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hadron structure

guarks & gluons
decon nement

"Three-Nucleon Interactions from Few- to Many-Body Systems” March 12-16, 2007 at TRIUMF



better resolutiol more fundamental

)
2
S
)
c
>
O
o
S
o
I
@)
S
2
c
)
S
@

| solve
the interacting nuclear

\\many-body problem

~_ construct
realistic nucleon-nucleon

\wction from QCD
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E Realistic NN-Potentials

QCD motivated

: : Argonne V18
symmetries, meson-exchange picture \_/
chiral e ective eld theory
CD Bonn
short-range phenomenology
short-range parametrisation or “contact” terms
~ Nijmegen l/ll
experimental two-body data
scattering phase-shifts & deuteron properties Chiral N3LO
reproduced with high precision \_/

supplementary three-nucleon force

Argonne V18+
adjusted to spectra of light nuclei glllinois 5
Chiral N3LO+
\ N2LO
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Potential and Proton Size

\protoncharge radiug r2 .= (0:81 O:86)fm/

Proton Charge D'St”bunon U proton size not small compared to interactior|1
and S=0, T=1 Potential range
U half-density overlap at maximum attraction,
overlap of tails at average NN-distance in nu+
clear matter
2001 ..
[ AV18 U Vynn not elementary
[ more like atom-atom potential
100
S . l U expect three-body forces
é 07 ) J
o \/
-100:- \/C(r)
2000
00 05 10 15 20 25 3.0
r [fm]
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ADb Initio Nuclear Structure Calculations

Describe basic properties of nuclear many-body system A
in terms of arealisticnucleon-nucleon interactidd and a many-body state

1, =1, 1, 2,72, 2,000 A A A

degrees of freedom:cm position,~ spin, isospin of each nucleon

Aim

U solve many-body problem Fon =E

U Exact solutions for spectra and transitions

A=2;3;4 Fadeev, Yakubowski, Hyperspherical harmonics, ...
A. 12 no-core SM ,GFMC (for bound states only)

Achieved

A& 12 numerical eort beyond today's computer
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ADb Initio Nuclear Structure Calculations

Describe basic properties of nuclear many-body system A
in terms of arealisticnucleon-nucleon interactidd and a many-body state

1, =1, 1, 2,72, 2,000 A A A

degrees of freedom:cm position,~ spin, isospin of each nucleon

Aim

U solve many-body problem Fon =E

U Exact solutions for spectra and transitions

A=2;3;4 Fadeev, Yakubowski, Hyperspherical harmonics, ...
A. 12 no-core SM ,GFMC (for bound states only)

Achieved

A& 12 numerical eort beyond today's computer

_Exact many-body state
n Is terribly complicated
for realistic NN-interaction.

WHY?
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. =
3 Overview
[ )

4 Introduction

Short Range Central and Tensor Correlations

Unitary CorrelationOperatorViethod
realistic=) correlated Hamiltonian

Applications:

No-Core Shell Model
Hartree Fock & Pertubation

(FermionicMolecularDynamics)

Summary and Outlook
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E Realistic NN-potential

Vin repulsive at small distances

W (F12; P12=0; ~1; ~2; T=0)
! AV18 U strong short-range central correlations
[ nucleons cannot get closer thar®.6 fm
100-' ﬂr—l2>ﬂ
é Van depends strongly on orientation of; ~ with respect ta+»
= 0 = q
z ] 1 U tensor correlations
~ _1005 Irlz protons and neutrons want to align their spins with
i fr
Problem:

Slater determinantsannotdescribe these

200b
00 05 10 15 20 25 30
r12 [fm]
Argonne potential \ correlations
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E Realistic NN-potential

Viw(#12; P12=0; ~1; ~2; T=0)

200p AV18
100:— ﬂr—l2>ﬂ
S
(D)
2 o0 —|
2 ]
-100 Iflz
} {1
200k
0

.0 05 10 15 20 25 30

ri2 [fm]

