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2
Abstract: Statistical measures of complexity hold significant potential for applications in D-dimensional
finite fermion systems, spanning from the quantification of the internal disorder of atoms and
molecules to the information—theoretical analysis of chemical reactions. This potential will be shown
in hydrogenic systems by means of the monotone complexity measures of Cramér—Rao, Fisher—
Shannon and LMC(Lopez-Ruiz, Mancini, Calbet)-Rényi types. These quantities are shown to be
analytically determined from first principles, i.e., explicitly in terms of the space dimensionality D,
the nuclear charge and the hyperquantum numbers, which characterize the system’ states. Then,
they are applied to several relevant classes of particular states with emphasis on the quasi-spherical
and the highly excited Rydberg states, obtaining compact and physically transparent expressions.
This is possible because of the use of powerful techniques of approximation theory and orthogonal
polynomials, asymptotics and generalized hypergeometric functions.

Keywords: multidimensional hydrogenic systems; Cramér—Rao complexity-like measures; Fisher—
Shannon complexity-like measures; LMC-Rényi complexity-like measures; highly excited Rydberg states

1. Introduction

The physical and chemical properties of atomic and molecular systems can be de-
scribed, according to the density—functional theory, by means of integral functionals of
the electron probability density p(r) (see e.g., [1,2]). These functionals, which quantify the
multifaceted electronic complexity of these systems, are obtained from the entropy-like
and complexity-like (Cramér—Rao, Fisher-Shannon, LMC-Rényi) measures of the systems:
the basic variables of the classical and quantum information and complexity theory [3,4].
The entropic measures of a multidimensional quantum system (Fisher, Shannon, Rényi)
quantify, like the familiar variance, a single facet of p(r); however, opposite to the variance,
they do not depend on any particular point of the density’s domain such that they are
much more appropriate quantities for the uncertainty type.

The complexity-like measures estimate the combined balance of two or more facets
of the density. Guided by the theory of quantum entanglement [5] and the recent devel-
opments of quantum coherence [6], we will here consider the most relevant monotone
complexity-like measures [7] of a finite D-dimensional quantum system so that each simul-
taneously quantifies two facets of its internal disorder as described by the electron density
p(r), namely, the Cramér—Rao complexity [8], the Fisher—-Shannon complexity [9-12] and
the LMC-Rényi complexity [13—17]; see also some modifications of them [14-16,18-25].

In this work, we review and determine these complexity-like measures for the general
quantum states of the D-dimensional hydrogenic system in terms of the state’s hyperquan-
tum numbers, the nuclear charge and the space dimensionality; each measure allows us to
estimate jointly two different facets of the electronic complexity [26-30]. Then, we apply
them to several relevant classes of particular states with emphasis on the quasi-spherical

Quantum Rep. 2023, 5, 116-137. https:/ /doi.org/10.3390/ quantum5010009

https:/ /www.mdpi.com/journal/quantumrep


https://doi.org/10.3390/quantum5010009
https://doi.org/10.3390/quantum5010009
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/quantumrep
https://www.mdpi.com
https://orcid.org/0000-0003-4397-9426
https://doi.org/10.3390/quantum5010009
https://www.mdpi.com/journal/quantumrep
https://www.mdpi.com/article/10.3390/quantum5010009?type=check_update&version=1

Quantum Rep. 2023, 5

117

~ [ p(e)logp(r)dr; Rylp] =

and highly excited Rydberg states. This hydrogenic system plays a fundamental role in
the multidimensional quantum physics since encompasses a great deal of the standard
three-dimensional hydrogenic atoms (see, for example, [31]) and non-standard low- and
high-dimensional objects of great relevance in condensed matter, quantum cosmology and
quantum computation, such as quantum wells, wires and dots, semiconductor excitons,
qubits, Rydberg atoms, exotic atoms, and antimatter atoms, ... (see, for example, [32-38]).

The Cramér-Rao complexity Ccr|p] measures the gradient content of the electron
density jointly with its concentration around the centroid. The Fisher-Shannon complexity
Crslp] quantifies the concentration of electron density around its maxima together with
its total spreading all over the system’s volume. The (biparametric) LMC-Rényi com-
plexity Ea,ﬁ [0] takes into account two different aspects of the electronic spreading of the
system, which depend on the specific values of its two parameters. The particular case
(@ = 1, B = 2) corresponds to the plain LMC (L6pez-Ruiz—-Mancini—Calvet) complexity
measure [15,39,40] Cy »[p] which quantifies the density’s non-uniformity (or departure from
equiprobability) jointly with its total extent over the density domain. These complexity-
like measures were recently applied to numerous phenomena in atomic and molecular
physics [24,28,29,41-50] and chemical reactions [51-53], and its analytical determination is
shown to require powerful algebraic techniques [54-59] and asymptotical methods [60-64]
of approximation theory and orthogonal polynomials.

The structure of the paper is the following. In Section 2, we fix the notation used and
briefly define and discuss the monotonic complexity-like measures of a general multidimen-
sional density considered in this work. In Section 3, we show and analyze the probability
density of the multidimensional hydrogenic system in light of the complexity-like measures
previously mentioned. In Sections 4-6, we describe the main results on the Crdmer—Rao,
Fisher-Shannon and LMC-Rényi complexity measures of the multidimensional hydrogenic
systems, respectively, and we apply them to various specific states of quasi-spherical and
highly excited Rydberg states. Finally, some concluding remarks are given.

