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We derive a semiclassical trace formula for the level density of a three-dimensional
spheroidal cavity. To overcome the divergences and discontinuities occurring at bifurca-
tion points and in the spherical limit, the trace integrals over the action-angle variables are
performed using an improved stationary phase method. The resulting semiclassical level den-
sity oscillations and shell energies are in good agreement with quantum-mechanical results.
We find that the births of three-dimensional orbits through the bifurcations of planar orbits
in the equatorial plane lead to considerable enhancement of the shell effect for superdeformed
shapes.

§1. Introduction

The periodic orbit theory (POT )1)’10) is a nice tool for studying the correspon-
dence between classical and quantum mechanics and, in particular, the interplay of
deterministic chaos and quantum-mechanical behavior. Also, for systems with inte-
grable or mixed classical non-linear dynamics, the POT leads to a deeper understand-
ing of the origin of shell structure in finite fermion systems, such as nuclei,®11)-13)
metallic clusters,' 16 and mesoscopic semiconductors.'”)21) Bifurcations of peri-
odic orbits may play significant roles, e.g., in connection with superdeformations of
atomic nuclei,?912).22)24) and were recently shown to affect the quantum oscilla-
tions observed in the magneto-conductance of mesoscopic devices.19:20) This phe-
nomenon is observed for some control parameters (like the shape, magnetic field, etc.)
of the potential well, for which the orbits bifurcate and new types of periodic orbits
emerge from the original ones. Examples can be found, e.g., in elliptic billiard and
spheroidal cavity systems.®)>9):12),23)-28) Tp elliptic billiard systems, short diametric
orbits with repetitions bifurcate at certain values of the deformation parameter, and
new orbits with hyperbolic caustics (butterfly-shaped orbit, etc.) emerge from them.
In spheroidal cavity systems, periodic orbits in the equatorial plane bifurcate, and
new three-dimensional orbits emerge.
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The semiclassical trace formulae connect the quantum mechanical density of
states with a sum over the periodic orbits of the classical system.! In these for-
mulae, divergences arise at critical points where bifurcations of periodic orbits occur
or where symmetry breaking (or restoring) transitions take place. At these points,
the standard stationary phase method (SSPM),*) used in the semiclassical evaluation
of the trace integrals, breaks down. Various ways of avoiding these divergences have
been studied,?:?29) some of them employing uniform approximations.??)37) Here
we employ an improved stationary-phase method (ISPM) for the evaluation of the
trace integrals in the phase-space representation, which we have derived for elliptic
billiards?®) and very recently for spheroidal cavities.2?

The singularities of the SSPM near the bifurcation points are due to the peculiar-
ities of its asymptotic expansions. In the ISPM,29:28) the catastrophe integrals?’g)’?’g)
are evaluated more exactly within the finite integration limits in the phase-space
trace formula,3):%):9):24):28),40) a1 it is possible to overcome the singularity problem
due to bifurcations, which occur when the stationary points lie near the ends of
the integration region in the action-angle variables. We can also take into account
the stationary points outside the classically accessible region (“ghost orbits”).5) This
method is particularly useful for integrable systems in which integration limits are
easily obtained. This theory is developed in Ref. 28) for the case of the bifurcations
through which periodic orbit families with maximal degeneracy emerge from orbits
with smaller degeneracy. The essential difference between the method presented in
this paper and that with the uniform approximation of Refs. 32) and 35) is that we
improve the calculation of the angle part of the phase-space trace integral for the
orbits with smaller degeneracies. Taking an elliptic billiard system as an example,
we have applied the ISPM to the integration over the angle variable for short dia-
metric orbits and derived an improved trace formula that is continuous through all
bifurcation points, including the circular limit and the separatrix. We then showed
that significant enhancements of the shell effect in level densities and shell structure
energies occur at deformations near the bifurcation points. Away from the bifurca-
tion points, our result reduces to the extended Gutzwiller trace formula,*:®19 and
for the leading-order families of periodic orbits, it is identical to that of Berry and
Tabor.?)

The major purpose of this paper is to extend our semiclassical ISPM to the case
of a three-dimensional (3D) spheroidal cavity,?¥) which may be taken as a simple
(highly idealized) model for a heavy deformed nucleus®>™) or a deformed metallic
cluster,':1%) and to specify the role of periodic orbit bifurcations in the shell struc-
ture responsible for superdeformations. Although the spheroidal cavity system is
integrable, it exhibits all the difficulties mentioned above (i.e., symmetry breaking
and bifurcations), and therefore it provides an exemplary case study of a non-trivial
3D system. We apply the ISPM to the bifurcating orbits and succeed in repro-
ducing the superdeformed shell structure in terms of the POT, while observing a
considerable enhancement of the shell effect near the bifurcation points.

*) In this paper, SSPM is understood as the standard stationary phase method and its extension

to continuous symmetries.>) ")
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§2. Classical mechanics for the spheroidal cavity

The semiclassical trace formulas for the oscillating part of the level density for
a spheroidal cavity are determined from the characteristic properties of the classical
periodic families.®)9):2227) This section presents definitions and solutions for the
classical mechanical description of the spheroidal cavity, following Refs. 8),9),23)
and 27). They will be used for the semiclassical derivations of the trace formulas
improved at the bifurcation points. We shall pay special attention to the 3D periodic
orbits that emerge through bifurcations and play important roles as the semiclassical
origin of superdeformed shell structure.®)23):27)

2.1.  General periodic-orbit formalism

We characterize the spheroid by the ratio of its semi-axes n = b/a, keeping
its volume fixed, and consider the prolate case with n > 1, where the major axis
coincides with the symmetry axis. We first transform the Cartesian coordinates
(x,y,2) into the usual cylindrical coordinates (p, z, ), where p = y/22 + y2, which
are expressed in terms of the spheroidal coordinates (u,v, ) as

p=C_ cosu sinhv, z=(sinu coshv, (=Vb®—a?, (2-1)
with - -
—§§u§§, 0<v<oo, 0<p< 2. (2-2)

The values of +( define the positions of the foci of the spheroid lying on the z-axis.
Taking into account the volume conservation condition a?b = R®, we have b = Rn?/3
and @ = Rn~1/3. As is well known, the Hamilton-Jacobi equations separate in the
coordinates (u, v, ) for a spheroidal cavity.

In the Hamilton-Jacobi formalism, the classical dynamics are determined by the
partial actions. In the spheroidal coordinates, these are given by

Uc
I, = b du\/al —sin?u — Jg , (2-3a)
T Ju, cos? u
vp
I, = p_c/ dv\/cosh2v o - —= (2:3b)
T Joe sinh® v
I, = |l.| = p(\/o2, (2:3¢)

where [, is the projection of the angular momentum onto the symmetry axis, and
p = V2me, where m is the particle mass. In Eq. (2-3) we have introduced the new
“action” variables o1 and o9 related to the turning points —u., u. and v., v, along
the trajectory in the (u,v) coordinates; u = u. and v = v, are the (hyperbolic and
elliptic) caustic surfaces,

1 1 1/2) 12
coshv, = {5(1 +o01)+ [1(1 — o)’ + (72} } , (2-4a)

. . 1/2Y 1/2
sinu, = {5(1 +o1) — [1(1 —01)?+ 02} } , (2-4b)
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and v = vy, is the spheroid boundary, given by coshv, = n/+/n? — 1. The condition
that the kinetic energy must be positive determines the limits for the variables o
and o9:

1
0, =0<0y< ——— =o05. (2:5)

These inequalities together with the 27 intervals for the corresponding angle variables
determine the tori of the classically accessible motion with the boundaries O'it(O'Q)
and Oét.

According to Eq. (2-3), the particle energy ¢ is a function of only the action
variables I, I, and I,, ¢ = H (Iy,1,,1,), due to the integrability of the system
under consideration. These relations define the partial frequencies w,, w, and w,
through w;j = 0H/0I;. The periodicity conditions for the classical trajectories are
significantly simplified in terms of the partial frequencies w;. Introducing the new

variables x and 6,
sin ue

K= ——— Gzarcsin<

coshv,’

cosh vc> 26

cosh vy,

along with the energy ¢ in place of the partial actions I,,, I, and I, (or o1 and o9),
they read

Z—Zz%[ 1- g )(1—&2)]1/2{11((%)2,/1)—F(m)
(R ) — 1L (6,72, )] / [1 _ FIS?/@I;)]} = e (2.7h)

Here, ny, n, and n, are co-prime integers: n, = 1,2, ; ny > 2ny; ny > 2ny, Ny, =
1,2,---, and K = \/n? —1/(nsinf). F and II are elliptic integrals of the 1st and
3rd kinds (see Appendix A for their definitions). The periodicity condition (2-7)
relates k(o1,09) and 6(o1,09) for a given periodic orbit (3 to the integers n,, n,
and ny, which, together with the number of repetitions M, define this orbit; i.e.,
B = M(ny,ng, ny).

2.2. Three-dimensional periodic orbits

The 3D periodic orbits (3DPO) M (ny,ng,ny,) form two-parameter (K = 2)
families for a given energy e, because the number K of free continuous parameters
specifying an orbit with fixed energy and a given action is two.8):9 The condition
for 3DPO is the existence of real roots (k,6) of Eq. (2-7). They appear at the
deformation 1 = nyir given by

sin(mny/ny)

Npif = (ny=1,2,--+, ny >2n,+1, n,=2,3,--+) (2-8)

sin(7ny /ny)’
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Fig. 1. The triangle of the classically accessible region determined by Eq. (2-5) is indicated by white
lines in the (o1, 02) plane at the bifurcation deformations (a) n = 1.618... and (b) = v/3. The
red and blue dots with the circles indicate the 3DPO stationary points inside (actually existing
3DPO) and outside (“ghost” 3DPO) of this triangle region, respectively. Several examples of the
stationary points are indicated: on the o2 = 0 side, the short 2DPO (elliptic triangle, square,
and hyperbolic “butterfly”); on the o2 = o1 side, the short EQPO (triangle, square, star and
diameter (black crossed circle)). The long diameter (separatrix) is located at (o1 = 1,02 = 0).
The color and contour curves indicate (in units of p{/m) the curvature K11 defined by Eq. (3-14).

where kK = 0 and 6 = 7(1 — 2n,/n,)/2, and exist for larger deformations n >
Mbit- These roots determine the caustics (the spheroid v = v, and the hyperboloids
u = Fu,) of the periodic orbit M (n,,ne,n,) through Eq. (2-6). These caustics are
confocal to the boundary of the spheroid v = vy,

Figure 1 displays the stationary points corresponding to the 3DPO for two bi-
furcation points np;¢ given by (2-8). The physical tori region (2-5) in the variables
o; is a triangle. At npe = 1.618... (Fig. 1(a)), the stationary point for the 3DPO
(5,2,1) coincides with that for the star-shaped (5,2) orbit in the equatorial plane
(discussed below) lying on the boundary with o9 = 07, and moves toward the inside
of the physical tori region for larger de-
formations. At mpy = V3 (Fig. 1(b)),
the stationary point for the 3DPO
(6,2,1) lies on the boundary side and
coincides with that for triangular orbits
in the equatorial plane. At these bi-
furcation deformations, the lengths of
the 3DPO (5,2,1) and (6,2,1) coincide
with those of the star (5,2) and the
d‘oubly repeated t‘rlangle 2(3,1), respec- (6,2,1) bifurcated from the equatorial plane
tively. Figure 2 illustrates some short orbits (5,2) and 2(3,1), respectively. Their
3DPO and their projections onto the projections on the equatorial plane are also
equatorial plane. represented by thick-dashed lines.