Argonne potential

Vin repulsive at small distances

U strong short-range central correlations
nucleons cannot get closer thar®.6 fm

Van depends strongly on orientation of; ~ with respect ta+»

U tensor correlations
protons and neutrons want to align their spins with

Problem:
Slater determinantsannotdescribe these

\ correlations

Solution:include short-range correlations by unitary transfororat COM)

~

=C

=C C

C; central correlator shifts nucleons out of repulsive core

C tensor correlator aligns spins alorg
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Unitary Correlation Operator Method (UCOM)

Correlation Operator

introduce short-range correlations by
means of a unitary transformation with re-
spect to the relative coordinates of all pairs

_ h X i
C=exp[ IG]=exp | g
i<j GY=G
/ U
Correlated States | Correlated Operators
B =C é = CcltlocC

I
O
o

S0 0 = cloc ©

— -
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UCOM

The Unitary Correlation Operator

Two-Body Correlations Correlator C
i two-body generator should conserve translational,
X rotational and Galilei invariance

C=e's; G= dij cluster decomposition principle
<i wcj be ful lled

Cluster Expansion

correlated operators = CYAC are no longer operz
tors with de nite particle number

Spin-lIsospin Dependence
"nuclear interaction strongly depends on spin and

isospin X
U decompose correlated operator into irreducibje V= VsT sT
k-body operators ST
A= Al + AlD + ABI 4+ U di erentcorrelations in the respective channels
X
Two-Body Approximation g=  OsT sT
ST

£C2 = T[] 4+ T JC2 = \/I2] . : .
T T+ T, v v U correlated interaction in two-body space

8 correlation range should be smaller than

i & igs T igs T
mean distance of nucleons v

€ Vst€ ST
ST
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[ ] .
Y Central Correlations
[ )

0—— 7T T T

»o0L AV18 —central part_- strong repulsive core in central part of realistic
_ (ST)=(01) interactions

100 .

suppression of the probability density for nding
two nucleons within the core region

0 -
i \/ _ i central correlations
-100F -

I T R SR T cannot be described by single or
' ' ' ' ' superposition of few Slater determinants

Voui(r) [MeV]

@) [fm 3]

C

“shift the nucleons out of the core
\ region”
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. n
¥ Central Correlations
[ )

Radial shift Correlated 2-body wave function

U correlator shifts nucleons out of core X £ e 9 _R RO pRo(r) X;R (r)r

radial shift generated by radial momentyom

h i h X | e ' acts only on relative distance

C, = ex 1IG, =exp | : A .
r > r P . i not on orientatiorf, not on ¢.m.X, nor on sping
i<]

1 _ r11 @ Correlation function
G =3 SO+ ps) 5 pr) 7 oot @ use correlation functioR (r) instead of shift
function (r)
T T T T T T T Z R () 4
0.3 G0 4He - ) 1; R(@) r sr)

0.2 Correlated operators

@) [fm 3]

e+|gr r e |gr — R.,.(I’)

0.1 5 €9V e'™ = VR

O 05 1 15 2 25 3 N (r ﬁ)eigr
r [fm]

(- )
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E Centrally Correlated Hamiltonian

401 20t
1] — ' :
- | AN
20} i
> @=d(brt)e (t+) _ L
o " S 3
Q + 1 5, 1 1 s = 50f
c ) 5 Pr5= == Pr - g R
|.|J 2 2 r(r) 2 r(r) 20} 1 -75: u(r)
f:J 1 12 20 -100%
Q + — — -40+ 105l
c 2 (I’)I‘2 | 00 05 10 15 20 25 30 B T TR W TR TR Y,
X 1 7R R o | r[f;n]
T2 AR 2R()? i 2t o, 1 10
2°(r) 2 RY(r)? 27 (r) 2 Ru(r)?
200;
*) VR =
?3 1m§
. _
-.': 5 > E
= ®) VR()Ts g~
3 F o > OE
S ) VRO sliD) M
V(r)

