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3 Realistic and E ective Nucleon-Nucleon Interactions

Realistic Interactions

reproduce scattering data and deutron properties
meson-exchange (Bonn), phenomenological (AV18), -PT (Idaho)

repulsive core and tensor force induce strong short-range correlations

E ective Interactions

phenomenological effective interactions describe many properties of nuclear systems like
energies, radii, spectra successfully using simple many-body wave functions (HF, shell
model, microscopic cluster models)

No-Core Shell Model uses Lee-Suzuki transformation in oscillator basis

G-matrix and Vo« derive effective interaction in momentum space

Our approach

derive effective interaction from realistic interaction by explicitly including correlations
with unitary correlation operator C formulated in coordinate space

correlated (effective) interaction
H=CHC

Nuclear Structure 06, 07/25/06



Jd Unitary Correlation Operator Method

Correlation Operator

induce short-range (two-body) centra)l(and tensor cor)r(elations into the many-body state
h i h i
C=CCo=exp i ggexp i gy ; CC=1

<] <]

correlation operator should conserve the symmetries of the Hamiltonian and should be of
nite-range, phase shift equivalent to bare interaction by construction

Correlated Operators

correlated operators will have contributions in higher cluster orders
c’oCc = O + O + OB + : -

two-body approximation: correlation range should be small compared to mean particle
distance

Correlated Interaction

C(T+V)C=T+Vycom +V5 .+

UCOM
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. Central Correlations

radial distance-dependent shift in the relative coordinate  of each nucleon pair
h

r—zmdn+wnh; pr=3[p r+r p]

; 200¢ AV18
0.35} @)(r) AV1S ,
0.30} 100l
0.25} _
— >
(40)]
i )
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:l\\\|\\\\l\\\\l\\\\l\\\\l\\\\| '200_|HH|HH|\\\\|\\\\l\\\\l\\\\l
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nucleons shifted out of repulsive
core
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. Tensor Correlations

angular shift in the relative coordinate

of each nucleon pair depending on the orientation

of the spins
h i
g =#O) 2 1p X 20+ 1) 2p) 5 P =p rp
: 200F
0.35} @(r) AV18 f AV18
0.30F 100l
0.25f _ VC(r)
o 3
= 0.20} z 0
— 0.15f >
0.10f -100} vt(r)
0.05}
:u ol RN RS R . ) e '200_|HH|HH‘\\\|\\\\|\\\\|\\\\|
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
r [fm
S=1T=0 [fm] r [fm]

nucleons aligned with total spin of
nucleon pair
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Determine Correlation Functions

Central Correlations

s AV1B determine s(r) und #(r) in each spin-isospin
0.20} | channel by minimizing the energy in the
; two-body system
‘€ 0.5
= : ; ST ST
o 0.10f S(I'rT)];I#I’(]r) trial C¥Cy HC C trial
0.05;
| T =S correlation functions depend only weakly on the
0.0 0.5 1.0 1.5 2.0 2.5 . .
r [fm] trial wave function
Tensor Correlations restrict the range of the tensor correlations in the
AV1S S= 1, T = O0channel (parameter |4)

0.08f
0.06f
0.04r

0.02f
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central correlator C,
shifts density out of the
repulsive core

tensor correlator C
aligns density with spin

two-body densities

both central
and tensor
correlations are
essential for
binding

Nucl. Phys. A713 (2003) 311
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2 Nucleon Momentum Distributions

Bonn-A Argonne V18

1.¢ -
i 160 1'§
O.lg 0.1;
&  00L & 001
E o E
0.001t central+ — ’
ﬁ : tensor  0.00L
~3 i ~ i
< 0'0001§ & 0.0001}

0.00001 \ central 0.00001f & \VMC

| | L ‘:“". | | : —LDA ‘\"“"

2 [ B B S | |
k[fm ] ° Y oKim Y

correlations induce high-momentum components
large contributions by tensor correlations

dependence on the correlation range at the Fermi surface
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Correlated Interaction iIn Momentum Space

3G, bare 3G, - 3D bare

correlated interaction
IS more attractive at
low momenta

33, correlated 33, - 3Dy correlated
off-diagonal matrix

elements connecting
low- and high-

momentum states are
strongly reduced

Phys. Rev. C72 (2005) 034002
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No-Core Shell Model Calculations

4

use Jacobi-coordinate NCSM code by Petr
Navratil, LLNL for *He and “He
(don't use Lee-Suzuki transformation)

dramatically improved convergence
compared to bare interaction

does not converge to exact result for
bare interaction due to omitted higher

[3]
order terms VUCOM, ..

study the effect of higher order contributions
as a function of tensor correlation range .
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No-Core Shell Model Calculations

Nmax: 6 12 18 T T T T T T T T T T T
5T - - - ——
3 -24r AV18 o |
- ] - Nimil A
-6l | -25¢ Nijm| & .
24 _ |
> | ' — -26} .
= . 2 CD Bonn
) 1 < _ _
L =
& /36 —~ 21f T
N 45 < |
48 o -28f Vucowm (AV18) ]
20 40 60 80 100 120 ool |
- eyl l, = 0:09
N max = 2 4 30k L 4
104\ ' ' ' i

‘He
86 -84 -82 -8 78  -7.6

ECH) [MeV]

choose tensor correlation range | = 0:09 such that
need for three-body forces is minimized

_25__ \v_// _ U different perspective : don't try to reproduce the re-

sults with the bare interaction but consider V ycom as
a realistic potential to describe experiment

.30}

20 40 60 80
~ [MeV]
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HF and MBPT calculations

E=A [MeV]

e Eqr
m B+ E?)