Fig. 2. Short 3D periodic orbits (5,2,1) and
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2.3.  Orbits in the meridian plane

Equations (2:7a) and (2-7b) have partial solutions for (o1, 02) and 6(o1,02)
that correspond to the separate families of orbits, i.e. two-dimensional periodic or-
bits (2DPO), in the meridian planes (containing the symmetry axis z) and in the
equatorial plane. First, we consider the special solutions of Eq. (2-7) corresponding
to the two-parameter (K = 2) 2DPO families in the meridian plane.®)*) For these
orbits, 0o = 0 and o7 is in either of the regions

2

0<or <1, 1<01<n2n— (2:9)

-1’
for the hyperbolic 2DPO (with hyperbolic caustics u = tu,) and the elliptic 2DPO
(with elliptic caustics v = v.), respectively. The periodicity condition (2-7b) becomes
the identity wy,/wy, =1 (ny, =1, ny, = 1), and 0 is fixed by

/2 — /2 _
0 = 0;, = arcsin (7771> , 0 = 6, = arcsin (7771> , (2-10)

n Kn

for the hyperbolic and elliptic 2DPO, respectively. For x, we have only the condition
Eq. (2-7a). This £ determines oy, and thus I, and I,, (I, = 0 since o2 = 0), through

Kk = Kp = /01, K= Ke = ——, (2-11)

for the hyperbolic and elliptic orbits, respectively.

Some examples of the hyperbolic and elliptic orbits lying along the triangular
boundary side o9 = 0 are presented in Fig. 1 (see also their geometrical illustrations
in Fig. 3). The hyperbolic and elliptic tori parts are separated by the separatrix
point (o1 = 1,09 = 0) related to the long diameter (see below). Another endpoint
of the hyperbolic tori coincides with the stationary point (o3 = o9 = 0) for the
diametric orbit in the equatorial plane. We can think of these hyperbolic and elliptic
orbits as being periodic in the plane ¢ = [const.], and we call them “meridian-plane
periodic orbits”.

For the elliptic case, a solution x of Eq. (2:7) with § = 0.(k) exists for any
ny =1,2,--- and n, > 2n, + 1, (ny, = ny) for any deformation n > 1. Examples are

Fig. 3. Some short meridian-plane orbits in the prolate spheroidal cavity. From left to right: the
isolated long diameter (2,1,1), the elliptic triangular (3,1,1), the elliptic rhomboidal (4,1,1),
the hyperbolic “butterfly” (4,2,1).
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the triangles (n, = 3,n, = 1,n, = 1), the rhomboids (4, 1,1) and the star-shaped
orbits (5,2,2) as one-parameter families in the meridian plane. The root x found
from Eq. (2-7) gives the elliptic caustics with u. = 7/2 in Eq. (2-6) and the semi-axes
a. = (V1 —k?/k and b, = (/k.

For the hyperbolic case, the solutions x can be found for n, = 1,2,3,--- and
even n, (ny, > 2(ny, +1)). In Fig. 1 the “butterfly” orbit (4,2,1) is shown as an
example. The families of these orbits appear for n > ;¢ with

it = [sin (”n”“)] - (2:12)

This is the deformation at which the diametric orbits M (2,1) with M > 2 in the
equatorial plane bifurcate, and from these orbit emerge the hyperbolic orbits. Their
hyperbolic caustics are expressed in terms of the root x of Egs. (2:7) and (2-6) with
ve = 0. The parameters a. and b, of these caustics are given by a. = (V1 — k% and
be = (k.

2.4. Orbits in the equatorial plane

In the equatorial plane with z = 0, the separate families of regular polygons and
diameters are the same as for a circular billiard system?®) of radius a. The restriction
z = 0 decreases the values of IC to 1. The single parameter in this case corresponds
to the angle of rotation of the polygons and the diameters about the symmetry axis
z. Figure 4 illustrates the most important (shortest) equatorial-plane periodic orbits
(EQPO): the diameters M (n, = 2,n, = 1), triangles M(3,1), squares M (4,1) and
star-shaped orbits M (5,2). They satisfy, from inequalities (2-5),

01 = 09, 0<0oy < (2-13)

-1
Therefore their stationary points lie along the o9 = 01 side in the triangle, as indi-
cated in Fig. 1.

The caustic parameters u. and v, for these families are defined by u. = 0 and
ve = arcsinh(a cos(mn,/ny)/¢]. The solutions of Eq. (2-7) for these orbits are k = 0

and 6 = arcsin \/1 — sin?(mnyp/ny) /02

Fig. 4. Some short equatorial-plane orbits. From left to right: the short diameter (2, 1), the trian-
gular (3,1), the rhomboidal (4, 1), and the star-shaped (5, 2).
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2.5.  Diametric orbits along the symmetry axis

In the spheroidal cavity, there is also a diametric orbit along the z-axis (see
Fig. 3). It is isolated (K = 0), because we have two additional restrictions, x = 0
and y = 0, decreasing K by one with respect to the previous case. The solution of
Eq. (2:7) for this orbit is K = 1 and 6 = arcsin(/n? — 1/n). Its stationary point
coincides with the separatrix values (o7 = 1, g9 = 0), corresponding formally to
the caustic parameters (u. = 7/2, v, = 0). (See the circle point with the vertical
diameter in Fig. 1. In Fig. 1(b), this stationary point is very close to that for the
elliptic orbits (3,1,1) in the meridian plane, which lies slightly on the right, along
the o9 = 0 side.)

2.6. Bifurcations

At the deformations nuir given by Eq. (2-8), the EQPO M (n,,n,) bifurcate,
and the 3DPO or the hyperbolic 2DPO M (n,, ny, n,) emerge. We encounter the
breaking-of-symmetry problem at these bifurcation points, because the degeneracy
(symmetry) parameter K changes there, for instance, from K = 1 for the EQPO to
K = 2 for the 3DPO. Before the bifurcations (n < npit), the stationary points o; of
the 3DPO and the hyperbolic 2DPO are situated outside of the triangular tori region
(2-5), and give rise to complex (k, ) and complex caustics. Such formal orbits are
called “complex” or “ghost” orbits.”) They cross the oy = o9 boundary through the
stationary points of the EQPO at bifurcations (7 = mnir) and then move into the
triangular tori region for larger n. In Fig. 1 are also indicated the stationary points
for the 3DPO lying outside the physical tori region [(6,2,1) in Fig. 1(a), (7,2,1) and
(8,2,1) in Fig. 1(b)]. The equatorial diameters M (2,1) correspond to the limiting
case, 01 = 03 = 0. They bifurcate into themselves (K = 1) and the hyperbolic 2DPO
(2M, M, 1) in the meridian plane (K = 2) at the deformations given by Eq. (2-12).

The spherical limit (n = 1) is a special bifurcation point. In this limit, the
planar regular polygons and diameters have degeneracies K = 3 and 2, respectively,
and they bifurcate into the meridian 2DPO (K = 2), EQPO (K = 1) and the isolated
long diameter (K = 0) for deformations n > 1.

The separatrix (o1 = 1,09 = 0), related to the long diameter, is a special point
in the phase space. Near this point, the complicated 3DPO and elliptic and hyper-
bolic 2DPO having large values of (n,,n,) and n,/n, close to 1/2 appear. Similar
bifurcations of the 3DPO, EQPO and elliptic 2DPO appear near other boundary
values of o; in the triangular tori on its “creeping” side o1 = Jfr(ag), where some
kinds of 3D “creeping” orbits with large values of n, but finite and generally dif-
ferent n, and n, appear. This is in analogy to the “creeping” singularities inves-
tigated for elliptic orbits in elliptic billiard systems%) near the maximum value of
o1, Jicr) = cosh? v, = n?/(n* — 1), according to Eq. (A-6) at the right vertex in the
“meridian-plane orbit” side oo = 0. The 3DPO with a large number of the corners
n, and finite n, = n, approach the “creeping” elliptic orbits in the meridian plane.
Another vertex corresponds to the creeping EQPO that have large values of n, and
ny but for n,/n, — 1/2.

The bifurcation point related to the appearance of “creeping” orbits cannot
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be reached for any finite deformation. However, even for finite deformations like
superdeformed shapes, the solutions for o and o9 [related to the roots x and 6 of
the periodic-orbit conditions (2-7)] can be close to the “creeping” values of o1 and o9
[related to their boundary values given in (2-5)]. In such cases, we have to take into
account such bifurcations in the trace formulas for the level density. The bifurcations
of the 3D and 2D diameter-like orbits with n,/n,, close to 1/2 near the separatrix are
rather long, however, so that they are not important for the shell effects discussed
below.

§3. Trace formulas for the prolate spheroid

3.1. Phase-space trace formula in action-angle variables

The level density g(¢) is obtained from the Green function G(r,7’;¢) by taking
the imaginary part of its trace:

g(e) = 25 (e—ep) = —% Im/d""”/d'r/G(r’,r”; £) 5(’)"” o ’l“/), (3:1)

where €, is the single-particle energy. Following Ref. 28), we now apply the Gutzwiller
trajectory expansion for the Green function G(r,r’ ,E).l)’Q)’lo) After simple trans-
formations,?®) we obtain the phase-space trace formula in the action-angle variables

(I,0),
1
500(6) = Gy e D / 10" / ar's ( — H (I', )
X exp {% (So (I', I",to) + (I" - T') - ©") — igua , (3-2)

where the sum is taken over all classical trajectories a, I = {Iy,I,,I,} represents
the actions for the spheroidal cavity, @ = {©,,0,,0,} the conjugate angles, and
v,, the phases related to the Maslov indices.39)-41)43) The phase-space trace formula
(3-2) is especially useful for integrable systems, because the Hamiltonian H does not
depend on the angle variables @ in this case, i.e., H = H(I). The action

I//
S (I, 1" t0) = — / dI - O(I) (33)
is related to the standard definition,
@//
Sa (@/7 @//7 5) = / doe - I(@)’ (34)

by the Legendre transformation
Sa(@/,@”,g) + I// . (@/ _ @/l) — SQ(I,,I”,ta) + @// . (I// _ I/), (35)

to, being the time for a particle to revolve the trajectory «. The phase v,, is specified
below.
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3.2. Stationary phase method and classical degeneracy

It should be emphasized that even for integrable systems, the trace integral (3-2)
is more general than the Poisson-sum trace formula, which is the starting point of
Refs. 5),32) and 35) for the semiclassical derivations of the level density. These two
trace formulas become identical when the phase of the exponent does not depend
on the angle variables @. In this case, the integral over angles in (3-2) gives simply
(2m)™, where n is the dimension of the system (n = 3 for a spheroidal cavity), and
the stationary condition for all angle variables are identities in the 27 interval. This
is true for the most degenerate classical orbits, like the elliptic and hyperbolic 2DPO
in the meridian plane and the 3DPO with K = n — 1 = 2. However, for orbits with
smaller degeneracies, like the EQPO (K = 1) and the isolated long diameter (IC = 0),
the exponent phase depends strongly on angles and possesses a definite stationary
point. Therefore, we have to integrate over such angles using the ISPM in the same
way as for the bifurcations of the isolated diameters in elliptic billiard systems.2®)

3.3. Stationary phase conditions

Due to the appearance of the J-function representing energy conservation, we
can perform the integral over I] in Eq. (3-2) exactly, and the result is

gsal(e) = on h ReZ/ @”/ 6”/ @”/dl’/dl’

X exp [% (So (I', I",to) + (I" = T') - ©") —z—ya] ) (3-6)

2

The integration limits for I,, and I, are determined by their relations to the variables
(01, 02) and by the boundaries given by Eq. (2-5). One of the trajectories, «ap, in
the sum (3-6) is a special one that corresponds to the smooth level density grp of
the Thomas-Fermi model.!?) For all other trajectories, we first write the stationary
phase conditions for the action variables I;, and I, as

v *
<W> — 6l =0, -0l =21M, (37a)
TN *
(W) - 0 = 0}, — O} = 2w M,, (3:b)
©

where M = (M, M,, M) = M(ny, ny, ny), and M is an integer which indicates the
number of revolutions along the primitive periodic orbit 3. The superscript asterisk
indicates that we evaluate the quantities at the stationary point with I, = I and
I}, = I3, We next use the Legendre transformation (3-5). Then, the stationary phase
conditions with respect to angles (0, 6,,0,,) are given by

I o I o *
<8Sa(@a@  €) 4 05,(0', © 75)> -7 _T1 —0.