2. Complexity-like Measures of a Multidimensional Density

In this section, we show the complexity-like measures of a D-dimensional quantum
density p(r) in position space which fulfills the monotonicity property [7]. They are the
Cramér-Rao complexity measure [8,14,65] defined by

Cerlp] := Flp] x Vo] = Flp] x (*), M

(the second equality holds for quantum systems subject to a central potential, because then
the variance V[p] = (r?) as shown later on), the Fisher-Shannon complexity [9-12] given by

— L 250k
Crslo] == Flp] x 5D @
and their generalization, the LMC-Rényi complexity [13-16,19], defined as

Coplo] = eDRlI=REED 0 < < pcoo, wp#1, ®)

where F[p], S[p] and R;[p] denote the Fisher information [66-68], the Shannon entropy [69,70]
and Rényi entropy of order g [71,72], respectively. They are expressed as

_ [ IVop(P
Flp] := -/RD Wdr' (4)

1_q10g IR{D[p(r)]qdr, 0<g<oo,g#1,

©)
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respectively, being r = |r|, r = (r,0,02,...,0p_1) = (r,Qp_1), dr = P 1drdQp 4,
with dQp_; = (H}i‘f sin?%i Gj)d(p and 2a; = D —j—1, and Vp the D-dimensional
gradient operator given by

(6)

Symbol (r*) = fRD r’p(r)dr,a = 1,2 and the variance of the density is defined as

the sum of variances of the components of r so that V[p] = [ |r — (r)|?p(r) dr = (|r|?) —
[(r)|> = (r?), since |(r)|> = 0 for any quantum state of a central potential. Then the
variance quantifies the concentration of the density around the origin. There is a certain
controversy about the notion of variance [41,73-76]. For general quantum systems, it is
often defined as (r?) — (r)?; however, it corresponds to the one-dimensional radial density
but not to the total multidimensional density. The Rényi entropies, which have very
relevant properties [26,77-81], estimate numerous spreading-like facets of the quantum
probability density, allowing for a quantitative discussion of the intrinsic randomness
(quantum uncertainty) and the geometrical profile of the quantum system; so, further
beyond the Heisenberg-like uncertainty [82,83] which is based on the variance of the
density and their generalizations, the radial expectation values [84].

In addition, the limit 4 — 1 allows to recover the Shannon entropy from the Rényi
entropy, i.e., lim; ;1 Ry[p] = S[p]. Moreover, the case (x — 1, B = 2) of the LMC-Rényi
complexity (3) describes the plain LMC (L6épez-Ruiz-Mancini-Calvet) complexity mea-
sure [15,39,40] C; »[0] = DJp] x €5l}, which measures the combined balance of the density’s
departure from equiprobability (or disequilibrium D[] = e~R2/¢l) and its total extent (as
given by the power Shannon quantity es[p]). Moreover, the Fisher information is a local
uncertainty measure [85] because it depends on the density’s gradient operator so that it
increases with the concentration of the density among its nodes; the Shannon and Rényi
entropies are uncertainty measures of global character because they are logarithmic and
power integral functionals of p(r), which estimate different macroscopic aspects of the
density all over its dimensional support according to the parameter 4.

Consequently, the Cramér—Rao quantity is a complexity measure of local-global
character which depends on a specific point of the systems (the origin); and the Fisher—
Shannon and LMC-Rényi quantities are complexity measures of local-global and global-
global character, respectively, which do not depend on any specific point.

These three complexity measures are known to be dimensionless, invariant un-
der translation and scaling transformation [86,87], and universally bounded from be-
low [27,28,88,89] as

Ccrlp] > D*, Crslp] > D, and Cuplo] >1 if a<p @)

for D-dimensional probability densities. The universal minimum bound D? for the Cramér—
Rao complexity is reached by the (Gaussian) density associated with the ground state of the
D-dimensional harmonic oscillator [26,76]. Moreover, the LMC-Rényi complexities [13]
give their minimum value when applied to the uniform distribution (maximum disorder)
with a bounded support. However, these complexity measures are not well defined when
applied to the Dirac-delta distribution (maximum order), although this is something which
can be easily cured [20]. Other extensions/modifications of these statistical complexities
have been proposed, such as the Fisher-Rényi complexities [18,19,21-23] and the biparamet-
ric Cramér-Rao and Heisenberg-Rényi complexities [24], although they will be discussed
separately elsewhere together with some atomic and cosmological applications. Finally,
the corresponding complexity measures for the probability density v (p) in momentum
space [17] will be denoted by Ccr[7], Crs[v] and C, g[7], respectively.
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3. The Multidimensional Hydrogenic System: The Probability Density

In this section, we fix the notation and describe the wavefunctions and the associated
probability densities for the stationary states of the D-dimensional hydrogenic system in
both position and momentum spaces. This system is a negatively charged particle moving
around a positively charged core which electromagnetically binds it in its orbit. Atomic
units (i.e., i = m, = e = 1) are used throughout the paper.

The Schrodinger equation of the D-dimensional hydrogenic system has the form

(-5 + v ) = E¥ (), ®

where r = (r,01,6,,...,0p_1) in hyperspherical units and r = |r| € [0, +0). The symbols
Vp and V(r) denote the D-dimensional gradient operator and the Coulomb potential
V(r) = — %, respectively. It has been shown [4,90] that the wavefunctions of this system
are characterized by the energies

72 D-3
E—*Tﬂz, 77—7’1+T, n—1,2,3,..., (9)
and the associated eigenfunctions
Yot 00 (1) = R (r) x Vg (Qa1), (10)

where (I, {i}) = (I = p1, 2, ..., up—1) denote the hyperquantum numbers associated to
the angular variables Q; 1 = (61,62, ...,0p_1), which may take all values consistent with
the inequalities | = ptq > pp > --- > |up_1| = |m| > 0. The radial part of the eigenfunction

is given by
R = (Z)° ()" [20) " o) a
where7 = %r, Lis
L:l—l—?, 1=0,1,2,... (12)

()

and the symbol £, (x) denotes the orthonormal Laguerre polynomial of degree k with
respect to the weight w, (x) = x*¢~* on the interval [0, 00) [91]. The angular part of the
eigenfunction is given by the known hyperspherical harmonics Y ;,,} ((2p-1) [90,92,93],
defined as

