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Abstract:Wecalculatethemomentumdistributionofnucleonsinasymmetricnuclearmatterwith灢
intheframeworkoftheextendedBrueckner灢Hartree灢Fockapproximationatzerotemperature,use
ArgonneV18potentialastwonucleonspotential.Theisospin灢asymmetrydependenceofthenuc灢
leonmomentumdistributionpredictedanddiscussed.Itisshownthatastheasymmetryincreases,

theprotonmomentumdistributionbecomesmallerwhiletheneutrononegetshigherbelowtheir
respectiveFermisurfaceswithrespecttotheircommonvaluesinsymmetricnuclearmatter.The
quasi灢particlestrengthattheFermimomentumalsocalculatedanddiscussed,wegotanimproved
fulfillmentoftheMigdal灢Luttingertheoremandnucleonnumberconservation.
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1暋Introduction
Many灢bodycorrelationsinducedbythenuc灢

leon灢nucleoninteractionsamongnucleonsplayan
importantroleinanuclear many灢bodysystem,
which makethesystem much morecomplicated
andhavemoreplentifulpropertiesthananon灢in灢
teractingFermisystem.Forexample,theeffectof
correlationsleadstothedepletionofthenucleon
momentumdistributionbelowtheFermimomen灢
tumandthepopulationabovetheFermimomen灢
tuminnuclearmatter[1-2].Innuclearmatterthe
stationarystatesareplanewaves,sothattheoccu灢

pationprobabilityforthe“orbit暠|k暤isgivenby
themomentumdistributionn(k).Themomentum
distributionofnucleonsinnuclearmatterhasbeen
investigatedextensivelybyusingvarioustheoreti灢
calmethodsandmodels[2-7].Therelatedexperi灢
mentaldataarealsoreportedcontinually[8-11].The
nucleonmomentumdistributionisofgreatphysical
interestsinceitcanberelatedtoexperimentob灢
servablesinpick灢upandknock灢outreactions[6].In
Ref.[6],theauthorscalculatedthenucleon mo灢
mentumdistributionandquasi灢particlestrengthin
symmetricnuclearmatterintheframeworkofthe
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Brueckner灢Bethe灢Goldstone theory by including
high灢ordercontributionsinthehole灢lineexpansion
ofthemassoperatorandtheyfoundagoodagree灢
mentbetweentheircalculatedresultsandtheex灢
perimentaldata.Inthepresentpaper,weshallex灢
tendthepreviousinvestigationofRef.[6]toasym灢
metricnuclearmatterandinvestigatetheisospin
dependenceofthenucleonmomentumdistribution
withintheextendedBrueckner灢Hartree灢Fock(EB灢
HF).Weimprovethepreviouscalculationbyin灢
cludingtherenormalizationcontributionsinthe
hole灢lineexpansionofthemassoperatorandgotan
improvedfulfillmentoftheMigdal灢Lut灢tingerthe灢
orem.Thequasi灢particlestrengthisalsopredicted
andtheresultingvalueturnsouttobeingooda灢
greementwithexperimentaldata[4,8].

Thepresentpaperisorganizedasfollows.We
willdescribebrieflytheadoptedtheoreticalap灢
proachin Section2.Thenumericalresultsare
presentedanddiscussedinSection3.InSection4a
summaryispresented.

2暋Theoreticalframework
ThepresentstudiesarebasedontheEBHF

approachforasymmetricnuclear matter[12].The
startingpointofthisframeworkisBruecknerreac灢
tionG matrixwhichsatisfiesthefollowingBethe灢
Goldstone(BG)equation[1]

G(氀,毬;氊)=vNN +暋暋暋暋暋暋暋暋暋暋暋暋暋

vNN暺
k1k2

旤k1k2暤Q(k1,k2)暣k1k2旤
氊-毰(k1)-毰(k2)+i毲

G(氀,毬;氊),(1)

wherevNNistherealisticnucleon灢nucleoninterac灢
tion,andweadopttheArgonneV18two灢bodyin灢
teraction[13]inourpresentcalculation.InRef.[11]

ithasbeenshownthatthree灢bodyforceshavevery
littleinfluenceonthenucleonmomentumdistribu灢
tion[11] andthus we do notincludethree灢body
effectinthepresentcalculations.Q(k1,k2)isthe
Paulioperatorwhichpreventsthetwointermediate
nucleonsfrombeingscatteredintothestatesbelow
theFermisea.Theisospinasymmetryparameter

isdefinedas毬=(氀n-氀p)/氀,where氀n,氀pand氀de灢
notetheneutron,protonandtotalnucleonnumber
densities,respectively.TheBHFsingleparticle
(s.p.)energyisgivenby

毰(k)=淈2k2

2m +U1(k).