90" 90’ (3:8)

In the following derivations, we have to judge whether the stationary phase
conditions (totally or partially) given by Egs. (3-7) and (3-8) hold identically or only
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at specific stationary points. For this purpose we have to calculate separately the
contributions from the most degenerate 3DPO, the 2DPO families in the meridian
plane (K = 2) and those from orbits with smaller degeneracies, like EQPO (I = 1)
and the isolated long diameter (I = 0). The latter two kinds of orbits are different
from the former two kinds with respect to the above-mentioned two possibilities
concerning the integration over angles ©.

3.4. Three-dimensional orbits and meridian-plane orbits

The most degenerate 3DPO and the meridian-plane (elliptic and hyperbolic)
2DPO with equal values of the action occupy some finite 3D areas between the
corresponding caustic surfaces specified above. In this case, the stationary phase
conditions (3-8) for the integration over all angle variables ©,, 6, and @, hold
identically. The integrand does not depend on the angle variables, and the result of
the integration is (27)3. Because Eq. (3-8) is identically satisfied [the action does not
depend on the angles like the Hamiltonian H(I)] we have conservation of the action
variables, I; = I,/ = I, and I, = I} = I,, along the classical trajectory a. The
integrals over all © in Eq. (3-2) yield (27)3, and we are left with the Poisson-sum

trace formula,?>10)
271
gscl(€ Re g /d15 e— H(I)) exp [?M I—Z§I/M:|
271 T

It is convenient to transform the integration variables (Iy,I,) into (o1, 02) defined
by Eq. (2-3):

dag ol, 1 27i
§ v M-I —i- )
Gscl(€ Re 28 / dUl 9oy Twon] eXP[ 5 ZQVM:|

(3-10)

The integration limits are greatly simplified when written in terms of aii (i=1,2)
and form the triangular region shown in Fig. 1. We then integrate over o;, expanding
the exponent phase about the stationary point o; = o,

(M- -I)=S,(I,1" ta) (I”— )-@”

— S5(c) Z Joj—of) 4+, (3-11)

where Sg(e) is the action along the periodic orbit f3,

Sp(e) = 2 M [nu I + noly (e, 15, I3) + npl}) (3-12)

YU T

and I,(e, Iy, I,) is the solution of the energy conservation equation e = H(Iy, I, I,)
with respect to I,. Here, the single prime index is omitted for simplicity. The
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quantity Jg is the Jacobian stability factor with respect to o; along the energy
surface,

g8 — (95 = 2rMn,K” (3-13)
i =\ 0005 ), vl

and K g is the (2 x 2) curvature matrix of the energy surface evaluated at the sta-
tionary point o; = o (at the periodic orbit [):
g L, wy PL | w, 9P,
Y 9oi00j  w, 00;00;  wy, 00,005

(3-14)

(See Appendix A for the explicit expressions of these curvatures.) As we see below,
the off-diagonal curvature Ko is non-zero for variables o;.
Then we use the ISPM, where we keep exact finite limits for the integration over
05, and we finally obtain
2 1 2 . T
59% gg (e) = - Re%:A(ﬂ) exp (zk‘Lg — 151/5) , (3-15)
where g9 = h?/2mR? (R® = ab due to the volume conservation condition). The
sum runs over all two-parameter families of the 3DPO or the meridian-plane (elliptic

and hyperbolic) 2DPO, and Ag) is the amplitude for a 3DPO or a 2DPO,*

A(g) 1 Ls¢ [8Iu

] erf (Zl_,Zf') erf(Z{,Z;').

{38} 47 (Mny,R)2\/o} |det KP| [Oo1
(3-16)
Here, Lg represents “length” of the periodic orbit 3,
Ly— 2w Mn,p
MWy
F(0
= 2Mn,bsin6 |E(0, k) — (6, ) E (k) +cot0V1 —k2sin?6|, (3-17)

F (k)

where 6 and x are defined by the roots of the periodic-orbit equations (2-7) (S = pLg
for cavities). This “length” taken at the stationary points o [the real positive roots
of Eq. (2:7) through Egs. (2-4) and (2-6)] inside the finite integration range (2-5)
represents the true length of the corresponding periodic orbit 3. For other stationary
points, the “length” is identical to the function (3-17) continued analytically outside
the tori determined by (2-5). In Eq. (3-16) we also introduced the generalized error
function erf (Z=, Z1) of the two complex arguments Z~ and ZT,

s
erf (27, 27) = %/ dze ™ = erf(z1) —erf(27), (3-18)

*) The expression (3-16) is valid also for the 2DPO (o3 = 0), because the product os Kas is finite
for any o2 (see Appendix A).
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with erf(z) being the simple error function.*®) The arguments of these error functions
are given by

Zl’gi = \/—inanfl/h (o7 (03) — o) (3-19a)

2% = \/—imMn,(det KP/KD) /1 (o — o3) | (3-19D)

in terms of the finite limits a;t given by (2-5), and taken at the stationary point
o9 = 03. We note that, for the 3DPO M (3t,t,1) with ¢t = 2,3,---, the curvature
K 161 is zero at any deformation. For such orbits, we should use

20— \[—imMn,(det K3/K) /h (o (03) - of) (3:200)
KB

20* = \/—inanQBZ/h [aQi — 05+ K—lﬁg (o (03) —07) | » (3-20Db)
22

in place of (3-19). The latter limits (3-20) are derived by changing the integration
variable o9 to o9 — (Klg/Kzg)(Ul — O'ik)

Let us consider the stationary points o positioned far from the bifurcation
points. This means that they are located far from the integration limits. Accordingly,
the generalized error functions can be transformed into the complex Fresnel functions
with real limits and then extend the upper limit to co and the lower one to —oo. In
this way, we asymptotically obtain the Berry-Tabor result for the standard POT,?
which is identical to the extended Gutzwiller result?) for the most degenerate (3D
and meridian-plane) orbit families,

A® (o) =2 LS [al“] | (3:21)

{BY 7 7 (Mn,R)? /o3| det K9] 901

The constant part of the phase vg in Eq. (3-15), which is independent of 1 and
g, can be found by making use of the above asymptotic expression and applying the
Maslov-Fedoryuk theory.??):41)-43) This theory relates the Maslov index pg with the
number of turning and caustic points for the orbit family . For the 3DPO, the total
asymptotic phase vg is given by

1
V3D = U3D — §€3D =+ 2(Mnu — 1), H3p = M(3nv =+ 2nu) (322)

Here, nug denotes the Maslov index, the numbers of caustic and turning points tra-
versed by the orbit, and eg represents the difference of the numbers of positive and
negative eigenvalues of curvature K.} For the hyperbolic and elliptic meridian
2DPO, we obtain

1
vaDH = fi2DH — 5€2pn + 2 (Mny —1), popn = 2M (ny + 1) (3-23)
*) Because the dimension of K¥ is 2, €5 is written 5 = sign(K?) + sign(K75), where K7 is the
i-th eigenvalue of K”. It can also be calculated by €5 = sign(K?,) + sign(det K°/K?,) for K?, # 0,
and €5 = sign(KJ5,) + sign(det K°/KZ5,) for K5, # 0. Here, sign(z) = £1 for z 20 and 0 for z = 0.
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and

1
V2DE = J2DE ~ 5€2DE +2(Mny —1), ppE =3Mn, (3-24)

respectively. Note that the total phase includes the argument of the complex ampli-
tude (3-16), and it depends on both the deformation and energy.

Near the bifurcation deformations, the stationary points o are close to the
boundary of the finite area (2-5). In such cases, the asymptotic forms of the error
functions are not good approximations, and we have to carry out the integration
over o; in the calculation of the error functions in Eq. (3-16) exactly within the finite
limits. It should also be noted that the contributions from “ghost” periodic orbits
are important near the bifurcation points. They make the trace formula continuous
as a function of n at all bifurcations.

Also when the stationary phase points o are close to other boundaries of the tori,
the integrals have to be evaluated with finite limits; for instance, near the triangular
side o1 = Jf (02), where we have the “creeping” points for the 3DPO inside the tori
(2-5) and the meridian elliptic 2DPO near the endpoint (o7 = o, 02 = 0) with a
large number of vertices, n, — oo. Another example of such a special bifurcation
point is the separatrix (o7 = 1, o9 = 0), where 3DPO and hyperbolic 2DPO have a
finite limit n,/n, — 1/2 for n, — oo and n, — oo. In this case, the curvature Ki;
becomes infinite, and the amplitude (3-16) approaches zero. Thus, to improve the
trace formula near the bifurcations, we have to evaluate the generalized error integral
erf (ZZB -, Zf ™) (or corresponding complex Fresnel functions?®) in Eq. (3-16) within
the finite limits Ziﬁi given by Eq. (3-19) or (3-20).

For a spheroidal cavity, we have another bifurcation in the spherical limit, where
the “azimuthal” Jacobian JQB2 and Jl’g2 (313) (09 o I2) vanish.?) This is the reason
for the divergence of the standard POT result (3-21) in the spherical limit. Our im-
proved trace formula (3-16) is finite in the spherical limit, because the “azimuthal”

generalized error function erf (ZQﬁ o, Zz’g +) is proportional to \/Jj% in this limit, and
thus this “azimuthal” Jacobian is exactly canceled by that coming from the denomi-
nator of Eq. (3:16). Thus, as shown in Ref. 9), the elliptic 2DPO term (K=2) in the
level density approaches the spherical Balian-Bloch result for the most degenerate
planar orbits with larger degeneracy (K = 3):

vVER . [ 2nt sin(2nt/q
59531(5) = g sin <—> sin(2t/q)
0 4>1, g>2t q am
Tt 3 T
in |2 n ([ 22) o2 1y = X 9
><sm[ qusm(q) 5 4 (t— 17 4], (3-25)

where t = Mn, and ¢ = Mn,. Note that Eq. (3-25) can be derived directly from
the phase-space trace formula (3-2) or from the Poisson-sum trace formula, both
rewritten in terms of the spherical action-angle variables.

3.5. Equatorial-plane orbits

We cannot apply the Poisson-sum trace formula (3-9) for equatorial-plane orbits,
because, although the stationary-phase conditions for O and 6 in Eq. (3-8) hold
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identically, this is not the case for the angle variable ©!. We thus apply the ISPM
for the integration over O.

Returning to Eq. (3-6), we transform the phase-space trace formula into new
“parallel” (©y;1,) and “perpendicular” (O, O; I, I,) variables, as explained in
Appendix B for more general (integrable and non-integrable) systems. We then carry
out the integration over the variables (I, I7,) in terms of the ISPM by transforming
them into the variables o;. Next, we consider the integration over the angle variable
O! using the ISPM, as there is an isolated stationary point at @} = 0 (or an integer
multiple of 2w). We expand the exponent phase in a power series of ©!/ about

o =0,
S (I I// ta) (I// _ ) . @//

1
= pLpqg + = Z JEQ —o})(oj — o)+ §JEQ @0+,  (3-26)

where the stationary point o] = 05 = ¢* is given by
I'\?  a2cos?2¢  cos?o
o — <_‘P> - = , I = pacos ¢. (3-27)
178 ¢? n? -1 v

The length of the equatorial polygon with n, vertices and M rotations, Lgq, is given
by

Lgq =2MnyRsing, ¢ =mng/n,. (3-28)
In this way, we finally obtain the contribution of EQPO,
1 . us
591(31(%(5) = Rez A(E% exp {z (k‘LEQ ~3 EQ)} , (3-29)
EQ

with the amplitudes A}(E% given by

sin? ¢ B - B
A(E% - \/ankanFZEQ erf (27, 2) erf (25, 2)) exf (257, 257)  (3:30)

(see Appendix B for a detailed derivation). Here, Zf are the limits given by
Eq. (3-19) or (3-20) for i = 1,2, and Z; = 0,25 = ZI from Eq. (B-19). The latter
is related to the finite limits 0 < @,, < 7/2 for the angle ©, in the trace integration
in Eq. (3-6), taking into account explicitly the factor 4, due to the time-reversal and
spatial symmetries.

