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e Atomkerne

e \Wenig-Nukleonen-Systeme
e Nukleon-Nukleon-Potential

e Hadronenstruktur

e Quarks & Gluonen
e Deconfinement
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mehr Aufbsung/ fundamentaler
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l0se

das wechselwirkende nukleare
\\Vielteilchenproblem

konstruiere

realistische Nukleon-Nukleon
Wirkung aus der QCD
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Potential und Grof3e des Protons

\Proton Ladungsradiug/(r2), ~ 0.86) fy

Proton Ladungsverteilung [ Proton Durchmesser nicht klein gegen
und S=0, T=1 Potential Reichweite der Wechselwirkung

[ HalbdichteUberlapp
bei maximaler Anziehung,
Auslaufer bethren sich noch bei mittlerem

200F NN-Abstand in Kernmaterie
- AV18

1 W hicht elementar

1oor ahnlich wie Atom-Atom-Potential
s |l
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Realistic NN Potential

[] describes phase shifts and deuteron properti¢s

[1 central, spin-orbit, tensor, momentum depen-
dent

VNN(r 12, P12, 01, 02, T1, T2)

different realistic NN
interactions describe
\Qﬁering data
e.g.

[ chiral efective field theory
(pion exchange & contact terms)

[] Bonn potential
(pion & heavier meson exchange)

[] Argonne potential
(pion exchange & phenomenological short
range terms)

NN scattering data
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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 statéi’)

(11,01, 7T1;12,02,72; ...} T A, A TA| )

m

< U0 solve H|¥n) = En|¥n)

by means of Green Function Monte Carlo Method (GFMC)
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numerical solution)
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genuine three-body forcekl @) N C = 120 -

needed for description of real 12C results are preliminary.
nuclei
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ADb Initio Kernstruktur

GFMC Ergebnis:
(r1,01,7T1;12,02,72; ... ;T A, A, Ta| Pn)

Ist sehr kompliziertir
realistische Nukleon-Nukleon-Potentiale.

\WARUI\/I?
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¥ |nhalt

I Wo liegt das Problem?

e Unitary CorrelationOperatorViethod
realistischer korrelierter Hamiltonian

e Anwendungen:

No-Core Schalenmodell

FermionischéMolekularDynamik

e Zusammenfassung und Ausblick
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E Realistic NN-potential

Vi (r 12, P12=0, 01,02, T=0)

Vn [MeV]

200F

100}

-100}

-0

r12

AV18

00 05 10 15 20 25

riz [fm]

Argonne potential

e Vi repulsive at small distances

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

e Vi depends strongly on orientation @f, o» with respect ta 1,

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

Problem:
Slater determinantsannotdescribe these

\ correlations
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E Realistic NN-potential

Vi (r 12, P12=0, 01,02, T=0)

200F

100}

-0

r12

AV18

-100}

riz [fm]

Argonne potential

0 05 10 15 20 25

e Vi repulsive at small distances

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

e Vi depends strongly on orientation @f, o» with respect ta 1,

[ 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[¥)=CaC|¥)

e C, central correlator shifts nucleons out of repulsive core

e C, tensor correlator aligns spins along
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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

= exp[-i G] = exd— | Z Oij G
i<j
\ M

Correlated States Correlated Operators
[¥)=C|¥)

Yol =(¥|cltoC|¥)=(¥|O|¥
\<L|><'~ ~~'><|~|>/
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Central and Tensor Correlators

Central Correlator C, Tensor Correlator Cq
¢ radial distance-dependent shift in the rela- e angular shift depending on the orientation of spin
tive coordinate of a nucleon pair and relative coordinate of a nucleon pair
o = 3[S(r) o +qr ()] go = 39()[(g1- Ga)(g2- 1) + ([ © o)
r r r
G =3lr-9a+4-7] do=0-7 G
s(r) andd(r)

for given potential determined |
~\inthe two-body system
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Correlated States: The Deuteron

0.15;

0.1

(r|¢)

0.05;
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Correlated States: The Deuteron

0.15;

0.1

(r|¢)

0.05;

central

o—t—F————— correlations
0.15¢ -

0.1r

(r|Cr|o)
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o
3 Correlated States: The Deuteron
o

0.15f
S
< 0.1}
= 0.2

0.05}

' ' central 0.15

0.15} ] £ 01
~ L=0
< 0.05}
— o1}
O 0
~ 003 ) 0.08.

