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Abstract

The purpose of this paper is to study quantum tunneling in non-integrable systems. Quantum
tunneling is a phenomenon that allows the transition between regions that cannot be reached
by orbits following the classical equations of motion. In contrast to quantum tunneling in one-
dimensional systems found in textbooks of quantum mechanics, quantum tunneling occurs un-
der completely different circumstances: in generic non-integrable systems, which are neither
completely integrable nor fully chaotic, their phase space becomes is composed of regular and
chaotic components. All these components are themselves invariant, so the classical orbits do
not connect them. Quantum tunneling in non-integrable systems thus occurs between regions in
phase space that are dynamically, not energetically, separated, so the type of tunneling is called
dynamical tunneling in the literature [, 2, B].

Here we try to clarify essential differences between quantum tunneling in integrable and
non-integrable systems by performing the semiclassical analysis in the complex domain. The
instanton method is widely known to be a technique to develop the semiclassical theory of
tunneling in one dimension or multi-dimensional integrable systems. Since quantum tunneling
is a process that is absent in the classical dynamics in the real plane, it would be reasonable to
use classical dynamics in the complex plane to describe quantum tunneling in non-integrable
systems as well. To this end, recent advances in complex dynamical systems greatly aid our
analysis by revealing the nature of invariant sets and the asymptotic behavior of the dynamics.

Based on this, this thesis investigates two problems. The first problem is to specify the most
dominant complex path(s) responsible for tunneling transports in the situation where chaotic
regions are reasonably large enough compared to the size of the Planck cell. In such situations,
there is a rigorous result claiming that the complex paths responsible for the tunneling transition
are contained in the Julia set, and these complex paths are well approximated by the complex
stable manifolds tending to the chaotic regions in real phase space. Note, however, that this
result is merely a necessary condition, and there remain still infinitely many complex paths in
the complex region as possible candidates. We try here to narrow down the candidates and
explore the principle under which the most dominant paths should satisfy. In particular, for a
properly designed scattering map, we examine the imaginary action associated with the stable
manifolds for the periodic orbits in the real plane and find that the orbits tending to the sticky
zone close to the regular region provide the most dominant contribution in the semiclassical
sum. The second problem is to clarify the role of the long time behavior, especially ergodicity in
the complex plane, which has been shown to hold even when the real phase space is not ergodic.
We show that the ergodicity of complex orbits in the Julia set ensures the connection between
arbitrary regions and thus provides an alternative to the instanton path in the non-integrable
system. This fact is verified using the ultra-near integrable system [4], in which none of the
visible structures inherent in non-integrability exist in classical phase space, but non-monotonic
tunneling tails appear in the corresponding wave functions. The simplicity of the complex phase
space allows us to explore the origin of the non-trivial tunneling tails in terms of semiclassical
analysis in the time domain. In particular, it is shown that not only the imaginary part but also
the real part of the classical action plays a role in generating the non-trivial tunneling tails.






Chapter 1

Introduction

The aim of this thesis is to investigate tunneling effects in systems with two or more degrees
of freedom. While systems with one-degree-of-freedom are always integrable in classical me-
chanics, those with more than one-degree-of-freedom are generally non-integrable. The nature
of quantum tunneling significantly depends on whether the corresponding classical system is
integrable or not, even though tunneling effect is a purely quantum phenomenon. Clarifying
this difference is the main objective of this thesis.

The tunneling effects are state transitions that are forbidden in classical physics. The type of
tunneling barrier differs between integrable and non-integrable systems. In integrable systems,
the barrier is only formed energetically. In this case, if the energy of a particle exceeds a
potential barrier, a state transition across the barrier is possible. In non-integrable systems,
however, there are regions on connected surfaces of equi-energy where state transitions are not
possible. Such a barrier is called dynamical barrier and tunneling through such a type of barriers
is referred to as dynamical tunneling [, 5].

In non-integrable systems, the tunneling effect is known to exhibit anomalous enhancement
due to the influence of chaos. Lin and Balletin [6] have reported, by using a double well poten-
tial system that in non-integrable systems, the tunneling probability increases compared to inte-
grable systems. Bohigas and Tomsovic argued that the origin of the enhancement would be the
coupling between tunneling doublets and states localized in chaotic regions. Such a mechanism
is referred to as chaos assisted tunneling (CAT) [[Z, B, 9]. Later, it was pointed out nonlinear
resonances, another characteristic structures inherent in non-integrability of the system, could
play the role of a significant enhancement of tunneling probability. Such a mechanism is called
the resonance assisted tunneling (RAT) [0, 1, 072, 13, 14, 05, 06, I'7].

In this thesis, we explore the origin of the enhancement observed in tunneling effects in non-
integrable systems based on the complex semiclassical approach.

Chaos is a phenomenon observed in classical mechanics. Therefore, if we want to find signa-
tures of chaos in quantum mechanics, we must somehow relate quantum mechanics to classical
mechanics. Since the relation between classical and quantum mechanics has a similar mathe-
matical structure as that between the geometrical and wave optics, it makes sense to explore the
relation between classical and quantum mechanics in the short-wavelength limit. Semiclassical
analysis has been developed exactly for this purpose, and it has been a standard tool in the study
of quantum chaos. However, this is not sufficient to study the manifestation of classical chaos
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in quantum tunneling. This is because tunneling effect are absent in classical mechanics even
in the short-wavelength limit. There are no classical counterparts of quantum tunneling. The
most common strategy to deal with purely quantum phenomena would be to extend the classical
mechanics into the complex plane and use the complex classical trajectories. The so-called in-
stanton is the most widely recognized idea that is used to compute energy level splitting caused
by tunneling effect [['Z, TR]. Here we apply the semiclassical method extended to the complex
plane to study the tunneling effects in non-integrable systems [19, 2(].

There are two major challenges in analyzing the complex semiclassical analyzing the tun-
neling effect in non-integrable systems based on the complex semiclassical theory. The first
is to find the most dominant complex orbits among the candidate complex paths. In integrable
systems, the complex path that appears in the evaluation of tunneling-related quantities is the in-
stanton that runs along the imaginary time direction. In non-integrable systems, however, there
are no more instanton paths; instead, an infinite number of paths could appear in the complex
plane, which are inherent to nonintegrability. Therefore, it becomes necessary to sort out which
complex orbits are most dominant and which are negligible in their magnitude.

The second challenge is the Stokes phenomenon [21), 2?]. The main task to develop the
semiclassical analysis in the complex domain is to perform the saddle point approximation of
a given integral, usually expressed in the form of an infinite or multiple integral. In the saddle
point analysis, it is known that not all the saddle points do not contribute in the evaluation.
This is because the Stokes phenomenon happens in the complex plane and treating the Stokes
phenomenon is inevitable in the complex semiclassical analysis.

In this thesis, we take a simple discrete dynamical system as a model to study quantum tun-
neling in non-integrable systems. A major advantage of using the discrete dynamical system
is that we can make full use of recent results on complex dynamical systems in multidimen-
sions obtained by mathematicians in the field of complex dynamical systems. In particular,
Bedford and Smillie have published a series of papers establishing the foundations of polyno-
mial diffeomorphism in the complex plane [23, 24, 5, 2&]. Their results are helpful for our
issues on quantum tunneling in non-integrable systems because their main statements suggest
the existence of complex paths alternative to the instnaton orbit in the integrable system.

Based on mathematical results, it was found that the complex orbits that control quantum
tunneling in non-integrable systems are contained in the Julia set and the rest of the orbits in
the complex plane have no chance to contribute to the state transition due to tunneling [27].
Here the Julia set is a natural extension of the chaotic set in the real dynamics. Since the orbits
in the Julia set can be approximated by stable/unstable manifolds in the complex plane [24],
one can say that the tunneling transport in non-integrable systems occurs along stable/unstable
manifolds [28]. Their results are remarkable in that they claim that tunneling in non-integrable
systems is driven by chaotic orbits in the complex plane, which is in a sharp contrast to the com-
plex path responsible for tunneling in integrable systems. However, there exist exponentially
many orbits in the Julia set, and it is not yet clear whether they contribute equally to tunneling
transitions. Therefore, the next task and one of the purposes of this thesis are to specify the
most dominant complex orbit(s) among the candidates contained in the Julia set.

Dynamical tunneling is a process that proceeds in a mixture of classically forbidden and al-
lowed processes. Semiclassical calculations can only provide transition probabilities associated
with this entire process. In other words, one cannot clearly separate the contribution from the
pure tunneling process in the regular regions from the process involving chaotic transport. The
second task and the second objective of this thesis will be to clarify the essential difference be-



tween the nature of tunneling in completely integrable and non-integrable systems. To this end,
we have to eliminate the influence of chaos as much as possible, otherwise contamination of
chaotic transports and pure tunneling processes arises, which makes it difficult to extract unique
signatures in tunneling owned only by non-integrable systems.

The organization of this thesis is as follows. In Chapter 2, we provide a brief background
and basic notions of Hamiltonian systems. In particular, we explain the signature of the classi-
cal phase space in generic Hamiltonian systems and introduce dynamical barriers, which play
a central role in tunneling effects in non-integrable systems. In Chapter 3, we show a stan-
dard treatment of quantum tunneling in terms of complex orbits in one-dimensional systems,
and then give a semiclassical formulation that is used to analyze tunneling effects in the multi-
dimensional system. In Chapter 4, we present mathematical results for complex dynamical
systems, focusing in particular on several key theorems proved by Bedford and Smillie. It
begins with an explanation of one-dimensional complex dynamical systems, followed by a de-
tailed discussion of precise results from the Hénon map. The orbits in the Julia set are shown
to be ergodic regardless of the underlying classical dynamics in the real plane. In Chapter 3,
we numerically verify that some fundamental properties predicted by the theory of complex
dynamical systems in multi-dimensions can actually be observed, and then investigate natures
of stable/unstable manifolds since they guide the complex orbits controlling the tunneling tran-
sition in non-integrable systems. In particular, for a properly designed scattering map, we ex-
amine the complex orbits associated with the stable manifolds for the periodic orbits in the real
plane, and seek the complex orbits that provide the most dominant semiclassical contribution.
In Chapter 6, we investigate the ultra-near integrable system, which was recently introduced to
study tunneling effects in the situaiton where the influence of chaos is minimal. We say that
the system is ultra-near integrable if the system is sufficiently close to a certain integrable limit
such that none of the classical invariant structures inherent in non-integrability are visible in
the classical phase space, compared to the scale of the Planck cell. Here we show that the er-
godicity of complex orbits in the Julia set ensures the connection between arbitrary regions and
thus provide an alternative to the instanton path in the non-integrable system. The simplicity of
the complex phase space in the ultra-near-integrable system allows us to explore the origin of
non-trivial tunneling tails, which have been discovered in exact quantum calculations, in terms
of semiclassical analysis in the time domain. The origin of the enhancement of the tunneling
probability is explained on the basis of a purely semiclassical analysis. Chapter 7 summarizes
the results and discusses future prospects.






