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Moti vation

Hirschegg 2003

A
im

describebasicpropertiesof nuclear
systemin termsof a realistic
nucleon-nucleoninteraction

realistic interactions H
�

� reproducescatteringdataanddeuteron
properties

� meson-exchange(Bonn),
phenomenological(Argonne),� -PT

� featureshort-rangedrepulsionand
strongtensorforce

Many-Body State
��� �

�

4 mean-�eld calculations(with e� ective interactions)

�

��� H� e�

��� �
�

(Slaterdeterminant
��� �

�
)

describebulk properties(energies,radii) well
8 realistic interactionsinduceshort-rangedcentral

andtensorcorrelations,Slaterdeterminantscannot
describethese

A
ns

at
z

userealistic interactions

andincludecorrelationswith
unitary correlationoperatorC

�

in simplemany-body states
(shell-model,FMD)



�

���C
�

yH� C
�

��� �
�
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Unitary Transformation
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Unitary Transformation
transformeigenvalueproblem

H�
��� 	̂ n

�
= En

��� 	̂ n
�

with the unitary operatorC
�

��� 	̂ n
�

= C
�

��� 	 n
�
; C

�
� 1 = C

�
y

into the equivalenteigenvalueproblem

Ĥ�
��� 	 n

�
= (C

�
yH� C

�
)
��� 	 n

�
= En

��� 	 n
�

“pr e-diagonalization”
includetypicale� ects
commonto all states

Nuclear System
the nuclearsystemhasdi� erentscales:

� long range(low momenta)– canbe describedby
mean-�eld (Slaterdeterminant)

� short-range(high momenta)– cannotbe describedby
mean-�eld

ü includeshort-rangecorrelationsby unitary transforma-
tion

unitarycorrelatoradmixes
componentsfrom outside

themodelspace
��� 	 n

�

doesnotprojecton
modelspace
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The Unitary Corr elation Operator
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Two-Body Corr elations

ü two-bodygenerator

C
�

= e� iG
� ; G

�
=

X

i< j

g
�

i j

Corr elator C
�

shouldconserve translational,
rotationalandGalilei invariance

clusterdecompositionprinciple
shouldbeful�lled

Cluster Expansion
correlatedoperatorsÂ� = C

�
yA� C

�
areno longer

operatorswith de�nite particlenumber

ü decomposecorrelatedoperatorinto irreducible
k-body operators

Â� = Â�
[1] + Â�

[2] + � � �

Two-Body Approximation

T̂�
C2 = T̂�

[1] + T̂�
[2] , V̂

�
C2 = V̂

�
[2]

8 correlationrangeshouldbe smallerthan
meandistanceof nucleons

Spin-IsospinDependence
nuclearinteractionstronglydependson spin and
isospin

v
�

=
X

S;T

v
� ST�� ST

ü di� erentcorrelationsin the respective chan-
nels

g
�

=
X

S;T

g
�

ST�� ST

ü correlatedinteractionin two-bodyspace

v̂
�

=
X

S;T

�
e

ig
�

ST v
� STe

� ig
�

ST �
�� ST
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Central and TensorCorr elations
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C
�

= C
� 
 C

� r
p = pr + p


pr = 1
2

n
r
r

�
r
r p

�
+

�
p r

r

�
r
r

o
; p
 = 1

2r

n
l � r

r � r
r � l

o

Central Corr elations
g
�

r = 1
2

�
pr s(r) + s(r)pr

	

ü probability densityshiftedout of the repul-
sive core
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o

ü tensorforce admixesotherangularmomenta
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Determination of Corr elator
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determinationof s(r) und#(r) by variationalprinciple

min
s(r);#(r)



� ST

trial

���C
�

y
r C�

y

 H� C

� 
 C
� r

��� � ST
trial

�

Central Corr elations
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Many-Body Calculations
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ü centralcorrelator
shifts densityout of
the repulsive core

ü tensorcorrelator
alignsdensitywith
spin orientation

ü both central
andtensor
correlationsare
essentialfor
binding
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Benchmark AV8'
Many-Body Calculations
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Binding Energy
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Contrib utions to the Binding Energy
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ü extremelysimpletrial state,only oneSlaterdeterminant
ü big cancelationsbetweenkinetic andpotentialenergy,

thereforebinding energy very sensitive

ref: PRC64 (2001) 044001
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NucleonMomentum Distrib utions
Other Observables
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radial
VMC
LDA
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n̂(
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radial VMC
LDA

k [fm� 1]
n̂(

k)
=A

[fm
3 ]

central

central+
tensor

ü correlationsinducehigh-momentumcomponents
ü contributionsof tensorcorrelationsvery big

ü di� erentcorrelatorrangesrelevant especiallyat the fermi surface
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Interaction in Momentum Space
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klm
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0� l M
Z

d3x Y?
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ü uniquee� ective potential–
identical to Vlowk

Kuo, Schwenk,nucl-th/0108041

ü Vlowk Cuto� � = 1:0� 2:0 fm� 1
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No-CoreShellModel Calculations
AV8' Interaction
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preliminary
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18experiment

� useno-coreshell modelcodefrom
PetrNavratil (LLNL)

exact result from PRC64 (2001) 044001

Quasi-exactcalculationsfor
light nucleipossible

testof two-body
approximation
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GFMC calculations
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Wiringa, Pieper, PRL 89 (2002) 182501

genuinethree-bodyforces(IL2)
neededfor descriptionof real

nuclei
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Fermionic Molecular Dynamics
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Fermionic
singleSlaterdeterminant

��� Q
�

= A
�

� ��� q1
�


 � � � 

��� qA

� �

ü antisymmetrizedA-body state

Molecular
GaussianWavepackets



x

��� q
�

=
X

i

ci exp
�
�

(x � bi)2

2ai

� ��� � i
�



��� � i

�

Dynamics
VariationalPrinciple

�
Z

dt



Q̂

��� i d
dt � H�

��� Q̂
�



Q̂

��� Q̂
� = 0

Interaction

Ĥ�
e� = Ĥ�

C2 + Ĥ�
correction

Ĥ�
C2 =

h
C
�

y
r C�

y

 H� C

� 
 C
� r

iC2

ü Ĥ
�

C2 – correlatedinteractionin two-body
approximation

ü Ĥ�
correction – adjustedon doubly magicnuclei

(compensatesfor missingthree-bodycon-
tributionsof the correlatedinteractionand
genuinethree-bodyforces)

Variation

minimize



Q
��� Ĥ�

e�
��� Q

�
by

variationof theparametersof
thesingle-particlestates
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Nuclear Chart
FMD
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SelectedNuclei
FMD
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Summary and Outlook
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S
um

m
ar

y

ü unitary correlationoperatorcandescribeshort-rangecentral
andtensorcorrelations

ü unitary correlatorprovidescommonlow-momentuminteraction

ü correlatedinteractioncanbe usedin di� erentmany-body
methods(HF, shell model,FMD)

ü otherobservablescanbe correlatedaswell

Feldmeier, Ne� , Roth, Schnack,NP A632 (1998) 61
Ne� , Feldmeier, NP A713 (2003),311

ü no-coreshell modelcalculationsfor light nuclei
ü FMD calculationswith modi�ed interactionfor heavier nuclei

MS = 1

MS = 0

O
ut

lo
ok

ü interactionwith long-rangedtensorcorrelationsandthree-body
contributionsfor the simpletrial statesof FMD

8 genuinethree-bodyforcesareneededin additionfor a success-
ful descriptionof nuclei

http://theory.gsi.de/ ~tn eff /tn eff .h tml
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