' ' tensor !

o——F——F———————+— w 0.06_—
Pa 015' L:O . 004_
‘S\ L
.5 0.02}
(_%}z
(@F 0 ;
- constraint on range r [fm]

~____ oftensor correlator __~
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Correlations in Nuclel

[ radial correlator shift
density out of the
repulsive core

[] tensor correlator
aligns density with
spin orientation

7))
D
‘v
-
)
S
>
S
o
<
g x [fm] x [fm]
= p@(r1-r) S=1LMs=1T=0
< 60F
(] 4 16
= He O
< 7
] both radial S 20_=§_/
and tensor (=2 0 L — — =
correlations are O \ N \ —
essential for CD ~20 \,_\ S
bindin -
: o) &S \
Ca

_60 -
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o closed operator expressioffor the correlated interactioiycom in two-body
approximation

e correlated interaction and original NN-potential afese shift equivalentoy
construction

e unitary transformation results inpe-diagonalisationof Hamiltonian
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Anwendung 1

No-Core Shell Model



e large-scale NCSM calculations troughout the p-shell igpess

E - E3+ [Me\/]

N

Vucom

EXxp

4+

/

2+

0+

1+

3+

Ohw

4hw
hiw = 18MeV

6hiw

-62.1 -64.7

8hw

calculations by Petr Naatil — preliminary
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Benchmarking Vycowm for 1°B:

e large-scale NCSM calculations troughout the p-shell igpess

7% Vucowm Exp CDBonn Chiral —
NN NN+NNN 7

4+

Vucowm gives correct level
ordering without any NNN

\ interaction — ]
4 2+ N
3 I —

E - E3+ [Me\/]

-62.1 -64.7 -64.0

[0}
|

-1 Oww 2hw Ahw 6w Rhiw =0 8hw 6hicw
hw = 18MeV :

-56.3
calculations by Petr Naatil — preliminary
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Anwendung 2

Fermionic Molecular Dynamics



Hilbert Space: Fermionic Molecular Dynamics

Fermionic
Slater determinant

Antisymmetrization
|Q):g((|ql>®...®|CIA>) /\‘\
[1 antisymmetrized\-body state

Molecular

single-particle states ~—
<X|q>—ZC|eXP{— > }®lx.>®|§>

[J Gaussian wave-packets in phase-space,
spin is free, isospin is fixed

Dynamics in Hilbert space
spanned by one or several non-orthogqiif )

)= wa|Q®)

[] Hilbert space contains
shell-model, clusters, halos

i

variational principle— Q@ = { @, v=1---A}, ya

Physik-Kolloquium Dresden - 2. Mai 2006




NN Interaction

Effective Correction to the Interaction

Effective two-body interaction

0 correlated two-body interactidd = C'H C
is lacking three-body forces

[] instead of three-body force use additionamentum-
dependenandspin-orbittwo-body correction term

p(r) [po]

[J fit correction term to binding energies and radii of
“closed-shell” nuclei

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

160 and*°Ca are not

“closed shell” nuclei !
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VAP \

[MeV_]

Multiconfig 200k

asof

.

-50.0F

|
sso].

as Generator Coordinates

Radius and Quadrupolel\/loy

leharge M Q[fM?]  B(E2) [¢*fm?]
PAV 2.39 -6.25 9.31
VAP 2.49 -8.02 15.36
Multiconfig 2.74 -11.88 30.39
8
Be
4t =206, -41.0
-46.3 4" o4
4+ -47.7
o -49.6
ot -51.0
+ -52.7
0 + -53.5
ot 548 2° -2 2
o* 57.2 o* 6.5
Variation PAV VAP Multiconf Exp
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E FMD - Variation, PAV ”, Multiconfig.