Hi—Hj+1

yl,{y} (prl) = ./\/’l,{‘u}elm('b X 1—{ C( ]+yl+l)(C059]')(Sine]‘)y]“ (13)
]:

with a; = (D — j — 1)/2 and the normalization constant

A2 o b ’i—’f(“j+ﬂj)(ﬂj*Vj+1)![F(0<j+Vj+1)]2 14)
Mo T 2R AT (20 )

(A)

where the symbol C,;”’ (t) denotes the Gegenbauer polynomial of degree n and parameter
A. These hyperfunctions satisfy the orthonomalization condition satisfy the orthonomaliza-
tion condition

B Vi 4y (Qp-1) V(1 (Qp—1)dQp 1 = 8814y (1) (15)
D—-1
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Then, the position probability density for a generic (1,1, {u}) = (n,1,42,..., p-1)
state of the D-dimensional hydrogenic systems is

2 2
Ot (i} (X “Pnl{‘u}( )’ =R2,(r) X | V1 (Qp-1)| - (16)

which is normalized so that [ p,,; (1) (r)dr=1.

The probability density in momentum spaces y(p) is obtained by squaring the d-
dimensional Fourier transform of the configuration eigenfunction, i.e., the momentum
eigenfunction [4]:

Yo, 00 (P) = Mo (p) X Viguy (Qp-1), (17)
whose radial part is
a/2 7
Mu(p) = (L) (1 +y)¥ 2( ) Wiy (18)
D
_(1\? (p)’ oL+
‘*(2) Ky (1+17“2L+2’7 L1< +n%7> 19
withy = 1:32?; p = L and the constant
1
—L-1)112 1
Km_zﬂ%[gﬂﬂ+m{}r@+1mi (20)

Symbols C,E“) (y) and 5,5“) (x) denote the orthogonal and orthonormal Gegenbauer
polynomials with respect to the weight function wj(x) = (1 — xz)"‘_% on the interval

[—1, +1] [91], respectively, so that and the symbol C]E“) (v) denote the orthogonal Gegen-
bauer polynomial, related to the orthonormal one as [91]

) ( K+ OT@) "
W = (i) G0 @

The momentum probability density for a generic (n,1, {u}) = (n,1 = p1, 42,..., hp-1)
state of the D-dimensional hydrogenic systems is

2 2
Y, {u} (P ’Tnl{y}( )‘ = M, (p) X [yl{y}(QD—l)} ’ (22)

which is normalized so that [ 7, ¢, (p) dp = 1.

Now, we will show the analytical determinarion of the complexity measures which
quantify the different facets of the electron complexity of the D-dimensional hydrogenic
system in both position and momentum spaces.

4. Hydrogenic Cramér—Rao Complexity

In this section, we first calculate the Cramér—Rao complexity (1) for a generic stationary
state (n,1,{p}) = (n,l,uz,...,1g_1) of the D-dimensional hydrogenic system in both
position and momentum spaces; then, we apply it to the three-dimensional hydrogenic
atom. We have to determine the variance and the Fisher information. In position space, we
obtain the values
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Vipwsgol = () = [ Ppuodr= [ #HR2 (1)
pn,l,{y} r = r pn,l,{y} r)ar r w\1)ar
Rp 0
A [ AQRLH1) r 1223 e
= Z (E) /0 Wor,+1 (1") {Ln, (7‘)} 7dr
e
= @[5172—3L(L+1) +1], (23)
and
2
F[ } / ‘VD pn,l,{y}(r)‘ J
= A dr
Pl Rp pn,l,{y}(r)
= 4<p2> —2|m|(21+D — 2)<r‘2>
47?2
for the variance [4,94,95] and the Fisher information [68,96,97] of the D-dimensional hy-
drogenic system, respectively. Here, we have also used that (r~2) = %ﬁ Then,

the position Cramér—Rao complexity (1) for a generic D-dimensional hydrogenic state
(n,1,u2,...,143_1) has the value

2
Cerloni, ) = Flows, ) % Vien o) = 5 0= [m) [57° =3L(L+1) +1),  (25)
where 77 and L are given by Equations (9) and (12), respectively.

In momentum space, we can work in a similar manner. Then, we obtain the values

ZZ

Vivay) = %) = [Py dp = 5 pPH M2 (p)dp = 7 (26)

and

Flrun ] =4(r) —2im|(21 + D -2)(p~?)
_ 2

- 52 —3L(L+1)—|m|(8y—6L=3)+1]; D=2 (27)

for the variance [4,95,98-100] and Fisher information [68,96,97], where we have also used

that (p=2) = Z—z %ﬂﬂ). Then, the momentum Cramér-Rao complexity (1) has the value
CerlMnrgy] = Flvnignl X VIvns gl
= 2[5~ 3L(L+1) — [m|(8y — 6L — 3) +1] (28)

for a generic D-dimensional hydrogenic state (1,1, 12, ..., up—1). Note that the position
and momentum Cramér—Rao complexity measures given by Equations (25) and (28) do
not depend on the nuclear charge Z [101]; moreover, they are bigger than the universal
minimum values D? (see Equation (7)) and 4 [1 - %} (L + %)2 (see [102]) for the corre-
sponding measures of general systems and systems with central potentials, respectively,

as they should be.
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The application of the previous general results (25) and (28) to quasi-spherical states
(i.e., states with hyperangular momentum quantum numbers y; = o = -+ = pg_1 =
n — 1) gives rise to the following values:

(D—1)(2n+D —1)(2n+ D —2)
Cerlomn-1,n-13] = 2n+D - 3) ’

(29)

Ccr ['Yn,nfl,{nfl}] = (21’[ + D)(D - 1) +2, (30)

for the Cramér-Rao complexity measures in position and momentum spaces, respectively.

