedfrom theisospinobservablesin
HIC[35].Theisospin灢asymmetrydepen灢denceof
theequilibrium propertiesofasymmetricnuclear
matter are also discussed. The obtained
equilibriumdensity氀eq(毬)isfoundtobeadecrea灢
singfunctionof毬anditdependsalmostlinearlyon

毬2,inagreementwiththeresultofLopez灢Quelle
etal.[9]usingtheDHFmethod.Byalinearfit,we
get氀eq(毬2)=氀0 (0)(1-0.935毬2).Theincom灢
pressibilityofasymmetricnuclear matteratthe
correspondingequilibriumdensityturnsouttobe
smalleratahigherasymmetry,whichisinagree灢
mentwiththepreviousresultsofRefs.[8,15-
16]usingdifferenttheoreticalapproachesand/or
differentnucleon灢nucleoninteractions.
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非对称核物质不可压缩系数的微观计算*
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摘暋要:在带微观三体力的Brueckner灢Hartree灢Fock方法下研究了非对称核物质的不可压缩系数,得到了

不可压缩系数的同位旋以及密度依赖,并做了进一步的讨论。在一定密度下,不可压缩系数作为同位旋非

对称度的函数随同位旋单调递增。预测了非对称核物质在平衡态的同位旋依赖性质并与其他理论方法做了

比较。
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