Chapter 2

Hamiltonian dynamics

As mentioned in Introduction, the tunneling effect in quantum mechanics could be influenced
by the corresponding classical system. Since chaos is a concept in classical mechanics, it is
necessary to have a better understanding of chaos in classical mechanics in order to investigate
signatures of chaos in the tunneling effect. In this chapter, we give an overview of classical
mechanics of non-integrable systems. Another purpose of this chapter is to explain dynami-
cal barriers which are formed in phase space of non-integrable systems. The tunneling effect
studied in this thesis is not the one occuring when the barriers are formed eneregetically, but
dynamically.

2.1 Hamiltonian dynamical systems

This section begins by introducing fundamental concepts of Hamiltonian dynamics and then
proceeds with explaining the mechanism generating chaos. First, the definition of integrabil-
ity of Hamiltonian systems is provided. Then, we emphasize the importance and the role of
invariant sets in phase space.

2.1.1 Canonical equations and Hamiltonian flow

Let us consider a Hamiltonian H(p,q;t) of N degrees of freedom where g = (g1, ,qn)
and p = (p1,--+,pn). The canonical equations of motion of the Hamiltonian system can be
rewritten in the following form [2Y]:

z2=JVH. 2.1
where,
[ Oy Iy
J= ( “Iv On ), (2.2)

Iy and Oy represent the N x N identity matrix and zero matrix, respectively. Furthermore, let
us denote:

z=(q,p) (z€R™). (2.3)
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Using the Poisson bracket, the equations (1) can be written as,
z={,H}. (2.4)

Here, the Poisson bracket is defined as follows:

JdA dB 0JA OB
ABY =Y (222 2227, 2.5
{ } zi:(aCIi Ip; 3171'9611') (2)
and
JH 0 OJH 0d
%=X Gy Jaiom) 20

is referred to as the Hamiltonian vector field, which leads to the flow of the canonical equations.
The Hamiltonian remains constant along the orbits of the Hamiltonian vector field.

2.1.2 Integrable systems

Here, we introduce the integrability of Hamiltonian systems. First, let us consider differ-
ential equations in general, not limited to Hamiltonian systems. Here, we discuss differential
equations in the following form [30]:

Xi(t) = filx1(t),x2(¢) -+ ,xn(2)) (i=1,...,N, fi e R). 2.7

A differential equation or a system of differential equations is considered to be integrable
if its solution can be obtained through a finite number of operations. These operations include
arithmetic operations, differential operations, indefinite integral operations, inverse function
operations, and solving algebraic equations. The integrability of the system of differential
equations is determined by the existence of the first integral. The first integral is a function
®(x1(t),x2(t),--- ,xn(t)) defined over RV that keeps a constant value along the solution orbit
x;(t). For a general N-dimensional differential equation, having N — 1 constants of motion is
sufficient such that the system is integrable.

Now, let us turn to the condition for the integrability of canonical equations. Since the Hamil-
tonian equations of motion for N degrees of freedom is a system of differential equations with
2N unknown functions, one might expect that one needs to find 2NV — 1 constants of motion in
order to be integrable.

However, according to the Liouville-Arnold’s theorem [B1], it is known that canonical equa-
tions can be solved using only N constants of motion.

Theorem (Liouville-Arnold [BT]). Consider an N-dimensional Hamiltonian system H with N
conserved quantities. If there exist N first integral Fy,... Fy, satisfying for any i,j (i,j =
1,---,N) that

{F;,F;} =0, (2.8)
then the system is integrable. In this case, the orbits are confined to:

Me:={(q,p) €R™ | F(g.p)=ci, (i=1....N)}, 3)
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where ¢ = (cy,...,cy) is N-dimensional real-valued vector, and M, forms the N-dimensional
torus. Furthermore, there exists a coordinate transformation (q,p) — (I,0), and (I1,0) are
referred to as the action-angle variables. Here, the action and angular variables are defined as
follows,

1 G
27r?£40p dq, 57 (J:=2xal), (2.10)

G is the generating function of the canonical transformation (q,p) — (1,0):

G(q,I)I/p(qo,I)~dqo. 2.11)

Here, we assumed that I = I(q,p) can be solved for p(q, I). Unless otherwise specified, when
we mention integrable in the following, it refers to the integrability in the sense of Liouville-
Arnold’s theorem. If the Hamiltonian system is integrable, the equations of motion in the
transformed coordinates become:

do;  o0H dal; .

E__Tb_wi’ —=0 (i=12,...,N), (2.12)
which yield the trivial solution as I; = const and 6; = w;t + ¢; (0 € R).

In the case of a two-degree-of-freedom system, when the ratio @; /@, of frequencies is ra-
tional, the motion is called rational rotation; when @; /@, is irrational, the motion is called
irrational rotation. The rational rotation leads to periodic orbits. On the other hand, in the case
of irrational rotation, the orbit does not exactly return back to the initial point, but rather it
densely moves on the torus. Moreover, for an N-degree-of-freedom system, it is a rational
rotation when there exists an integer vector k satisfying the following conditions:

k-w=0(k#0). (2.13)

As we will discuss below, the fates of orbits under weak perturbations depending on the ratio-
nality of the motion. In the case of rational rotation, the orbit becomes periodic. In contrast, in
the case of irrational rotation, it becomes quasi-periodic, as we will explain in the subsequent
sections.

2.1.3 Autonomous and non-autonomous systems

Hamiltonian systems whose Hamiltonian does not explicitly depend on time are referred to
as autonomous systems. In autonomous systems, the motion is confined to an energy surface
H = E. On the other hand, Hamiltonian systems with explicit time dependence are called non-
autonomous systems. Let us consider a one-degree-of-freedom non-autonomous Hamiltonian
system whose Hamiltonian is denoted by H(q, p;t). If the one-degree-of-freedom Hamiltonian
depends periodically on time, i.e., H(q, p;t+T) = H(q, p;t) with a certain period T, the system
is often called a 1.5-degree-of-freedom system. Hereafter we will employ this type of Hamil-
tonian as a model to study the quantum tunneling effect. We can regard 1.5-degree-of-freedom
Hamiltonian system as a two-degree-of-freedom autonomous system by introducing the so-
called extended coordinate space [32]. Given the Hamiltonian H = H(q, p;t), the canonical
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equations of motion read:

dqg JH

dt ~ ap’ 19
dp  0JH

E—_a_q. (2.15)

We introduce extended coordinate space (qo,q1) := (¢,q) and parameterize the orbits by s € R.
Considering the canonical conjugate variables (po,p;) associated with (go,q1), we can treat
this as a two-degree-of-freedom autonomous system with variables (qo,q1, po,p1). We then
introduce new variables g;, and ¢ as,

d
90 = —dqo, (2.16)
S
dgi . dqy
L (R (s 2.17
q1 1y~ Do =440 (2.17)

Here dot denotes the differentiation with respect to time ¢. The action integral in the extended
coordinate space can be expressed as:

/
. q1' . dqo
L ;0)dt = | L(qo,q91,—)——d
/ (q,q ) / (qO q1 q())ds s

/
1
= /L(%»C]l,q_,)%/ds
40
:i/i(qo,qé,ql,q’l)d&

Here, we seek the Hamiltonian associated with the Lagrangian L. The canonical momenta py,
and p| are introduced by

L
=—5—Gi+L=——=-¢+L=—H, (2.18)
1

, L gyoL oL

pl=— =T 22 20 (2.19)
"7 0q)  qydq1 dq
In this case, the Hamiltonian H becomes:
A =qopy+dipy —L=(—H+¢p—L)q,=0. (2.20)

Therefore, the Hamiltonian related to the extended phase space becomes zero. The kicked rotor
system employed in this thesis is a one-dimensional system subjected to a periodic external
force.

2.2 Properties of non-integrable systems and invariant sets

The behavior of non-integrable systems is highly complex, but studying the invariant sets
greatly helps our understanding. The invariant sets include periodic orbits, stable and unstable
manifolds, among others. In the following, we explain signaures of non-integrable systems by
particularly focusing on the invariant sets.
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2.2.1 Kicked rotor system

Here, we consider the so-called kicked rotor system. The form of the Hamiltonian is given
by

H(p,q.t)=T(p)+V(q)T ) 8(t—n1). (2.21)

nez

Here the mass is set to m = 1 for simplicity, and the period of the instantaneous kick is given
by 7. As mentioned above, the 1-dimesional system subjected to a periodic external driving
force can be regarded as a 1.5-degree-of-freedom system. In paricular, the kicked roter system
is one of the paradigm model systems, exhibiting chaotic behaviors [33]. Below, we consider
the case with the kinetic term T'(p) = p?/2. The canonical equations of motion of the kicked
rotor system is written as

dqg O0H

a op U 222
dp  OH  av(g)

Friuia i —a—qnzezré(t—nr). (2.23)

By integrating the set of equations from t = nt — € to (n+ 1)7 — €, where n denotes an integer
and 0 < € < 7, we obtain a stroboscopic map, which is nothing but the Poincare map in this

situation, as
n qn + TPn+1
£ (q +1) —(, "t ). (2.24)

(¢5.73)

[ ]
(42.P,)
[ ]
® (Go: Po)

(QIﬂpl) o (q1.p1)

M s A

(90, Po)

Figure 2.1: Schematic diagram of Poincaré section of the kicked rotor system (ZZ211) [37].
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where (gn, pn) denotes the value of (g, p) just after each kick. Figure 2 plots examples of the
Poincare section (see Fig. ) for the case with V(g) = kcosg and T = 1, where & stands for the
perturbation strength, respectively. Periodic boundary conditions both in the ¢ and p directions
are imposed.

(@) k=0 b k=1.0

(c)k=4.0 (d) £k=10.0

Figure 2.2: Poincaré section of the standard map.

When £ is small, quasi-periodic orbits and chaotic orbits intricately intermingle in the phase
space. This kind of system is called a mixed phase space system. As k increases, chaotic regions
gradually grow, eventually filling the entire phase space.