In addition, for D = 3 we have from the general expressions (25) and (28) that the
Cramér—Rao complexity for the stationary states (1,1, m) of the hydrogenic atom has the
values [41,46]

Corlpnim] = 23 =311 +1) +1)(n — |m]) @1

and
Cer[Yuim] =2(5n% = 31(1 +1) — |m|(8n — 6] —3) + 1), (32)

in the position and momentum spaces, respectively. These expressions show that the
Cramér-Rao complexity behaves as 10n? for the highly excited Rydberg states (i.e., states
with large 7) of the hydrogenic atom with [ fixed in both reciprocal spaces. See [89] for
a numerical study of this complexity measure in some states of the three-dimensional
hydrogen atom.

5. Hydrogenic Fisher-Shannon Complexity

In this section, we consider the Fisher-Shannon complexity (2) for a generic stationary
state (n,1,{p}) = (n,1,uz,...,ug_1) of the D-dimensional hydrogenic system in both
position and momentum spaces; then, we apply it to the three-dimensional hydrogenic
atom. Emphasis is placed on the quasi-spherical and highly excited Rydberg hydrogenic
states. According to (2), the position and momentum Fisher-Shannon complexity measures
of general states (1,1, {}}) are given by

2
CFS[p?l,l,{y}} - F[pn,l,{],{}] X ﬁeDs[pn,l,{y}]

and

L 3S0mi )
CFS[’)/n,l,{y}] = F['Yn,l,{y}]xzin,ee[) AAud

2
= T |5p? =3L(L+1) — m|(8y —6L—3) + 1] x ed* i, (34)

respectively, where we have taken into account the values (24) and (27) for the position and
momentum Fisher information. So, we need to calculate only the Shannon entropy for any
hydrogenic state (1,1, {§t}) in the two reciprocal spaces. In position space, the Shannon
entropy [103] is

S[pn,l,{y}} = - /]R On,1{u} (1) logpn,l,{y} (r) dr
D
= S[Rn,l/D] +S[yl,{;4}'D]' (35)

where the radial and angular components, according to Equation (16), are given by

S[Ras, D) = = [ 1P7YRE(r) log (R (1) )r (36)

0
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and

Sy, D] = — /S[H V1,23 (Qp-1)1210g |V 10, (Qp—1)[FdOp 4 (37)

respectively. The entropy-like integral of the hyperspherical harmonics S[ 1,1, D] is under
control since it can be numerically evaluated by the efficient Buyarov et al.’s algorithm [104]
and analytically calculated not only in some specific cases (see [105]) but also for arbitrary
states as explained later on. Similarly, the momentum Shannon entropy is given by

Sh/n,l,{y}] = = /RD Y {u} (P) log ’Yn,l,{y}(p) dp
= S[My, D]+ SV 1,1, DI, (38)

where the radial component, according to Equation (22), is given by

S[My,, D] = — /OOo pPTIME () log (M3i(p) )dp (39)

Note that the two position and momentum radial Shannon components depend on
the hyperquantum numbers {n,! = 1 } only, while the angular part does not depend on
the principal hyperquantum number 7, but only on the magnetic hyperquantum numbers
{pi,i =1,...,D — 1}. Moreover, the radial and angular Shannon entropies can be deter-
mined [4] in terms of the entropy-like functionals of Laguerre and Gegenbauer polynomials,
being that the expression

Eilpal = = | ¥w(x)p} (1) log ph(x)dx, i=0,1 (40)

is the entropy-like functional of the polynomials p,(x) orthogonal with respect to the
weight function w(x). Indeed, according to Equations (11) and (36), we have that the radial
position Shannon entropy is

S[R,1, D] = A(n,1,D) + 2117151 [c”(zLL*jH —DlogZ (41)

i
with

2D—1

2n —2L —1
1 + —log [’YDH} 42)

32 —L(L+1
A(n,1,D) = =21 217+¢(U+L+1)} L LL+1)

And, according to Equations (18) and (39), the radial momentum Shannon entropy is

S[My, D] = F(n,1,D) + Eo [C*}Y; | + Dlog Z 43)

where
D
F(n,1,D) = —log — — (2L+4)[¢(5 + L+1) — ()]

2L+4

L+2 {1_217(2L+1)},

+T—(D+l) P (44)

where ¢(x) is the digamma or Psi function [91]. In addition, the angular component of the
Shannon entropies (37) turns out to be [4,106]

— B(I R=? é(“j+l‘j+1)
S[yl,{y}/ D] - B( ’ {V}/D) + ]; Eo ; ’ (45)

Hi—Hj+1
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with the coefficient
D-2
B(I,{u},D) =log (2m) =2 Y pjs1[$(2aj + pj + pj11)
j=1
—p(aj +p;) —log2 — v (46)
T 2(aj + pj) |

Following (33) and (34) and (41)—(45), the final expressions of position and momentum
Fisher-Shannon complexity measures for any D-dimensional hydrogenic state (n,1, {u}) =
(n,1,p2,...,14—1) are given by Equations (33) and (34) with the following expressions for
the position and momentum Shannon entropies:

1 (2L+1) R=2 (1)
s[pn,,,{y}} = A(n,1,D) + B(I, {u},d) + T [cq i 1} + Z; Ey|C | ~ Dlogz, (47)
]:
and
]+P‘]+1)
[’ynl{y}] = F(n,1,D) + B(L, {n}, D)+Eo[ }+ Z [ AN ] +DlogZ, (48)

respectively. Recently, these two entropy-like functionals of Laguerre and Gegenbauer
polynomials were encountered by the use of some linearization techniques of orthonormal
polynomials such that analytical compact expressions were found for the position and
momentum Shannon entropies (and then for the corresponding Fisher-Shannon complexity
measures) [107], which can be symbolically solved by general-purpose computer algebra
systems, such as Maple and Mathematica and their variations [108,109].