For the total asymptotic phase vgq, we find

1
VEQ = MEQ + 5, MEQ = 3Mny, (3:31)

2
where ppq is the Maslov index. We calculated this phase using the Maslov-Fedoryuk
theory*®) at a point asymptotically far from the bifurcations. Note that the total
phase is defined as the sum of the asymptotic phase vrq and the argument of the
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Table I. Bifurcation points of some short periodic orbits.

periodic orbit it periodic orbit it
(4,2,1) V2 (6,3,1) 2
(5,2,1) 1.618... (7,3,1) 2.247...
(6,2,1) V3 (8,3,1) 2.414...
(7,2,1) 1.802... (9,3,1) 2.532...
(8,2,1) 1.848...

amplitude Agq, given by Eq. (3-30), so that it depends on kR and 1 through the
complex arguments of the product of the error functions. In the derivations of
Eq. (3-30) we have taken into account the off-diagonal curvature, as in the previous
subsection, but much smaller corrections due to the mixed derivatives of the action
Sq with respect to ©), and o; are ignored, taking o; = o in Eq. (3-26).
The bifurcation points are associated with zeros of the stability factor Fr Q and
given by
sin ¢

Thvif sin (’I’L@/M)’ n ) 4y ’ ( )

The bifurcation points most important for the superdeformed shell structure are
listed in Table 1.

When the stationary points are located inside the finite integration region far
from the ends, we transform the error functions in Eq. (3-30) into the Fresnel func-
tions and extend their arguments to 0o, except in the case that the lower limit
is exactly zero. From the definitions of the limit, Eqs. (3-19) and (B-19), for ZF,
we have asymptotically 27 — +oo (i = 1,2,3), Z] = Z; — 0 and Z; — 0 for
diameters and Z, — —oo for the other EQPO. Finally, we arrive at the standard

Balian-Bloch formula?®) for the amplitude A(E(g,

A _ fEQ sin® ¢
EQ ™ /mkRy \| Mn,FEQ

where frq = 1 for the diameters and 2 for the other EQPO [erf(Z; , Z)) — frq in
this limit].
As seen from Eq. (3-33), there is a divergence at the bifurcation points where

FFQ —, 0. We emphasize that our ISPM trace formula (3-29) has no such divergences.

(3-33)

Indeed, the stability factor F. EQ responsible for this divergence is canceled by F. EQ
from the upper limit Zgr, Eq. (B-19), of the last error function in Eq. (3-30), Zgr x

\/ FE Q , and we obtain the following finite result at the bifurcation point:

AL _ /3 sin ¢/n? — sin’
EQ \/21(77 - 1)Mny

It is very important to note that there is a local enhancement of the amplitude

erf (27, Z7) erf (25, 25) . (3-34)
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(3-34) by a factor of order vER*) near the bifurcation point. This enhancement
is associated with a change of the degeneracy parameter X by one locally near the
bifurcation point. In general, any change of the degeneracy parameter I by AKX
is accompanied by an amplitude enhancement by a factor of (kR)AK/ 2 because
AK extra exact integrations are carried out. This enhancement mechanism of the
amplitude obtained in the ISPM is quite general, and it is independent of the specific
choice of the potential shapes.

We mention that a more general trace formula that can be applied also to non-
integrable but axially symmetric systems can be derived from the phase-space trace
formula (see Appendix B).

The contribution of the equatorial diameters in Eq. (3-29) for deformations far
from bifurcation points reduces to the Balian-Bloch result for spherical diameters

(IC = 2)7

1 1
592} () = —o D goap SM(AMER). (3-35)
M

The amplitudes for planar polygons in the equatorial plane vanish in the spherical
limit (see Appendix B). Note that the contributions of the planar polygons in the

spherical cavity, Eq. (3-25), are obtained as the limit of A%, Eq. (3-16), for elliptic

orbits in the meridian plane.?)

3.6. Long diametric orbits and separatrices

As mentioned in §2, the curvatures KZ become infinite near the separatrix
(01 = 1, o2 = 0) (see Appendix C). This separatrix corresponds to the isolated
long diameters (I = 0) along the symmetry axis. Thus, for the derivation of their
contributions to the trace formula, the expansion up to second order in action-
angle variables considered above fails, as for the turning and caustic points in the
usual phase space coordinates. However, we can apply the Maslov-Fedoryuk the-
ory39):4D-43) in a similar way as the calculation of the Maslov indices associated
with the turning and caustic points, but with the use of the action-angle variables
in place of the usual phase-space variables. This is similar to the derivation of the
long diametric term in the elliptic billiard.2%)

Starting from the phase-space trace formula (3-6), we note that the spheroidal
separatrix problem differs from that for the elliptic billiard system?® by the integrals
over the two azimuthal variables @;’, and I(’p, which are additional to the integrals
over O and I]. We expand the phase of the exponent in Eq. (3-6) with respect to
the action I/, and angle O about the stationary points I, = 0 and an arbitrary 67
(for instance, 05 = 0), and take into account the third order terms, in a similar way
as for the variables ©!/ and I], (see Appendix C). Note that we consider here small
deviations from the long diameters, and ©F, determines the azimuthal angle of the
final point 7" of this trajectory near the symmetry axis.

*) The parameter of our semiclassical expansion is in practice \/kLg (oc vV kR). It is actually
large for 3D orbits (Lg ~ 10R) associated with superdeformed shell structures in nuclei.
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After the procedure explained in Appendix C, we obtain

b ) e " (w“w,l>1/4
e = e s [T 3| S
=t ’624 2L1|
X [Ai(—w]) + i Gi(—w))]
x[Ai(—wj, 27, ZT) +iGi(—w;, 27, Z7)] (3-36)

(see Appendix C for the notation used here).

For finite deformations and sufficiently large kR, i.e. for large p( o< kR+/7? — 1,
near the separatrix o; — 1,09 — 0, the incomplete Airy functions in this equation
can be approximated by the complete ones. Thus, Eq. (3-36) reduces to the standard
Gutzwiller result for isolated diameters,3)79)

(0)( cos [kLLD(M) — EVLD] ) (3:37)

dg 5

~ meo kR2 Z \FLD

with the length Lyp(M) = 4Mb = 4Mn*/?R and the stability factor F;“yD for long
diameters given by Eq. (C-20).

For the calculation of the asymptotic phase v1p, we use this asymptotic ex-
pression and calculate the Maslov indices pur,p using the Maslov-Fedoryuk theory,*3)
obtaining

vip = uLp +2, prp =4M. (3-38)

The additional phases, dependent on deformation and energy, come from the argu-
ments of the complex exponents and Airy functions of the complex amplitude.

In the spherical limit, both the upper and lower limits of the incomplete Airy
functions in Eq. (3:36) approach zero, and the angle integration has the finite limit
/2 (see Appendix C). With this, the other factors ensure that the amplitude for
long diameters becomes zero; that is, the long diametric contribution to the level
density vanishes in the spherical limit.

§4. Level density, shell energy and averaging

4.1. Total level density

In spheroidal cavity systems, the ISPM total semiclassical level density can be
written as a sum over all periodic orbit families:

5gsc1(2) = 695 (€) + 695 (€) + 695 (€) + 59D (e) Z 0980 (e (41)

where the first two terms represent the contributions from the most degenerate (K =
2) families of periodic orbits, the 3DPO and the meridian-plane 2DPO, given by
Eq. (3-15), the third term the EQPO given by Eq. (3-29), and the fourth term the
long diameters given by Eq. (3-36).
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4.2. Semiclassical shell energy

The shell energy d E' can be expressed in terms of the oscillating part 5g(ﬂ ) (€) of

scl
the semiclassical level density (4-1) as®-9):10)

OE =3 (%) 69 (er), N = / e g(e). (42)

B

Here, tg denotes the period for a particle moving with the Fermi energy er along the

periodic orbit (3,
2w M

Q57
T being the primitive period (M = 1), M the number of repetitions, and 2z the
frequency. The Fermi energy ey is determined by the second equation of (4-2), where
N is the particle number.

In the derivation of Eq. (4-2) we used an expansion of the amplitudes Ag(e)
about the Fermi energy ¢ = ep. Although the Ag(e) are oscillating functions of
the energy € (or kR), we can apply such an expansion, because the Ag are much
smoother than the oscillations coming from the exponent function of kLg. The latter
oscillations are responsible for the shell structure, while the oscillations of Ag merely
lead to slight modulations with much smaller frequencies.

Thus, the trace formula for éF differs from that for dg only by the factor
(h/tg)? = (h*kp/mLg)?* near the Fermi surface, i.e. longer orbits are additionally
suppressed by the factor 1/ L%. The semiclassical shell energy is therefore determined
by short periodic orbits.

L‘ﬁZMT/@:

(4-3)

4.3. Awverage level density

For the purpose of presentation of the level density improved at the bifurcations
we need to consider only an average level density, thus also avoiding the convergence
problems that usually arise when one is interested in a full semiclassical quantization.

The average level density is obtained by folding the level density with a Gaussian
of width I™:

gr(e) = ﬁ /Oo de! g(e'y e (T, (4-4)

The choice of the Gaussian form of the averaging function is insignificant and is
made here only for the sake of mathematical simplicity.

Applying now the averaging procedure defined above to the semiclassical level
density (4-1), we obtain®)-9)

F]\IT

L
Sgrsale Zégm () = Zégsd ye (), (4-5)

The latter equation is written specifically for cavity problems in terms of the orbit
length Lg (in units of the typical length scale R) and the dimensionless parameter

~ defined by
I' = 2y /eeq , (4-6)
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where v is the averaging width with respect to kR. Thus, the averaging yields an
exponential decrease of the amplitudes with increasing Ls and . In Ref. 9), the
value of 7y is chosen to be 0.6. In this case, all longer orbits are strongly damped and
only the short periodic orbits contribute to the oscillating part of the level density.
For the study of the bifurcation phenomena in the superdeformed region, we need a
significantly smaller value of ~.

Finally, we can say that the contribution of an orbit family to the average density
of states is more important as the degeneracy of the orbit is higher, and as the volume
occupied by the orbit family in the phase space is larger, and also as the length of
the orbit is shorter.

§5. Quantum spheroidal cavity

5.1. Oscillating level density

We calculated the quantum spectrum using the spherical wave decomposition
method,?® in which wave functions are decomposed into the spherical waves as

Un(r) = 3 CLji(kr) Vi (22). (51)
l

Here, m denotes the magnetic quantum number, and Z/ indicates that [ is summed
over even (odd) numbers for positive (negative) parity states. The functions j; and
Yy are the usual spherical Bessel functions and spherical harmonics, respectively.
The expansion coefficients C; are determined so that the wave function (5-1) satisfies
the Dirichlet boundary condition

1/Jm(7' = R(Q)) =0, (52)
or equivalently,
[ 42 (2 = @) 0. (5:3)

By inserting (5-1) into (5-3), we obtain the matrix equation
/
S Bub)Cr =0, Bu(h) = [ afYi (D (FRE)Yim(2). (4
l/

Truncating the summation [ at a sufficiently large number [., we can obtain the
energy eigenvalue €, = h?k2/2m by searching for the roots satisfying

det B(ky) = 0. (5-5)

Figure 5 displays the energy level diagram for the prolate spheroidal cavity as func-
tions of the axis ratio n > 1. In Fig. 6, we plot shell structure energy

N
SE(N,n) = en(n) — E(N,n) (5-6)
n=1
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160

E ["?/2MR?]
S

Fig. 5. Single-particle spectrum for the spheroidal cavity as a function of the axis ratio 1. Solid
and dashed curves represent the positive and negative parity levels, respectively.

as a function of n and particle number N. As well as the strong shell effect at the
spherical shape (n = 1), one clearly sees a prominent shell structure for a superde-
formed shape (n ~ 2).