2.2.2 Stability analysis around fixed points

In this section, we discuss the stability of the fixed point (or the periodic orbits) in the map.
For the area-preserving map f : R — R?, where detDf(x) = 1 is satisfied, the type of fixed
points is classified based on the eigenvalues of the Jacobian matrix det Df(x) at the fixed point
(or the periodic orbits) of the map [34]:

* Elliptic (stable) fixed points (all eigenvalues are |[A| =1and A # +1)
* Parabolic fixed points ( all eigenvalues are 1 or all eigenvalues are —1 )
* Hyperbolic (saddle) fixed points (all eigenvalues are |A| # 1)

Now, consider a hyperbolic fixed point. Let E; and E, be the stable and unstable vector spaces
of the Jacobian matrix Df(x) at the hyperbolic fixed point p. If we denote the vectors spanning
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E and E,, by v, and v,,, respectively, any trajectory close to the fixed point or the periodic orbit
asymptotically approaches one of these. There always exists an orbit asymptotically approach-
ing a hyperbolic periodic orbit. Similarly, there exist such orbits for the inverse map as well.
These are called the stable manifold W*(p) and unstable manifold W*(p), defined as follows:

Wi (p) = {z e R? | f¥) () — p as k — oo}, (2.25)
W (p) = {x e R? | f®(x) = pas k — —oo}. (2.26)

In the integrable system, stable and unstable manifolds coincide with each other to form the
separatrix. When perturbing the system, the degeneration of the stable and unstable manifolds
on the separatrix is resolved. We define homoclinic points as follow:

{xcR?| kgrfmf(k)(w) —p ie xeW(p)NWi(p)}. (2.27)

Figure 3(a) schematically shows the behavior of homoclinic orbits when a perturbation is
applied. As is seen, the unstable and stable manifolds in Fig. Z3(b) create intricate intersections.
These intersections of stable and unstable manifolds are called homoclinic intersections, and the
points of intersection are referred to as homoclinic points.

Wi (p) )

\
W(p)

Figure 2.3: (a) Schematic diagram of stable manifold and unstable manifolds associated with a
periodic point p. (b) Schematic diagram of homoclinic orbits. hj, h;, and h3 represent homo-
clinic points.

From the definition of homoclinic points, forward and inverse map belong to the set W*(p) N
W*(p), and they become homoclinic points as well. Therefore, the existence of a single homo-
clinic point immediately implies an infinite number of homoclinic points. As the magnitude of
the perturbation increases, the number of homoclinic points generally increases, and the region
of phase space occupied by the homoclinic points becomes larger, leading to the development
of chaotic regions. The intersections of stable and unstable manifolds, as described above, are
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the origin of chaos [35]. The properties of the stable and unstable manifolds governing chaos
are greatly influenced by the local properties of the nearby periodic points. Therefore, stabil-
ity analysis related to periodic orbits is crucial in understanding the properties of dynamical
systems.

2.2.3 Near-integrable systems and KAM tori

In this section, we explain how the mixed system in which the regular and chaotic orbits
coexist in the phase space in nearly integrable systems. In the case of nearly integrable systems,
the phase space is a mixture of quasi-periodic orbits and chaotic orbits. The following theorem
due to Kolmogorov-Arnold-Moser (KAM) is fundamental:

Theorem (KAM [29, 31, B6]). Consider the N-degree-of-freedom Hamiltonian in the following
form:

H(I,0,¢)=Hy(I)+¢€eH (1,0), (2.28)

where € > 0. Consider the domain D C RN. At the point ¢ = (I,0) € D x RN in the phase
space, we assume that the following non-degeneracy condition holds:

dw(c) _ JdH)

 satisfies the Diophantine condiiton:
k-w|>C/|k%, (2.30)

where C and o« > M(M € R) are positive constants, and k = (ky,...,ky) represents arbitrary
integer vector. In this case, in the vicinity of the invariant torus I = c under the Hamiltonian
vector field Xy, there exists an invariant N-dimensional torus under the Hamiltonian vector
field Xy if € is sufficiently small. In addition, the orbits on this torus move with the frequency
vector w(c). This torus is called KAM torus. Moreover, the orbits on each KAM torus densely
fill the KAM torus.

The irrational numbers satisfying the Diophantine condition are slow to be approximated by
the continuous fractional expansion. The KAM theorem claims that the quasi-periodic orbits
whose frequencies are the irrational numbers satisfying the Diophantine condition are robust to
the perturbation and can survive if the strength of the perturbation is weak enough.

Magnifying the region around the KAM tori, we can find island-shaped stable regions ap-
pearing [37]. Chaotic regions are extensively fragmented by countless KAM tori. In systems
with such complex structures in phase space, compared to hyperbolic dynamical systems, there
are fewer mathematical tools available. This is one of the reasons why Hamiltonian systems of
nearly integrable nearly integrable Hamiltonian systems are difficult to handle.

2.3 Energy barriers and dynamical barriers

Quantum tunneling in 1-dimension always occurs as a transition over the energy barrier. In
contrast, as explained in Introduction, dynamical tunneling is a phenomenon that occurs in
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phase space and appears in multi-dimensional and non-integrable systems. In non-integrable
systems, even in the case where the transition is allowed energetically, it happens that the clas-
sical orbits are confined in finite regions. This is because the phase space is decomposed into
(infinitely many) invariant components and the orbits are trapped by each invariant component.
KAM curves are a typical example of invariant sets, and they play the role of barriers to each
other.

To be more explicit, let us consider the double-well Hamiltonian with a one-dimensional
double well potential first. For instance, consider a one-dimensional system with the following
Hamiltonian:

1
H(g,p) = 5p* +V(a), (231)

where,
V(g) = (¢* —a*)*. (2.32)

Here, the potential function V(g) has a local maximum at ¢ = 0, and the energy barrier is formed
around the local maximum. If the energy of a particle on either side of the potential well is less
than the local maximum, the particle cannot move to the other side. In this sense, the barrier
blocking the transition of classical particle is only formed by the potential function. We next
consider a two-dimensional Hamiltonian with a double well potential [37],

1
H(q1,92,p1,p2) = E(p?+p%)+V(ql,qz)- (2.33)

The potential function is given by

Vig1,q2) = (g1 — 1)* + 45 +€q143. (2.34)

For € =0, the Hamiltonian is separable, therefore the system is trivially integrable. On the other
hand, for € # 0, it becomes non-integrable. In Fig. 4, we illustrate the behavior the classical
orbits whose initial energy is larger than the height of the potential barrier. In Fig. Z4(a), the
red and blue curves are the classical orbits confined in KAM tori located on either side of the
potential well, whereas Fig. Z4(b) plots a chaotic orbit wandering over both wells. The aspect
of the coexistence of regular and chaotic orbits in the phase space is displayed in Fig. Z4(c).
Here, we take g» = 0 as Poincaré section X for this system and plot the points on X only when
the orbits cross X with p, > 0. In this way, due to the presence of KAM tori, the orbits cannot
move to the other side of the well even though the energy of the orbit is above the saddle point
of the potential function. As can be seen, KAM tori act as barriers as the energy barrier in the
one-dimensional double well system does so. Here such a kind of dynamically formed barrier
is referred to as the dynamical barrier.
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Figure 2.4: (a) and (b) The colored trajectories represent projections onto the (q;,g>) plane
with different initial conditions for £ = 1.5. indicate the equi-energy potential curves (Z34)) (c¢)
shows the behavior of the trajectories on the Poincaré section X = {(q1,p1) | (91,92,P1,P2) €
R4},
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Chapter 3

Quantum tunneling in non-integrable
systems and semiclassical theory

In this chapter, we discuss the difference between integrable and non-integrable systems in
terms of tunneling splitting, a manifestation of the tunneling effect. After a brief introduction to
the semiclassical treatment of tunneling splitting in integrable systems, the results of previous
studies of non-integrable systems are presented. tunneling splitting in integrable systems shows
an exponential and monotonic decay with respect to Planck’s constant, while a staircase struc-
ture appears in non-integrable systems [0, 1, 12, 173, 14, 15, 6, 177].

In order to explain why such a difference appears, we have to develop a semiclassical anal-
ysis, which is known to be a promising method to specify the manifestation of classical chaos
in quantum phenomena [B8]. We then formulate the time-domain semiclassical theory for dis-
crete mapping systems, which is the main analytical tool of this thesis. Since chaos appears
in the complex domain for non-integrable systems, the number of complex orbits contributing
to the semiclassical propagator increases exponentially with time, but they do not have equal
weights in their magnitude. Thus, the selection of orbits from the potentially contributing orbits
becomes a central problem in the semiclassical analysis using the complex orbits.

3.1 tunneling effect in integrable systems

In this section, we introduce the semiclassical approach to quantum tunneling in integrable
systems.

3.1.1 WKB method

Here, we review the WKB method by taking the following one-dimensional time-
independent Schrodinger equation [39, 40],

2
Ao = (-5 a+v@) o 3.1
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Let us assume the wave function in the following form,

() =Aexp (%S) , (3.2)

where S represents the action. Expanding S with respect to /, we have

h n\?
Substituting (B2) with the expansion (B3) into Eq. (Bl), we obtain the relation,

SIZ ihs//
2 2
The Oth and 1st order terms in 7 respectively lead to

=E—V(q). (34

S/2
70 =E—-V(q), SoS|+Sy/2=0. (3.5)

Solving these differential equations, we obtain,

Sp = i/ V2(E—V(q))dq = i/pdq, S, =Inp. (3.6)

Here, \/2(E — V(q)) represents the classical momentum p, and [ pdq is the generating function
G(q,E) for the canonical transformation from the coordinates (g, p) — (E,0), where 0 is a
pair of canonical conjugate variables of E. Suppose that the energy E of the particle satsfies
E >V(q) for g < q' and E <V(q) for ¢ > ¢', then the WKB wave function at a position g > ¢’

is expressed as,
q
[ pdal ). (3.7)
qt
where C; is a normalization constant.