5.1. Application to Quasi-Spherical and Ground States
The application of the previous result to the quasi-spherical states, (n,n—1,{n—1}) =

(n,u1 = pa... = pp—1 = n — 1), of the D-dimensional hydrogenic system with nuclear
charge Z allowed us to find [29] the following values:
e+t 2T (2n+1
S[pn,n—l,{n—l}] =D 10g< 2 17) + 10g< (51)2 )> + (Tl - 1) CDn — Dlong (49)
D
2

for the position Shannon entropy, with 7 = n+ 252 and cp , = (7 + 3) — p(n) — 2 (257 +
1) + 2. And for n = 1 one has the value

2(D-1)PT(D
Slp10,0y] = D10g< \F) +1lo g( ( 2) ( )> —~DlogZ,
r(2)
for the position Shannon entropy for the ground state (1,1, {¢}) = (1,0,{0}) of the D-

dimensional hydrogenic system with nuclear charge Z. Moreover, for three dimensional
hydrogenic systems, we have the values

Slown-1n-1,D = 3] = log | AT (n)*n*| +2n + % — (21— 2)p(n) — 3log Z

S[p100, D =3] =3+logm—3logZ (50)

for the position Shannon entropies of the quasi-circular states and the ground state, respec-
tively. Then, for example, from (33) and (50), we have the value Crs[p100,D = 3] =
for the Fisher-Shannon complexity of the three-dimensional hydrogenic atom.

4
7173
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Similarly, we can find [29] that the momentum Shannon entropy for the quasi-spherical
states, (n,n —1,{n —1}) = (n,3 = pp... = pp_1 = n — 1), of the D-dimensional
hydrogenic system with nuclear charge Z is given by

2D+1 ()
(2n+D— 3Dr(n+ )

5 [7n,n—1,{n—1}} = A(n,D) +log +DlogZ, (51)

where the constant

m+D—1 D+1
D3 miD 2 Dy

— <D2+1>¢(n+D2_2> + (n+D2_1>zp(n+D2_3)- (52)

For the particular case n = 1, one has the value

A(n,D) =

D+1
7T 2

(D—1)Pr (25t

S| 710, 0}] = log ] +(D+1) |:1[J(D+1) —¢(§+1)] +DlogZ, (53)

for the momentum Shannon entropy of the ground state.

Finally, the corresponding position and momentum Fisher-Shannon complexity mea-
sures for the quasi-spherical and ground states are given by Equations (33) and (34) together
with the Shannon entropy values (51) and (53), respectively. A numerical study of these
complexity measures is conducted in [41,110] for a few specific three-dimensional hydro-
genic states.

5.2. Application to Highly Excited Rydberg States

The position and momentum Fisher-Shannon complexity measures for the highly
excited Rydberg states (i.e., states (1,1, {u}) with n — c0) are given by Equations (33) and
(34), respectively, together with the Shannon entropy values:

S® 0,1y =2Dlogn + (2~ D)log2 +log 7+ D —3 — Dlog Z + 8 (Vg ) +o(1) (54)

in position space [4,111] (see also [41,112] for three-dimensional systems), and

1
S(Ry) [(Ynp{uy] = —Dlogn+ DlogZ +5log2 — D —2+log 7w + S[Y ;3] + O(;) (55)

in momentum space [113], which improves a previously known result [4,41]. The proof
of these results requires the use of the strong (degree) asymptotics of the entropy-like
functionals of the Laguerre and Gegenbauer orthogonal polynomials, which control the
wavefunctions of the Rydberg states in both position and momentum spaces, in the spirit
of Aptekarev et al. [60,61,114-117]. In particular, for the Rydberg (nS)-states, we have the
following values:

S(Ry) {pn,(),{O}} —=2Dlogn + (2 — D)log2 +2logm+ D — 3 +0(1), (56)

for the position Shannon entropy [41], and

S(Ry)["ynlol{o}] = —Dlogn+DlogZ+6log2—D —2n
D D 1
+ (E+1)logn—logr(§)+o(ﬁ) (57)

for the momentum Shannon entropy [113], where we have used that the angular Shannon
entropy S[Y) 03] = log 2+ Dlogm —logI(R).



Quantum Rep. 2023, 5

126

Finally, one has from (54) and (55) that the total Shannon-entropy uncertainty for the
Rydberg D-dimensional hydrogenic state (I, {y}) is given by the sum

5(Ry) {pn,l,{y}] + S(Ry) [’Yn,l,{y}} = Dlogn+ (7—D)log2+2logm—5
+ 28(V ) +o(1). (58)

So that the net sum of the position and momentum Shannon uncertainties follows
a Dlog n law. In addition, it does not depend on the nuclear charge Z because of the
homogeneity of the Coulomb potential [90,101]. Let us also highlight that this entropic
uncertainty sum satisfies not only the universal entropic uncertainty relation [118], S[p] +
S[v] > D(1 +log ), but also the more stringent entropic uncertainty sum [119]

S[P] + 5[7] > Bl,{y} (59)

with

T l+% D

+(D-1) <¢<2Z Z D) +log2) +25(V ) (60)

valid for the spherically symmetric quantum states. Notice that this bound depends on
the magnetic hyperquantum numbers (I, {y}) and the dimensionality D, but not on the
principal (energetic) quantum number n because the analytical form of the central potentital
Vp(r) was not specified.