1 spherical Hartree-
1 Fockin12 ~!

harmonic oscillator

1 Dbasis

4 24 40 AINH 68N\[; 88 100 132 208
He 160 034Si Ca48Ca N|56Ni N|78Ni SrQOZr SI5_114Sn SP4GGd Pb

additional binding mainly due to
medium to long range tensor forces

long-range correlations appear to be
perturbative

problems with saturation
indicate need for
three-body forces
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No-Core Shell Model _
preliminary

oL j

: gl 1+ ]
. i S
6Li — Exp Chiral
-10+ ] 2+
~ =26 MeV I 6 -
< -15r ° ] S | 2 — e
= Vucom %
= 0t . = Aro T
i Vocou L - it E—
r's UCOM ee-Suzuki —
25} . Sla = T —_ |
30 —‘ 8~ 10~ 12~ 12~
ol . 1 . 1 . 1 . 1 . 1 0 1+
0 5 10 15 20 25
N max calculations by Petr Navratil, LLNL

NCSM calculations with “bare” Vycom and Lee-Suzuki effective interaction
derived from Vycom Show consistent convergence pattern

Binding energy close to experiment

Spectra with Vycom are of similar quality than with other modern NN forces
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No-Core Shell Model _
preliminary

1OB

7 = Vucom *+ Lee-Suzuki Exp CDBonn Chiral —

i 4+ NN NN +NNN 7]

6 _|

5| — i

% 4 2+ N

2 I~ -

— 3 - ]

+ | -
LT

2 B O+ ]

LIJ B -

1F /— _|

0 i -62.1 -64.0

-1 o 2~ 4~ 6~! 8~ 6~ —

i ~ = 18MeV 7

ok -56.3 B

calculations by Petr Navratil, LLNL
correct level ordering without three-body forces
binding energy close to experiment
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...and now for something completely different . ..



J Fermionic Molecular Dynamics

Fermionic Antisymmetrization
Slater determinant
E E E
Q =A o Oa

antisymmetrized A-body state

Molecular

single-particle states
b E.* x by . B E
Xq = Gexp " 2a iy

Gaussian wave-packets in phase-space (complex parameter b; encodes
mean position and mean momentum), spin is free, isospinis x ed

width g is an independent variational parameter for each wave packet

superposition of two wave packets for each single particle state

Rev. Mod. Phys. 72 (2000) 655

Nucl. Phys. A745 (2004) 3
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NN Interaction

Phenomenological Correctionto  Vycowm

E ective two-body interaction

FMD model space can't describe correlations induced by residual medium-long ranged
tensor forces

use longer ranged tensor correlator  to partly account for that

add phenomenological two-body correction term with a momentum-dependend central and
(isospin-dependend) spin-orbit part

t correction term to binding energies and radii of “closed- shell” nuclei (*He, °0, “°Ca),
(240’ 34Si, 48Ca)
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Simple FMD

Perform Variation

Minimization
minimize Hamiltonian expectation value with respect to all single-particle

parameters o
D E

 QH TmQ
min b E
fokg Q Q

this is a Hartree-Fock calculation in our particular single-particle basis

the mean- eld may break the symmetries of the Hamiltonian

intrinsically

spherical nuclei .
P deformed nuclei
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Projection After Variation (PAV) Z

1 :
_ - P° = = d®X expf i(P P) Xg
mean- eld may break symmetries of Hamiltonian (2 )
restore inversion, translational and rotational symmetry
by projection on parity, linear and angular momentum ] 2]+ 1 ;2
P d® Dy ( )R( )

Variation After Projection (VAP)

effect of projection can be large
perform Variation after Parity Projection VAP

perform VAP in GCM sense by applying constraints on radius, dipole
moment, quadrupole moment or octupole moment and minimize the
energy in the projected energy surface

U “real” VAP is expensive

Multicon guration Calculations

X D E
diagonalize Hamiltonian in a set of projected Q@ HP, PP Q¥ ) =
Intrinsic states K%J (i)X D @ pJ pP=0 (b)E (i)

E E Q¥ P .oP " Q Ceop

Q® : a=1;::::N K%
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Z [fm]

Z [fm]

Z [fm]

‘He
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dipole and quadrupole constraints

