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Abstract. We derive an expression for the level spacing distribution for a guantal system
displaying both regular and chaotic classical motion, assuming that the level-repulsion function
for the mixed system is obtained by averaging the corresponding functions for the regular and
chaotic regimes with weights given by their fractional phase-space volumes. The Liouville
measures of the regular region obtained from comparing this expression with the level spacing
distributions of a hydrogen atom in a uniform magnetic field agree with the corresponding values
obtained in the classical-mechanical analysis of this system.

1. Introduction

It is generally agreed that the statistical properties of energy levels of a quantum-mechanical
system whose classical counterpart is chaotic is well described by random matrix theory [1].
In the case in which there is anti-unitary symmetry, the nearest-neighbour spacis)g (
distribution of energy levels of such a system is well approximated by a Wigner distribution:

P(s) = %nse””z/4 (1)

provided that the level sequence is normalized to unit mean level spacing. On the other hand,
the NNs distribution of levels of a system whose classical dynamics is rigorous everywhere
in the phase space is well represented by a Poisson distribution

P(s)=¢" @)

at least for not very large spacings. This conclusion is supported by several numerical
experiments [2—4] as well as theoretical justifications based on semiclassical arguments
[5, 6]. However, not all classical systems are either rigorous or chaotic. Computer studies of
several non-integrable two-dimensional systems demonstrated that they undergo an order-to-
chaos transition (see e.qg. [7, 8]). Their classical phase space is mixed in the sense that some
orbits wind regularly round two-dimensional tori and others explore the three-dimensional
energy surface ergodically. In fact, the coexistence of regular and chaotic motion seems to
be the general case, particularly in physical system. For example, while resonance spacings
in neutron and proton scattering by atomic nuclei follow the Wigner distribution [9, 10],
statistical tests of level spacings indicate transitional character between regular and chaotic
regimes [11-13]. Other examples are provided by hydrogen atoms in strong magnetic fields
[14], models of nuclear motion in simple molecules [15] and mesoscopic devices having a
wide range of dynamical features [16].
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The intermediate regime of mixed regular and chaotic dynamics is still a subject of
intense research work. Various formulae have been proposed to finthdistributions for
mixed systems [17-21]. They depend on one parameter (or more), which can be tuned to
interpolate between the limiting cases of regular and irregular spectra. The most popular of
these formulae is the Brody distribution [17]:

P(s) =asPexp(—bs"*Y)  a=(B+Db  b=[T(B+2)/B+ 1] €)

which assumes a power-law level repulsion and interpolates between the Pgissof)
and Wigner(8 = 1) distributions in a simple way.

A semiclassical theory for the level spacing of mixed systems has been given by
Berry and Robnik [22] by assuming that the wavefunctions are localized in the ordered
region of the phase space or in the chaotic regions. The energy levels then consist of
separate sequences, one being Poisson distributed and each of the others being Wigner
distributed. The relative weight of each distribution is given by the Liouville measure of
the corresponding phase-space region. When this assumption holdsistldéstribution in
the case of a single chaotic region is given by

P(s) =e " {gerfc(3/m (L — q)s) + (29(1 — @) + 3711 — ¢)s) expl- 37 (1 — ¢)%s%]}
4

whereq is the measure of the regular region. Numerical experiments to date have resulted in
NNs distributions [7, 8, 14, 21] consistent with (4) only for level spacings 1. Recently,
Prosen and Robnik [23] have shown that the spectral superposition hypothesis certainly
holds only in the deep semiclassical region. In an attempt to extend the validity of (4), they
introduce the two-parameter ‘ultimate’ Berry—Robnik spacing distribution by describing the
irregular levels (with measure -1 ¢) obey the Brody distribution with somg which is
supposed to capture the localization of the underlying chaotic states. An extensive discussion
for the effects leading to the departure form the semiclassical description of level statistics
is given by Bohigast al [24].

Honig and Wintgen [21] presented numerical-experimental data of high statistical
significance for thaiNs distribution of the level spectra of the hydrogen atom in a uniform
magnetic field. Their data included as small spacings as0.001 and nevertheless the
distributions did not show any tendency to vanishsaended to zero as expected from
Brody’s formula, except in the cases of nearly chaotic spectra. Although the Berry—Robnik
distribution (4) is the only one with a non-vanishing probability for very small spacings,
their agreement with the data of [21] is very poor particularly in the region of 1.

The best fits are obtained with the Brody formula (3) in spite of the fact that the analytic
behaviour is incorrect near= 0. In our view, this result is rather disappointing since the
Brody interpolation paramete# does not have an explicit relation to the dynamics of the
system.

