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Motivation

A
im

describe basic properties of nu-
clear systemin termsof a realistic
nucleon-nucleoninteraction

realisticinteractionH
�

� meson-exchange,phenomenological,chiral
� scatteringdataanddeuteronproperties
� short-rangerepulsionandtensorforce

many-bodystate
��� �

�

4 mean-�eldcalculations(with e� ectiveinteractions)

�

��� H
� e�

��� �
�

describebulk properties(energies,
radii) well

8 notpossiblewith realisticinteractionsasnecessary
short-rangeand tensorcorrelationsin the many-
bodystatecannotbedescribedby singleSlaterde-
terminant

S
ol

ut
io

n

userealisticinteractions

andincludecorrelationsby meansof
UnitaryCorrelationOperatorC

�

in simplemany-bodystates
(shell-model,FMD)



�

���C
�

yH
�

C
�

��� �
�
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UnitaryTransformation

UnitaryTransformation

transformeigenvalueproblem

H
�

��� 	̂ n
�

= En

��� 	̂ n
�

by aunitaryoperatorC
�

��� 	̂ n
�

= C
�

��� 	 n
�
; C

�
� 1 = C

�
y

into equivalenteigenvalueproblem

Ĥ
�

��� 	 n
�

= (C
�

yH
�

C
�

)
��� 	 n

�
= En

��� 	 n
�

pre-diagonalization

includetypical
e� ectscommonto

all states

NuclearSystem

nuclearsystemhasdi� erentscales:

� long-range(low-momenta)behavior –
canbedescribedby mean-�eld
(Slaterdeterminant)

� short-range(high-momenta)behavior –
cannotbedescribedby mean�eld

ü includeshort-rangecorrelationsby
unitarytransformation

unitarycorrelator
admixes

componentsoutside
modelspace

��� 	 n
�

doesnotprojecton
modelspace
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UnitaryCorrelationOperator

Two-bodyCorrelations

unitary correlator should describe
short-rangecentralandtensorcorre-
lations

ü two-bodygeneratorG
�

C
�

= e� iG
�

CorrelatorC
�

� should conserve transla-
tionalandGalilei invariance

� should conserve invariance
underrotations

� shouldful�ll clusterdecom-
positionprinciple

ClusterExpansion

correlatedoperatorsÂ
�

= C
�

yA
�

C
�

are
nolongeroperatorswith de�nite par-
ticle number

ü decomposecorrelatedoperator
into irreduciblek-bodyoperators

Â
�

= Â
�

[1] + Â
�

[2] + � � �

Two-bodyApproximation

T̂
�

C2 = T̂
�

[1] + T̂
�

[2]

V̂
�

C2 = V̂
�

[2]

range of correlationssmaller than
meandistancebetweennucleons

Spin-IsospinDependence

nuclear interactionstrongly de-
pendentonspinandisospin

v
�

=
X

S;T

v
� ST �

� ST

ü di� erent correlationsin the
respectivechannels

g
�

=
X

ST

g
�

ST �
� ST

ü correlatedinteractionin two-
bodyspace

v̂
�

=
X

ST

�
e

ig
�

ST v
� STe

� ig
�

ST �
�
� ST
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CentralCorrelations

realisticinteractionshaveshort-rangerepulsion

ü probabilitydensityof nucleonsin the repul-
sivecorestronglysuppressed
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RadialShift

ü correlatorshiftsnucleonsoutof core

radialshift generatedby radialmomentumpr

g
�

r
r

)
1
2

fpr s(r) + s(r)prg; pr =
1
i

 
1
r

+
@
@r

!

CorrelationFunction

use correlation function R� (r) insteadof shift
functions(r)

� 1 =
Z R� (r)

r

d�
s(� )

; R� (r) � r � s(r)

CorrelatedWave function



X; r

��� c
� r

��� �
�

=
R� (r)

r

p
R0

� (r)



X;R� (r)r̂
��� �

�
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CentrallyCorrelatedInteraction
K

in
et

ic
E

ne
rg
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Determinationof Correlator

correlatorprovidesadditionaldegreesof freedom

ü useRitz variationalprinciple

min
fC
�

g;fj� i g



�

���C
�

yH
�

C
�

��� �
�

samecorrelatorfor all nuclei

ü minimize in two-body systemwith constant
trial function

min
fc
�
g



' const

��� c
�

yh
�
c
�

��� ' const
�
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TensorCorrelations