Consider the energy splitting of a double well potential Eq. (Z32). The following discussion
is based on [B9]. Here we assume the situation where the ground and the first excited state
energies, Ear , E , are nearly degenerated and they form a doublet. If we denote the wave
functions corresponding to these two levels by w(;r and y; , respectively. Due to the symmetry
of the potential, we find that

C 1
¥(q) =~ —=-exp| — 7
Pl

vi () ~ %(w()(quo(—q»,
vo () = %wm)—%(—q)),

Wo(q) represents the local WKB state. Consider the continuity and differentiability conditions
at the point ¢ = 0,

vy (0) = V2y5(0), w, (0)=0, yw;'(0)=0, vy (0)=v2y(0). (3.8)
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Here, we consider the normalization condition,

| wlav*@da~ | w(@Pdg=1/v2. (3.9
Schrodinger’s equations for yp and IVOi are
n* d?
(-5 2 +V(@)) wala) = Eowela), 3.10
n* d?
(-5 5 V@) W6 (@) = B v (0. G.11)

Multiplying the two equations above yields,

2 4
2 (Ey —Eo)yo(a)y™(a) = vo(a) V5" () — V5 (@) w5 (g (3.12)

Integrating both sides of this equation from 0O to e, we obtain,

V)

(B =) = | (wola)vi (@)~ i @V g

= lvovi' — v vili - /0 <w5<q>w$’<q>—%i/(q)wa(q))dq. (313

From Eq. (B8), we have

Eq —Eo = —1*y0(0)yg(0), (3.14)
Ey —Eo = 1" v(0)y0(0), (3.15)

and we obtain the following equation
AE :=Ey —Eg ~ 21>y (0)wo(0). (3.16)

The eigenfunction and its derivative in the classical forbidden region is evaluated semiclassi-
cally as (B2). Using Eq. (B2) and (BI6), the tunneling splitting is semiclassically expressed
as

S
AE %Aexp(—£>, 3.17)
where the amplitude factor A and the classical action S are respectively given as
= —, S = / q)|dq. (3.18)

Here, o : where T represents the period of classical orbit on the energy surface Ej.

T b
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3.2 tunneling effect in non-integrable system

As mentioned in T2, systems with more than two degrees of freedom are generally non-
integrable systems. We can expect that the quantum tunneling reflects the non-integrability of
the system, even though it is a purely quantum phenomenon. In this section, we present previous
studies on tunneling effects in non-integrable systems, especially focusing on the nature of
tunneling splittings as discussed before for the integrable system.

In this section, we will discuss the quantum tunneling effect in non-integrable systems. First,
using a double well potential, and then considering the quantum tunneling effect using the
kicked rotor system discussed in 2211,

In integrable systems, the tunneling tail exhibits exponential decay. However, in non-
integrable systems, the behavior of the tunneling tail is entirely different. This phenomenon
becomes evident by observing tunneling splitting vs 1 /A-plot [41]. In the following, quantum
calculations are performed to observe the increase in tunneling probability. Here, we consider
the kicked rotor system.

)

y_ P A

H:7+V(q)12n:5(t—nr). (3.19)
Here we consider the case with V(§) = —kcos(24) in Ref. [42]. The Poincaré section for this

map is illustrated in Figs. Bl
In the following, let T(p) = p?/2. The time evolution of the quantum map is given by the
unitary operator

U = exp <—%V(é)r> exp <—%T(ﬁ)r) : (3.20)

Let u;, be the eigenvalue of the unitary operator U, and let |¥;) be the corresponding eigenvector.
From the Floquet theory [43], the following solution exists.

O ¥i) = u [ ¥s) (3.21)

where u; = exp(—i%r). Here, |¥) and E; are referred to as quasi-eigenstates and quasi-
eigenenergies, respectively.

Since the potential function is symmetric with respect to the origin ¢ = 0, the grand state
|Wo) and the first exited state |¥;) form a double, and the associated quasi-energies Ey and E|
are nearly degenerate, leading to a tunneling splitting AE := |E] — Ey|. As mentioned above,
the tunneling splitting measures the magnitude of tunneling between two wells. In Fig. B2, we
compare the tunneling splittings obtained for the situation almost close to the integrable limit
with the non-integrable system. As predicted, the tunneling splitting for the former case shows
a simple exponential dependence, while that for the non-integrable parameter case exhibits a
staircase profile accompanied by a series of spiky peaks. The origin for the non-monotonic
behavior found in non-integrable systems has closely been analyzed in [22, 44]. The signatures
of tunneling in non-integrable systems are so different from those in integrable systems. Such
a sharp contrast of tunneling splittings is well recognized on a phenomenological level, but a
semiclassical understanding for such characteristic profile is still lacking.
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Figure 3.1: The phase space for k = 0.25 of the map (Z24) with V(g) = cos(2q). (a) shows
T = 1. Figure (b) shows the case 7 = 0.01.
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Figure 3.2: (a) tunneling splitting AE vs 1/h. The red curve corresponds to the case T = 1,
while the gray curve represents the case with 7 ~ 0.

3.3 Complex semiclassical theory and tunneling effects

Since quantum tunneling is a purely quantum phenomenon, we cannot find a counterpart
in classical mechanics as it stands. However, as shown in section B3, it is possible to de-
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scribe a purely quantum phenomenon by extending classical dynamics to the complex plane.
Technically, this could be done by applying semiclassical theory, which is an approximation of
quantum mechanics in terms of classical mechanics.

3.3.1 Semiclassical theory in the energy and time domains

As classical quantizations, quasi-periodic orbits appear at most in the phase space for inte-
grable systems, one can apply the Bohr-Sommerfeld quantization condition for one-dimensional
systems and the Einstein-Brillouin-Keller quantization for multi-dimensional integrable sys-
tems [2]. On the other hand, for non-integrable systems, the orbits in the phase space are
very complex, and it is difficult to develop classical quantization condition in the same way as
in integrable systems. In strongly chaotic systems, the Gutzwiller trace formula connects the
eigenvalue sequence of the quantum systems to the set of the periodic orbits in the correspond-
ing classical systems [45, 46]. However, even in strongly chaotic systems, one can at most
find the sequence of eigenvalues, and have no way to access individual eigenfunctions within
semiclassical theory. The situation is even worse in mixed systems where regular and chaotic
regions coexist in a single phase space: one cannot provide the semiclassical formula not only
for eigenfunctions but also for eigenvalues. What one can do is to develop the semiclassical
analysis in the time domain.

3.3.2 Semiclassical propagator

Below, we introduce a formulation in the semiclassical analysis in the time domain. To
do this end a semiclassical propagator is derived by applying the stationary or saddle-point
approximation to the fully quantum propagator. In this section, we proceed with the kicked
rotor system, which was also used in the previous chapter. We will first explain the discrete-time
path integral, and then perform a stationary or saddle-point approximation for the propagator to
derive the semiclassical propagator. Here, let us assume that the Hamiltonian for the quantum
system is given as (319), With a perturbation parameter 7, let U be the time-evolution operator
(B20), and |y;,) be the wave function of the system at time nt. The quantum propagator in the
discrete path integral form is

(g1 0" |qo) Z/"'/d611dQ2“'dqn1<Q|U|Qn1>“'<41|ﬁ|40>- (3.22)
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where (g, p) := (qn, pn). Inserting the complete set for momentums we find that,

(10" q0) :/d‘]l"‘dQn—l/dpl"‘dpn—l
1

n . .
X H <Qj+1!€7ﬁT(”f“)T ‘Pj+l> <Pj+1\e*ﬁv(qj)" |qJ'>
=0

1 n .n—1

:(ﬁ) /jIJOd(]jdpj

X exp ;n—l q4j+1—qj)Pj+1/T—T(pj+1) —VI(gj) 7
[;;ﬂ pjs1/T=T(pjs1) <>}]

1 n .n—1 Sn ,
= (%) /qujdpjexp(ly), (3.23)
=0

where,
n—1

Sn(q0,9) = Y., [(¢j11 —4qj)pj1/t—T(pjr1)—V(gj)] 7. (3.24)
=0

The stationary or saddle-point approximation yields the following expression [47]:

~ 1 T
(|0 o) = YA (90,9) exp{ =57 (40,9) +15W>}, (3.25)
Y
(7)
where A (qo0,q) = 1/ |det 59;5520 , sV (g0,q) and u(") denote the amplitude factor associated

with the stability of each orbit 7, the corresponding classical action, and the Maslov index,
respectively. The semiclassical propagator is evaluated by summing over all possible classical
orbits y which start with go = o and end up with ¢ = 3. Note that initial and final momenta o
and B should be real-valued since they are observables.

3.3.3 Time-domain complex semiclassical theory

As previously stated, the transition between different KAM tori is forbidden in the real do-
main. Therefore, if we apply the semiclassical theory for describing tunneling effects, it is
inevitable to extend semiclassical theory to the complex plane. In integrable systems, the in-
stanton orbit is the only complex path that describe tunneling effects, and the transition occurs
only between the states with the same energies.

On the other hand, in non-integrable systems, instanton orbits are fragmented by chaos in
the complex domain. Moreover, due to chaos in the complex domain, multiple complex orbits
could contribute to semiclassical propagator [19, 20]. This is one of the major difficulties of
time-domain semiclassical theory [19, 2(1].

However, the contributions of these orbits to the propagator are not equally weighted, and
their magnitudes strongly depend on the nature of the orbits. The governing factor of the con-
tribution is the imaginary action Im S along the orbits [19]. Since the imaginary action appears
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in the exponent of each contribution, the orbits with larger imaginary actions have negligible
weights compared to those with smaller imaginary actions [1Y, 20, 48]. Therefore, our task is to
find the complex path(s) with the minimal imaginary action out of the candidates complex paths
satisfying the boundary conditions. This will be the main issue in the subsequent sections. The
magnitude of the imaginary action must reflect the behavior of the orbits in the complex plane.

In the next chapter we review recent results on complex dynamical systems in two dimen-
sions. Based on these, an important statement about the candidates of complex orbits that
contribute to the semiclassical propagator is obtained.
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Chapter 4

Complex dynamics and tunneling
effect

As mentioned in the previous section, in evaluating the semiclassical propagtor for non-
integrable systems, an infinite number of complex orbits many complex orbits could appear
in the sum. The aim of this chapter is to give a fundamental result of the theory of com-
plex dynamical systems, which will be used in the semiclassical analysis of quantum tunneling
in non-integrable systems. To this end, we first introduce results on the complex dynamics
in two dimension, especially polynomial maps, developed by Bedford and Smillie. For one-
dimensional complex dynamics, it is rather easy to see that chaotic behavior appears on the
Julia set, which is defined as the boundary between bounded and escaping orbits in the com-
plex plane. On the other hand, in multi-dimensional complex dynamics, the techniques used to
analyze one-dimensional complex dynamics cannot straightforwardly be applied. Instead, the
so-called potential theoretic approach becomes a powerful tool and is used to study asymptotic
behaviors of the dynamics [23, 24, U5, 26]. An important result of Bedford and Smillie is that
the dynamics is mixing and thus ergodic independent of the dynamics in the real plane. In other
words, orbits in the complex plane can reach arbitrary regions of phase space, even though the
real classical phase space is disjointed into separate invariant components. Ergodicity in the
complex plane will be a key property when one develops the semiclassical theory of tunneling
in non-integrable systems. The explanation of complex dynamical systems in this chapter is
based on [4Y].