V/PAV

Multiconfig(4)

O
©

“®
o

12C

E[MeV] raarge [fM]  B(E2) [*fm?]
V/PAV -81.4 2.36 -
PAV” -88.5 2.51 36.3
Multiconfig(4) -92.2 2.52 42.8
Multiconfig(14) -92.4 2.52 42.9
Exp -92.2 2.47 39 + 3.3
70 |
- ) 2 12~
| —1
-75 |
I 4" cm— . e
0 . éi v M
< -80 | = — L .
s | — = =
= 0 c—
Y g5 | 07—
2" eo— 2" cn—— 2 cm—
-90 |
o o o*
—95 | Multi-Config(4) Multi-Config(14) Experiment
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E [MeV]

Multi-Config(4)

Multi-Config(14)

Experiment

! l0g)| =071

" 03] = 0.50
©®
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z [fm]

Z [fm]

Z [fm]

P(r) [pdl

p(r) [Po]

p(r) [Po]

10

10"
10
10°

10*

10"
10
10°

10

— total

£ proton

—— neutron

Z [fm]

Z [fm]

0.001 7
o0 He 1
5t 0 .
10"
of o 1 =102
o —
% =
v 10°
2
5t 07 ]
10*
-5 0 5
X [fm]
. . .
0.001 He 1
5r 0.07 E
10"
of = { =107
e =
o0 10°
Re)
5t % |
10*
-5 0 5
X [fm]

soft-dipole mode
neutrons are oscillating
against-core
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E Helium Isotopes

" Bindi i — PAV
oo | Binding energies — wilicont
- i — EXp
= -26 | 32
s | 2oz =
L — + _
= 28 F 0+ 0+ O+ 0r o '&?& 0.
_30 L
0+ o+
-32 I
3.5 | Matter radii
3.0 t 32—
E 25 | 0+ O+ 3/2— ?& 0+ Ot 0+
— 0+ -
32
2.0 t
0+
1.5 I O+ 0+
He4 Heb5 Heb He7 He8

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

22 F _
- Binding energies — PAV
_24 | — Multiconf
— EXp
< —26 32
g ’ 3/2— 3/2- . 32
, 32— . )
e _28 j O+ 0+ 0+ . N {3/2_?& N
-30
0
zero-point oscillationsof the — O+
-32 ) | \
soft-dipole mode essential for
35 | Matter radii description of blnq_lng energies
and radii
3.0 | -
3 2.5 0+ O+ .
20
0+
1.5 | 0+ O+
Hed Heb Heb He7 He8

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

Physik-Kolloquium Dresden - 2. Mai 2006



E Beryllium Isotopes

n
5F 5F
Eo Eo
5+ -5F
n
5F 5}
Eo Eo
5+ -5F
cluster structure
changes with
n oo
of ol - addition of neutrons
Eo Eo
5+ -5F
n
5F 5}
E o E o
5+ -5F
5 0 5 5 0 5 5 0 5 5 0 5
X [fm] X [fm] X [fm] X [fm]
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-30 | Binding energies — PAV
I 3/2—- e Multiconf
== — Exp
—40 L
< I
() i
S -50 |
I o 32—
: L2t Tz
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: 0+ 2= 1p. 0% — 0+
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3.0 | s
0+ =
€ i —
= 28 1/2+
1/2+
2.6 | ‘o_+ 0+ 0+
1/2— —
24 | = oy o —
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- 2o L = —=
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2.2 — | | | | | | | |
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Exp: Ozawa,Suzuki, Tanihata, RB93(2001)32; Raman,Nestor, Tikkanen, Atomic Data and NuctaOables/8(2001)1
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e Vielteilchenzusinde:
Fermionische Molekulardynamik (FMD]

e Effektive NN-Wechselwirkung:
abgeleitet von der realistischen
Argonne-V18NN-Wechselwirkung
(UCOM)

r [fm]
Massendichten
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Potentiale & Astrophysikalische S-Faktoren

