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NuclearForces

�quantumchromodynamics(QCD)isthefundamentaltheoryofstrong

interaction;onthisbasis,thenucleon-nucleon(��)interactionis

completelydeterminedbytheunderlyingquark-gluondynamics

�duetothedifficultiesofsolvingQCDinthelow-energyregime,we

are”far”fromaquantitativeunderstandingofthe��forcefrom

thispointofview�introductionnuclearmodels
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BasicModel

�nucleardegreesoffreedom:nucleons(�,�)

�energiesbelowthe�threshold(������	
��)

�nucleontypicalvelocity��
�	�	�

�nonrelativistictreatment;hence,assumingthatthenucleusisa

compositesystemofAinteractingnucleons,theHamiltonianisgiven

by:
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���and��� �arethe�-and -nucleoninteractionoperators;

realisticmodelsof���,��� �arebasedonexperimentaldatafitting,

thereforethequark-gluondynamicsisincludedintheparametrization
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One-pion-exchangepotential(OPEP)

p’

p−p

−p’

π

�fortunately,thereisastrongexperimentalsupporttothetheoretical

expectation,thatthelongrangepartofthepotentialisduetopion

exchangeprocesses,thereforeonlytheirshortrangepartsneedtobe

modeled;allrealisticmodelcontaintheOPEP

�meson-exchangeideagoesbacktoYukawawho,in1935,statedthat

thenuclearforceismediatedbyamassive-particleexchange,which

suggestsitselfasatoolfordescribingthefiniterangeofthenuclear

force(range�� ������);the�mesonwasthenobservedin1947
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�theinteractionofthepionfieldwithaPaulinucleonisdescribedby
theHamiltonian:
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the����isthedimensionlesspion-nucleoncouplingconstant

�theevaluationoftheone-pion-exchangeamplitude,whichby
definitionequalstheOPEPinthemomentumspace,gives:
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�theconfigurationspace�����isobtainedfromitsFouriertransform:
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���isthetensoroperator,��and��arefunctionsof�

�thedescriptionofthelong-rangepartofthe��interactiondepends

ononlyoneparameteri.e.thepion-nucleoncouplingconstant�� ��;

thevalueobtainedin1993from��scatteringdatais:

�
���
���	 �	
�

�theNijmegengroupfittedthe��scatteringdataassumingthatthe

longrangepartisgivenbytheexchangeofapseudoscalar-isovector

particleofmass�,thebestfitwasobtainedwith� ���
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Realisticmodel

�wecanseparatethe��potential���asfollows:
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����
� ���� �

��containsallinteractionsotherthantheelectromagneticandthe

OPEP;primarilydeterminedfromexperimentaldata;manypossible

descriptionof��areavailable

�the���isdominatedby��for��� ��fm

����(intermediaterangeattraction)significantfor��� ��fm

�����(repulsivecore)importantfor��	�
fm
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The��potential

�thestronginteractionpartof���canbeexpressedasasumof

operators:
����

�
�

�������������

�
�������
��������
��������
����

wherethestaticoperator���� ���are:
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andthetwoisoscalarspin-orbitoperatorsare:
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The��potentialinthemomentumspace
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Themesonexchangepotential

p−p

p’−p’

q
= Tfi

       meson

�theideaistoevaluatetheinvariantamplitude���inducedbythe
one-boson-exchange(OBE)Lagrangians;theinvariantamplitudeis
relatedtothenon-relativistic(NR)potentialtroughthefollowing
relation:
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where� ������

and���
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�andsubsequentlymakealinkbetweenthesoobtained��
potentialsandthe��one
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TheOneBosonExchange(OBE)Lagrangians
scalar
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The��potentialinthemomentumspace(bis)
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Theeffectivepropagators�

�nowweareabletoconstructtheeffectivepropagatorsbycomparing

the���potentialwiththe��
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Electromagneticcurrent

�inordertostudyandpredictthebehaviorofoursysteminpresence

ofanexternalprobe,themodelmustcontaincurrentsoperator

describingtheinteractionofthenucleiwiththeexternalfields

�thoseoperatorsareexpandedasasumof��,��,���nucleon

operators

�thechargedensity��2�andthecurrentdensity��2�ofthenucleus

havetheform:
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Onebodycurrentoperators

�theonebodyoperatorsdescribethecurrentofasinglenucleon;
nucleonsinnucleiabsorbphotonsviatheirchargesandmagnetic
moments

�theonebodychargeoperatorisgivenby:

���2� ��
�������3����

��3��� ������� �!�

�theonebodyconventioncurrentoperatorisgivenby:

� ����2� ��
��������3������3��� ����� ������ �!����� �!����

�theonebodycurrentoperatorduetothenucleonmagneticmoment
interactionwiththefieldis:
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Twobodycurrentoperators
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meson

γ

γ
γ

pair diagramsin−flight diagram

photo-mesoncurrents:thephotonproducesamesonbyhittingthenucleon,themesonis

virtualandhastobereabsorbedbyanothernucleon

mesoncurrents:thephotonisabsorbedbythecurrentofachargedmesonbeingexchanged

bythenucleons
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�thephoto-mesonandmeson-exchangecurrentsarederivedby

evaluatingtheinvariantamplitudesassociatedtotheFeynman

diagramsinducedbytheOBELagrangians

�thebarepropagatorsarethenreplacedbytheeffectivepropagators

fixedbythechosen��potential

�thepresentmethodgeneralizestheprocedureadoptedinL.E.

MarcuccietallPhys.Rev.C72,014001,2005toobtaintheeffective�

and�mesonpropagators
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The���currentoperatorinthemomentumspace
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2�,2�arethefractionalmomentadeliveredtonucleons�and�;

2� �������samefor�
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Thecurrentoperatorsintheconfigurationspace

�theconfiguration-spaceexpressionsofthecurrentsareobtainedfrom:
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Themagneticformfactor

�wefixthecoordinatesystemsothatthemomentumtransfer2liesin
the�direction,andthe�axisistakenasthequantizationaxisforthe
magneticquantumnumber

�theelasticformfactoristhen:
��3� �&��	�����3

�
���	�

where�	��denotesthegroundstaterecoilingwithmomentum

2 �3
�

�;inthelimit3�	theelasticformfactorbehaveslike:

��3���
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where�isthemagneticmomentofthenucleusinnuclearmagnetons
thenormalizedmagneticfromfactoristhendefinedas:
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Summary

�weconstructedthetwobodyelectromagneticcurrentsstartingfrom

themeson-exchangemechanismtheoreticalinsight

�wefixedtheeffectivepropagatorssuchtoreproducethe��structure

�nonlocaltermshavebeenincludedintheevaluationofthecurrents

operators(withtheexceptionofthe��nonlocalcontribution)

�agoodagreementswiththeexperimentaldatawillleadtoa

systematicuseoftheeffectivepropagatorintheevaluationofthe

currentsoperators
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CDBonnPotential

Mass(MeV)����� �
� �

���
��

	�
139.569951��13.6
��

	
�134.97641��13.6
��

�547.30��0.4
��

� 
	� �769.91��0.846.1�����

��781.940��20.00.0�����

�400-12000����

R.Machleidt,Phys.Rev.C63,014001(2001)
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The��currentoperatorinthemomentumspace
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� �� ��isthenonlocalpieceofthevectorcurrentwhichhasnotbeen

evaluatedintheconfiguration-spaceyet
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