4.1 One-dimensional complex dynamical systems

As a preparation for dealing with two variables complex dynamical systems, we first present
the results for one-dimensional polynomial complex dynamical systems [50, 51]. The main fo-
cus of this section is the classification of orbits in one dimensional maps. The Fatou set consists
of orbits that behave regularly, while the orbits in the Julia set, which is the complement of the
Fatou set, exhibit chaotic behaviors. Here, for simplicity, we consider a class of polynomial
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maps in one dimension:

P)=+ai 4 tag (d>2).

We classify the types of orbits according to their behavior in the limit of time going to infinity:

I:={z€C]| lim |PX) (2)| = oo}, 4.1)
—>00

K:={zeC| lim PR (2)] < oo} (4.2)
—>00

where / and K are called the set of escaping points and the filled Julia set of P, respectively.
The Julia set is defined as the boundary of the filled Julia set K,

J :=0dK. 4.3)
Additionally, the Fatou set is defined as:
F:=C\J (C:=CU{e}). (4.4)

The orbits on the Fatou set, the complement of the Julia set, are either stable periodic orbits
or sets of orbits that diverge to infinity. Thus, orbits on the Fatou set move monotonically and
so they show regular behaviors.

An example of a one-dimensional complex dynamical system that exhibits non-trivial behav-
ior is the following map P [49]:

Pz 72 4.5)

For this map, we can easily find that = {|z| > 1}, K = {|z| < 1}, and J = {|z| = 1}. Itis also
easy to confirm that the orbits in the Julia set J satisfy the definition of chaos in the sense of
Devaney [57]: (1) the density of periodic orbits, (ii) topological transitivity, and (ii1) sensitivity
to initial conditions.

4.1.1 Potential theory for one dimensional complex dynamical systems

We will examine the properties of the Julia set based on subharmonic potential theory [53].
First, the behavior of the dynamical system around z = o will be explained.

Theorem 1 (Bottcher’s Theorem [54]). For a sufficiently large positive R € R, there exists a
function defined in the region V = |z| > R in the following form:

b
(P(z)=z+bo+?l+---, (bicC (i=0,1,...)) (4.6)
and satisfies,

9(P(2) = (9(2)), (d €N, d>2). 4.7)

This function ¢(z) is called the Bottcher function. We then define the Green function as,

G(z) :=log|o(z)]. 4.8)
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Since the Green function G(z) is defined using the Bottcher function, it is defined around z = eo.
This Green function G(z) can be explicitly written as follows:

1
G(z) := lim — log" [P"(2), 4.9)
where log™t = max{0,logt}. Here, G(z) is also defined around z = «. Here, we discuss
the properties of subharmonic and harmonic functions. A harmonic function is defined as a
function ® such that A®(z) = 0. Subharmonic functions are known as a class of functions
that weaken the conditions of harmonic functions. We now explain subharmonic functions in
C [53,55]. A sub-harmonic function is a function u(z) with the following properties. Let U € C
and u : U — R, and suppose that

1. u(z) is an upper semi-continuous function.
2. Consider a disk D C U. For any harmonic function & : D — R that satisfies u = h on dD,
it holds that u(z) < h(z) on D.

If u is a subharmonic function, the following condition is satisfied for any arbitrary zo € C

1 2

< — u(zo+re'®)do. (reR) (4.10)
21 Jo

u(z0)
This implies that the value of u(z) around zo is always less than or equal to the function at that
point. The equality holds in the case where f is a harmonic function. It is known that sub-
harmonic functions, except for constant functions, satisfy the maximum principle, meaning that
they attain their maximum values on the boundary of the set where they are defined. Let us
define AG(z) = 0 at z = co. Furthermore, by definition of the Green function, G(z) = 0 follows
at points other than z = . G(z) is shown to be a subharmonic function on C. The Green’s
function takes values only on the Julia set [49].

4.1.2 Complex equilibrium measure

Consider the following function u(z) induced from the Green function G(z),

1
U(z) = ﬂAG(z)‘ (4.11)
Eq. (B1I) is analogous to the Poisson equation in electromagnetism, where G(z) corresponds
to the electrostatic potential and u(z) to the charge distribution. In the Poisson equation, the
potential function is determined by a given charge distribution. On the other hand, in Eq. (211,
the surface charge distribution 1t(z) is determined by the given potential G(z) .
The following Brolin’s theorem [56] states that 11(z) is the complex equilibrium measure and
has ergodic properties at the points of the Julia set.

Theorem 2 (Brolin [56]).
1. For any pointa € C, u, = dL" Yoper—r(a)0(2—20) = 1(z) asn — oo.

2. suppu(z) =J.
3. W is preserved under the mapping P and is strongly mixing.

The statement 1 implies that p,, converges to . The statement 2 indicates that the charge
is distributed along the boundary of K. Considering the analogy with electromagnetism, the
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Green function G(z) determines the shape of the perfect conductor as K. Similar to the charge
distribution on the surface of a perfect conductor, it converges to the boundary of the filled
Julia set K. The statement 3 indicates that the orbits on the set J exhibit ergodic behavior.
Here, strong mixing is defined in a probability space (X, %, i) as the condition where for any
A,B € A, lim,_,oo u(f"ANB) = u(A)u(B) holds. The mixing of u immediately leads to the
ergodicity of the Julia set J.

4.2 'Two-dimensional complex dynamical systems

As explained above, in one-dimensional complex dynamics one can see that chaos appears in
the Julia set. We now turn our focus toward the complex dynamics in two dimensions. Below,
we will introduce some recent results on the two-dimensional complex dynamics obtained by
Bedford and Smillie [23, 24, 25, 26]. Their results claim that the Julia set derived based on the
potential theoretic arguments has similar properties shown in that in the one dimensional case.

4.2.1 Two-dimensional complex dynamical systems

The Hénon map has originally been introduced to provide a minimal two-dimensional map
in the real plane [57]. One of the canonical form of the Hénon map is expressed by

‘%ﬂ:(i’):(yz—zxw)’ (4.12)

where a and b denote the nonlinearity parameter and the Jacobian of the map, respectively.
According to Friedland-Milnor’s theorem, polynomial automorphisms can be classified into (i)
elementary map (ii) affine map (iii) Hénon map, and arbitrary two dimensional copmlex poly-
nomial maps can be constructed by combinations of these. Of these three cases (i)-(iii), only
the Hénon map generates chaos [58]. Hereafter, we focus on the case with |b| = 1, that is the
area-preserving case. Note that via the affine transformation (x,y) = (¢ — 1, p), the map (&12)
is reduced to the form of Eq. (Z24) with potential function V (g) = —%qg’ + cq, where c is a real
constant.

The Hénon map system exhibits various behaviors depending on the nonlinear parameter a.
For a > 1, the system satisfies the conditions of a topological horseshoe and becomes conjugate
to a symbolic dynamical system [59]. As the parameter a decreases, the horseshoe structure is
broken [6]. Below, we discuss results that are independent of the value of parameter a and the
map of the real plane is either a mixed or hyperbolic.

Similar to one dimensional complex dynamical systems, two dimensional complex dynam-
ical systems are also distinguished by their behavior as n — c. The set I* of escaping points
and the filled Julia set K* are defined as follows [61] as

I ={(x,y) € C?| lim ||5£¥)(x,y)|| — oo}, (4.13)
k—>too

K*={(x,y) eC? |klir£ 128 (x,y)|| < oo} (4.14)
—> T 00

where the norm in C? is defined as

| = /X2 + [y, (== (xy)€C?). (4.15)
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The Julia set is similarly defined [61]]:

JE=90K*, (4.16)
J=J"nJ". 4.17)

4.2.2 Bedford-Smillie theorem and ergodicity of complex domain

In this section, we will introduce a couple of key theorems for two-dimensional complex dy-
namical systems obtained by Bedford and Smillie. The current convergence theorem, which is
a central result of their analyses, and the series of theorems derived from it hold not only in the
hyperbolic parameter loci but also in non-hyperbolic situations.

In preparation for the Bedford-Smillie theorem, we briefly explain pluri-potential theory in
two dimensions. First, we need to introduce currents, which are essential ingredients in dis-
cussing pluri-potential theory. Consider the set of (p,q)-forms on a compact support Q C C?
[49, B5]:

PP1(Q) = { Z urydzip N Ndzi, Ndzj N\ -+ Ndzj,
\T1=p,l7|=q

ury € Cm(Q)} . (4.18)

Here, an element ¢ of 274(Q) is called a test form, and 27(Q) is the space of test forms,
expressing the dual space of test forms as (274(Q))’, and an element of (274(Q)) as T:

T:974(Q) = C (4.19)
where 7 is called a (g, p)-current. Here, we introduce the (1, 1)-form operator dd* as follows.

2 52
dd® :=2i dzj \dzy. 4.20
1§azjazk 2j N7 (4.20)

This is known as the Monge-Ampere operator [53, 62], which is an analog of the Laplacian
in the one-dimensional case. Similar to the one-dimensional case, we define the Green function
G(x,y) for C? as follows:

1 \
G(x,y) = lim —log*||2#*" (x,y)]| @.21)

Since the Hénon map includes the quadratic term y?, the normalization factor % is put in the
right hand side of (BZ21). This Green function belongs to a class of functions known as pluri-
subharmonic functions. The definition of pluri-subharmonic function is that the functions on
any complex linear curves in C? are subharmonic [53]. Corresponding to the Poisson equation
(E1T) in one dimensional complex dynamical systems, introduce

1
+ c =t
= —ddG, 4.22
% 7 (4.22)
where u* represent what are known as positive currents. A current is a differential form with

distributions as coefficients. For these *, Bedford and Smillie proved the following:
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Theorem 3 (Bedford-Smille [23]).
supp ut =J*. (4.23)

It is important to note that u* are not complex equilibrium measures. Therefore, we cannot
discuss properties like mixing or ergodicity of Julia sets for y*. Instead, we introduce a (2,2)-
form given by [53, b3]

wi=utAu. (4.24)

It has been shown that this serves as an invariant measure in the Hénon map corresponding
to the one-dimensional case. Then, we focus on the support of u:

J* = suppu. (4.25)

Here, J* is called the potential theoretic Julia set.