20—

Mikroskopisch berechnete
Kern-Kern-Potentiale

Veﬁ(r) + VCOul(r) [MeV]

r [fm]

Astrophysikalischer S-Faktor 3 107
S(E) = OTusion(E) E e ? o

n=Sommerfeld-Parameter  10®

E,, [MeV]
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E [MeV]

FMD

3 He+a

o(E) [ded]

I rmem————

_ Frozen+PAV"

e collective coordinate representa-

tion as tool for the description of
continuum states in FMD

first steps towards fully
microscopic and consistent
description ofstructure and
reactions
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NeueAra der Kernstruktur
1 [ 1 [

Unitary CorrelationOperatorViethod
beschreibt kurzreichweitige radiale und tensorielle K@tionen

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

Observablen imaissen und &nnen auch korreliert werden

no-core Schalenmodell Rechnungénikichte Kerne

FMD Rechnungen mit demselbé&tf2+H" fiir 3< A < 60

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

[] "ab initio” Idee weiter verfolgen- Vorhersagekraft
[1 Vorhersageniir viele exotische leichte Kerne (vor Messung)

[ KorrelierteUbergange: M1 8-Zerfall, quenching
[] Ab-initio korrelierte WW in HF, RPA odeahnlichem &ir A > 60

Ausblick

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

Projection After Variation (PAV)

[J mean-field may break symmetries of Hamilto-

nian > (QIHPZ |Q)cw = EX ) (Q| Pl | Q)
K’ K’

[] restore reflection and rotational symmetry by
parity and angular-momentum projecti?ﬁi{K

Variation After Projection (VAP)

] effect of projection can be large

[1 perform VAP applyingconstraints on radius,
dipole moment, quadrupole moment or octupagle
moment and minimize the energy in the pro-
jected energy surface

Multiconfiguration Calculations

[] diagonalize Hamiltonian in a set of projected
intrinsic states

Jﬂ
{ Pl

Q@Y | azl,---,N}
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Unitary Correlation Operator Method, UCOM

Two-Body Correlations Correlator C

[1 two-body generator should conserve translational,
rotational and Galilei invariance

C= e'®, G=G'= Zgij Nort ranged
i<j

Cluster Expansion

correlated operator:ﬁ = CTAC are no longer opera-
tors with definite particle number

[1 decompose correlated operator into irreducibje
k-body operators

A=C'AC = AlYl + APl 4 ABI 4 ...

Two-Body Approximation

R P yC2 — 2l
[ correlation range should be smaller than

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

Physik-Kolloquium Dresden - 2. Mai 2006



Unitary Correlation Operator Method, UCOM

Two-Body Correlations
[] two-body generator

~iG

C=e

b

-Ya

<]

Cluster Expansion

correlated operaton§. = CTAC are no longer operz
tors with definite particle number

[ decompose correlated operator into irreducibje

k-body operators

A=C'AC = AlYl + APl 4 ABI 4 ...

Two-Body Approximation

TCZ T[1] + T[2] V[2]

[ 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

Spin-Isospin Dependence

I nuclear interaction strongly depends on spin an
isospin

V= ZYSTI:[ST
ST
[] different corrslatlxs }lfe respective chann

[ correlated interaction in two-body space
ig -
V= > (€% vsre M)sy
ST

igsT

d

els
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Radial Correlator
Gr = 3{ps() + s(N)p)

[] probability density shifted out of the repulsive

core

200+

S=0, T=1

TO00}

035[ p@r)

AV18

V [MeV]

0.30;

0.25;

0.20;

[fm =]

-200|

-100 W

0.15;

0.10f

0.05;

00 05 10 15 20 25 30
r [fm]
Manfred Ristig Z.Physiki99(1967) 325

00 05 10] 15 20 25 30

r [fm]
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Radial Correlator

Gr = 3{ps() + s(N)p)