-100f

-150 F

“““““““““““““““““““““

00 05 10 15 20 25 3.0
r [fm]
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2.00 | M : s analogy with dipole-dipole interaction
Viensor 3 (~1I‘)(~2I’) ~172
couples the relative spatial orientatioof two
nucleons with their spin orientations

anti-parallel
spins
U tensor correlations

cannot be described by single or
superposition of few Slater determinants

Vtensor

C

“rotate nucleons towards poles or
equator depending on spin
\orientation”
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' n
¥ Tensor Correlations
. r

Angular shift

U correlator shifts nucleons to attractive regio

angular shift generated iy = p pf
h i h X i
IG =exp | 0 i

I<]

n 0
g =#N3 (1 p ) (2D +(1(=p)

C =exp

\ p
¥ Correlated 2-body wave function(LS - coupled)
(31 =" () (51)d
rc ';(J 1,1)J
cos Dm (1) (3 113 +sin O@) ' (r) (J+1;1)J
Correlation function O)(r) = 3pJ(J—+1) #(r)

U tensor correlator admixds= 2 toL = 0, etc.

rc

II# + #ll

Correlated operators

centralinteractions

e V(r)eig = V(r) invariant
correlatedensor
e syfif)e” =
e ¥ ,(F:7) tensor
+2 1 e ¥ 3+~ ~) central
+61 e¥0 rs spin-orbit
o small terms
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0.15;

0.1

0.05;
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C

| -

0.15;

0.1

0.05;

0.15;

0.1r

0.05;

central

correlations
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r C,

r C C,

0.15;

0.1

0.05;

0.15;

0.1r

0.05;

0.15;

central

correlations

tensor

correlations

0.08-
0.06r
0.04-

0.02;

0

constraint on range

~____ oftensor correlator
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Central and Tensor Correlators

P

Central Correlator C, =exp i Orij
<j

i
radial distance-dependent shift in the relative
coordinate of a nucleon pair

O = % S(r) pr+ pr S(r)

_11" L
Pr=37

ptpP -

D
"

P
Tensor Correlator C =exp 1 g 4
<]

angular shift depending on the orientation of spin
and relative coordinate of a nucleon pair

g =3#0) (-1 p )2 D+ (S p)
P =p 7P

s(r) and#(r)

for given potential determined |
\inthe two-body system
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UCOM

Determine Correlation Functions

Central Correlations

0.25}
3 Ao determines(r) und#(r) in each spin-isospin channe
0.20f | by minimizing the energy in the
= 01| two-body system
. - ST ST
T o.10} s(p)-l';l#r(]r) trial C¥Cy HC C,  Fa
0.05;
000 NS correlation functions depend only weakly on the trial
00 05 10 15 20 25 )
r [fm] wave function
Tensor Correlations range ofs(r); #(r) greater mean distance of nucleons
ol AV1S ) large 3-body termst ™ + Y
Sosl restrict the range of the tensor corgelations in the
o S=1;T=0 channel (parametér = dr r2#(r))
0.04:-
0.02:—
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Momentum-Space Matrix Elements

pre-diagonalisation of

Hamiltonian

\ )
R
R
N
S by
MMl
S \ O, %
= LR Ree, Rete st

by
e S
A T P

20
0

3 =20 Vucom
40

0 q [fm 1] AV18
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E Interaction in Momentum Space

Z Z
kim AP 1A% =i®'M & d®CY2 (®)jikx) x AP %0 (k%) Yion(X)

1S, channel 3S, channel
1- ,_._._-_-:.‘.‘.'-'-'---- X ]
£ j unCorreIatg_d:—;;’.i:::,._,_ £
O — o
~ f ~
= " correlated x
'S I 'S
) E N
T -2r T
=< [ e — BonnA ~
ol e — AV18 . — AV18
00 05 10 15 20 00 05 10 15 20
k[fm ] k[fm ]
=g —_ . . 1
U unique e ective potential — | wk wuig = A 2.0@/

identical toV, ok

Achim Schwenk, et. al nucl-t8108041
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3 Comparison with Vie.