Theorem 4 (Convergence theorem of currents [?4]). For any algebraic variety M, there exists
a constant ¢ > 0 that satisfies the following equation:

1
s Fn _ +
,}1_?30 o [(FT"M] = cu~. (4.26)
Here, the current of integration is defined as follows. Let ¢ € 211(Q) (M c Q c C?), and
M be a regular point on M. [M] is defined as

/M 0oi, (4.27)

where i is the inclusion map i : M — C2. From current convergence theorem and Eq. (E23), we
can conclude that any manifold iterated by the forward (resp. backward) map tends to the for-
ward (resp. backward) Julia set is guaranteed. Furthermore, the following important theorems
are deduced from this current convergence theorem.

Theorem 5 (Bedford-Smillie [23, D4, D5, DE]).
1. For any unstable periodic points p, W5(p) =J+ and W(p) =J~
2. The measure W is mixing and hyperbolic.
3. {unstable periodic points} = J*

Here, the stable and unstable manifolds for a periodic point p of period » are defined as:

Wi(p)={peC*| A" (p) —p (k— o)}, (4.28)
Wh(p) ={peC* | £ (p) = p (k— )} (4.29)

The statements given in Theorem B hold regardless of the perturbation parameter a of the Hénon
map. Therefore, they can be applied even in the case where mixed phase space is realized.
Note that these theorems only hold for uniformly hyperbolic systems when the dynamics are
restricted to the real domain. From theorem B-2, we can deduce that the dynamics can be chaotic
in the complex domain due to the topological transitivity of the set J*. It is important to note
that numerical observations are usually made by iterating the orbits, so that the filled Julia set K
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or the Julia set J is more directly accessible than the potential-theoretic Julia set J*. It is known
that J* = J holds if the Hénon map is uniformly hyperbolic [23], but the best known result in
the non-hyperbolic situation is that

J . (4.30)

If the two sets do not coincide, then it is possible that there are points in the set J such that they
do not have ergodicity. Therefore it is important to see the relation between the sets J and J*
in the case where uniform hyperbolicity does not hold. If they represent the same set, it turns
out that the orbits in the complex plane can reach everywhere in the Julia set. In section 6.3.3,
we will present a numerical result for the Hénon map suggesting that J* = J is a reasonable
hypothesis even in mixed situations.

On the other hand, the third statement of the above theorem helps a lot in our understanding of
the dynamics in the complex plane. To explain what the properties W+ (p) =J T orW—(p) =J~
mean, let us consider the situation where the mixed phase space appears in the real phase space,
and two distinct unstable periodic points, say p and p’, are located in the real plane but separated
by KAM curves. Obviously, two chaotic regions in the vicinity of p and p” do not communicate
with each other within the real dynamics. However, the above theorem guarantees that there
exists an orbit initially put in a neighborhood of p can access a neighborhood of p’ through the
complex plane. To see this, we first recall that W*(p) and W¥(p’) are different invariant sets
when p # p’, which shows that the forward Julia set J* contains points other than the points
in the stable manifolds. Suppose here that an initial condition q is chosen in such a way that
g€ Jt butq ¢ WH(p). Since W+ (p) = J T, the iterated point of q comes close to and passes by
p. However, at the same time since q € JT = W~ (p), the point q also approaches p’. The initial
point ¢ should be complex; otherwise, the orbit can move only in a region bounded by KAM
curves. In this way, one can see that the regions around unstable periodic points, even though
they are separated by KAM curves in the real plane, are connected through the complex space.

4.2.3 Interior points of the filled Julia set and Siegel ball

If the sets K= have no interior points, then vol(K) = vol(K*™ NK~) = 0 immediately follows.
Here vol(K¥) denotes the four-dimensional volume (Lebesgue measure) of K= in C2. In this
case, by definition, K + — J* and K = J holds. This means that all orbits that remain in a finite
region, including KAM curves, are contained in J. Therefore, if J* = J holds even for mixed
systems, KAM curves turn out to be contained in the set with hyperbolicity and mixing property.

If the Jacobian determinant of the Hénon map is not unity, i.e., |b| # 1, rigorous results are
known: (i) vol(K™) = 0 for |b| > 1 and (ii) vol(K™) = 0 or « for |p| < 1 [63]. The inverse
of the Hénon map is also the Hénon map with Jacobian determinant 1/|b|, so the above results
hold for the four-dimensional volume of K~ with Jacobian determinant 1/|b|. On the other
hand, for |b| = 1, which is our main concern, a rigorous result only tells us that vol(K*) < co.

As explained below, some speculation on the linearization around an elliptic fixed point sug-
gests that vol(K) = 0. It is well known that rotational domains appear when linearization around
a neutral fixed point is achieved in the case of one-dimensional maps [b4, b5]. Neutral fixed
points are those points for which the associated stability is unity, i.e., neither attracting nor re-
pelling. When a neutral fixed point is linearizable, the so-called Siegel disk appears around the
neutral fixed point [66]. Siegel disks occupy a positive area in C, and so the filled Julia set K
has a positive interior if the Siegel disk appears.
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Linearization around a fixed point is also an issue in higher-dimensional complex maps. In
the standard procedure for finding a transformation that provides linearization, the so-called
non-resonant condition is required when constructing the perturbation expansion around the
fixed point [64]. However, for the eigenvalues of the linearized matrix around an elliptic fixed
point in the area-preserving map, there always appears a pair of eigenvalues ¢’X and e~'% with
k € R, which obviously violates the non-resonant condition. Therefore, it is impossible to
proceed along with the standard procedure of linearization, and thus there is no chance to have
Siegel balls, the higher-dimensional version of Siegel disks, around an elliptic fixed point.

4.3 Semiclassically contributing complex orbits and Julia

sets

We have so far overviewed the fundamental properties of the two-dimensional polynomial
complex map. Based on these facts, we next ask how signatures of two-dimensional complex
dynamics manifest themselves in quantum tunneling, especially in the mixed system. As shown
in section B3, the semiclassical approximation is performed by evaluating the multiple inte-
gral (B23) using the saddle point method. The resulting semiclassical formula takes the form
given by (B23). The semiclassical propagator is evaluated by summing over all possible clas-
sical orbits which start with go = o and end up with ¢ = . Note that initial and final positions
o and B should be real-valued since they are observables. The set of points contributing to the
semiclassical sum (B223) is thus expressed as

My =S Nf "B, 4.31)
where,

o ={(p,q) €C*|go=0€R}, B={(p,q) €C*|q=P R} (4.32)

The support of the quantum states is given in general as a one-dimensional manifold in the
two-dimensional real phase space. Depending on the situation, the support may be partially
contained in the regular region and partially in the chaotic region, or can be completely inside
the regular region in mixed phase space. Under such a generic setting, the following result has
been obtained based on mathematical results for two-dimensional complex maps explained in
section (23, D4, D3, D6].

Theorem 6 ([28, 67, 68]). For the Hénon map .7Z, if the topological entropy on R? is positive,
then

JtCcéckt (4.33)
holds. Here,
¢ :={(q,p) € M~ |Im S,(q, p) converges absolutely at (¢, p)}, (4.34)
and the set .Z.. is defined as
Moo= | lim 4P, (4.35)

n—oo
beR
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where,
MP = {(q,p) € C*|p, =P €R}. (4.36)
Here X indicates the closure of X.

Below we explain what this theorem tells us in the description of tunneling and to what
extent complex orbits contributing to tunneling transport can be specified. First, we note that
the positivity of the topological entropy in the real plane is required so that one has unstable
periodic orbits in the real plane. As is numerically demonstrated, the Hénon map is expected to
have chaotic regions and so unstable periodic orbits as well unless the nonlinear parameter a is
negatively large. Note that for sufficiently large negative values of a, the elements of the filled
Julia set K are empty in the real plane, and the above theorem excludes such a situation. It is
by no means non-trivial to prove the positivity of the topological entropy in the real plane when
the phase space is a mixture of regular and chaotic components. We thus assume the positivity
of the topological entropy in the situation we are mainly concerned with.

The set ... is introduced to represent the boundary conditions imposed to initial and final
states. The supports for initial and final states are one-dimensional curves, either in the real
or complex plane. On the other hand, if we fix the initial and final data, the obtained classical
orbits contributing to the semiclassical sum depend explicitly on the values of o and 8, which
cannot be compatible with any invariant sets of the system. Therefore we have to prepare a
setting that allows & and 3 to take arbitrary values.

The most relevant condition specifying the set % is the absolute convergence of Im S, (g, p).
When the imaginary action Im §,, is not absolutely convergent as n — +oo, the following two
situations are possible: Im S, — +oco or Im S, — —oo. The former type of orbits is negligi-
ble, but the latter cannot be excluded in the sense of magnitude. However, the divergence of
Im S, — —oo is obviously unphysical, and those orbits should be excluded from the semiclas-
sical contribution. Here we only mention that the Stokes phenomenon automatically dissolves
this issue and the orbits of the latter type are to be removed as a result of the Stokes phe-
nomenon [272, BY].

We make a couple of technical remarks. The above theorem applies rigorously to the Hénon
map or multiple compositions of Hénon maps at most. This constraint comes from the fact
that rigorous results on complex dynamics in two dimensions are limited to the Hénon map, as
explained in section (23, 24, D3, DA].

This might be a restriction when one considers another class of systems such as the standard
map, or the scattering map introduced below. In this respect, there are encouraging works,
showing that similar behaviors are observed in the standard and semistandard map as well [70,
71]. In the next section, we also use a map containing transcendental functions in the form
of iteration and show that the phenomena numerically found in the Hénon map are similarly
observed.

The second technical remark is that the p-representation is assumed both in the initial and
final states. Such a setting is also not necessary and could be replaced with more general
representations. This is because the proof of the theorem fully makes use of the convergent
theory of currents, which is briefly introduced in section B222. The convergent theorem applies
for any algebraic varieties, which cover a wide class of manifolds supporting the quantum states.

As mentioned above,we can expect that K™ = J T holds. If this is indeed the case, it turns out
that the final statement becomes simpler: € = J*. This shows that the orbits whose imaginary
action is bounded are dense in the forward Julia set J©. In other words, we do not need to
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take into account the orbits outside J© when we want to find the orbits contributing to the
semiclassical propagator. In this sense, we can say that the Julia set controls tunneling transport.
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Chapter 5

Dynamical tunneling and complex
stable manifolds

The theorem stated in the previous chapter substantially narrows the candidate orbits and sug-
gests that one should find out the contributing complex orbits from the set J* at least. However,
the absolute convergence of imaginary action is a necessary condition, but not sufficient. Fur-
thermore, the set J™ still contains exponentially many orbits, thereby the candidate orbits are
not so sharply specified yet.

