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An analysis of Helium resonant states in terms of entropy,
information, complexity and entanglement measures

J. P. Restrepo and J. L. Sanz-Vicario 1

Grupo de F́ısica Atómica y Molecular. Instituto de F́ısica, Universidad de Antioquia, Medelĺın, Colombia.

Synopsis Shannon entropies and Fisher information calculated from one-particle density distributions and von
Neumann and linear entropies (the latter two as a measure of entanglement) computed from the reduced one-
particle density matrix are analyzed for the 1,3Se,1,3 P o and 1,3De Rydberg series of He doubly excited states
below the second ionization threshold. We find that both Fisher information and entanglement measures are able
to discriminate resonances pertaining to different (K,T )A series.

The electronic density ρ(r) in atoms,
molecules and solids is, in general, a distribu-
tion that can be observed experimentally, con-
taining spatial information projected from the
total wave function. These density distributions
can be thought as probability distributions sub-
ject to the scrutiny of the analytical methods of
information theory, namely, entropy measures,
quantifiers for the complexity, or entanglement
measures. Resonant states in atoms have spe-
cial properties in their wave functions, since al-
though they pertain to the scattering contin-
uum spectrum, they show a strong localization
of the density in regions close to the nuclei. Al-
though the classification of resonant doubly ex-
cited states of He-like atoms in terms of labels
of approximate quantum numbers has not been
exempt from controversies, a well known pro-
posal follows after the works by Herrick and
Sinanoğlu and Lin [1], with a labeling based on
K, T , and A numbers in the form n1

(K,T )An2

for the Rydberg series of increasing n2 and for a
given ionization threshold He+ (N=n1). In this
work we intend to justify this kind of classifi-
cation from the topological analysis of the one-
particle ρ(r) and two-particle ρ(r1, r2) density
distributions of the localized part of the reso-
nances (computed with a Feshbach projection
formalism and CI wave functions in terms of B-
splines bases), using global quantifiers (Shannon,
Tsallis or Rényi entropies) as well as local ones
(Fisher information) [2]. For instance, the Shan-
non entropy is obtained after global integration
of the density SShannon[ρ]= −

∫
ρ(r)logρ(r)dr

and the Fisher information contains local in-
formation on the gradient of the distribution
IF isher[ρ]=

∫
|∇logρ(r)|2dr. In addition, we also

study measures for the entanglement using the
von Neumann and linear entropies [3], com-
puted from the reduced one-particle density

matrix ρ(r1, r
′

1)=
∫
dr2Ψ(r1, r2)Ψ

∗(r′1, r2) within
our correlated CI approach.

We find in this study that measures like the
Shannon entropy hardly distinguishes among res-
onances in the whole Rydberg series. On the
contrary, the Fisher information and measures of
entanglement via von Neumann and linear en-
tropies are able to qualitatively discriminate the
resonances according to their (K,T )A labels (see
Figure 1).
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Figure 1. Linear entropy SL as a measure of en-

tanglement for 3P o bound and resonant states in

Helium. Whereas for the Rydberg series of singly

excited states SL takes a monotonically decreasing

value until the first ionization threshold He+(N=1)

is reached, the three (K,T )A Rydberg resonant se-

ries split off, converging to different limits at the

second ionization threshold He+(N=2).
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