Viow-k: Bogner, Kuo, Schwenk, Entem, Machleidt, Phys. Lett. BRX#@) 265, nucl-ttv108041

% AV18
=3 bare
' 3S; 3Dy | —
'12' | | | . Vucowm
I | | | | (ly = 0:09fm3)
4l i
3t
%' _ Vlow-k1
z 2_ (= 21fm &)
1k
0 L | L | L | L | L
2.5 0 0.5 1 15 2 2.5

q[fm 7]

"Three-Nucleon Interactions from Few- to Many-Body Systems” March 12-16, 2007 at TRIUMF



E Simplistic “Shell-Model” Calculation

expectation value of Hamiltonian (with AV18) for Slater dehinant of har-
monic oscillator states

60 - AHe 160 48C4 907, 132G 208p|, B}

50 - — _

40 | central & tensor \
S i correlations essw
@ B — | obtain bound nuclei
= 307 C - lanbound
<|F 20 - -
Lu [ ] 7

10 L L L ) L ) __— ]

[ )] C
O [ )
_10 N 00000000 000° 00000000000 000000000000 ©00000ccccce O00000GcGccee |
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Other Observables

Nucleon Momentum Distributions

Bonn-A Argonne V18
1.p 1.p
160 ; 160
0.1t 0.1
&5 0.01; — 0_01;_
0.001 centra >y I
ﬁ g tensor <|F 0'001§
~3 i =~
<€ 0.0001; &  0.0001 \
0-00001? ""-.‘ central 0.00001;— s VMC
| | I I | ‘:“““. | I | : —LDA “““‘.
2 4 1 I I ]I- I I I é LY 1 1
1
k[fm 1 k[fm 1]

U correlations induce high-momentum components
U contributions of tensor correlations very big

w)rrelator ranges relevant especially at the fernfice
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Application |

No-Core Shell Model



UCOM + NCSM

No-Core Shell Model
+

Matrix Elements of Correlated

\\Reaﬁstic NN-Interaction Vycowm

many-body state is expanded in Slater determinants of haomoescillator single-
particle states

large scale diagonalisation of Hamiltonian within a trulecamodel space\ ~!
truncation)

estimate of short- and long-range correlations

NCSM code by Petr Nadtil [PRC 61, 044001 (2000)]
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residual state-dependent
long-range correlations
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L
d “He: Convergence

E [MeV]

-20

Vavis Vucom
-10
60— -15
40t -20
A s
L -30 .
- of e . ¥ -
— 10 20 40 60 80
| 14 N\ et
Eavis — 16 omitted three- and four-body
_ \r\#ontributions
20 40 60 80 20 40 60 80
~ [MeV] ~ [MeV]
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E(“He) [MeV]

-24

ECH) [MeV]

AV18
NijmlIl A
B Nim| &
| CD Bonn |
i EXxp.
_ *I'i'* XXX + 3-body
- +
-8.6 -8.4 -8.2 -8 -7.8 -7.6

Tjon-line: E(*He) vs.E(3H) for phase-
shift equivalent NN-interactions
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E(“He) [MeV]

24l

-25

-26

-27

-28

-29

_ EXp. *l'

this Vucom

Is used in the
following

AV18
Nijm Il
Nijm|

CD Bonn

Vucowm (AV18)

increasing
C -range

A

-8.6 -8.4

-8.2

-8

EGH) [MeV]

-7.8

-7.6

Tjon-line: E(*He) vs.E(®H) for phase-
shift equivalent NN-interactions

change ofC -correlator range results in
shift along Tjon-line

minimise net
three-body force
by choosing correlator
with energies close to
experimental value
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E(“He) [MeV]

-24

-25

-26

-27

-28

-29

AV18

Nijm I

Nijm |

Vucom (Nijm
Vucom (Nijm

¢

Vucowm (AV18)

)
1)

A

-8.6

-8.4

82 -8
EGH) [MeV]

