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Our Aim

nuclear structure
calculations across the

whole nuclear chart based
on realistic NN-potentials

stay as close as possible
to an ab initio treatment

bound to simple
Hilbert spaces for large

particle numbers

need to deal with
strong interaction-induced

correlations
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Overview

n Correlations in Nuclei

n Unitary Correlation Operator Method (UCOM)

n UCOM + No-Core Shell Model

n UCOM + Hartree-Fock
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Correlations in Nuclei
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Deuteron: Manifestation of Correlations
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two-body density fully
suppressed at small particle
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central correlations

angular distribution
depends strongly on relative

spin orientation

tensor correlations
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Unitary Correlation
Operator Method (UCOM)
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Unitary Correlation Operator Method

Correlation Operator
introduce correlations by means of a
unitary transformation with respect

to the relative coordinates of all pairs
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Central and Tensor Correlators

C = CΩCr

Central Correlator Cr

n radial distance-dependent shift
in the relative coordinate of a nu-
cleon pair

gr =
1

2

[
s(r) qr + qr s(r)

]

qr = 1
2

[
~r
r

· ~q + ~q · ~r
r

]

Tensor Correlator CΩ

n angular shift depending on the orienta-
tion of spin and relative coordinate of a
nucleon pair

gΩ =
3

2
ϑ(r)

[
(~σ1 · ~qΩ)(~σ2 ·~r) + (~r↔~qΩ)

]

~qΩ = ~q − ~r
r

qr

s(r) and ϑ(r) describe the distance
dependence of the transformations
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Correlated Operators

Cluster Expansion
Ô = C† O C = Ô[1] + Ô[2] + Ô[3] + · · · Cluster

Decomposition Principle
if the correlation range is small
compared to the mean particle
distance, then higher orders are

negligible
restrict range of the correlators

in order to minimise higher
order contributions Two-Body Approx.

ÔC2 = Ô[1] + Ô[2]

optimal correlators determined
once by constraint energy minimisation

in the two-body system

operators for all
observables can be and have to be

correlated consistently
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Correlated NN-Potential — VUCOM

ĤC2 = T̂[1] + T̂[2] + V̂[2] = T + VUCOM

n closed operator expression for the correlated interaction
VUCOM in two-body approximation

n correlated interaction and original NN-potential are phase
shift equivalent by construction

n central correlator: removes the repulsive core and gener-
ates additional momentum dependence

n tensor correlator: “rotates” part of tensor force into other
operator channels (central, spin-orbit,...)

n momentum-space matrix elements of correlated interaction
are similar to Vlow−k
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Effect of Unitary Transformation
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UCOM +
No-Core Shell Model
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UCOM + NCSM

No-Core Shell Model
+

Matrix Elements of Correlated
Realistic NN-Interaction VUCOM

n convergence dramatically improved compared to bare
interaction

n direct evaluation of omitted higher-order contributions

n tool to determine optimal correlation functions

n NCSM code by Petr Navratil [PRC 61, 044001 (2000)]
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4He: Convergence

Vbare
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UCOM + Hartree-Fock
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UCOM + HF

Standard Hartree-Fock
+

Matrix Elements of Correlated
Realistic NN-Interaction VUCOM

n single-particle states expanded in a spherical oscillator basis

n truncation in n, l, and/or N = 2n+ l (typically Nmax = 6...12)

n Coulomb interaction included exactly

n formulated with intrinsic kinetic energy Tint = T − Tcm to elimi-
nate centre of mass contributions
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Correlated Argonne V18
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Missing Pieces

long-range
correlations

Ab Initio Strategy

n improve many-body states such that long-range correla-
tions are included

n MPT, RPA, CC,...
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Long-Range Correlations

n many-body perturbation theory: second-order energy shift gives esti-
mate for influence of long-range correlations
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Missing Pieces

long-range
correlations

genuine
three-body forces

three-body cluster
contributions

Pragmatic Approach

n phenomenological two-body correction

δVc+p+ls = v1(r) + ~q vqq(r)~q + vLS(r)~L · ~S

n Gaussian radial dependencies with fixed ranges

n strengths used as fit parameters (3 parameters)
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Correlated Argonne V18 + Correction
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Charge Distributions
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Summary

n Unitary Correlation Operator Method (UCOM)

• short-range central and tensor correlations treated explicitly

• long-range correlations have to be accounted for by model space

n Correlated Realistic NN-Potential VUCOM

• low-momentum / phase-shift equivalent / operator representation

• robust starting point for all kinds of many-body calculations
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Summary

n UCOM + No-Core Shell Model

• dramatically improved convergence

• tool to assess higher-order contributions

n UCOM + Hartree-Fock
• closed shell nuclei across the whole nuclear chart

• basis for improved many-body calculations (MPT, RPA, CC,...)

n UCOM + Fermionic Molecular Dynamics

• talk by T. Neff
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