InsolvingtheBGequationfortheG灢matrix,we
adoptthecontinuouschoiceforthes.p.potential
U1.Underthecontinuouschoice,thes.p.poten灢
tialdescribesphysicallyatthelowestBHFlevel
thenuclearmeanfieldfeltbyanucleoninnuclear
mediumandiscalculatedfromtherealpartofthe
on灢shellG灢matrix,i.e.,

U1(k)=暺
k曚
n(k曚)暳暋暋暋暋暋暋暋暋暋暋暋暋暋暋

Re暣kk曚旤G[毰(k)+毰(k曚)]旤kk曚暤A,

aspointedoutbyMahauxetal.[1].Inordertopre灢
dictreliablythes.p.propertieswithintheBrueck灢
nertheory,onehastogobeyondthelowestBHF
approximationbyconsideringthehigh灢ordercon灢
tributionsinthehole灢lineexpansionofthe mass
operator.Themassoperatorisdefinedas[1],

M(k,氊)=V(k,氊)+iW(k,氊), (2)

whichisacomplexquantityanditson灢shellvalue
canbeidentifiedwiththepotentialenergyfeltbya
nucleon in nuclear matter. According to the
Brueckner灢Bethe灢Goldstonetheory,themassope灢
ratorcanbeexpandedinaperturbationseriesac灢
cordingtothenumberofholelines,i.e.,

M(k,氊)=M1(k,氊)+暋暋暋暋暋暋暋暋暋暋
暋暋M2(k,氊)+M3(k,氊)+… . (3)

Thesum ofallone灢holelinegraphsiscalledthe
BHFapproximationtothemassoperator,itreads,

M1(k,氊)=暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋

暺
j
n< (j)暣k,j旤G[氊+毰(j)]旤k,j暤A. (4)

Hereafter,weshallusej,l,… denotethes.p.
statesbelowtheFermimomentum;a,b,… de灢
notethestatesabovetheFermimomentum;andk
denotethes.p.statesofbothcases.
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n< (k)=1-n> (k)=毴(kF-k)

isthemomentumdistributionintheuncorrelated
groundstateandtheindex“A暠referstotheanti灢
symmetrizationoftheproductoftwoplanewaves.
Theon灢shellvalueofthelowest灢ordercontribution
M1(k,氊)correspondstotheBHFs.p.potential
U1(k).Thesecondorderterm M2istheso灢called
rearrangementcontribution.Itstemsfromtheme灢
diumdependenceoftheG matrixviathePauliope灢
ratorintheBGequationwhichplaysanimportant
roleforsatisfactorilyreproducingthedepthofthe
empiricalnuclearopticalpotentialandcrucialfor
restoringtheHugenholtz灢VanHovetheorem[1,12].
TheexpressionofM2reads,

M2(k,氊)=1
2暺

j,l,a
n< (j)n< (l)n> (a)暳暋暋暋

旤暣j,l旤G[毰(j)+毰(l)]旤k,a暤A旤2

氊+毰(a)-毰(j)-毰(l)-i毲
. (5)

暋 暋Dueto many灢bodycorrelations,theFermi
seasinasymmetricnuclearmatterarepartiallyde灢
pleted,andthusthecorrelatedmomentumdistri灢
butionsdifferfromtheuncorrelatedones.Toac灢
countforthisphysicaleffect,weconsiderthe
third灢orderterm M3inthehole灢lineexpansionof
themassoperator.M3istherenormalizationcon灢
tributiontothe BHF massoperator M1 andit
reads[4],

M3(k,氊)=-暺
j
毷2(j)暳暋暋暋暋暋暋暋暋暋

暋暋 暣k,j旤G[氊+毰(j)]旤k,j暤A, (6)

where

毷2(j)=- 灥M1(j,氊)
灥

é

ë
êê

ù

û
úú氊 氊=毰(j)

(7)

isatthelowest灢orderthedepletionofneutronor
protonFermisea[1,12].Byconsideringthesumof
M1andM3,onegetsarenormalizedBHFapproxi灢
mationforthemassoperator,i.e.,

M
~

1(k,氊)曉M1(k,氊)+M3(k,氊)暋暋暋暋暋暋

=暺
j

[1-毷2(j)]暣k,j旤G[氊+毰(j)]旤k,j暤A

=暺
j
n2(j)暣k,j旤G[氊+毰(j)]旤k,j暤A,暋暋(8)

heren2(j)isthesecond灢orderapproximationtothe
momentum distributioninthecorrelatedground
state(j<kF),itreads

n2(k)=1+ 灥M1(k,氊)
灥

é

ë
êê

ù

û
úú氊 氊=毰(k)