-7.8

-7.6

Tjon-line: E(*He) vs.E(®H) for phase-
shift equivalent NN-interactions

change ofC -correlator range results in
shift along Tjon-line

minimise net
three-body force
by choosing correlator
with energies close to
experimental value
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E, [MeV]

°Li: NCSM for p-Shell Nuclei

systematic NCSM |
study throughout p-shell

N} progresj

'5 T T T T T T T
e 8
6 .
10k LI |
- - =26 MeV 6
'15_ N %
' Vucom =
20k - = 4
. Vucom+Lee-Suzuki W
-25+ 5
G
-30+ Eexp
L1 1 | | | | O
0 10 15 20 25
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Chiral

8~ 10 12~

calculations by Petr Navratil




large-scale NCSM calculations troughout the p-shell igpess (with Lee-Suzuki trans-

formation)
7~ Vucom Exp -
6 __ 4+ __
c | g— |
3 2+ -
E I~ -
[— 3 | ]
& - ]
LLJ
2 B 0+ —]
L - _
1 1+ —
i N i
0 i -62.1 -64.7 ]
10 o 2~ 4] 6~! 8~ —
i ~l = 18MeV 7]
2= _

calculations by Petr Naatil — preliminary
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108: Benchmarking Vycom

large-scale NCSM calculations troughout the p-shell igpess (with Lee-Suzuki trans-

formation)

7 k Vucom Exp CDBonn Chiral —
4+ NN NN+NNN 7
Vucowm gives correct level B
| ordering without any NNN — i
~___ interaction E— |
S 4 2+ n
%) - _
— 3 — ]
ucj:) L -
2 B 0+ —]
" I |
1 | 1+ /_ —
I —/?\ \ |
or 62.1  -64.7 640 |
1F o 21 41 6~! 3~ g~ 6~
56.8
i ~I = 18MeV ]
Py 56.3 |

calculations by Petr Naatil — preliminary
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Application II:

Hartree-Fock & Beyond



UCOM + HF

Standard Hartree-Fock
+

Matrix Elements of Correlated

\\Reaﬁstic NN-Interaction Vycowm

many-body state is 8later determinant of single-particle states expanded in oscil-
lator basis

correlations cannot be describedy Hartree-Fock states

starting point foimproved many-body calculations MBPT, RPA, SMCI, CC,...
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Hartree-Fock with Vycowm

E=A [MeV]

long-range correlations 1

-8 __ We missing/z _

Ren [fm]

1 I I I I I I I I I I I I I I

4He 240 40Ca 48NI 68NI 888r 1OOSn 1328n 208Pb
160 34Si 48Ca 56Ni 78Ni 902r 114Sn 146Gd

- Experiment | HF
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Perturbation Theory with Vycowm

0 | | ' l | | |
i long-range correlations .
-2 | are perturbative easily tractable within N
S /\.\j\ — e _PT,SMICI, CC, RPA,... 1
v -4 _
2, I 1
B ool :
-8 —
ol 1
5 i
E 7 7
o 3 indications for presence of _)
, L WI three-bodw
1 I I I I I I I I I I I I I I
4He 240 40Ca 48Ni 68Ni 88Sr 1OOSn 1328n 208Pb
160 34Si 48Ca 56Ni 78Ni 902r 114Sn 146Gd
= EXperiment | HF HF+PT2 HF+PT2+PT3
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Summary

U Unitary CorrelationOperatorMethod
treats short range repulsive and tensor correlatiorsC,C

U UCOM de nes phase-equivalent correlated interacQirowm

for many-body methods with low-k Hilbert spaces: HF, shetidal, FMD
Vucow Virtually independent on realistic startiivgy

U Range of tensor correlat@ adjusted to minimize irreducible 3-body forces

U No-core shell model calculations for light nuclei
Vucowm produces eects attributed to 3N forces belonging to chiral NN or AV18 Ms = 0

I Hartree Fock 2nd order pertubation for nuclei up $#°Pb
indication for necessity of 3N forces fMycowm

Improves(r); #(r)
3N force forVycom ?