To explain this more precisely, we recall that the property W*(p) = J* holds for any unstable
periodic orbits p. We can say further that if K+ = J* holds, ¥ = W3(p) follows. Although
this does not mean ¢ = W*(p), it is nevertheless true that the set 4 can well be approximated
by W¥(p). In addition, infinitely many unstable periodic orbits are expected to exist even in
the mixed phase space, and the stable manifold W*(p) of any p runs close to the orbits in €.
Hence, the set % must contain infinitely many orbits, each of which is associated with the stable
manifold W*(p).

On the other hand, the weight of each contribution in the semiclassical sum (B-23) is mainly
governed by the imaginary part of the action, so not all of the complex orbits are equally con-
tributing. The orbits with larger imaginary action are negligible in amplitude compared to those
with smaller imaginary action. To specify the orbits, which are dominant or even most dominant
in the semiclassical sum, we need more detailed information on the dynamics. In this chapter,
we explore this issue by introducing a more appropriate system for the investigation.

5.1 Intersection of complex stable manifolds in the real plane

and the initial manifold

We here consider the scattering map introduced in [[72]:

) 4n+1 =(qn + Pn

: 5.1
{ Pn+1 :pn_vl(Qn)» G-
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where,
V(q) = Vi(q) +Ve(q), (5.2)
Vie(q) = —1—'(6 exp(—84%), (5.3)
Ve(g) = —¢ [erf(V8lg— au)) —erf(VBlg+au])] (5:4)
with,

K\/_ eXP(—SCIb)[ZQf_‘Ib]
T 2B T —exp(—32q501)

The parameters kK and € control the strength of the perturbation and the depth of the central
well around the origin, respectively. The parameter g specifies the position of the fixed points
and the width of the potential well can be adjusted with g,. The potential profile and a typical
phase space portrait when mixed phase space is realized are displayed in Fig. B11. Note that for
sufficiently large values of k with some conditions on other parameters, we can rigorously show
that the map [72] is uniformly hyperbolic [73]. On the other hand, for a moderate parameter
region, regular regions coexist with chaotic orbits as seen in Fig. 51l

The reason for taking the scattering map introduced above, not for taking the Hénon map or
standard map, is twofold. First, it provides a more natural scattering setting than the Hénon
map. The Hénon map gives the area-preserving map with a cubic potential, so it also realizes
a scattering situation. However, since the potential function drops to zero as g goes to infinity,
the scattered orbits are accelerated, not approaching the motion with a constant speed, which
would not be a natural setting for the scattering problem. On the other hand, for the scattering
map introduced here, the orbit tends to a free motion asymptotically in classical mechanics and
a plane wave in quantum mechanics.

The reason for not using the standard map is to avoid difficulties arising from quantum local-
ization in the chaotic sea. The complex orbits assume a kind of amphibious character, and the
orbits responsible for tunneling transports are correlated in the chaotic sea to create dynamical
localization [[74]. This happens in the standard map because a large chaotic region leading to
dynamical localization is extended in the momentum direction. To minimize the effect of quan-
tum localization, which necessarily brings the coupling of non-trivial quantum effects such as
quantum tunneling and localization, we adopt a scattering setting.

(5.5)

5.2 Propagator and the initial manifold

For the time-evolution propagator, we consider the propagator in the form as shown in chapter
3

(qlU™|I) = / /qujndpjexp( iw) (5.6)

Here, I represents the action variable mimicking the regular region shown by a red ellipse in
Fig. B(b). The action S, (1, q) is explicitly written as

2
Su(l,q) = Z{ —qj-1) —%—V(qj—l)}+G(qo,1), (5.7

J=1
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where G(qo, ) represents the generating function leading to the transformation from the original
coordinate (qgo, po) to the action-angle variable (1,0):

Here the function po(qo,I) is obtained by solving the condition 1(qo, po) = 1/2v/A1 A2, which
specifies the position of the initial manifold. The initial manifold is determined by fitting a
ellipse,

c11q” +cngp+cnp’ =1, (5.9

to the orbits numerically generated from an initial point inside the KAM region. The length of
major and minor axes of the ellipse is respectively expressed as 1/v/4; and 1/+/2,, where A
and A>(A; < A2) are the eigenvalues of the matrix ¢;;. The rotating angle of the ellipse is given
by ¢ =tan~ '(vi2/v11), where (vi1,v12) is the eigenvector associated with A;. The generating
function G(qo,1) is then written using the angle variable 6, which is conjugate to the action
variable /, as

1 1 1 /1 1
G(q,I) = <9+§sin29c052(p> — (1—14—1—2) c0s20sin2¢. (5.10)
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Figure 5.1: (a) The profile of the potential function given by (572). (b) The phase space for the
scattering map with k = 3.0, g = 1.2, and g; = 1.0. The periodic point labeled by P4* is the
target periodic point whose associated stable manifold provides the minimal imaginary action,
and the imaginary action associated with the periodic point P8* is almost the same as the one
with P4* (see text). The periodic point labeled by P8* is the one whose associated imaginary
action is much larger than the ones with the periodic points P4* and P8* (see text). The red
curve in the KAM region represents the initial manifold taken to calculate imaginary actions.
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The initial manifold specified by the action variable / is complexified by extending the angle
variable to the complex plane as O = & +i1. The complexified initial manifold is locally two-

dimensional, and has a cylindrical shape, as in the case of the complex KAM curve depicted in
Fig. BI(b).

5.3 Periodic points of the scattering mapping system

The first task in order to seek the most dominant complex paths guided by stable manifolds
is to find the unstable periodic orbits in the chaotic sea. Systematic methods are not known
allowing for complete enumeration of periodic orbits in two-dimensional area-preserving maps.
For the Hénon map, the method proposed by Biham and Wenzel works well in the region where
the map satisfies the horseshoe condition [75]. In this case, a generating function whose extrema
provide periodic orbits is expressed in terms of binary symbols associated with the complete
horseshoe, but it is difficult to apply it to the case where regular and chaotic orbits coexist.

Here we employ the method developed by Davidchack and Lai [Z76]. The method combines
the idea proposed by Schmelcher and Diakonos [[77] with the Newton method. (See more details
in appendix A.) In any method, some tunings based on trial-and-error tests are needed for the
choice of initial guesses and the step width for the iteration since the basin of attraction of the
iteration for each periodic orbit is not known in advance. We have compared the two methods
for the choice of initial guesses; the one suggested in [76], and the random sampling in which
initial guesses are distributed randomly in the phase space. As shown in Fig. 82(b) and (c), we
have obtained overall satisfactory results, although a periodic orbit with period 7 is missing in
the first method. This is because the first method uses the periodic orbits with period m — 1
and m + 1 for the initial guesses, but periodic orbits with successive periods are not necessarily
close with each other especially in the KAM region. The location of unstable periodic orbits up
to period 8 is finally obtained as shown in Fig. B2. Note that the periodic orbits with periods 2
and 3 do not exist in the real plane. This fact can be confirmed as well in terms of the method
of symmetry lines [[78].
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Figure 5.2: (a) Periodic orbits up to period 8 for the scattering map with k =3.0,q7 = 1.2, and
q» = 1.0. (b) Periodic orbits up to period 8, for which initial guesses are distributed randomly
in the phase space. (c) Periodic orbits up to period 8, for which the periodic orbits with period
m — 1 and m+-1 are taken as initial guesses. Note that a periodic orbit with period 7 is missing
in case (c), compared to case (b), but the other ones are common in the two results.
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5.4 Comparison of the magnitude of the imaginary part of

the action along complex orbits

Below, we explain the reason why it is sufficient to compare the imaginary part of the action
for complex orbits associated with periodic orbits in the real plane. Suppose that the com-
plexified stable manifold W*(p) of a certain periodic orbit p € R? intersects with the initial
manifold 7 at a certain point, say z(p) € W*(p) N 1. Recall that intersections between locally
two-dimensional manifolds are isolated points in the four-dimensional space in general. As also
anticipated from the result in section 4.3, the complexified stable manifold W*(p) intersects with
the manifold /, possibly infinitely many times, due to the entanglement in the complex plane.
Consider the points contained in a small neighborhood of z(p) in the initial manifold 7, and
observe how the orbits contained in the neighborhood behave in time. Since the central point
z(p) is a point on the stable manifold W*(p), it approaches the periodic point p as the number
n of iteration gets large. If the size of the neighborhood is sufficiently small, the points in the
neighborhood move in the region close to the stable manifold W*(p) and approach p as well.
But these points pass by p and eventually move away from p because they are not the points
exactly on the stable manifold W*(p). After leaving p, these points move along the unstable
manifold W*(p). Suppose that a complex stable manifold W*(p) extending from a periodic
point p on the real surface intersects an initial manifold 7 at a point. The complexified stable
manifold is locally two-dimensional. The intersection between two 2-dimensional surfaces in
a 4-dimensional space is generally a point. Let z(p) denote this point, which is contained in
W#(p)N1. Here, the complexified stable manifold W*(p) may have infinite intersections with
the manifold / due to the entanglement in the complex domain. Now notice that there should
exist a one-dimensional curve in the neighborhood of z(p) in the initial manifold I such that the
points in the curve, say .Z, come close to the point p as well, and then they move along the un-
stable manifold in the real plane, i.e., W*(p) NIR. In other words, a point in the curve . taken
to be sufficiently close to z(p) moves along W*(p) NR for large n. Obviously, the closeness
of the initial point to z(p) controls the closeness of the orbits from the real plane after passing
by p. In addition, as proved in [[73, [79], for the scattering map considered here, there exists a
scattering region in which the motion becomes monotonic and diverges to infinity. Therefore,
after approaching p along the stable manifold W*(p) the orbits do not gain imaginary actions
because they almost behave as the real orbits. Since the final point ¢ of the propagator (g|U" |I)
should be real-valued, the orbits first approaching the periodic orbit p and then moving close
to the real plane are expected to contribute to the final semiclassical sum. Consequently, to
evaluate the tunneling probability from the initial state supported by the initial manifold to the
scattering region, it is sufficient to evaluate imaginary actions of complex orbits moving along
stable manifolds for the periodic orbits situated in the real plane.