Then, for example, the Fisher-Shannon complexity of the three-dimensional Rydberg
states (1,1, m) with n — oo and (I, m) fixed has the following value:

1
R 2\3 452
Césy) [Pn,l,m] = (7T> e 1+3S(Yl””)n2 + o(nz)r (61)
according to (33), (54) and (55). The symbol 5(Y] ,,) denotes the angular Shannon entropy,
which is under control as already discussed. In particular, for states with |m| = I, one has

2+1 2311
S(Yy) = 10g<2r(l_:[3)'> Y [¢(zz +1)— w(z + ;) - leﬂ] 62)
2

and for nS—states (i.e., when I = m = 0), one has that S(Y( o) = log 4. In the case that [ is
not fixed, as it often happens, then the expression (61) varies because then the involved
Laguerre polynomial is a varying polynomial and consequently, the position Shannon
entropy is not (54) anymore but one has to take into account the values found by [120].

6. Hydrogenic LMC-Rényi Complexity

In this section, we consider the LMC-Rényi complexity (3) for a generic stationary state
(n,1,{u}) = (n,1,ya, ..., 1us_1) of the D-dimensional hydrogenic system in both position
and momentum spaces; then, we apply it to quasi-spherical and highly excited Rydberg
hydrogenic states. According to (3), the LMC-Rényi complexity measures of the state
(n,1,{u}) are given [13-17] by

ézx,ﬁ [pn,l,{y}] = e%(RDJ[pn,l,{u}]_Rﬁ[pn,l,{/u}])l OD<a< ‘B < 0, a,‘B 7,{ 1, (63)

and

Cm,ﬁ[’yn,l,{y}] = e%(Rtx[pn,l,{;l}]_Rﬂ[')/n,l,{y}]), D<a< ‘B < 00, 0(,‘8 ?é 1’ (64)
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in the position and momentum spaces, respectively. The symbols Rg[p,, 1 (3] and Rg[7,,1, ;3]
(with natural g other than unity) denote the position and momentum Rényi entropies (5) of
the D-dimensional hydrogenic states (1,1, {}) respectively, given (see [121]) by

Rlowi ] = 11q log /RD [o,1, {30y ()] dx (65)
= Rq[Ru1, DI+ Re[V 4] (66)
in position space and
Rolvusgn) = 70108 [, Duag () dp )
= Rq[M,1, D]+ Rg[V1 1] (68)

in momentum space. Here the symbols R,[R,;, D] and R;[M,, ;, D] denote the position
and momentum radial Rényi entropies respectively, given by

Rq [Rn,lr D} = L 11’1/) [Rn,l(r)]zquil dr (69)

- )" ()

) 2q
+ 1qlnq—D—Zlq/0 x21q+D—1e—x|: 1(121 Dlz)(;>:| dx, (70)

(where we took into account (11) in the second equality) and

1 0 _
R4[My;, D] = ——1In [ [M,,(p)]*7p° dp (71)
1—g 0

2q
= L ln Zil) Kn’l + 1 X
1—9¢g nP 24(L+2) 1—9¢g

1
1n/71(1_y)lq+%*1(1 +y)D(qf%)+q(l+l) {Cr(l“lrl)l( )} dy (72)

where we took into account (19) in the second equality; the constant K,, ; is given by (20).
The symbol Ry[Y ;3] in Equations (66) and (68) denotes the angular Rényi entropy
given by

[yl {y}] —q —In Aq [yl Au}t ] (73)
with the integral functionals of the hyperspherical harmonics [122] defined as
NVl = /SD_1 V003 (Qp-1)7dQp 4
2 aj+ . , .
= 2 H [ [ cosey P (sing 2 de, (7

where the constant V] (,,; is given by (14). Note that the angular Rényi entropies Rq[Y ;]
do not depend on the principal hyperquantum number 7.

Then, from Equations (69)—(74), we observe that the determination of the position
and momentum radial and angular Rényi entropies of the D-dimensional hydrogenic
systems are expressed in terms of some integral functionals of (2¢9)-type powers of La-
guerre and Gegenbauer polynomials. These functionals were determined by use of the
recent linearization techniques of hypergeometric orthogonal polynomials (Laguerre, Ja-
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cobi, Gegenbauer) [54-56] (see also [57]) together with some multivariate hypergeometric
functions of Lauricella and Srivastava—Karlson types [55,58] .

The application of these techniques to the Laguerre and Gegenbauer functionals of (70)
and (74) together with Equation (66) has allowed us to find [56,121] the position Rényi
entropies of the D-dimensional hydrogenic states (1,1, {i}) as

1
2 q (71— L)ar1
Rq[pn,l,{y}] = Dln( 57 ) + 1_qln< 2
! 1| T(+5)7 T(gm+1)
+——In[Fy(D,n,L) Ag(D,L)| + In 2
1= A D AE ] r(gl+3) Llm+1)1
D2
+17_,1 Y In[By(D, uj, pjs1) Gq(D, pj, pjs1)] +1n2, (75)
=1
- _ T(D+2
with A;(D,L) = qD+2’(qr(72Li)2)2q’ and
2q
2+ D;—n41+1,...,—n+1+1
— r(29) 1 1
fq(D,n,l) :FA /q/"'/q ’ (76)
201+D—-1,...,21+D -1 T

29

where the symbol FI(;) (x1,...,%,) denotes the Lauricella function of type A of s variables
and 2s + 1 parameters defined [59] as

ﬂ,b ,...,b o) i i . . ] B
FI(:) ( 1 S ;xl/ .. -/xS ) = Z (a)]l++]g(bl)]] - (bS)]s x"lll - xé . (77)

L. . A
C1,...,Cs J1se-rjs=0 (Cl )]1 (CS)]S Ji: Js*

Note that the function Fq(D, n,1) is a finite sum because of the properties of the
I'(z+k)
I'(z)
for I = n — 1 the function F,(D, n,1) in Equation (76) is equal to unity such that the third

term on the right side vanishes.