Next, we calculated the coarse-grained level density with the usual Strutinsky
smoothing procedure by treating the wave number k as smoothing variable:

5y =~ [ R fu (@) gk, (5:7)

As the smoothing function fys(x), we use a Gaussian with M-th order curvature

corrections,
1

fur@) = Z=e " Ly,
where L% (z) represents a Laguerre polynomial. Equation (4-4) corresponds to the
case of M = 0. In the following, we set the order of curvature corrections to M = 6
and the smoothing width to 4 = 2.5, with which we can nicely satisfy the plateau
condition.*¥) A coarse-graining is also performed using the same smoothing function
but with smaller v. We define the oscillating part of the level density by subtracting
the smooth part as

(5-8)

69+(k) = gy(k) — g5(k). (59)
The left-hand side of Fig. 7 displays dg-(k) with v = 0.3 as a function of 1 and
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N1/3

-20 -10 0 10 20
3E [M*/2mR?]

Fig. 6. Shell structure energy 6F as a function of  and N3 where N is the neutron (pro-
ton) number, taking the spin-degeneracy factor into account. Energies are counted in units of
h?/2mR? (~ 30A2/3MeV).

kR. It is seen that a clear shell structure emerges for  ~ 2, corresponding to the
superdeformed shape.

Let us consider the mechanism of this strong shell effect. If a single orbit makes
a dominant contribution to the periodic-orbit sum

0gsci(e) =Y _ag(k) cos(kLg — mvg/2), as(k) = Ag/eo, (5-10)
B

the major oscillating pattern in dg should be determined by the phase factor of the
dominant term. In that case, the positions of the valley curves for dg in the (n, kR)
plane are given by

kLg —mvg/2 = (2n + 1)m. (n=0,1,2,--) (5-11)

The right-hand side of Fig. 7 plots the stationary action curves (5-11) for several
periodic orbits. The green solid curves represent the triangular orbit in the meridian
plane. The other longer meridian orbits exhibit the same behavior but with smaller
distances. The red dashed curves represent the star-shaped orbit with five vertices in
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the equatorial plane. It bifurcates at n = 1.618... and the 3D orbit (5,2,1) thereby
appears (red solid curves). The sequence (n,2,1) (n = 5,6,7,---) exhibit similar
behaviors, shifting the bifurcation points slightly to larger n. Comparing with the
plot of quantum dg, there is a clear correspondence between the superdeformed shell
structure and the bifurcation of above star-shaped orbits. There is also a correspon-
dence between the bifurcations of the equatorial-plane orbits (n,3) (n =7,8,9,---)
with the hyperdeformed shell structure emerging at n ~ 2.5. The significant shell
energy gain occurring at the superdeformed shape obtained in Fig. 6 is considered
to be a result of this strong shell effect in the level density.

5.2. Fourier analysis of the level density

Fourier analysis is a useful tool to investigate the quantum-classical correspon-
dence in the level density.?) Due to the simple form of the action integral Sp = hkLg,
it is easy to Fourier transform the semiclassical level density gsc1(k) with respect to
k. Let us define the Fourier transform F(L) by

F(L) = / dle=*Lg(k). (5:12)

In actual numerical calculations, we multiply the integrand of the right-hand side of
this equation by a Gaussian truncation function, obtaining

A :
Fall) = = / dke™ 2 ek g (k). (513)

Inserting the semiclassical level density (5-10), the Fourier transform is expressed as

_ 1 : 0 1 (L-Lg\*
FS(L) = Fa(L) + 3 Ze‘””ﬁmaﬁ (za—L> exp !—5 < A B) ] . (5-14)
B

This is a function that has peaks at the lengths of the classical periodic orbits L = Lg.
On the other hand, we can calculate F'(L) by inserting the quantum mechanical level
density g(k) =, 0(k — ky,) as

A _1

Fgm(L)ZE e~ 3 (knd)? g =iknL (5-15)

This quantity should exhibit successive peaks at orbit lengths L = Lg. Thus we can
extract information concerning classical periodic orbits from the quantum spectrum.
On the left-hand side of Fig. 8, we plot the Fourier transform (5-15) as a function of L
and 7. On the right-hand side of Fig. 8, the lengths of classical periodic orbits Lg(n)
are shown. There, red curves represent the orbits M(n,,2,1) (n, = 4,5,6,---).
We find strong Fourier peaks at n ~ 2, corresponding to the periodic orbits (5,2,1),
(6,2,1) and (7,2,1) just after the bifurcation points. We also find Fourier peaks at
n ~ 2.5, corresponding to the periodic orbits (7,3,1) and (8,3,1), etc. Thus, we can
conclude that these periodic orbit bifurcations play essential roles in the emergence
of superdeformed and hyperdeformed shell structures.
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5.3. Coarse-grained shell structure energy

In order to prove that the shell structure at the superdeformed shape is due to
the bifurcated orbits, we calculated the ‘coarse-grained’ shell energy defined by

SE,(V) = [ " k) () — / " kg5 (), (516)

where the smoothed Fermi wave number kp in each term is determined so that they
satisfy the particle number condition

Fo (7) e (7)
/ gy (k)dk = / g5 (k)dk = N. (5-17)

By coarse-graining with the width -, a shell structure of resolution AkR = ~ is
extracted. Classical orbits relevant to such a structure are those with lengths
2R
Y
Setting v = 0.6, contributions from periodic orbits with L & 10R are smeared out.
Around the superdeformed shape, bifurcated orbits have lengths L ~ 10R, and these
contributions are significantly weakened by smoothing with v = 0.6, and the major
oscillating pattern of J F should disappear if these bifurcated orbits are responsible

754
501
254

25
501
751
154
104

oE
o

-154

15+
104

o
I

& o
|

-10
-154

Fig. 9. Shell structure energies plotted as functions of N*/3. Solid curves represent the exact shell
structure energies. Dashed and dotted curves represent those calculated by using the coarse-
grained level density g~ (k) with the smoothing widths v = 0.3 and 0.6, respectively.
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for the superdeformed shell effect. In Fig. 9, the coarse-grained shell energies (5-16)
calculated for n = 1,2 and 2.5 with v = 0.3 and 0.6 are compared with the exact shell
structure energies. In the upper panel, it is seen that the spherical shell structure
survives after smoothing with v = 0.6, indicating that the major structure is deter-
mined by orbits whose lengths are sufficiently shorter than 10R. In contrast with it,
the middle panel shows that the major oscillating pattern of the superdeformed shell
structure is considerably broken after smoothing with v = 0.6. The same argument
is valid also for n = 2.5. This strongly supports the significance of bifurcated orbits
for the superdeformed and hyperdeformed shell structures.

§6. Enhancement of semiclassical amplitudes near the bifurcation points

In this section, we present some results of the semiclassical ISPM calculation,
which clearly show enhancement phenomena of the semiclassical amplitudes |Asp|
and |Agq| near the bifurcation points.

Figure 10(a) shows the modulus of the complex amplitude Asp [Eq. (3-16)]

05 — 05 -
@ 20N ® 20N
04 i (5,2) ISPM 0.4 . 2(3,1) ISPM
e SSPM ———- . SSPM ———-
- 03] N _ 03] -
z YN KR=25 z F KR=25
ol >
— 0.2+ ’/ \ \ .2,1)
I \ <
1 p
4 1
0t ! 5.2)
N |
0 LA S : ‘ ‘ ‘
12 14 16 18 2 22 24 26 28

Fig. 10. (a) Semiclassical amplitudes |Asp| for the 3DPO (5,2,1) and |Agg| for the EQPO (5,2),
calculated at kR = 25 with the ISPM, are plotted as functions of the deformation parameter
n by thick and thin solid curves, respectively. They are compared with the SSPM amplitudes
(dashed curves). (b) The same as (a), but for the 3DPO (6,2,1) and the EQPO 2(3,1).

037 (b) ISPM3 —

1As1

Fig. 11. (a) ISPM3 amplitudes for the 3DPO (5,2,1), calculated at kR = 25, are plotted as functions
of the deformation 7 by thick-solid curves. For comparison, the ISPM amplitudes and the results
of exact integration in the Poisson-sum trace formula are plotted by thin-solid and thick-dotted
curves, respectively. (b) The same as (a), but for the 3DPO (6,2,1).
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for the 3DPO (5,2,1) and Agq [Eq. (3-30)] for the EQPO (5,2) as functions of
the deformation parameter 7. They are compared with those of the SSPM. The
SSPM amplitude for the EQPO (5,2) is divergent at the bifurcation deformation
npit = 1.618 ..., while the ISPM amplitude is finite and continuous through this
bifurcation point, with a rather sharp maximum at this point. This difference is
due to a local change of the symmetry parameter I from 1 to 2 at the bifurcation,
and the associated enhancement of the amplitude is of order VER. As seen from
Fig. 10(a), the ISPM amplitude for the (5,2, 1) is continuous through the bifurcation
point and exhibits a significant enhancement slightly to the right of it. It approaches
the SSPM amplitude given by Eq. (3-21) away from the bifurcation point. The ISPM
enhancement for the 3DPO is also of order VAR, because here, as in the case of the
bifurcating EQPO, the degeneracy parameter K changes from 1 to 2. The same is
true for the 3DPO (6,2,1) and the EQPO 2(3,1), as shown in Fig. 10(b).

In Fig. 11, we consider corrections from the 3rd-order terms in the expansion of
the action about the stationary point. Here we incorporate the 3rd-order terms in
the variable o; (ISPM3) which are expected to be important for the 3DPO (6,2,1)
whose curvature Ki; is identically zero (see Appendix D). We also show results of
the exact integration in the Poisson-sum trace formula (3-10) (marked “POISSON”).
It is seen that the results of the ISPM3 for the (5,2,1) and (6,2,1) orbits are in
good agreement with those of the ISPM in the most important regions, near the
bifurcations, and on their right-hand sides. It is gratifying to see that the ISPM
and the ISPM3 amplitudes |Asp| for (5,2,1) and (6,2, 1) are also in good agreement
with the results of the exact integration in the Poisson-sum trace formula. With the
3rd-order corrections, excessive ghost orbit contributions in the ISPM (bumps in the
ISPM amplitudes on the left-hand side of the bifurcation point) are removed, and
better agreement with the result of the exact integration is obtained. Except for this,
the corrections due to the 3rd-order terms are rather small, and good convergence
is achieved up to the second-order terms.

The amplitudes |Ag| are slightly oscillating functions of £R. Because the period
of this oscillation is much larger than that of the shell energy oscillation, the expan-
sion about the Fermi energy e (or kpR) can be used in the derivations of both the
semiclassical ISPM shell energy 6 FEy and the oscillating level density dgsq (3-15).
Figure 12 displays the semiclassical amplitudes Asp for the 3DPO (5,2,1) and Agq
for the EQPO (5,2) as functions of kR at n = 1.618... (top panel) and n = 2 (bot-
tom panel). In this figure, the semiclassical amplitudes Asp for the 3DPO (6,2,1)
and Agq for the EQPO 2(3,1) are also plotted as functions of kR at the bifurcation
point 7 = /3 (middle panel). We see that for = 2 the amplitudes |Asp| for the
3DPO (5,2,1) and (6,2,1) become much larger than the amplitude |Agq| for the
EQPO.