Test many-body states with correlated observaGlesC
el. magn. transitions & moments;decay etc.

Outlook
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Anwendung 2

Fermionic Molecular Dynamics



Hilbert Space: Fermionic Molecular Dynamics

Fermionic
Slater determinant

Antisymmetrization
Q = A 01 da /\’\
U antisymmetrized\-body state

Molecular
single-particle states —

X (x B)?
X (g = G exp 2ai i

U Gaussian wave-packets in phase-space,
spin is free, isospin is xed

Dynamics in Hilbert space
spanned by one or several non-orthogoif

X
= a Q(a)

a

U Hilbert space contains
shell-model, clusters, halos

ks

variational principld Q@=fg?®; =1 Ag .
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NN Interaction

E ective Correction to the Interaction

E ective two-body interaction

0

correlated two-body interactidd = CYH C
is lacking three-body forces

instead of three-body force use additionalmentum-
dependenandspin-orbittwo-body correction term

t correction term to binding energies and radii of
“closed-shell” nuclei

altogether d5% correction to theb-initio two-body po-

tential

DE)[ ol

160 and*°Ca are not

“closed shell” nuclei !
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N
~

PAV

[MeV]

-40.0F
-45.0F
-50.0

-55.0F

as Generator Coordinates

Radius and Quadrupolel\/loD

fenage[fm]  Q[fm?]  B(E2) [¢*fm?]
PAV 2.39 -6.25 9.31
VAP 2.49 -8.02 15.36
Multicon g 2.74 -11.88 30.39
8
Be
4" 206, -41.0
46.3 4 o4
4+ -47.7
ot -49.6
ot -51.0
+ -52.7
0 + -53.5
o 548 o* -54.2 2
o* -57.2 0 =205
Variation PAV VAP Multiconf Exp
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FMD - Variation, PAV , Multicon g.

| 12C V/PAV -81.4 2.36 -
PAV -88.5 2.51 36.3
Multicon g(4) -92.2 2.52 42.8
Multicon g(14) -92.4 2.52 42.9
PAV | Exp -92.2 2.47 39 33
70 |
o 12C
—
— ]
-75 |
I
.  o— 2 .
ow| | — © L= —
% - 80 2" . _i:
@ — 3 H* L e
Y g5 0 0 ——
2 e— 2" cn— " cmm—
- 90 |
o* o o*
- 95 | Multi-Config HiL Multi-ConfigH4L Experiment
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E @eVD

-70 |

-75 |

-80 ¢t

-85 |

-90 |

-95 t

Multi-Config HiL

Multi-ConfigH 4L

[EnY
PR

@ EN B

&b
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E Helium Isotopes

3.0

@nD

2.5

2.0

1.5

' Bindi i — PAV
| Binding energies  Multiconf
I — EXp
B 3e2-
— 3e2-
302-_3e2- —
[ 0+ 0+ O+ O+ 3e2-
0+ o+ e O+
0+ o+
- Matter radii
B 0o+ 0O+ 3e2- ?L o+ Ot 0+
0+ -
32
O+
. 0+ O+
He4 He5 Heb He7 He8

Exp: Ozawa,Suzuki, Tanihata, RB93(2001)32; Raman,Nestor, Tikkanen, Atomic Data and NuctaOables7/8(2001)1

"Three-Nucleon Interactions from Few- to Many-Body Systems” March 12-16, 2007 at TRIUMF




E Helium Isotopes
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Vielteilchenzusinde:
Fermionische Molekulardynamik (FMD)

E ektive NN-Wechselwirkung:
abgeleitet von der realistischen

Argonne-V18NN-Wechselwirkung

(UCOM)

r [fm]
Massendichten
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Potentiale & Astrophysikalische S-Faktoren
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collective coordinate representa-
tion as tool for the description of

continuum states in FMD

rst steps towards fully
microscopic and consistent
description ofstructure and
reactions
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Phase Shift 7=2 Resonance
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Phase Shift 5=2 Resonance
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Unitary CorrelationOperatorViethod
beschreibt kurzreichweitige radiale und tensorielle Ktationen