In this paper, we propose an expression for s distribution of the energy levels
of a mixed system which depends on a single parameter and might be more suitable for
comparison with experimental data. Our basic assumption is that the level-repulsion function
for a mixed system can be taken as the average of the corresponding functions for the
regular and chaotic systems with averaging weights equal to the measures of the phase-
space domains of regular and chaotic motion, respectively. We find that the values of these
measures obtained from the analysis of spectral fluctuations of the paramagnetic hydrogen
atom [21] are in good agreement with the corresponding values obtained in the classical
analysis.
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The NNs distribution of levels of unit mean spacing can be derived [25] from a simple
probability argument, which results in the following integral equation:

P(s) = r(s)/m P(x)d 5)

wherer (s) is the level-repulsion function defined so thét) ds is the conditional probability
that, given a level at energl, there is one level in the intervak grovided that there are
no levels in the intervad E, E + 5). This equation can be solved by first converting it into
a differential equation which can then be integrated to obtain

P(s) =r(s) exp[ - /(;S r(x) dx] (6)

where the lower integration limit in the exponent is set equal to zero to Make> r(s)
for small values of. The cumulative spacing distribution is then given by

W(S):/ P(x)dx:l—exp[—f r(x)dxi|. @)
0 0
The Poisson distribution (2) can be obtained from (6) by taking

Tpoissorfs) = 1 (8)

which is consistent with the fact that, in the regular regime, the conditional probability
density of finding a level in a given spacing interval does not depend on the length of this
interval. On the other hand, the Wigner formula (1) for tines distribution of levels of

a time-reversal-invariant chaotic system is obtained by the following choice of the level-
repulsion function:

I'wigner(s) = %775 9)
where the constant factor ensures a unit average level spacing.

Berry [26] has suggested the following derivation of (9). Consider an ensemble of
real HamiltoniansH (R) smoothly parametrized by a set of parametBrs= (R1, Ro, ...).
Suppose that at some poiRt of the parameter space two stai#$ and|2') are degenerate
with energyE’ = E, i.e.

H(R)H|1) = E'|1) and H(R)|2) = E'|2). (10)
If R is slightly varied intoR, according to the degenerate perturbation theory, the energy
splits to the first order iR — R’ by

AE(R) = [{H{;(R) — Hyp(R)) + 4H5(R)]? (11)
where

Hj; = (i'|H(R) — H(R)I|"). (12)
At a degenerac\AE = 0, which implies the following two independent conditions on the
matrix elements of{:

H{;(R) = H»(R) and H{5(R) = 0. (13)

These conditions can be satisfied only if the Hamiltonian depends on atreast2
parameters. For a system with parametBrsvith NNS defined so as to have an average
value unity, theNth spacing is given by

dN(Ey, R)

sy = [En11(R) — Ex(R)] dEy

(14)
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whereN (E, R) denotes the smooth number of levels belBwBerry assumes ergodicity to
replace the energy average by ensemble averaging (over parameters RysTigtribution
is then defined as

P(s) = (8(s —sn(R))r (15)

where () denotes ensemble averaging. The cumulative spacing distribution, defined by the
integration of P(s) from 0 to s, will then be equal to the volume of the fraction of the
parameter space in which (R) < s. Thus, for small values of,

/‘ P(x)dr o 52 (16)
0
which implies that, as — 0,

P(s) = r(s)  s. (17)

Berry’'s parameter-space method has also been applied to describe systems without
time-reversal symmetry [26]. These systems have to be described by an ensemble of
Hermitian Hamiltonians having complex non-diagonal matrix elements. Equations (13)
will then impose three conditions. The corresponding parameter space will be at least
three-dimensional and the level-repulsion function will be quadratic. The same arguments
can also be used to describe regular systems. In this case, small perturbations do not
remove degeneracies and conditions (13) do not apply so that an ensemble of one-parameter
Hamiltonians can be used to describe a regular system. However, we cannot see any way
to use similar arguments to obtain a level-repulsion function proportional to a non-integer
power ofs as required to obtain Brody's interpolation formula (3).