§7. Comparison between quantum and semiclassical calculations
In this section we present results of calculations of the level densities and shell

energies using the quantum Strutinsky method and the semiclassical ISPM, and make
comparisons between the quantum and semiclassical calculations. In the quantum
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Fig. 12. (a) Semiclassical amplitudes |Asp| for the 3DPO (5,2,1) and |Agq| for the EQPO (5,2)
plotted by bold and thin solid curves, respectively, as functions of kR at the bifurcation point
n = 1.618.... (b) The same as (a), but for the 3DPO (6,2,1) and the EQPO 2(3,1) at the
bifurcation point n = 1.732. ... (c) Semiclassical amplitudes |Asp| for (5,2,1), (6,2,1) and |Agq|
for (5,2) plotted by thin-solid, thick-solid and dotted curves, respectively, as functions of kR at
n = 2.0.

calculations, the averaging parameter v = 0.3 is used.

Figure 13 displays oscillating level densities dg for relatively small deformations.
There, QM and ISPM denote the §g obtained with the quantum Strutinsky method
and the semiclassical ISPM, respectively. For n = 1.2 we obtain good convergence of
the periodic orbit sum (4-1) by taking into account the short elliptic 2DPO with n,, <
12, n,, = 1, the short EQPO with the maximum vertex number ppax = M (ny)max =
14, and the maximum winding number tya = Mn, =1 (M = 1,n, = 1). The
ISPM result is in good agreement with the quantum result. For the bifurcation
point 7 = v/2 of the butterfly orbit (4,2,1) and = 1.5 slightly to the right of it,
the convergence of the periodic-orbit sum is achieved by taking into account the
contributions from the bifurcating orbits, (4,2,1) and the twice-repeated diameter
2(2,1) with tpmax = 2, in addition to the 2DPO and the EQPO considered in the
n = 1.2 case.

Figure 14 presents the oscillating level densities for the bifurcation deformations:
n = 1.618... for the EQPO (5,2), n = v/3 for the EQPO 2(3,1), and n = 2 for the
triply repeated equatorial diameters 3(2,1). It is interesting to compare this figure
with Fig. 15, where some results of simplified semiclassical calculations are given. In
the top panel of Fig. 15, the SSPM is used instead of the ISPM. We see that the
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Fig. 13. Oscillating level densities evaluated with the semiclassical ISPM and a quantum mechan-

ical method are shown by dotted and solid curves, respectively, as functions of kR for several
deformations 7.
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Fig. 14. The same as Fig. 13 but for larger deformations.

SSPM is a good approximation for n = 1.2. In the middle and bottom panels, only
bifurcating orbits are taken into account in the periodic-orbit sum: Only the 3DPO
(5,2,1), the EQPO (5,2) and the butterfly (4,2, 1) are accounted for in the middle
panel, while only the 3DPO (5,2,1), (6,2,1), (7,2,1) and (8,2,1) in the bottom
panel. By comparing with the corresponding ISPM results shown in Fig. 15, we see
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Fig. 15. Comparison of the oscillating level densities calculated with a quantum mechanical method
(solid curves) and those obtained with some specific semiclassical calculations (dotted curves):
(a) the top panel gives a comparison with the SSPM result for n = 1.2; (b) the middle panel
displays the ISPM result in which only the bifurcating 3DPO (5,2, 1), the EQPO (5, 2) and the
2DPO butterfly (4,2, 1) are taken into account for the POT sum in Eq. (3-15) for n = 1.618.. ;
(c) the bottom panel displays the ISPM result, in which only the four shortest 3DPO are taken
into account for n = 2.0.

that, for n = 1.618... and 2, the major patterns of the oscillation are determined by
these short 3DPO.

Figures 16 and 17 display the shell energies, which respectively correspond to the
oscillating level densities shown in Figs. 13 and 14. Again, we see good agreement
between the results of the semiclassical ISPM and the quantum calculations. For
n = 1.2, good convergence is obtained by including only the shortest elliptic 2DPO
and EQPO, in the same way as for the level density dg (see Ref. 9)). For n = v/2
and 1.5, the properties of the ISPM shell energies are similar to those considered
for the elliptic billiard system in Ref. 28). Now, let us more closely examine the
bifurcation effects in the superdeformed region by comparing Fig. 17 with Fig. 18.
In the top panel of Fig. 18, we show the ISPM result for n = 1.618... in which only
the bifurcating 3DPO (5,2,1), the short EQPO (5,2) and the hyperbolic 2DPO
(4,2,1) are taken into account. In the middle panel of this figure, we show the ISPM
shell energies at n = 1.732..., calculated by taking into account only the 3DPO
(5,2,1), the bifurcating 3DPO (6,2,1) and the EQPO 2(3,1). These comparisons
clearly indicate that a few dominant periodic orbits determine the properties of the
quantum shell structure at those bifurcation deformations. The bottom panel in
this figure displays the dominant contributions of only the few shortest 3DPO at
n = 2.0. Evidently, the short 3DPO (5,2,1), (6,2,1), (7,2,1) and (8,2,1) determine
the major oscillating pattern of the shell energy. Thus, we can say that they are

GTOZ ‘ST YoLe N uo ABojouyos | Jo aniisu|ekofeN e /Hiosfeulnolpiojxordid//:dny wouy papeojumoq


http://ptp.oxfordjournals.org/

884 A. G. Magner, K. Arita, S. N. Fedotkin and K. Matsuyanagi

300
=12
200 (@n

A IS ,N\Mv/\v/\m\mAMMMMM
Y wauwww

uantum ——
-200 Q ISPM
-300
300 ‘ ‘
b) n=1.414...
0ol @D
100 1

oE

-100 4

Quantum —
-200 I1SPM
-300 1
300 ‘
c)n=15
oo ©N

102’ St VVu‘Avmvﬂﬂﬁ{\ﬁ{\w’\A/\hMAﬂﬁﬂA(\{“\ﬂhr\
v R

-100

-200

-300]

2 4 6 8 10 12 14 16 18 2 2
N2

Fig. 16. Semiclassical ISPM and quantum shell energies (in units of o) are plotted by dotted and
solid curves, respectively, as functions of N'/3.

300 -
200 -
100

(a) n=1.618...

-100 1

uantum —
20] i
-3001
300 ‘ ‘
b) n=1.732...
0] @D

logi P A m/’\l\]\ MJ\AMMM HMMM

S 1001 ;v WYY VV\NUV \WUW UUVVUUWV
~200 Quapstgm e aE
-300 1 ‘
igg: (c)n=2.0

Quantum —
-200 ISPM
-300 1
2 4 6 8 10 12 14 16 18 20 22

N1/3

Fig. 17. The same as Fig. 16, but for larger deformations.

responsible for the formation of the shell structure at large deformations around the
superdeformed shape. These results of the calculation are in good agreement with
those obtained in Ref. 23) from the analysis of the length spectra (Fourier transforms
of the quantum level densities).
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Fig. 18. Comparison of quantum shell energies (solid curves) with those obtained with specific
semiclassical calculations (dotted curves): (a) the top panel presents the ISPM result for n =
1.618..., where only the bifurcating orbits (5,2,1), (5,2) and (4,2,1) are taken into account; (b) the
middle panel displays for n = 1.732... the contributions of only three orbits, the 3DPO (5,2,1)
and (6,2,1), and the EQPO 2(3,1); (c) the bottom panel plots for n = 2.0 the contributions of
only the four shortest 3DPO to the ISPM sum.

§8. Conclusion

We have obtained an analytical trace formula for the 3D spheroidal cavity model,
which is continuous through all critical deformations where bifurcations of peri-
odic orbits occur. We find an enhancement of the amplitudes |Ag| at deformations
n ~ 1.6-2.0 due to bifurcations of 3D orbits from the short 2D orbits in the equa-
torial plane. The cause of this enhancement is quite general and independent of
the specific potential shapes. We believe that this is an important mechanism that
contributes to the stability of superdeformed systems, also in the formation of the
second minimum related to the isometric states in nuclear fission. Our semiclassical
analysis may therefore lead to a deeper understanding of shell structure effects in su-
perdeformed fermionic systems — not only in nuclei and metallic clusters, but also,
e.g., in deformed semiconductor quantum dots whose conductance and magnetic
susceptibilities are significantly modified by shell effects.
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Appendix A
—— Curvatures
A.1. Three-dimensional orbits
The action is written
S =21 M (nyly + nyly +nply,), (A1)

where I, I, and I, are the partial actions. In a dimensionless form, they are

LY S RS
s

v, Iwzp—ci

1, , A2
1, (A2)

where

1— 22
A V02— 22) (2 - 22 A-3b
v 2 22 -1 (Z Z_)(Z Z+)7 ( )

I, = m\/o. (A-3c)

The quantities z+ are related to the variables o; by

fu:2/oz dz \/(22_2«3)(2«2_23), (A-3a)

22422 =01 +1, 2222 =01 — 0. (A-4)

In terms of the elliptic integrals, (A-3) can be expressed as

Iy = — [(z2 = DF(k) — 0oT1(22, k) + 23 E(k)] , (A-5a)
e+
=1 2 2 k) — BV — 22 I . A5h
I, = — {2 = 2) [F(p.k) ~ Hpm k)] — Z3E(p. b)) + zpsing, - (A5D)
with
_ 1— 22 2,2
k = Z_’ n = Z;’ ¢ = arcsin Zg Zy zb:COShvb:L- (A-6)

Zt 122 22— 227 V2 —1

Here, we have used the standard definitions of the elliptic integrals of the first and
the third kind,*

©
F(p, k) = / I — (A7)
0 1—k2sin?x

*) The definitions of the elliptic integrals (A-7) are related with those in Ref. 46) as F(6, k) =
F(f]a) and II(0,n, k) = II(n,0|a) (k = sina).
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E(p, k) = /0 V1 — k?sin? x du, (A-Th)

©
® dz

H(QO, n, k) = / , (A7C)
0 (1—-mnsin?2)V/1 - k2sin’x
and we have omitted the argument ¢ = 7/2 for complete elliptic integrals.
The action (A-1) is written as
§ = 2pCM (nyl, + nul, + gl ) . (A-8)
The curvatures K;; of the energy surface ¢ = H(01,09,¢) are defined as
¢ = %1, wy 0%I, W 82]¢
Kij=—Kjj=5—F—+— — o A9
J T Y do;0o;  w, 00;00; w, 00;00; (A-9)
and the frequency ratios in Eq. (A-9) are given by
Wy oI, I, 8Iu/801
I, 2,03 |0I, = w,dI,
Wy oI, I, T 0oy wy 0oy

We have used here the properties of Jacobians for the transformations from the
variables (Iy,1,) to (o1,02). For the first derivatives of the actions (A-3) with
respect to o1 and o9, we obtain

oI, 1 ol, 1
— =—F =——F A-12
5o, = 2 P, 5o = 3 k), (A12)
ol, 1 ol,
M= T2k Y = CpF(p, k I k A-12b
80_2 Z+ (Z—7 ) Y 80'2 CF (907 ) + CH (@7 nv ) ) ( )
with
2
2y - 1 _ 1
Or = 22,00 22.(22 — 1)’
2 .2 2 .2
Cp == b2 . (A-13)

22400 2z4(22 —1)(22 - 1)

For the second derivatives of these actions, we obtain

021, 1 1 ) 022,022 022
60'% - ﬁ {ﬁ [H(k k) _F(k)] (80‘1 —Fk 301> - do, F(k)} , (A-l4a)
1, 1 (1 0z* 023
v_ - )= 1I 2 —F = 127+
507 I {kg [I(, k%, k) — F(p, k)] (801 k aal)
022 227_2F oy
e 871} (A-14b)