0.001 %H R
5 %0z
é 0 —
N ?O
o
o
5F %,
5 0 5
X [fm]
5 L
£ 0
N
_5 -
5 0 5
X [fm]

r(nfrd

r(nrol

107t
1072}

103

EN

10°

103}

10"¢

intrinsic nucleon densities of VAP states
radial densities from multicon guration

calculations
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Helium Isotopes

' Bindi i — PAVP
ol Binding energies —— Maticonfig
) I — Experiment
Q -26 | 2
% | &32 . ?L.
@ -28 [ o+ o+ o+ - - 3e2-
: O+ 0+ 32 0+
30 |
I 0+ 0+
-32 |
35 -
Matter & charge radii
3.0 | -
Q25| o 0 32 32 A
N 0+ T— E—
& - o
2.0 | o — TR o S on
1.5 | TTT ‘ ‘ ‘ ‘
Hed Heb Heb He7 He8

8He charge radius: L.-B. Wang et al, Phys. Rev. Lett. 93 (2004) 142501
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Beryllium Isotopes

-n "'Be - p intrinsic densities of
[ I V states
E o Eo
5F -5+
= =
5F 5}
E o Eo
5f 5+
cluster structure
-n -p evolves with
il I addition of
£ o Eo neutrons
5F -5+
= =
5F 5F
Eo Eo
5f 5+
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guadrupole constraints

- 30 IQg energies — PAVP
strong + 3He and —— Multiconf

0 + cluster — B
A contributions
% borromean
® -50 |

32 system
i =
- 60 j —o+ o o 1e0%
: ot —
- 70 | — |
4 . positive parity 1"
Matter & charge radi —
3.2 | State
coming down

3.0 | o
o =
& 28 | .

l‘2+ A
26 0" o* _0+
- <h <L 12" —
2.4 = Lo T
A4 N — 0"
37 2, = o= 7 -0
2.2 — | | | | | | | |
Be7 Be8 Be9 BelO Bell Bel2 Bel3 Bel4d
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Cluster vs. Shell structure

radius and octupole constraints

V/PAV VAP

E @eVD

-65 |

-70 |

-75 |

-80

-85 }

-90

-95 |

Eb [Me\/] rcharge[fm] B(EZ) [ezfm 4]
V/IPAV 81.4 2.36 -
VAP -cluster 79.1 2.70 76.9
PAV 88.5 2.51 36.3
VAP 89.2 2.42 26.8
Multicon g 92.2 2.52 42.8
Experiment 92.2 2.47 39.7 3.3

Variation PAVP Multiconfig Experiment

-
”

WEN B
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excited 0" and 2" states

guadrupole and octupole constraints

Og state
©
©
©
D E
0’2' =071 OJZ' = 0:50

Multicong  Experiment
-70 t 12
By [MeV] 92.4 92.2 Y — C
lchargdfm] 2.52 2.47 —_— —2
B(E2)(0} ! 2}) [¢fm*] 429 397 3.3 _75 |
4" cmm— .
M(EO)(C} ! 0})[fm?] 567 55 0.2 0" e ? — .

— o R L
rrms(07 )[fm] 2.38 0 - 80 | O P —
rrms (03 )[fm] 3.42 2 —_— oL —
I'rms(og)[fm] 3.85 W 0" cm— ) —

N -85 | .
rrms(21 )[fm] 2.44 ot .
rrms(zg)[fm] 3.64 2 e— 2" cm—
+ 2
Qz)iem?] 5.85 > . .
Q(23)[em*?] -23.65
Q(2§)[dm2] 5.89 -95 ¢ MulticonfigHiL Multiconfig 4L Experiment
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Applications

Microscopic Nucleus-Nucleus Potentials

use GCM wave function
N (R)E: P A nXo-lRE e} lREO
M MO 12 T2
transform into RGM wave function to get rid of
center-of-mass

20—

=
al
LI I B

t a local equivalent potential to the RGM poten-
tial surface (diagonalize the RGM norm kernel)

V(N + V(N [MeV]
|

a1
LI L B

1035 T T T T

1 034

| 1 1 1 1 | 1 1 1 1 ] 33
5 10 15 1032 — 16 '16
r [fm] 10 22

10 24
solve two-body Schrédinger equation € 10
for all | with Incoming Wave Boundary
Condition S 107

22

©
O 0O
O O0O

24

calculate and sum the penetration 819, =i
probabilities to calculate the fusion s g
Cross section 10°°

S(E)= (E)E€ 21

U pycnonuclear reactions inthe crust of  10* ' | ' | ' | s
neutron stars E__ [MeV]
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dsummay

Unitary Correlation Operator Method

explicit description of short-range central and tensor correlations
phase-shift equivalent correlated interaction Vycowm

Vucom used in HF+MBPT and rst NCSM calculations

Fermionic Molecular Dynamics

Structure of light nuclei
Halos and clustering

First steps in calculating resonances, scattering states and reactions
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