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1. Introdu
tion^H	n = En	n ; with : ^H = � �h22m Xi ^r2i + 12 Xi<j ^vijwhere ^vij = Xn v(n)(rij) ^O(n)ij^O(n)ij = h1 ; �i � �j ; ^Sij ; (L � S)ij ; :::i 
 �1 ; � i � � j� :The same operatorial dependen
e is 
ast onto 	o:	o = ^F�owhere �o is the mean-�eld wave fun
tion and^F = ^S Yi<j ^fij = ^S Yi<j Xn f (n)(rij) ^O(n)ijis a 
orrelation operator.M. Alvioli 3 SRC07



2. Ground State Properties: Cluster Expansion� The ground state energy E0 is given by:Eo = � �h22m Z dr h ^r2 �(1)(r; r0)ir=r0 + Xn Z dr1dr2 ^v(n)�(2)(n)(r1; r2)�! �(1)(r; r0) = A Z AYj=2 drj 	yo(r; r2 :::; rA) 	o(r0; r2 :::; rA)�! �(2)(n)(r1; r2) = A(A� 1)2 Z AYj=3 drj 	yo(r1 :::; rA) ^O(n)12 	o(r1 :::; rA)� �(1)(r; r0) and �(2)(n)(r1; r2) are 
luster expanded ;� expansion trun
ated at 1st order in �ij = ^f2ij�1; (Mean Field is re
overedat 0th order; normalization is 
onserved)� the wave fun
tions and 
orrelation fun
tions whi
h minimize the ground-state energy used for the expe
tation value of any operator at same orderM. Alvioli 4 SRC07



� at �rst order of the ��expansion, the full 
orrelated one-body mixeddensity matrix expression is as follows:�(1)(r1; r01) = �(1)o (r1; r01) + �(1)H (r1; r01) + �(1)S (r1; r01) ;with�(1)H (r1; r01) = Z dr2 hHD(r12; r102) �(1)o (r1; r01) �o(r2) � HE(r12; r102) �(1)o (r1; r2) �(1)o (r2; r01)i�(1)S (r1; r01) = � Z dr2dr3�(1)o (r1; r2)hHD(r23)�(1)o (r2; r01)�o(r3) � HE(r23)�(1)o (r2; r3)�(1)o (r3; r01)iand the fun
tions HD and HE are de�ned as:HD(E)(rij; rkl) = 6Xp;q=1 f (p)(rij) f (q)(rkl)C(p;q)D(E)(rij; rkl)� C(1;1)D(E)(rij; rkl)with C(p;q)D(E)(rij; rkl) proper fun
tions arising from spin-isospin tra
es;(Alvioli, Cio� degli Atti, Morita, PRC72 (2005))M. Alvioli 5 SRC07



� at �rst order of the ��expansion, the full 
orrelated two-body mixeddensity matrix expression is as follows:�(2)(r1; r2; r01; r02) = �(2)SM(r1; r2; r01; r02) + �(2)2b(r1; r2; r01; r02) + �(2)3b(r1; r2; r01; r02) + �(2)4b(r1; r2; r01; r02)with: �(2)SM(r1; r2; r01; r02) = CD �o(r1; r01) �o(r2; r02) � CE �o(r1; r02) �o(r2; r01)�(2)2b(r1; r2; r01; r02) = 12 ^�(r12; r1020) �o(r1; r01) �o(r2; r02) � 12 ^�(r12; r1020) �o(r1; r02) �o(r2; r01)�(2)3b(r1; r2; r01; r02) = Z dr3 ^�(r13; r103) [ �o(r1; r01) �o(r2; r02) �o(r3; r3) +� �o(r1; r01) �o(r2; r3) �o(r3; r02) ++ �o(r1; r3) �o(r2; r01) �o(r3; r02) +� �o(r1; r3) �o(r2; r02) �o(r3; r01) ++ �o(r1; r02) �o(r2; r3) �o(r3; r01) +� �o(r1; r02) �o(r2; r01) �o(r3; r3) ℄�(2)4b(r1; r2; r01; r02) = 14 Z dr3dr4 ^�(r34) �� XP2C (�1)P [ �o(r1; rP10) �o(r2; rP20) �o(r3; rP3) �o(r4; rP4) ℄(Alvioli, Cio� degli Atti, Morita, PRC72 (2005))(Alvioli, Cio� degli Atti, Morita, arXiv:0709.3989 [nu
l-th℄)M. Alvioli 6 SRC07



one-body, non-diagonal � �(r1; r01) diagrams1 1’     
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Ground state energy: 16O - Argonne V 80< V
 > < V� > < V� > < V�� > < VS > < VS� > < V > < T > E E/A MeV��exp 0.19 -35.88 -9.47 -171.32 -0.003 -172.89 -389.40 323.50 -65.90 -4.12FHNC 0.694 -40.13 -10.61 -180.00 -0.07 -160.32 -390.30 325.18 -65.12 -4.07
orrelation fun
tions: Central, Spin-Isospin, Tensor
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3. TWO-BODY DENSITIES &TWO-BODY MOMENTUM DISTRIBUTIONSofCOMPLEX NUCLEI
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Two-Body Densities�(2)(r) = Z dR �(2)�R + 12 r ; R� 12 r ; R + 12 r ; R� 12 r�
0 1 2 3 4 5 6 8

0.0

0.1

0.2

0.3

0.4

0.5

 Total
 p-p
 p-n

12C

(2
) (r)