The symbols By (D, pj, pj+1) and Gy(D, ), ptj41) denote the values

involved Pochhammer symbols (z); =

with negative integer arguments. Moreover,

. X q
1 (20 4+ 2p01 4 D iy (@Hje1 + 5+ Vg i)
wi— =) (e + pj+ Mj+1)Zj—yj+1 (@) + Hjv1 + 1>Z/"V/’+1

aj:bj,cj;...;bjc
;1,001
_ Vfgﬂ (@))iy+.ing (0)iy (¢f)iy -+ (bj)in, (€5, (79)

=0 (@i tiny (€)iy =+ (€f)ig 1! - -+ ing!

Bq(D’Vj’l’lj-ﬁ-l) = [( (78)

and
2
1

.y

with aj = o +quip + %, b] = —Yj+ Ujt1, ¢ = ZDC]‘ + Mjy1 + K, d] = quj—i-l + Z(Xj + 1 and
e =0+ M1+ %, respectively. Note that the sum becomes finite because b; is a negative
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integer number, and so the Pochhammer numbers (b;); = rl(j?;)i) =0, Vi>|bj|. Letus
j

also highlight that when p; = p; 1, the function By(D, pj, ptj1) = Gg(D, pj, pjr1) = 1.
Moreover, the application of the previously mentioned linearization techniques to

the Gegenbauer functionals of (72) and (74) together with Equation (68) allowed us to

find [56,121] the momentum Rényi entropies of the D-dimensional hydrogenic states

(n,1,{p}) as

1
27
Ry[Vniqy] = D1n<17 ) ti z p In277 (7 — L)2r41]

T(I+5)7 r(gm+1)

f,,(D,ﬂ,L)Aq(DIL)F(ql N g) [(m+1)

+Lln
1—9¢

1 D-2
+1 —q Z ln[Bq(Dfl‘j/ Mi+1) gq(D/]/lj,yjH)} +In2 (80)
j=1

with the coefficients

r(8+q)r(-3+a(D+1+1)

Aq(D,L) =241 (81)

r(%+ l)2q1"(q(D +204+1))

and

a:b,c...;bc
- _ 1:2;...;2 .
‘Fq<D/17/L> = Flll;...;l ,1,.. .,1
d:e;...;e

nl (@)iggiy, (B)iy (0)iy <+ (B)ig, (€)ig,
= - —, 82
o @ity @ @yl iy )

.....

which is a multivariate Srivastava—Daoust function [55,58] with a = (L + %)q + % (1—9q),
b=—-(n—L—-1),c=n+L+1,d=q(2L+4),e= L+ 3. The other two coefficients 5,
and g, are already given by Equations (78) and (79). Note that when I = n — 1, the function
Fy(D,y,L) = 1.

Finally, the combination of Equations (63) and (75), and Equations (64) and (80) gives
rise to the final expressions of the LMC-Rényi complexity measures in position and mo-
mentum spaces, respectively, for arbitrary D-dimensional hydrogenic states. These general
expressions depend only on the state’s hyperquantum numbers (1,1, {s}), the nuclear
charge Z and the space dimensionality D. They are, however, somewhat highbrow but
allow to determine the values of the Rényi complexity measures by general-purpose
symbolic-like computer program systems (see [108,109]) in an algorithmic way. For low
values of the involved parameters («, §), the corresponding complexity-like measures are
analytically obtained in a compact manner for some particular hydrogenic states, such as
the quasi-spherical and ground states. The relevant case (x — 1, B = 2) of the LMC—Rényi
complexity (3), which corresponds to the pioneering LMC (Lépez-Ruiz-Mancini—Calvet)
complexity measure [15,39,40] Cy 2 [o] = DJp] x 5} with D[p] = e~R2lfl was monographi-
cally analyzed [29] for general and quasi-spherical states in the two reciprocal spaces.
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6.1. Application to Quasi-Spherical and Ground States

The application of the previous general result to the quasi-spherical states,
(n,n—1,{n—1}) = (n,u1 = pp... = up—1 = n — 1), of the D-dimensional hydrogenic
system with nuclear charge Z allowed us to find [56] the values

1 I'(D 4+ 2ng — 2
Ralpnn] = DIn g5 = o nlr @y + 1]+ o n(FO5 T, s)

22 1—q gP+2n9-2q
z
RylYnu] = DIn o % In[4T(27 +1)] (84)
. 1 | F(%+qn—q)F(—%+q(D+n})
n 7

_ 2
P ar(n B -1) T(g(D + 20 - 1))
and

1
RVl = 1n(2n%)+1_q1n

T(I+59)7 rgr+1)
T(I+1)1 r(ql+%)

(85)

for the radial and angular Rényi entropies of the quasi-spherical states in the two reciprocal
spaces, respectively. Moreover, for the case (n = 1,1 = 0,{0}), these three expressions
provide us with the following values:

R4lp10] = T(D)+DIn D_i (86)
47477
Rylmol = Dln[DZZ1 +1"%q1n[4r(13)] (87)
1-2
1 |T(8) (- +q)
* 1—q " 2I'(Dq +9)
and
Ry[ V0] 1n[2"?] (88)
ofoy) = In|——%
q r(3)

for the radial and angular position and momentum Rényi entropies of the ground state of
the D-dimensional hydrogenic system, respectively.