UCOM erzeugt ab-initio korrelierte Wechselwirkuky
fur Vielteilchenmethoden wie HF, Shalenmodell, FMD

Observablen imassen und &nnen auch korreliert werden
no-core Schalenmodell Rechnungénikichte Kerne

FMD Rechnungen mit demselb&ff2+H" fir3 A 60

Ein mikroskopisches Modellit: )
Bindungsenergien, Radien, Spektreinergange,
Kontinuum, Resonanzen, Reaktionen

0
0

0

i

Ausblick

0

"ab initio” Idee weiter verfolgen Vorhersagekraft
Vorhersagentr viele exotische leichte Kerne (vor Messung)

KorrelierteUbergange: M1, -Zerfall, quenching
Ab-initio korrelierte WW in HF, RPA odeahnlichem &ir A> 60

Langreichweitige Tensorkorr. — 3-Teilcheakie
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. L]
3 How to improve ?
[

Projection After Variation (PAV)

U mean- eld may break symmetries of Hamilto- X X

nian | | Q HPZo Q cxo=E} Q Plo Q cxo
U restore re ection and rotational symmetry by KO KO

parity and angular-momentum projectiBﬁj,K

Variation After Projection (VAP)

U e ectof projection can be large

U perform VAP applyingconstraintson radius,
dipole moment, quadrupole moment or octupagle
moment and minimize the energy in the pro-
jected energy surface

Multicon guration Calculations

U diagonalize Hamiltonian in a set of projected
intrinsic states

Pio Q@ ; a=1 ;N
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Unitary Correlation Operator Method, UCOM

Two-Body Correlations

U two-body generator
X

C=e'®; G=

= Jij

i<j

Cluster Expansion

correlated operators = CYAC are no longer operz
tors with de nite particle number

U decompose correlated operator into irreducib
k-body operators

A= Al 4+ A2+ A 4

le

Two-Body Approximation

TC2 = FM 4+ T,  yc2 = yi2
8 correlation range should be smaller than

mean distance of nucleons (to avoid 3-body
terms)

Correlator C

should conserve translational,
rotational and Galilei invariance

Nort ranged
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Two-Body Correlations

U two-body generator

C:eiG; G Jij

I<]

Correlator C

should conserve translational,
rotational and Galilei invariance

Qort ranged

Cluster Expansion

correlated operators = CYAC are no longer operz
tors with de nite particle number

U decompose correlated operator into irreducib
k-body operators

A= Al 4+ A2+ A 4

Spin-Isospin Dependence

I nuclear interaction strongly depends on spin an
isospin X
V= VsT sT
[ ST

u di erent corralatiénsggl thg respective chann
- T T

ST

Two-Body Approximation

TC2 = FM 4+ T,  yc2 = yi2

8 correlation range should be smaller than
mean distance of nucleons (to avoid 3-body
terms)

U correlated u;{eractlon in two body space

A |
= e*'vgre °

ST

ST

d

els
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C=C G . ) )
@ Pz iR i P=aT P oF T

Radial Correlator
Gr = 3 ps(r) + s(r)p

U probability density shifted out of the repulsive

core
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Manfred Ristig Z.Physik99(1967) 325
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C=CCGC n 0 n 0
\:eie_y pr%:p-'_pr ’ p=2—1r1'1f1f1'

Radial Correlator Tensor Correlatlons
Gr = 3 ps(r) + s(r)p G =#(r)3 (113)(21°)+(11°)(213)
I g(r)cr)l;ablllty density shifted out of the repulsive ; osor force admixes other angular momenta
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Radial Correlator
Gr = 3 ps(r) + s(r)p
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| Tensor Correlations
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AVS8' Interaction