In order to apply Berry’s method to mixed system, we recall the representation of
the transition from integrability to chaos in terms of the Poigcsurfaces of section, e.g.
in the case of a hydrogen atom in a uniform magnetic field [14]. In the absence of the
magnetic field the motion is confined to tori and the surface of section will simply give
continuous loops representing quasiperiodic rotational and vibrational motion. Introducing a
weak field does not change the surface of section although the motion is, strictly speaking,
not confined to tori. Indeed, tori having a rational winding number are replaced, even
under an infinitesimal perturbation, by a stahleycle embedded in a stochastic layer.
However, the widths of the layers are infinitesimally small and hence invisible near the
integrable limit. As we increase the scaled energy (see (21) below) irregular motion first
appears near the separatrix transforming it into a stochastic layer. As we further increase
the scaled energy, this layer increases in size whereas the large islands related to regular
motion become smaller and finally almost disappear. We try to apply the previous scenario
to the stochastic transition of a bound quantum system. The energy spectrum of a regular
guantum system has the property of level clustering. We may expect that, in general,
introducing a weak perturbation does not change this property, although, strictly speaking,
any infinitesimal perturbation will result in removing the degeneracies. However, the shifts
in the energy levels are infinitesimally small and hence invisible near the integrable limit.
As we increase the perturbation, the level shift will increase but by different amounts in
different parts of the spectrum. We now follow Percival's semiclassical classification of
states of a bound quantum system into regular and chaotic classes, each related in some
sense to the corresponding domain in the classical phase space [27]. We assume that the
two classes have different feelings for the perturbation; the integrable class will keep the
property of level clustering (within a resolution defined, e.g., by the width of the step of
the NNs distribution histogram) while the chaotic states will be non-degenerate. In other
words, if the wavefunction of a regular state is expanded in terms of the eigenstates of the
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integrable term of the Hamiltonian, only one (of very few) of the expansion coefficients
will have a significant magnitude. On the other hand, the chaotic states will be delocalized
in the unperturbed basis [20]. This picture can be justified by referring to the shell-model
calculation carried out by Meridithat al [28] using the three-orbital Lipkin—-Meshkov—Glick
model [29]. These authors calculated the distribution functions for the overlap coefficients
of the eigenfunctions of the model with a set of basis. For a typical member of the
Gaussian orthogonal ensembt&og), the overlap is a Gaussian random variable [25]. For

an integrable system, the distribution has a few very large overlaps and many very small
overlaps (in keeping with the normalization condition). The resulting overlap distributions
for all dynamical classes in the transitional region between regularity and chaos showed
the same qualitative behaviour: an excess of very small overlaps and very large overlaps
relative to a Gaussian distribution. This finding may be interpreted as indication for the
coexistence of almost-regular and almost-chaotic states in a system in the integrability-chaos
transition regime.

Berry’s parameter-space description can now be introduced by assuming that the mixed
system can be described by a combination of two ensembles. The first is an ensemble
of one-parameter Hamiltonians which describes the regular states while the second is an
ensemble of Hamiltonians depending on two parameters at least. The number of members of
each ensemble is proportional to the corresponding classical phase-space volume. Following
arguments similar to those leading to (17), we obtain

7(s) = q7poissos) + (1 — q)rwigner(s) (18)
whereq is the fractional volume of the regular phase-space domain. Substituting (8), (9)
and (18) into (6), we finally obtain

P(s) =[g + 3m(1 — g)s]expl—gs — (1~ ¢)s?]. (19)
We hope that this expression will be useful for the analysis ofwthe distribution of the
energy levels of natural mixed systems such as hydrogen atoms in magnetic fields and
nuclei at low excitation energies, for whicA(s) # 0. It does not vanish at = 0 as
Brody’'s formula. It interpolates in a simple way between the Wigaer= 0) and the
Poisson distributions. It has a similar behaviour at large the Berry—Robnik formula (4).
Moreover, it yieldsP (0) = g which is smaller than the value @&f(0) = ¢(2 — q) obtained
from (4). Therefore, it will probably be more capable of producing the minimum at small
spacings of theiNs distributions observed for systems with intermediate valueg. of

We note that the assumption (18) leads to a value of the mean spacing slightly larger

than unity wheng # 0 or 1. It is thus necessary to normalize the energy scale to ensure
that the mean level spacing is unity. Replacingy /D and definingD by requiring that
fooosP(s) ds = 1, we obtain

1 expa®
b= ﬁerfc(a) a —q/\/rr(l—q). (20)
Using (20), we find thatD starts from a value of 1 at = 0, increases with increasing
reaches a maximum value of 1.06¢at= 0.67 and then decreases and returns to the value
1 atg = 1. We thus conclude that the normalization of the energy scale in equation (19)
does not lead to appreciable modification of thes distribution.

2. Comparison with numerical experiment

Wintgen and collaborators [14,21, 28] carried out a detailed study of the classical- and
guantum-mechanical properties of the hydrogen atom in a uniform magnetic field. The
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classical dynamics of this system does not depend on erfergy magnetic field strength
y (expressed in atomic units) separately, but depends only on the scaled energy

e = Ey 23 (22)

These authors showed by calculating the Poi#acsurfaces of section that the classical
system displayed a smooth transition from regularity to chaos as the paranieteeased
from —0.8 to —0.1. Then, they solved the Sdétinger equation for fixed values of the
scaled energy and obtained a large-scale spectrum for each value. The total number of
levels in a case varied from 2980 fer= —0.10 to 12800 fore = —0.40. The high
statistical significance of these data invited us to use them to check the quality rofishe
distribution proposed in the previous section.