,fork<kF.(9)

IncludingtherenormalizationcontributiontoM1,

onegetsthefollowingmomentumdistributionbe灢
lowtheFermisurface (seeEq.(2.192)ofRef.
[1]),

焿n2(k)=1+ 灥M1(k,氊)
灥氊 +灥M3(k,氊)

灥
é

ë
êê

ù

û
úú氊 氊=毰(k)

,

fork<kF. (10)

AsshowninRef.[4],itisaveryaccurateappro灢
ximationtoreplaceinEq.(6)thecoefficient毷2(j)

byitsvalue毷attheaverageofjintheFermisea,

i.e.,atj=0.75kF.Wehave,

M3(k,氊)曋-毷M1(k,氊), (11)

where毷=[1-n2(j)]j=0.75kF.Similarly,wecanget
themomentum distributionabovetheFermisur灢
face(seeEq.(2.196)ofRef.[1]),i.e.,

焿n2(k)=- 灥M2(k,氊)
灥氊 +灥M4(k,氊)

灥
é

ë
êê

ù

û
úú氊 氊=毰(k)

暋暋暋

曋-(1-毷)灥M2(k,氊)
灥

é

ë
êê

ù

û
úú氊 氊=毰(k)

,k>kF.(12)

暋暋Thequasi灢particlestrengthisdefinedbyfol灢
lowingexpression

Z(k)= 1- 灥
灥氊Re[M(k,氊{ })]

-1

氊=毰(k)
. (13)

暋暋Uptosecondorderapproximation,itcanbe
writtenas[6],

Z(k)= 1- 灥
灥氊Re[M1(k,氊)+M2(k,氊{ })]

-1

氊=毰(k)
.

(14)

AccordingtotheargumentofRef.[14],higher灢
ordercontributions are strongly cancelled with
eachother,andthustheaboveapproximationisof

goodaccuracy.
Accordingto Migdal灢Luttingertheorem,the

discontinuityofmomentum distributionatFermi
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momentumkF shouldequaltothequasi灢particle
strengthatkF,thispropertytogetherwithparticle
numberconservationareusedascriteriatoassess
thevalidityofthetheoreticalmethodsforcalcula灢
tingthe momentum distribution[15].Thefulfill灢
mentofparticlenumberconservationreads[4]

3
k3

F曇
¥

0
焿n2(k)k2dk=1. (15)

3暋Resultsanddiscussions

Inthissection weshallshowthecalculated
momentum distribution of asymmetric nuclear
matteratvariousdensitiesandisospin灢asymme灢
tries.

InFig.1wedisplaytherenormalizationeffects
onthe predicted momentum distributionn(k),

i.e.,theeffectsinducedbythethird灢orderterm
M3andthefourth灢orderterm M4inthehole灢line
expansionofthemassoperator.FromtheFig.1,

Fig.1 Momentumdistributionbelow (a)andabove(b)the
FermisurfaceinsymmetricnuclearmatteratkF=1.36

fm-1.Theopensquaresn2(k)areobtainedinthecase
ofnotconsideringtherenormalizationcontributionsand
thesolidsquares焿n2(k)showtheresultsbyincluding
therenormalizationeffects.

onecanseethatduetothe many灢bodycorrela灢
tions,thes.p.statesundertheFermisurfaceare
partlyemptied,andthoseabovetheFermisurface
arepartlyoccupiedinthegroundstateofnuclear
matter.Thehorizontalaxisistheratioofmomen灢
tum ofnucleonstatetoFermimomentum,and
verticalaxisistheoccupationprobabilityforthe

nucleonsstate|k暤.Theopensquaresn2(k)areob灢
tainedinthecaseofnotconsideringtherenormali灢
zationcontributionsandthesolidsquares焿n2(k)

showtheresultsbyincludingtherenormalization
effects.

Bycomparingthesolidsquaresandthecorre灢
spondingopensquares,itisnoticedthattherenor灢
malizationtermsinthehole灢lineexpansionofthe
massoperatoryieldsanon灢negligiblecontribution
onthenucleonmomentumdistribution.

Fig.2 Nucleonmomentumdistributioninsymmetricnuclear

matteratfourdensityvalues氀=0.085,0.17,0.34

and0.51fm-3.
(a)formomentumsmallerthantheirrespectivelyFermimo灢

mentumand(b)formomentumlargerthantheirrespective

Fermimomentum.