 [f
m

-3
]

r [fm] 0 1 2 3 4 5 6 8

0.0

0.2

0.4

0.6

 Total
 p-p
 p-n

16O

r [fm] 0 1 2 3 4 5 6 8
0.0

0.5

1.0

1.5

2.0

 Total
 p-p
 p-n

40Ca

r [fm]� normalization (number of pairs) 
onserved by the expansion� isospin separation feasible� 
losed j-shell nu
lei in
luded in the formalismM. Alvioli 10 SRC07



Two-Body Densities: isospin separationin ea
h of the terms of our 
luster-expansion expression of two body density:�(2)(r1; r2; r01; r02) = �(2)SM(r1; r2; r01; r02) + �(2)2b(r1; r2; r01; r02) + �(2)3b(r1; r2; r01; r02) + �(2)4b(r1; r2; r01; r02)the 
ontributions from proton-proton, proton-neutron and neutron-neutron
an be separated:�(2)(r1; r2; r01; r02) == �pp(2)(r1; r2; r01; r02) + �pn(2)(r1; r2; r01; r02) + �nn(2)(r1; r2; r01; r02)by inserting the proper isospin proje
tion operators in the 
luster expansionfor parti
le 1 and 2;as a 
onsequen
e, the same holds for the two body momentum distributions:n(2)(k1;k2) = npp(k1;k2) + npn(k1;k2) + nnn(k1;k2)whi
h is de�ned in the next slide.
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Two-Body Momentum Distributionskrel � k = 12 (k1 � k2 ) r = r1 � r2 r0 = r01 � r02KCM � K = k1 + k2 R = 12 ( r1 + r2 ) R0 = 12 ( r01 + r02 )we haven(k;K) = 1(2�)6 Z drdr0dRdR0 e�iK�(R�R0) e�ik�(r�r0)�(2)(r; r0;R;R0)andn(k) = Z dK n(k;K) = 1(2�)3 Z drdr0dR e�ik�(r�r0)�(2)(r; r0;R;R)n(K) = Z dk n(k;K) = 1(2�)3 Z drdRdR0 e�iK�(R�R0)�(2)(r; r;R;R0)KCM = 0 
orresponds to k2 = �k1, i.e. ba
k-to-ba
k nu
leonsM. Alvioli 12 SRC07



4He: 
omparison with VMCnpN (krel) = R dKCM npN (krel;KCM ) nNN (krel;KCM = 0)
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� good agreement with VMC 
al
ulations� npn(krel; 0)=npp(krel; 0) peak lo
ation ok �!(AV18: S
hiavilla at al. PRL98 (2007))
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nNN (krel) for Complex Nu
leinNN (krel) = Z dKCM nNN (krel;KCM )
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losed j-shell nu
lei in
luded in the formalism� three and four-body diagrams essentialM. Alvioli 14 SRC07



npn(krel) = npp(krel): 
entral vs. full 
orrelations
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wherenpN(krel) = Z dKCM npN(krel;KCM ) == 1(2�)3 Z drdr0dR e�ikrel�(r�r0)�pN(2) (r; r0;R;R)and the blue line is the number of pn to pp pairs ratio (Z = N = A=2):�Z2 � = � Z(Z � 1)2 � :M. Alvioli 15 SRC07



nNN (krel) for Complex Nu
lei: KCM = 0nNN (krel;KCM = 0)
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reases with in
reasing A - due to de
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nNN (krel) for Complex Nu
lei: KCM = 0� npn(krel; 0)=npp(krel; 0) is a measure of relative pn to pp 
orrelationstrenghts
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reases with in
reasing A - due to de
reasing number ofpairs ratio� peak gets �lled with in
reasing AM. Alvioli 17 SRC07



Con
lusions�We have 
al
ulated one- and two-body ground state properties of 
omplexnu
lei in the framework of 
luster expansion� The 
luster expansion method proved to be relatively easy to use and 
om-putationally a�ordable; 
omparison with a


urate many-body 
al
ulationsis very satisfa
tory�We have 
he
ked our two-body npN (krel;KCM ) against the predi
tion ofTwo-Nu
leon 
orrelation model� Tensor 
orrelations appear to be an essential ingredient for the 
orre
tdes
ription of (one- and two-body) high-momentum distributions
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One-Body Momentum Distributionsn(k) = 1(2�)3 Z dr1dr01 eik(r1�r01) �(1)(r1; r01)
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and � 
luster expansion
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4He: 
omparison with VMCnpN (krel) = R dKCM npN (krel;KCM ) nNN (krel;KCM = 0)
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� good agreement with VMC 
al
ulations� npn(krel; 0)=npp(krel; 0) peak lo
ation ok �!(AV18: S
hiavilla at al. PRL98 (2007))
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Spe
tral Fun
tion properties at low KCM and high krelPA1 (jkj; E) = Z dP
m nArel (jk�P
m=2j)nA
m(jP
mj) �� Æ "E � E(2)thr � (A� 2)2M(A� 1) � �k� (A� 1)P
m(A� 2) �2#
MB: n(krel;KCM )CS: Cio�, SimulaPRC53, (1996)CA n2H(krel) nCS(KCM )
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Spe
tral Fun
tion properties at KCM = 0 and high krelPA1 (jkj; E) = Z dP
m nArel (jk�P
m=2j)nA
m(jP
mj) �� Æ "E � E(2)thr � (A� 2)2M(A� 1) � �k� (A� 1)P
m(A� 2) �2#
pp and pn: MB n(krel; 0)CS: Cio�, SimulaPRC53, (1996)CA n2H(krel) nCM (0)
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� n(krel;KCM ) fa
torization in the Two-Nu
leon 
orrelation model Spe
tralFun
tion requires n(krel; KCM ; �) / n(krel; K 0CM ; �)
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� high krel and low KCM fa
torization verified by many-body 
al
u-lationM. Alvioli 25 SRC07