No-Core Shell Model Calculations

preliminary

Or 0
i Quasi-exact calculations for
-5F \) \Iight nuclei possible
-10F
S ! exact result from PR64 (2001) 044001
(D) -15F
=
m i use no-core shell model code from
-20F 4 Petr Navratil (LLNL)
25
< expeniment 18 U neglected 3-body correlated terms
01072673026 5 6o ) same.orderlas genume 3N interactions
~ [MeV] U more investigations needed

test of two-body
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MTYV Interaction

No-Core Shell Model Calculations

*He ‘He
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I 0 i 0
correlated j correlated s
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ﬁ 4 -10}
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s * 10 4
L
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i | 40 -10f —
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3> 4 =" MeV] o 15} [MeV]
=3 , =3 :
L i w  -20f
-6 [
i -25F
8 bare -30¢ bare
0 10 20 ~30[M4e0\/] 50 60 70 0 10 20 ~30[M4e0\/] 50 60 70
exact results from P&52 (1995) 2885
J use no-core shell model code from
Petr Navratil (LLNL)

only radial correlations
~ /
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Other Observables

Nucleon Momentum Distributions

Bonn-A Argonne V18
1.p 1.p
160 ; 160
0.1t 0.1
&5 0.01; — 0_01;_
0.001 centra >y I
ﬁ g tensor <|F 0'001§
~3 i =~
<€ 0.0001; &  0.0001 \
0-00001? ""-.‘ central 0.00001;— s VMC
| | I I | ‘:“““. | I | : —LDA “““‘.
2 4 1 I I ]I- I I I é LY 1 1
1
k[fm 1 k[fm 1]

U correlations induce high-momentum components
U contributions of tensor correlations very big

w)rrelator ranges relevant especially at the fernfice
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E Interaction in Momentum Space

Z Z
kim AP 1A% =i®'M & d®CY2 (®)jikx) x AP %0 (k%) Yion(X)

1S, channel 3S, channel
1- ,_._._-_-:.‘.‘.'-'-'---- X ]
£ j unCorreIatg_d:—;;’.i:::,._,_ £
O — o
~ f ~
= " correlated x
'S I 'S
) E N
T -2r T
=< [ e — BonnA ~
ol e — AV18 . — AV18
00 05 10 15 20 00 05 10 15 20
k[fm ] k[fm ]
=g —_ . . 1
U unique e ective potential — | wk wuig = A 2.0@/

identical toV, ok

Achim Schwenk, et. al nucl-t8108041
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AV18 Interaction in Momentum Space

4 O -diagonal Matrix Elements

_—_

AR

bare potential

U “pre-diagonalization”

correlated interaction
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AV8' Interaction _
preliminary

No-Core Shell Model Calculations

Increasing range of tensor correlator
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transition.C 1 . C
up to now only: .

NCSM: Navatil, Ormand

no core shell model with 3-body
force, PRC 68(2003)

third 32 missing

FMD with con guration mixing

B(GT)

B(GT)

B(GT)

11C

1.0F ' ' Experiment -
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C ] o
0.8 , - . ]
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: i
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Eex [MeV]

Exp.: Y. Fujita, P. von Brentano et al.
Phys. Rev. C 70, 011306(R) (2004)
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1 15C PAV only

Variation Ep [MeV]  rcharge [fM] I'matter [fM]
1F *c | PAV 1g 99.1 2.52 2.88
° ol PAV 105.0 2.49 2.60
Eo < 107 Exp 110.8 270 0:03
T ol 2:76  0:.06
-5r :;Oetﬁltron
10*F __ proton
5 0 5 0 2 4 6 8
x [fm] r [fm] E, [MeV]  B(E2) [e/fm?]
PAV 1.29 4.6
sl Exp 1.77 315 0:95
B B Global Best Fit 1.77 82 14
£ £
= - 1 Ramaret al, Atomic Data and Nuclear Data Tabl@8 (2001) 1

U calculated B(E2) consistent with
anomalously long lifetime of 2
state measured at RIKEN

Imai et al, PRL in print
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FMD, Variation

Nuclear Chart
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FMD, Variation

Nuclear Chart
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E Nuclear Degrees of Freedom
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