The cumulative spacing distribution obtained by integrating (19) from © takes a
particularly simple form:

W(s) =1— exp[—gs — 2117{(1 —¢)s?]. (22)

In particular, the quantity In[+ W (s)] becomes a linear expressiongrwhenW (s) is given

by (22). We calculated for each point of the cumulative spacing distributions reported in
[21] and took the average for each of these distributions. Table 1 lists the average values
of ¢, with their standard deviations taken as measures of errors, for seven values of the
scaled energy. The corresponding valygsof the fractional volume of the domain of
regular motion of the classical phase space are also given in table 1. The table shows
that the estimates for the measure of the classical phase-space domain of regular motion,
obtained from the analysis of the cumulative spacing distributions, are in good agreement
with the corresponding values obtained in the classical analysis. An exception is the case
of ¢ = —0.3 which does not show the typical dependence of the distributions on the scaled
energy, as pointed out bydidig and Wintgen [21].

Table 1. Fractional volumey of the regular classical phase space gndalues obtained by
fitting cumulative spacing distribution to (22) together witsg obtained in [30] by fitting the
NNS distribution to the Berry—Robnik formula (4).

€ qcl q 4dBR

—-0.10 0.00 (024002 0.00
—-0.15 0.04 (03+0.02
—-0.20 0.12 (084002 0.09
—-0.25 0.16 (®0+0.03
—-030 0.24 (14+003 0.35
—-0.35 040 B7+0.08
—-0.40 0.66 B8+009 0.60

Figure 1 shows a comparison between the cumulative distributions calculated by means
of (22) with those of the numerical experiment [21]. The agreement between the two sets
of distributions is quite satisfactory, noting that the curves are represented in a logarithmic
scale. Exceptions are in the region of spacings in whity) < 10~ where the results
of the numerical experiment are of less statistical significance. Figure 2 companessthe
distributions calculated using (19) and these are shown as full curves, with the histograms of
the level spacings of a hydrogen atom in a magnetic field given in [28] and the predictions
of the Berry—Robnik formula shown as dotted curves. It is clear from the figure that the
proposed formula for the level-distribution provided a good representation for the histogram
again except for the case ef= —0.30 which does not conform to the general trend. It
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gives a better description of the numerical experiment than the Berry—Robnik formula in
the region of small spacings, otherwise the two formulae are almost equivalent.

=1 _] T T T T 1T T 111 T T T LA B R B B |
10 = —1:
i - 040 1
- -0.35 .
-2
10 = -
s ;
n -
; K -010
153 = -
B 4
L
10 |
—1 i s P T S | 1 n 1 R T S A |
3 2 .
10 10 16"
S

Figure 1. Comparison between the cumulative spacing distributions calculated from (22) and
those reported in [21].

3. Summary and conclusions

We have obtained a simple expression for s distribution of the energy levels of a
guantum system whose classical dynamics is a mixture of regular and chaotic motion. It
contains one parameter, which is assumed to be equal to the fractional vgluofethe
regular domain of the classical phase space of the system. The derivation of this expression
is based on Percival's classification scheme that separates the eigenstates into regular and
chaotic groups. Each group is described by an ensemble of Hamiltonians in their parameter
space. Following the arguments suggested by Berry leads to a level-repulsion function,
which coincides with thenns distribution at small spacings, as a superposition of two
terms describing the two types of dynamics and having weights given by the corresponding
volumes of the classical phase space.

We have compared the proposed expressions fontgedistribution (equation (19))
and the cumulative spacing distribution (equation (22)) with the numerical calculations of
the energy levels of a hydrogen atom in a uniform magnetic field reported by Wietgen
al. The results of the comparison, shown in figures 1 and 2, suggest that these expressions
provide a reasonable description of the level distribution. In particular, the predictions of
(19) are in agreement with those of the Berry—Robnik formula:atl but provide a better
description of the numerical experiment at small spacings. Perhaps the most important
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Figure 2. Comparison between the NNS distributions calculated from (19) and represented by
full curves with those reported in [30] where the histograms are the results of the numerical
experiment and the dotted curves are the predictions of the Berry—Robnik formula (4).

conclusion which can be drawn from this comparison is the close agreement between the
values of the fractional phase-space volume of the domain of regular motion extracted from
the analysis of spectra and the corresponding values obtained from the classical-mechanical
analysis.

We finally note the proposed formula does not apply to the specific quantum chaotic
systems recently considered by Zakrewskal [31]. Among these systems is the hydrogen
atom in a magnetic field (along theaxis) near the ionization threshold. In this case, the
electron can explore the region in the phase space very far of the nucleus where the Coulomb
potential ¥./p2+ z2 = 1/|z|, leading to an adiabatic separation of motion along ghe
and z-coordinates. Then, the coupling between variaufydberg series associated with
differentn, may not be strong enough to mix the various series and allow the occurrence
of chaotic states.
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