The corresponding position and momentum LMC-Rényi complexity measures for
these quasi-spherical and ground states are given by Equations (63), (64) and (66), (68)
together with the Rényi entropy values (83)—(85) and (86)—(88), respectively. A numeri-
cal study of these complexity measures was performed in [56] for a few specific three-
dimensional hydrogenic states, where it is also shown that the hydrogenic Rényi entropy
sum, Ru [0y, 1,113] + Rp[Vn 1,44y ], fulfills the Rényi-entropy-based uncertainty relation [82,83]
given by

Rolpl + Ryfr] > Dlog(2028) 79 (207 ), 145 =2 (59)

which is universally valid.
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6.2. Application to Highly Excited Rydberg States

According to (63) and (66), the LMC-Rényi complexity measures of the highly excited
Rydberg states (i.e., states (1,1, {u}) with n — oo; I, m fixed) are given by

— (Ry) (Ry)
ng(ljBy) [pn,l,{y}] .= e%(Rua v [Pn,l,{y}]*Rﬁ Y [Pn/l,{y}]), O<ua< ﬁ < oo, 06,‘3 75 1, (90)

and
_ 1 (p(Ry) _p(Ry)
C%z (Yol {uy) = oD R ona =R Wil g o pr o B <o, o,p#1, (9

in the position and momentum spaces, respectively. The symbols R‘;Ry ) [0, {uy] and

R,(iRy) [Yn1,{uy] (With natural g other than unity) denote the position and momentum Rényi
entropies (65) of the D-dimensional Rydberg hydrogenic states, respectively. According
to (66) and (70), the position Rényi entropies (65) of the D-dimensional Rydberg hydrogenic
states are given by

1
RgRy) Pun] = log Neo(1,1, D, q) + Rq[Y; 113

I—q
+ Dlogl— 1 log(27n7) (92)
2Z 1-q
~ 1 logNu(n,1,D,q)+ Diog 2~ — — 1 _log2n)  (93)
~ 1_qog «(n,1,D,q 08 57 1_qog n
with
(1072 !
Nm(n,l,D,q):Jggo ([En (x)} w,x(x)) xP dx (94)

0

witha = 2l + D —2and f = (2— D)g+ D — 1. Now, taking into account the strong
asymptotics of Laguerre polynomials [115,117] (see [112] for further details) we have
obtained for D > 2 that

Neo(1,1,D,q) = c(B,9) (2(n =1 = 1))*F~1 (1 +5(1)), (95)

forg € (O, %) and the constant

2P T(B+1-9/2)T(1-4/2)T(q+1/2)

c(B.q) := A+172 F(B+2—-q)T(1+q) °o

Let us highlight that the position Rényi entropies of three-dimensional hydrogenic
system was monographically studied analytically and numerically [111]. For the remaining
pairs (D, ), the asymptotical value N (1,1, D, q) has also been found [112].

Similarly, according to (68) and (72), the momentum Rényi entropies (67) of the D-
dimensional Rydberg hydrogenic states are given by

1 Z

1
1—¢g

1

log leo(r, 1,4, D) + Dlog 2, 98)

with
. [ =04+2Y) o i a b
Io(n,1,q,D) = lim (o WP woay)p A=y)* A +y)dy, (99

n—oo J_1
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which was recently calculated [113] at first order. One finally has that
3
~ —1;log n, q € (9,97
= —Dlogn—kllfqloglogn +0(1), q=9q*
R *

R 0] = —Dlog n+ rL;logc'(g,D) +0(1), g€ (7,47 (100)
= —Dlogn—i—llfqloglogn +0(1), q=q"
x(—ZD—quq)logn, qg>qt

forn >> 1,1 =0,1,2,... and D > 0. The symbols g, := % ﬁ, q* = DLH and

gt = %. Moreover, g, = q* for D = 1 and | = 0, and g« < g* for D > 1; the constant
c’(g, D) has the value

C,( D) . 2ﬂ+b+1 F(q+%)T(%) r(”*%Jrl)r(b—%le)
q, oot I'(g+1) T(a+tb—q+2) .

So that the momentum Rényi entropies of Rydberg hydrogenic states grow logarithmically
with 7 for all g > g.. Finally, it is interesting to realize from Equations (93)~(95) and (100) that

the net sum of Rényi entropies R,;Ry ) [pn,l/{y}] + R;Ry) (Y, {V}] of the Rydberg hydrogenic
states does not depend on the nuclear charge Z of the system (as expected [101]) and verifies
not only the universal Rényi entropy uncertainty relation for D-dimensional quantum
systems [82,83] given by

e
R‘h [p{ni}] + qu [’Y{ni}] > DlOg(T[qlqu zqzzﬂzz)

with the conjugated parameters gq; and g, but also the (conjectured) Rényi entropy uncer-
tainty relation for D-dimensional quantum systems subject to a central potential [123].

7. Concluding Remarks

The multidimensional hydrogenic system encompasses numerous standard and non-
standard quantum objects, ranging from the three-dimensional hydrogenic atoms to the
low-dimensional semiconductor excitons and the high-dimensional qubits and Rydberg
systems. In this work, we determine and review the main monotone complexity-like
statistical measures [7] of this system, inspired by the theory of the quantum information
of fermionic systems to a great extent; namely, the Crdmer—Rao, Fisher-Shannon and
LMC-Rényi measures.

These three complexity-like measures, each describing jointly two macroscopic spread-
ing facets of the internal electronic disorder of the system, are shown to be analytically
determined in terms of the state’s hyperquantum numbers together with the nuclear
charge and the space dimensionality. Basically, this is possible because the entropic com-
ponents of these measures can be obtained in a simple (Fisher information) or a compact,
although somewhat highbrow at times, manner (Shannon and Rényi entropies) manner.
Keep in mind that the Fisher information has a close similarity to the multidimensional
kinetic energy due to its gradient-functional form; the Shannon and Rényi entropies can
be expressed by means of some logarithmic and power-like integral functionals of the La-
guerre and Gegenbauer orthogonal polynomials, respectively, whose analytical evaluation
is a formidable task as illustrated in [56,103], respectively.

Then, the resulting general expressions and the strong (degree) asymptotics of the
Laguerre and Gegenbauer functionals are applied to evaluate the Crdmer—Rao, Fisher—
Shannon and LMC-Rényi complexity-like measures of the quasi-spherical and the highly
excited Rydberg states of the multidimensional hydrogenic system.
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