ItturnsoutundertheFermisurface,whenin灢
cluding the renormalization effect, occupation
probability of nucleonsis gettinglarger while
abovetheFermisurface,theoccupationprobabili灢
tyis getting smaller,andthisrenormalization
effectshouldremainsatisfied withthenucleons
sumrule.Ourresultsareinfairlygoodagreement

withthoseobtainedinRef.[6]wheretheauthor
adoptedadifferentschemetoaccountforhigher灢
order contributions instead of considering the
renormalizationterms.

Inthefollowing,allmomentumdistributions
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arecalculated byincluding the renormalization
effects.InFig.2weshown(k)insymmetricnu灢
clearmatteratfourdifferentdensityvalues氀=
0.085,0.17,0.34and0.51fm-3.Itisseenthat
thedensitydependenceofthemomentumdistribu灢
tion,asafunctionoftheratiok/kF,isquiteweak,

whichisconsistentwiththeEBHFcalculationin
Ref.[6]byadoptingtheseparableAV14interac灢
tionandthepredictionreportedin Ref.[7]by
usingtheGreenFunctionmethod.

InFig.3,wereporttheneutronandproton
momentum distributions below their respective
Fermisurfacesinasymmetrynuclearmatteratva灢
riousasymmetries毬=0,0.2,0.4,0.6,0.8for
twodensities氀=0.17and0.34fm-3.InFig.4,

thecorrespondingresultsofthemomentumdistri灢
butionsabovetheFermisurfaceareplotted.We

Fig.3 Neutronandproton momentum distributionsbelow

theirrespectiveFermisurfacesinasymmetricnuclear

matteratvariousasymmetryparameters.

seethataboveFermisurface,atvariousasymme灢
tryparameters,momentum distributionsofneu灢
tronsarenearlyoverlapped.Thismayduetothe
factthatsomeparameterswechooseinourcalcula灢
tionarenotofprecision.Atthedensity氀=0.34
fm-3,thecurveatlargemomentumsshowsslight灢
lyvibration,thismaybecausedbytheinstability
inthecalculationsatlargemomentumsandhigh
densities.Asanabinitiodescription,weaccept
theseresults.Itisclearlyseenthatthemomentum

distributionsofprotonsandneutronsdependsensi灢
tivelyontheisospin灢asymmetry.Astheasymme灢
tryincreases,themomentumdistributionofpro灢
tonsbecomeslowerwhileneutronsonegetshigher
belowtheirrespectiveFermisurfaceswithrespect
totheircommonvaluesinsymmetricnuclearmat灢
ter,namely,asincreaseofasymmetryparameter,

theneutrondepletionbelowitsFermimomentum
becomessmaller,whiletheprotondepletionbelow
itsFermi momentum becomeslarger.Such an
isospin灢asymmetrydependenceoftheneutronand
proton momentum distributionsimpliesthatata
higherasymmetry,themany灢bodycorrelationsin灢
ducedbythenucleon灢nucleoninteractionbecomes
strongeronprotonsandweakeronneutrons.

Fig.4 Neutronandproton momentum distributionsabove

theirrespectiveFermisurfacesinasymmetricnuclear

matteratvariousasymmetryparameters.

Inordertosee moreclearlytheisospinde灢
pendence,in Fig.5 we display the occupation
probabilityofprotonandneutronat momentum
k=0asfunctionsoftheisospin灢asymmetry.One
maynoticefromthefigurethattheneutron mo灢
mentumdistributionnn(k=0)increasesandthe
protononenp(k=0)decreasesalmostlinearlyas
increasingasymmetry.Thisisconsistentwithpre灢
dictionreportedin Ref.[7]byusingtheGreen
Functionmethod.

Asacriteriontoassessourcalculation,we
havecalculatedthelefthandsideofthesumruleof
Eq.(15),andtheintegrationiscarriedoutupto
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4.0fm-1for氀=0.17fm-3.Theresultsaregiven
inTable1.

Fig.5 Theneutronandproton momentum distributionat

k=0inasymmetrynuclearmattervs.isospinasym灢
metry.

Table1暋Nucleonnumberconservationofasymmetry
nuclearmatteratdensity氀=0.17fm-3

毬 Protonsum Neutronsum

0.0 0.98 0.98
0.2 0.99 0.99
0.4 0.99 0.98
0.6 0.98 0.95

0.8 0.98 0.99

Itisseenthattheparticlenumberconserva灢
tionisfulfilledsatisfactorilyinourimprovedap灢
proximation.