GTOZ ‘ST Yore N uo ABojouyos | Jo aniisu|ekofeN e /Hio'sfeuinolpiojxordid//:dny wouy pspeojumoq


http://ptp.oxfordjournals.org/

888 A. G. Magner, K. Arita, S. N. Fedotkin and K. Matsuyanagi
d%I, 1 ; o, OI(22,k) 1+ k% OII(22, k)
%I, OCr 1 dp  OF(p, k) 0k CH
T _HFp i TS At It T |
903~ oy LK) Cr <A¥, 9oz 0k aaz> T By oK)
L Ol(p,n, k) dp  Ol(p,n,k) On  Ol(p,n, k) Ok
1 Oy 009 on Oo9 ok 0oy )’
(A-14d)
and
921, 1 1+ k% OF (k)
=— F — A-14
001002 222 k3 [ (k) k ok } ’ ( 2
L, 1 F (k) (o1 +1—222)tan@ 14 k% OF (¢, k)
do1009 4zik% ¥ A¢ng§k1 k ok '
(A-14f)
Here,
Ay =V1—-k2sin’x, k =+1-k2 0=arcsin <2—+> ) (A-15)
2
and
2 o 2 2 2
0 _1 2| m e A
doy 2 V0ot —1)24+4oy| 2 zy— 2
922 922
B 1 o3 —24) — g5y (5 — 22) (A17)
doy 2 (zg — Z%)\/(Zg — z_%_)(zf_ —22)
ok? 1+ k2
L N A-18
Joo zik:% ’ ( )
2 2 2 1
0Cr _ - (A-19)
dog  4zi(1—22)%(21 — 22)
oCn _0'2(323_ +§3)2_22Z-21-(’§—2i- —22)2 ’ (A-20)
Ooo 4z305(27 — 22)
227 — 1)) tan 6
p _ (227 (20144-3 )Z an ’ (A-21)
Oog 22525 kY A
871 o1 — 1
- — A-22
bo; (1= 2= — ) (A22)
022 1
=+ . A-2
0oy zi — 22 (A-23)
Derivatives of the elliptic integrals are given by
OF (p, k 1
L =7 [H(QO’ k27k) - F(@a k)] ) (A24)

ok k
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aH(?;f’ o 1- nsi1n2 0)A, (A29)
AR _ Littyypm,) — Wm )]. (4:26)
TUERE) _ iy, k) — i, )], (a27)
with . s
ILj(¢,n, k) = /0 0~ s 2)(1 — Kl )i 2 (A-28)

A.2. Meridian-plane orbits

For the meridian-plane orbits for which I, = 0 (o2 = 0), the actions I,, and I,
defined by Eq. (2:3) can be simplified. In the dimensionless form (A-2) we obtain
for the elliptic orbits,

I, =20 E (%) ) (A-29a)
- 1 1 n* —o(m*—1)
IL,=vo|E|O0,— | —-E|— ]|+ . A-29b
oo gp) () HEe e
Here we have used the identity?”)
O(p, k2, k) = {E(gp, k) — k*singcosp/y/1 — k2 sin? Lp] J(1— K%, (A-30)

In this subsection, we omit the suffix “1” on the variable oy for brevity. For the
hyperbolic orbits, we have

fu=2[B(V3) - (1 - 0) F(V3)]. (A31a)
= (1—-0) [F(Vo) = F(0n, V)] +E(4, Vo)
~E(V/o) + "Z _;72(7121_ D) (A-31b)

Equations (A-29) and (A-31) can be regarded as parametric equations in terms of the
parameter o for the energy surface of the meridian-plane orbits, 5(Iu, IU,I¢ =0),
for its elliptic and hyperbolic parts, respectively.

The curvature Kj; of the energy curve for the meridian-plane orbits can be
obtained by differentiating Eqs. (A-29) and (A-31) implicitly through the parameter
o. In this way we obtain Eq. (3-13) with the dimensionless derivatives for the elliptic

orbits
().

o ) )]
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91, 1 11
=— I{—,— A-32
= (Ujﬁ), (A-320)
L, 1 H<1 1>_ (91L)+ n/n? —1
902 40P o'\ “o'Ve) T o P
(A-32d)
For the hyperbolic orbits, we have
o _p(va). (A:330)
do
oL, 1
50— 5 [F0nvo) —F(Vo)], (A-33b)
Pl L [1(0,v5) - F(v3)] (A3
952 — 55 o,V o o)l, c
*1, 1
60_2 = E [H(9h707 \/E) - H(Ua \/E)Z + F(\/E) - F(9h7 \/E)] . (A33d)
Thus, for elliptic orbits, we obtain
2 1 | F(e, k) o o 2 n?—o(n’ —1)
K1 = II(k%, k) — I1(Oe, K°, K) + , A-34
u wﬁlw W) = e 2 .
and for hyperbolic orbits,
Kiyn=—— I —1I : A
w =g [ ) — 1163, (A35)

A.3. FEquatorial-plane orbits

For the equatorial limit o9 = 01 = o we have, from (A-4),

22 =0, Z=0+1. (A-36)
We thus obtain in this limit (k — 0)
8_I~u B T 8iv _ PEQ 82:2t _ {0/(0 + 1) } (A37)
do1 2/o+1 0do1  2/o+1 9o | 1/(c+1)
and
91, _ 7m(1-20)
do?  8(o +1)3/2’
0?1, 1 1
- 2% — 1 ~ sin (2
doi  8(o +1)5/2 {( o~ D¢+ 2 sin (2¢80)
2Vo+1 [22(1—0) — (0 +1)] }
222t — (0 +1) ’
7 —(0+1)
YEQ = arcsin —— . (A-38)

2
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Substituting (A-37) and (A-38) into (A-9), we finally obtain the equatorial limit,

- 220 —1 1
gPQ_ Aol +o+l) (A-392)
822(0 4+ 1)2y/22 — (0 + 1)
In the same way, we obtain
. 22— 1
KEZQ — Zb( U) + U(U + ) 7 (A39b)
8zfo(c+1)%\ /22 — (0 +1)
. 327 — 1
KEQ = %= (04 ]) . (A-39¢)
822(0 4+ 1)2y/22 — (0 + 1)
The determinant of the curvature matrix for EQPO becomes
~ 1
det KEQ = — (A-40)

32z20(0 +1)2

which is negative for any orbit and for any deformation n > 1. This shows that
bifurcations of EQPO occur only through the zeros of the stability factor FE Q

Appendix B
—— Deriwvation of the Trace Formula for the Equatorial-Plane Orbits

We start with the phase-space trace formula®:28),31),40)

d //d /
5gea(e) = Re S / T 5. H(q.p))|T @ 00)"

(2mh)3

i T
X exp {ﬁ [Sa (P, 0" ta) + (@ —P') - 4"] — 251/@} , (B-1)
where the sum runs over all trajectories a, ¢ = q4(t,q”,p’) determined by the fixed
initial momentum p’ and the final coordinate ¢”, H (g, p) is the classical Hamilto-
nian, and v, is the phase related to the Maslov index, number of caustics and turning
points.39):4)-43) The function S (p',p”,ta) is the action in the mixed phase-space

representation,
1

p
Sa (P, 9" ta) = —/ dp-q(p), (B-2)
p/
related to the standard definition of the action S, (¢’,q”,¢),
/ ! q”
Sa(q,q,e)z/ dq-p(q), (B-3)
ql

by the Legendre transformations (integration by parts),

So (P, 0", ta) = Sa (d',4",¢) + (P — D") 4", (B4)
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to being the time for a particle to revolve the trajectory a. The quantity J @, p))
in Eq. (B-1) is the Jacobian for the transformation from p to p/,. Here, we have
introduced the local system of the phase-space coordinates g = {qH,q l} and p =
{pH, P J_}, splitting the vectors into the parallel and perpendicular components with
respect to the trajectory a.

For the equatorial-plane periodic orbits (EQPO), one of the components in q
and p| can be taken along the symmetry axis, say z and p,, keeping for other per-
pendicular components the same suffix, ¢, and p ;. After the transformation to this
local phase-space coordinate system and integration over the “paralle]” momentum
p| = p = V2me by using the -function in Eq. (B-1), we obtain, for the contribution
from the EQPO (K =1),

S0 = G e X [ [, a7 50
9

X exp {% [Sa (P, 0" ta) + (0" —P') - 4"] - igva} , (B'5)

where ¢ = 0H / 8p|| = p/m is the velocity. In spheroidal action-angle variables,
q = Oy, P = I, QH = Wy, 41 = Lp =, pL =1y, 2= Ou, p = Iy, and we have

1
TR X [ Tt [ aoar, [ aetar | (it i)

cen{ L) ()0 Tk e

Sgto(e) =

We now perform the integrations using the expansion of the action S, about the
stationary points:

S, (I/, J i ta) (I// _ /) .@"

1
= Sj(e) EZ% oo — o)+ 5 Lz =)+ (BT

Here, we omit the corrections associated with mixed derivatives of type 0%25/000I
for simplicity. J, is the Jacobian corresponding to the second variation of the action
S, with respect to the angle variable ©,,:

EQ _ (a?sa ,_ Sa_ S ) B (_ or, oI, az;;)

L= \9e,2 " ae00] " 90,2 9o, ~ “oer " sor

(B-8)

This quantity can be expressed in terms of the curvatures K*Q and the Gutzwiller
o EQ
stability factor F,"™,

or, oI, oI\ ;oI
@%{hm”wﬁm)wﬂQ

1
= 4sin? [QMnU arccos (1 — 27~ 2 sin? qS)} , (B-9)
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as
FEQ FEQ
JEQ == 2 EQ 2 EQ (B-10)
(Ju = Ji3p/ Jp) 2 Mny(Ky — K2,/ Kp)
In these equations we have used the simple identical Jacobian transformations
(afa )‘1 _ Ok ooy 0040k, i
oo I oy, I,) oI, ol oI, Jo

The curvature Kv Qs the quantity K, defined in (B-13), evaluated at the stationary
point o1 = 09 = o™ given by Eq. (3-27), and so on.

The integrand of (B-6) does not depend on the angles (©,, 6,), and we ob-
tain simply (27)2 for the integration over these angle variables. We transform the
integration variables (I, I,) into (o1,02) to obtain simple integration limits, and
integrate over (o1, 09) using the ISPM. In this way we obtain

—— 1 [8(1y, 1) 1
oWy = . /- R i(kLg—mvg/2) L | IUu Lo
9£Q(8) = \/ 373 ezﬁ:e we |8(01, 02) | \| T1[det JEQ|
xerf(Z7, 21,27, 215 25, 25), (B-11)
where
2 3 x+ y+ Z+ 2 2 2
fle= . xT-y .yt 27 2T = [ == d/d/d_x_y_z.
er(ac T3y LYz ,z) <\/7_T> /x xyi yf ze

(B-12)

Note that the integration limits for the internal integrals over y and z in
erf (7, 27;y~,y";27,27) in general depend on the variable of the next integra-

tions, y* = y*(z) and 2T = 2% (x,y). Here we define curvatures in the variables
Iy, I,) as
9?8, %S,
Ju = 8_15 =2nMn,K,, J,= 8[3 = 2nMn, K,
%5,
J. ® 8[u81¢ TMTL ® ( 3)
Using (B-10) and the relations
(I, 1,) |?
det J = Ji1Jag — Ji2® = | —25| (Judyp — Juy?), B-14
€ 1122 12 '6(0'170'2) ( %2 ®w ) ( )
1 ™
K= y=—P B1
Y mpasin¢’ w masin ¢ (B-15)
we finally obtain
S0() =~ Re > Apqexp (ikLeq — i%vig) (B-16)
JrqQl\e) = £o EQ €XP EQ 2VEQ )

EQ
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1 sin® ¢
Apo = | —————erf (27,21 27 2 25 ZF B-17
20 = 5\ T 0 (G0 2020 BN 22 (@)

where Lgq represents the length of the EQPO. The “triple” error function in Eq. (B-17)
can be separated into the product of three standard error functions as

erf (21,2527, 2125, 2 ) mert (20, Z1) exf (27, 27 ) exf (25, Z25)
(B-18)

by taking the limits at the stationary points for all deformations, except in a small
region near the spherical shape. In this way, we obtain the simple results (3-30).
The arguments of the error functions are given by (3-19) or (3-20) for ZF (i = 1,2)

and
zro gDy L G - . (B19)
2 2h 16 Mnykasin g o*(o* + 1) det KEQ

The spherical limit is easily obtained by using the spherical action-angle variables
{69,0,,04;1p,1,,1,}. In these variables,

1 sin® ¢
A =35\ 5 o - f (27 Z+'27 Z+'Z_ Z+ B-20
SV y oy SRR TR AR (B-20)

where n, = n, for the equatorial-plane orbits with (n,,n,), and the invariant sta-
bility factor Fy = F2'? is given by (B-9):

+ o« £ _ [ EQ £ gx
(25 —2%), Z{Z} \/WMnTK{Z}/h<I{Z} I{Z}>.