[] probability density shifted out of the repulsive

core

200+

S=0, T=1

TO00}

035[ p@r)

AV18

V [MeV]

0.30;

0.25;

0.20;

[fm 3]

-200|

-100 W

0.15;

0.10f

0.05;

00 05 10 15 20 25 30
r [fm]
Manfred Ristig Z.Physiki99(1967) 325

00 05 10] 15 20 25 30

r [fm]

Tensor Correlations
Ga = 9(1)3{(d1-pa)(@21) + (F1:1)(02-Pa))

[ tensor force admixes other angular momenta

S=1

0.30f

0.25}

[fm =]

0.10}

0.05f

0.35;

0.20;

0.15}

200F

, T=0 AV18
TOOt
p(Z)(r) < Vc(r)
(]
2. 0
r ﬁ(Z)(r) > \/
-100F v‘(r)
-200kh, . . . . . .
00 05 10{ 15 20 25 3.0
r [fm]

00 05 1.0 15 20 25 30
r [fm]
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Radial Correlator
Gr = 3{ps() + s(N)p)

[1 probability density shifted out of the repuls

AV18

(r)

core
200+
S=0, T=1 [
I lUU}
C 2
0.35F . p(r) o
L Q O
0.30} =
i >
0.25}
T o
£ 0.20} _
- 0.15} 00 05 10|
0.10f
~(2) r
0.05} )
00 05 10 15 20 25 30
r [fm]
Manfred Ristig Z.Physiki99(1967) 325

15 20 25 30

r [fm]

| Tensor Correlations

[fm =]

0.30

0.25

0.20

0.15¢

0.10

0.05

a)(@21) + (@1°1)(02-Pa)]

lixes other angular momenta

200F
AV18
—T00}
Ve(r
s (r)
. > 0
f >
r 110 1:5 2:0 215 3:0
f r [fm]
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AVS8' Interaction

No-Core Shell Model Calculations
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60

preliminary

Quasi-exact calculations for

\Iight nuclei possible

exact result from PR64 (2001) 044001

e use no-core shell model code from
Petr Navratil (LLNL)

[1 neglected 3-body correlated terms
same order as genuine 3N interactions

[] more investigations needed

test of two-body
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MTYV Interaction

No-Core Shell Model Calculations
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Other Observables

Nucleon Momentum Distributions

Bonn-A Argonne V18
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[ correlations induce high-momentum components

[1 contributions of tensor correlations very big
[ different correlator ranges relevant especially at they
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Interaction in Momentum Space
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AV18 Interaction in Momentum Space

4 Off-diagonal Matrix Elements

1S, )
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bare potential

[ “pre-diagonalization”
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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' o7, Co
up to now only:or,

NCSM: Navatil, Ormand
no core shell model with 3-body
force, PRC 68(2003)
third 3/2~ missing

FMD with configuration mixing
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Exp.: Y. Fujita, P. von Brentano et al.
Phys. Rev. C 70, 011306(R) (2004)
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3 15C PAV only

Variation Eb [MeV]  rcharge [fM] Mmatter [fM]
1 16C
il ol PAV 105.0 2.49 2.60
Eo S 107 Exp 110.8 270+ 0.03
"0 2.76+ 0.06
5 :;Oetﬁltron
10*F __ proton
5 0 5 0 2 4 6 8
x [fm] f[fm] E,+ [MeV]  B(E2) [efm?¥]
PAV 1.29 4.6
sl Exp 1.77 315+ 0.95
- ~ Global Best Fit 1.77 82+ 14
£ S
= = 1 Ramaret al, Atomic Data and Nuclear Data Tabl@8 (2001) 1

[ 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 Char
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FMD, Variation

Nuclear Chart
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E Nuclear Degrees of Freedom

nucleon few-body systems many-body systems
QCD free NN force effective NN force
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E Nuclear Degrees of Freedom

cm-coordinates and spins
nucleon few-body systems many-body systems
QCD free NN force effective NN force
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