Accordingtothe Migdal灢Luttingertheorem,
atFermimomentumkF,thequasi灢particlestrength
definedinEq.(13)mustbeequaltothedisconti灢
nuityofthemomentumdistributionattheFermi
momentum.In ourapproximationscheme [see
Eqs.(10)and(12)],thediscontinuityatkFcanbe
written

Z
~
(kF)=焿n2(k-

F)-焿n2(k+
F). (16)

Wehavecalculatedthetwoquantitiesforsymme灢
trynuclearmatterat氀=0.17fm-3,andobtained

Z
~
(kF)=0.61andZ(kF)=0.64.Thismeansthat

theMigdal灢Luttingertheoremisviolatedonlyby
about4.7%inourcalculationandthefulfillment
oftheMigdal灢Luttingertheoremisbetterthanthat

inRef.[6]wheretheauthorsgotZ
~

=0.56,Z(kF)
=0.64,andthetheoremisviolatedby12.5%.

Theabove灢obtainedsatisfactoryfulfillmentofthe
nucleonnumberconservationandtheMigdal灢Lut灢
tingertheoremindicatesthatourpresentcalcula灢
tionsarequitereliable.

Wehavealsocalculatedquasi灢particlestrength
andthediscontinuityofthemomentum distribu灢
tionatFermimomentumkFinasymmetricnuclear
matteratvariousasymmetriesfortwodensities
氀=0.17,0.34 fm-3. The results are shown
separatelyin Tables2and3.Bycomparingthe
twotables,weseethattheMigdal灢Luttingertheo灢
remisfulfilledsatisfactorilyinourapproximation
forallasymmetriesconsidered.

Table2暋Quasi灢particlestrengthcalculatedinEq.(14),

fortwodensitiesandatvariousasymmetryparameters

毬
氀=0.17fm-3

ProtonNeutron
氀=0.34fm-3

ProtonNeutron

0.0 0.64 0.64 0.66 0.66
0.2 0.61 0.68 0.65 0.69
0.4 0.61 0.73 0.63 0.72
0.6 0.61 0.78 0.63 0.74

0.8 0.62 0.81 0.64 0.75

Table3暋DiscontinuityofthemomentumdistributionatFermi
momentum,calculatedinEq.(16),fortwodensities

andatvariousasymmetryparameters

毬
氀=0.17fm-3

ProtonNeutron
氀=0.34fm-3

ProtonNeutron

0.0 0.61 0.61 0.62 0.62
0.2 0.58 0.65 0.62 0.65
0.4 0.60 0.71 0.61 0.70
0.6 0.61 0.76 0.63 0.71

0.8 0.63 0.80 0.65 0.74

4暋Summaryandconclusion

Wehaveinvestigatedthemomentumdistribu灢
tion of nucleonsin asymmetric nuclear matter
withintheframeworkoftheextendedBrueckner灢
Hartree灢Fockapproximation.Thedensitydepen灢
denceandisospin灢asymmetry dependenceofthe
nucleonmomentumdistributionhavebeenpredic灢
ted.Thedensitydependence,asafunctionofthe
ratiok/kF,turnsouttoberatherweak,inagree灢
mentwiththeresultsgiveninRef.[6-7].Itis
shownthatastheasymmetryincreases,theneu灢
trondepletionbelowitsFermimomentumbecomes
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smaller,whiletheprotondepletionbelowitsFer灢
mimomentumbecomeslarger,whichimpliesthat
atahigherasymmetry,themany灢bodycorrelations
induced by the nucleon灢nucleoninteraction be灢
comesstrongeronprotonsand weakeronneu灢
trons.Atmomentumk=0,theoccupationproba灢
bilityfortheneutronstateincreasesandforthe
protonstatedecreasesalmostlinearlyastheasym灢
metryincreases.Wehavealsocalculatedthequasi灢
particlestrengthattheFermisurface.Theob灢
tainedresultofZ(kF)=0.64isclosetothevalue
0.63obtainedinNIKHEFexperimentforP灢shell
orbits[16]andingoodagreementwithotherexperi灢
mentaldata[4,8].
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非对称核物质中核子动量分布的微观理论计算
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3.DepartmentofPhysicsandAstrophysics,CataniaUniversity,ViaSantaSofia64,
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摘要:在 ExtendedBrueckner灢Hartree灢Fock(EBHF)近似下,采用 ArgonneV18势作为核子灢核子相互作

用,计算了基态非对称核物质中核子动量的分布。对核子的动量分布对同位旋不对称度的依赖关系进行了

描述和讨论。结果表明,在不对称度为零时,质子与中子有着基本相同的动量分布。随着不对称度的增加,
在各自的费米面以下,质子动量分布减小而中子动量分布增大。对费米面处的准粒子强度也进行了计算和

讨论。本结果较好地满足了两个理论检验标准 Migdal灢Luttingertheorem 和粒子数守恒律。
关键词:非对称核物质;Brueckner理论;动量分布;准粒子强度
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