(B-21)

The quantities K g“ Q and KEQ, given by

2
EQ 817"
= B-22
0y~ \arz, ’ (B-22)
1) 5q

are the curvatures of the energy surface e = H(Iy, I, I,,) in the spherical coordinate
system. In that system, the maximum value of I, is equal to the absolute value
of the classical angular momentum Iy, Ij = +1y, I(j being the maximum value of
|Ig|, and I, = 0. We note that for the diametric orbits, the stationary points I
and [} are exactly zero and there are also specific integration limits in Eq. (B-20).
In this case, the internal integral over I, within a small region can be evaluated
approximately as 21y, and we obtain for the “triple” error function,

F. \/—4iF2kR
hKPQ B oM

orf (21,212,225, 28) — \/MW%Z (B-23)
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Here, we have used the fact that in the spherical limit, £, — 0, the integral over Zy
can be approximated by the upper limit Z; given by Eq. (B-21). We also omitted
the strong oscillating value of [ dz2e=* at the upper limit, because it vanishes after
any small averaging over kR and equals 1 in this approximation. We also accounted
for the fact that KeEQ — 1/(wpR) for the diameters (see Eq. (B-22) and note that
¢ = w/2 for the diameters). Finally, the stability factor F, is canceled, and we
obtain the Balian-Bloch result (3:-33) for the contribution of the diametric orbits in
the spherical cavity.?)

For all other EQPO there are the stationary points I, = Iy # 0, and I, is
identical to its maximum value Iy in the spherical limit. This is the reason that
there is no next order (1/v/kR) corrections to the Balian-Bloch trace formula for the
contribution of the planar orbits with n, > 3. The latter comes from the spherical
limit of the elliptic orbits in the meridian plane (3-16) (see Ref. 9)).

Appendix C
— Separatrix

),41)-43)

As in the case of the turning points,>’ we first expand the exponent phase

in Eq. (3-6) with respect to I,:

Sa (I, I"te) —(I"=T') - ©" = cg —I—C!:E—I—Cgilg +c!x3 +--

1
=7l 47z + 523. (C1)
Here,
z= % (I, - 1.7, (C-2)
=[S (- 1) @] = 15.(00.0%e) . ()
1= (gi’j _9;»/) =0,-6,—0, o—1 (C-4)
h (05" -

= 2 (81/2> = 2p(MhK, — 00, 01— 1, (C-5)

3 3 * 312 e’

| B (8%S.\" 2thiM (OKS
G=% (aI{f’) =3 \ a1, ) = At (C6)

where the superscript asterisk indicates the value at I, = I/ = I}. The asymptotic

i

log [(1+sinf)/(1 — sin6)]

behavior of the constants ¢; near the separatrix o1 ~ 1 is found from

K® , 1, C-7
T o~ Dlogi(or — 1) - (©7)

and with 6 — 0,(n) [see Eq. (2:6)],
Glfu _}_210g[(1+sm0)/(1—smf)]’ o1 (C8)

oI, ((01 — 1) log?(oy — 1))
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The rightmost part of Eq. (C-1) is obtained using a linear transformation with some
constants a and f:

x=az+f, o= (30@)71/3, B = —cg (30!), (C-9)

7 = (co — crea/(es) +23/27R) . Al =afe - G/Gen)'. (C10)
I Il

Near the stationary point for o1 — 1, we obtain ¢; — 0 and 7|
positive quantity

— —wl, with the

Wl — ( c3 > . Mlog[(1+sinf)/(1 —siné)] (o1 — 1) 2/3. (C11)

(3cg)4/3 hlog(cop — 1)

Using expansion (C-1) in Eq. (3:6) and evaluating the integral over @, exactly (i.e.,
obtaining a factor of 27 for this integral), we obtain

5g£%——mReZ/ @”/d[’/ @”
Vol

TO_EVO‘)

7 [4i (- HZH,Z”>+1‘G1( wl, 27, 2]
e et [ (o) o ()],
(C-12)
where
g =Vul, 2= I(Cr (C-13)

wll

Here, Ai(—w, 21, 2z2) and Gi(—w, 21, 22) are the incomplete Airy and Gairy functions

defined by
Ai 1 [* cos 23
{Gi} (—w, 21, 22) = - /21 dz {sin} <—wz + 3) , (C-14)

Ai(—w) and Gi(—w) are the corresponding standard complete functions, and L(fr) =

Iu(agcr),cr%m)) is the “creeping” elliptic 2DPO value defined in §2. In the second
equality of (C-12), we have used

ZH — 0,

=+, 4Mlog[(l+sine>/<1—sine>]pc]1/3! 0 E( n2—1>_1

I 2(o1 — 1)2log*(oy — 1) V2 —1

— 00, (C-15)
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for any finite deformation n and large kR near the separatrix (o7 — 1). Using an

analogous expansion of the action T(l)l in (C-12) with respect to the angle @ to third
order and a linear transformation like (C-9), we arrive at

b 1 (wlhot)"*
59\ () = T ReZ/d@;',/dl;E =
@ CoCq |
X [Ai (—w”) +iGi (—wm [Ai <—wl,ZLZI) +iGi (—wL,zI,zj)}
X exp {% [S; (I’7I//7€) _ (I/ . I//)* . @//*]
+3 [+ @) = iZva | (©16)

where

wt = (%)L > 0, (C-17)

303)4/3
1/3
Z] =Vuwt, zt= g ’303%‘ + Vwlt, (C-18)
1 « (0% 828 025, \" Fpp
1 - 1 — [e e [e - _ xy .
2 =9 (JW) (a@;ﬁ * 289@8@3 * a@;ﬁ)w 2rMKS (C-19)
Here, FmLyD is the stability factor for long diameters,
F;JyD = —4sinh® [M arccosh (20> —1)] , (C-20)
L1 [938, 038, 038, 238, 1"
€3 = == + +3 +
6h 06! 3 00! 206! 00!.00"*  §e!3

1 [odt,  auk ] . -
“6nl|oe, " aer| < (G-21)

Note that according to (C-19), the quantity c3 approaches zero near the separatrix
(01 — 1) as in the caustic case. This is the reason that we apply the Maslov-Fedoryuk
theory®?):41)43) for the transformation of the integral over the angle @ from (C-12)
to (C-16). The remaining two integrals over the azimuthal variables (I;, and 7)) can
be calculated in a manner similar to that explained in the text.

The divergence of the curvature K, Eq. (B-13), for the long diameters (o1 — 1,
o9 — 0) can be easily seen from the following expression, valid for any polygon orbit
with a vertex on the symmetry axis:

L 21>
Kg = 2 - 277 5 1
pgnoMh |1+ n?tan”

Here, Lg denotes the length of the side having a vertex at the pole, pg the cylindrical
coordinate of the other end of this side, and ¢ the angle between this side and the
symmetry axis. For the long diameters, Ly — 20M, pg — 0 and ¢ — 0, so that
K8 — o

> :

(C-22)
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Appendix D
—— Derivation of the Third-Order Term ——

D.1. Third-order curvatures

(3)

For the curvature K", which appears in the third-order terms in the expansion
of the action S/h with respect to o1, we obtain
qu) T _.(3) B, ny 03I,

P == B e (D-1)

where
L, 1 |9B, 022 9,
80{’ N 421 doq +301 801
#L, 1 |9B, , 025 9%
907 228 |00y 00y 801] (D-2)
B, = [l(¢, k2 k) — F(p, k)] —EF( k) + L% 0y (D-3)
v — 2 ) ©, k a Acp 80'1 )

B = [0k 8) — (k) 96~ 224w (h)

2 7.2
~ 27 Ok 1 022 8z+
_ _ 0z D4
O k2 Ooy T2 Oo1  Ooy’ (D-4)

with the derivatives

OB, OM(k%, k) OF(k)] 07 ) O 022
= - 2k 41 ~F
801 k[ a0k ok | 2.2 F IR =FR] | =55 50
2.2 2.2 2
+i2822__8z; OF (k) 8;; 022 aZ+F(k)
k% 0oy 0oy Ok 222 doy Do}
2,2
8 Z2i — 4 202 — (D5)
doy (o1 — 1)2 + 409)*
0B, _ 5 [OM(pk*k) OF(p.k) 1022\] %22
doy O [ 0o 0o 1 22 0oy do? Fle, k)
022 OF(p,k) 1 022 22 0A%\ 9y 5 0%
“Po1 901 A, <2 Jo1 A2 9oy ) 9oy T gz | (PO

Here,

OTI(K%, k) K20 1
ok {H(k{k) + 53 (B(R) —F(k))] , (D-7)
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OF(k 1
654: ) _ & [TI(k?, k) — F(k)] (D-8)
O(p, k%, k) 1 [k 1
(9;01 ) - [ i ko {H(gp, k2 k) + 513 (E(0. k) = F(o,k))
g et
sin(2¢p) dp k2 _
- A3 (1+ Ai)} + A, Bor {1 — m [4AZ cos(2¢) + k* sin®(2¢)] ¢ | ,
(D-9)
OF(p,k) Ok 2 1 9p .
9o, 22 [, k%, k) = F(p, k)] + oy (D-10)

HAN? 0 d
e 2 | Dk g2 in(20) 22| D-12
B0, Li sin” ¢ + sin( @)601 (D-12)

D.2. Stationary phase method with third-order expansions

After the expansion of the action in the Poisson-sum trace formula (3-10) up to
second order with respect to o9 and up to third order with respect to o1, we obtain

k(2 L oL\’ , N
2)(g) = = [ Zu La—il
69~ (e) 12 Reg Re E NN (301> exp (zk: g5 1/6)

g
of xt 2
2 . 7% * K12 *
X / dag/ dx exp !szanKgg <02 —05+ — (01 — 01)>
0 a K
+4 (cla: + coz? + 03x3)] , (D-13)
where ~
det K 1 -
c1 =0, ¢ =k(Mny——, 5= —kCMn,K, (D-14)
Ko 3
r =0y —o0f, xt=of o} (D-15)

After transformation from oo to the new variable Z5, defined by

. K
Zy =\ —ik(MnyKoao <O’2 — 05+ K—lg(Ul — ai‘)) ; (D-16)
22

and a linear transformation from x to z through

. _ C
T=qz4q, with ¢ =3c)7V3 @= —i, (D-17)
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we obtain Eq. (3-15) with the ISPM3 amplitude

. 3 F *
Ai(’,?)) (5) = Lﬁ 1/3\/ Zki > * gﬁ exp (;Z‘Tgm)
8Mn,R (kgMnUf(P) mMn, R?Kaoj \ 001
xerf (25, Z5) [Ai(—7,2—, 24) + i Gi (-7, 2=, 24)] - (D-18)

Here, ZéE is defined by Eq. (3-20b), and
2 +
— (e 13 (2 _r e D19
=) (2 —a) =T (019)

In the limit ¢; — 0, we obtain

__ ¢ _ (k(Mn,)*3(det f(/f(gz){ (D-20)
(3c3)4/3 ( f((3)>4/3
1

For finite curvatures far from the bifurcations, the limits of the Airy and Gairy
functions can be extended as z_— — 0 and z; — oo, yielding the complete Airy
Ai(—7) and Gairy Gi(—7) functions. Then, using the asymptotic forms of these
functions for large 7 o (kR)%/® (large kR),

e [T

and that of the erf-function given in Eq. (D-18), we obtain the SSPM limit, (3-21).
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