TensorInteraction

tensorinteractionis anessentialcomponentin re-
alistic interactions

8 without tensorforcenoboundnuclei

Tensoroperator

s12(r̂ ; r̂ ) = 3(� 1�r̂ )(� 2�r̂ ) � (� 1�� 2)

couplesspinsandtherelativespatialorientationof
nucleons

8 correlationsbetweenthe orientation of the
spinsandthe relative orientationof nucleons
cannotbedescribedby singleSlaterdetermi-
nant

DeuteronS = 1, T = 0

deuteronhasL = 2 admixturedueto tensorforce
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TensorCorrelator

� tensor correlator c
� 
 is scalar operator that

connectsL = 0 andL = 2 states
� shouldnot shift radially but only perpendicu-

lar to relativeorientation

ü decomposemomentumoperator

p
�

= pr
�

+ p

�

pr
�

r
)

r
r

=
r
r

1
i

� 1
r

+
@
@r

�
; p

�



r
)

1
2r

�
l �

r
r

�
r
r

� l
�

ü generatorwith radially dependenttensorcor-
relationfunction

g
�



r

) #(r)
� 3
2

(� 1�p
 )(� 2�r ) +
3
2

(� 1�r )(� 2�p
 )

� (� 1�� 2)
1
2

(p
 �r + r �p
 )
�

ü . . . somealgebra. . .



r
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��� d
�

= cos
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3

p
2#(r)

�
u(r)

��� (01)1
�

+ sin
�
3

p
2#(r)

�
u(r)

��� (21)1
�

DeuteronCorrelator

deuteroncorrelatorc
� 
 shouldmaptrial state



r

��� d
�
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r
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�

ontofull deuteronsolution
��� d̂

�
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�
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� ig

�


��� d

�

DeuteronCorrelationFunction

2 4 6 8 10

0.02

0.04

0.06

0.08

PSfragreplacements

r [fm]

#
d
(r

)
BonnA

ArgonneV18

9



Many-BodyCalculations

DoublyMagicNuclei

� doubly magic nuclei 4He, 16O and 40Ca de-
scribedby a singlecorrelatedSlaterdetermi-
nantof harmonicoscillatorstates

ü expectationvaluesof two-bodyoperatorscan
beevaluatedusingTalmi coe� cients



�

���
h
C
�

yH
�

C
�

i [2] ��� �
�

=
X

njl sm

Cnjl sm



nj(ls)m
��� c
�

yh
�

[2]c
�

��� nj(ls)m
�

Correlatedtwo-bodywave function

� tensorcorrelatorconnectsonly L = J � 1 with
L = J � 1 states
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CorrelatedInteraction
K
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Results:ArgonneV8'
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BenchmarkTestcalculationof a
Four-NucleonBoundState
nucl-th/0104057

ü apparently
long-rangetensor
correlatorneeded

(reference Pd ad-
mixture of 13:9%
obtainedwith corre-
lator 
 )

ü two-body
approximation not
good enough for
long-range tensor
correlator

ü higher order terms
in clusterexpansion
missing
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Results:ArgonneV18 andBonnA
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BonnA
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BonnA
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UCOM versusVlowk
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ü commonlow momentumpotential– identicalto Vlowk

ü noclearseparationof scalesfor tensor
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Summary& Outlook

S
um

m
ar

y

� UCOM candescribeshort-rangecentralandtensorcorrelations

� UCOM provides a methodto separatethe short-range(low-
momentum)andlong-range(high-momentum)physics

ü correlatedrealisticinteractioncanbeusedin many-bodycalcu-
lations(HF, FMD, shell-model)

8 problematicis long rangeof tensorcorrelations

O
ut

lo
ok

� usecorrelatedinteraction– with short-rangetensorcorrelator
– in shell-modelcalculationswherecon�gurationmixing takes
careof long-rangecorrelations

� include(approximately)three-bodycontributionstogetherwith
long-rangedtensorcorrelatorandusecorrelatedinteractionin
FMD calculations

? genuinethree-bodyinteractionsandrelationto three-bodycon-
tributions(! GFMCcalculations)
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FMD

Fermionic

��� Q̂
�

= C
�
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� ��� q1
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 � � � 
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� UnitaryCorrelatorC
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� antisymmetrizedA-particlestate

Molecular
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Dynamics

VariationalPrinciple
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FMD nuclearchart– correlatedBonnA (+ corrections)
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