5.5 Imaginary actions and dominant complex orbits

Having the data of periodic orbits in the real plane, we explore what determines the magnitude
of the imaginary action of each orbit. Recall that the action is given as a sum over iterated
variables, so we might expect that the faster the orbit reaches the real plane, the smaller the
imaginary action is gained in its itinerary. To find the orbits approaching the real plane within
a short time, it might be reasonable to focus on the stability of the target periodic orbit. Here,
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the target periodic orbit is referred to as the periodic orbit in the real plane to which the orbits
on the complex stable manifolds tend from the initial manifold. This is because the orbits are
attracted by the periodic orbit with large instabilities. We test this hypothesis for the periodic
orbits obtained here.

Fig. B3 plots the imaginary action of the orbits along the stable manifolds as a function of the
stability of the target periodic orbit. Note that the periodic orbit with period m has m periodic
points, and the locations of intersections between the initial manifold / and the stable manifold
W"(p) emanating from each periodic point p, f(p),..., f™(p) differ from each other, and each
has their own imaginary action, whereas we use the stability exponent attached to the periodic
orbit p, not to each periodic point, in the horizontal axis. Thus, for the same stability exponent
there appear several plots, each of which belongs to the same periodic orbit.

Clearly, the hypothesis linked to the stability of periodic orbits does not work. Instead, the
overall trend is the opposite. We should also note that within the same periodic orbit imaginary
actions depend on which periodic point the orbit from the initial manifold approaches. As
mentioned above, this is because the positions of intersection points in the initial manifold are
different even though the stable manifold emanates from the same periodic orbit.

The next hypothesis is that the position on the initial manifold matters: the larger || = |Im 6|
is, the smaller the imaginary action is gained in its itinerary. This hypothesis also comes from
the observation that the action is evaluated by summing over iterated variables and an initial
large value of the imaginary part might control the imaginary action. We check this hypothesis
and find that, as presented in Fig. 53(b), it does not necessarily work for all the periodic orbits,
but there exist several groups of periodic orbits, within each of which the hypothesized rule
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Figure 5.3: The absolute value [Im S| of imaginary actions versus (a) the stability exponent
A(z(p)), and (b) the imaginary part [17| = |[Im 6| of the initial condition. the hypothesis linked
to the stability of periodic orbits does not work (see text). The stability exponent A(z(p)) is
the larger eigenvalue of the linearized matrix D f(p) where m denotes the period. The initial
manifold is given with ¢y =311.31,c1p = —161.10,¢2, = 108.57.
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works quite well. Here the group is referred to as the sequence of points and is shown in
different colors in Fig. B4(a).

5.6 Characteristics of dominant orbits

The origin of forming the groups seen in Fig. B3(b) can be identified by plotting the position
of intersections in the initial manifold /. As mentioned, the position in the initial manifold
is specified by the coordinate 8 = £ + in. As shown in Figs. BE4(a) and (b), the intersection
points in each group are close to each other and form a sequence around the corresponding spot
in the (§,m)-plane. As expected, the orbits whose initial conditions are close to each other
in the (&,n)-plane follow a similar itinerary at an initial stage of iteration, but spreads over
the entire real phase space after being close to the real plane finally, as shown in Fig. 54(c).
One typical example is the periodic orbits with period 4 and period 8, whose locations in the
real plane and in the (&, n)-plane are indicated in Figs. BI(b) and B4(d), respectively. The
initial positions of these points are very close in the initial (&, n)-plane, so they take almost the
same path in the complex plane, as shown in Fig. 835(a)-(c). After reaching the real plane, they
separate with each other to approach each target periodic orbit, whose location is indicated in
Fig. &I(b). Other orbits behave similarly; the initial conditions are localized to form a spot in
the (&, n)-plane, but the final destinations shown in Fig. B4(b) are scattered in the real plane.
Since the imaginary action is almost determined by the initial itinerary in the complex plane,
the associated imaginary actions take almost the same value if the initial locations are close to
each other, which is shown below.

We now point out an important characteristic of the most dominant complex orbits. As shown
in Fig. B3(b), the orbit along the stable manifold associated with a periodic point with period
4 provides the minimal imaginary action. As marked in Figs. B1I(b), this periodic orbit in the
real plane is located close to the regular region. In other words, the complex orbits with smaller
imaginary actions approach the sticky zone of the KAM region. As a result of this fact, the
itinerary in the complex plane exhibits a pattern that is different from those observed in typical
orbits approaching the periodic orbits in the chaotic region far away from the KAM region.

Figs. B3(a)—(c) display the behavior of the orbit in the complex plane approaching the peri-
odic orbit with period 4. As clearly seen from Fig. 53(c), the orbit does not monotonically tend
to the target periodic orbit, but it once goes under the real plane and then it goes up again. It
finally approaches the corresponding periodic orbit in the real plane. Note that the orbit cannot
behave in this way unless the orbit is temporally trapped by some invariant objects such as pe-
riodic orbits in the complex plane. The non-monotonicity, therefore, originates from chaos in
the purely complex plane. In other words, the trajectory of the orbits dominantly controlling the
tunneling transition is affected by the presence of complex chaos. The reason why one can say
that chaos plays a role in the complex plane is that, as explained in detail in section B2, the
dynamics in the complex plane is controlled by the Julia set J, which is the invariant set gener-
ating chaos. In particular, in the area-preserving map, there are several reasons to believe that
the orbits that do not diverge to infinity are all contained in the Julia set. The behavior of the
imaginary action is similar: it does not monotonically converge to a final value as a function of
the time step, but, as displayed in Fig. B-6(a), it once drops and then converges to a fixed value.
This implies that cancellation of the imaginary action undergoes in time. Such a signature is
common to other orbits leaving the initial manifold with smaller values of |7|.
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In contrast to the orbits with smaller imaginary actions, the orbits tending to the periodic
orbits far away from the regular region behave quite differently. As shown in Figs. B3(d)—(f),
an orbit leaving in a deeply imaginary domain straightforwardly approaches the real plane and
is strongly attracted by the associated periodic orbit. An example of such an orbit is shown
by P8+ in Fig. 51I(b). Reflecting such behavior, the imaginary action also monotonically and
rapidly converges to a final value as presented in Fig. B6(b).

So far, the role of chaos in the complex plane has not been explored in the issue of tunneling.
In previous studies by Shudo and Ikeda [19, D0, ¥, 48, 67, 68, B0], we have shown that the
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Figure 5.4: (a) The same plot as shown in Fig. B3, but the dots belonging to different groups
are distinguished by different colors. (b) The target periodic points in the real plane where
the groups in (a) are shown using the same colors. (c¢) The groups in (a) are shown in the
initial value plane 6 = £ +in using the same colors. The black curves represent the set
Uper #n = Uper{(8,M) € R?|g,(6 = & +in,I) = B} of initial conditions, which contribute
to the semiclassical propagator. (d) A magnification of (c). The intersections associated with
the orbits (period 4 and 8) providing the minimal imaginary actions are shown by the arrows.
These respectively converge to the periodic points marked in Fig. BTI(b).
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complex orbits are responsible for the tunneling transition between the regions dynamically
disconnected within the classical dynamics, and the scenario proposed there was that chaos in
the real plane attracts the complex orbits that reproduce tunneling tails. It has not been clear
whether chaos in the complex plane plays a positive role. If the dominant complex orbit turns
out to be the type of the orbits presented in Figs. B3(d)—(f), it turns out that only the nature of
invariant sets in the real plane matters in the tunneling transition. However, what is found here
is that chaos in the complex plane determines the tunneling transition and plays an essential
role.

It should also be noted that the dominant complex orbits are attracted by the sticky region
around the KAM region. This scenario reminds us of the works of Doron and Frischat [&1], 87].
The authors have emphasized the importance of the coupling with what they called the beach
state, which is nothing but the sticky region of the KAM region. Our observation could be a
piece of evidence justifying the scenario proposed there. Further analysis is strongly desired to
clarify why the orbits landing on the sticky region are temporarily trapped by invariant sets in
the complex plane.
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same orbit shown (a) and (b) tending to the periodic points P4* and P8* plotted as a function
of the time step. (d) and (e) Itineraries of an orbit approaching the periodic point P8* located
in the chaotic sea and far from the regular region, shown in Fig. Bi(b). (f) Im g, for the same
orbit shown in (d) and (e) plotted as a function of the time step.
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Chapter 6

Ergodicity of complex dynamics
and quantum tunneling in non-
integrable systems

As mentioned in chapter 4, the problem of how to sort out the most dominant set of com-
plex paths from potential candidates whose number grows exponentially with time or, in some
classes of systems, infinitely many even within a finite time. This has been partially solved
based on the results in the theory of complex dynamical systems [273, 24, DS, 5, 06, 63]. The
results show that the orbits contained in the Julia set control the dynamical tunneling and the
rest of the orbits have no chance to contribute [48, 67, 68]. This finding would be sugges-
tive for our central question, i.e., the essential difference of tunneling between integrable and
non-integrable systems, since it is known that chaotic behavior is observed only in the Julia
set [23, 24, DS, 5, 26, 63], which in turn implies that tunneling transport is driven by chaotic
orbits in the complex plane.

As made in the previous chapter, further analysis has allowed a more detailed identification
of the complex orbits that are most dominant in the Julia set [?7Z]. This can be achieved by
using a theorem that asserts that stable (or unstable) manifolds for any unstable periodic point
are dense in the forward (resp. backward) Julia set [23, 24, DS, 25, 26]. The complex orbits
that produce the tunneling transport are guided by stable manifolds associated with unstable
periodic orbits in the real chaotic sea [ZR, 48, 67, 6&]. In chapter 5, it was found that the orbits
tending to the sticky zone around the KAM region provide the most dominant contribution in
the semiclassical sum.

We should point out that there is a drawback to the time-domain semiclassical analysis: dy-
namical tunneling is a process that proceeds in a mixture of classically forbidden and allowed
processes. Time-domain semiclassical calculations can only provide transition probabilities as-
sociated with this entire process. In other words, one cannot clearly separate the contribution
from the pure tunneling process in the KAM regime from the process involving chaotic trans-
port. The complexified stable manifold mechanism assumes the periodic orbits in the chaotic
sea, and thus the second half of the process is inevitably influenced by the transport in the
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chaotic sea.

The main objective of this chapter is to elucidate the mechanism of tunneling transport within
the KAM region using the complex path approach. To eliminate the influence of chaotic regions,
we will prepare a system sufficiently close to a certain integrable limit. By doing so, we sup-
press the complexified stable manifold mechanism as much as possible. Nevertheless, we can
observe that dynamical tunneling occurs, and the complex paths carry the tunneling amplitude
as shown in this work.

To realize the situation where the influence of chaos is minimal, we consider an ultra-near
integrable system, which was introduced in Ref. [4]. We say that the system is ultra-near inte-
grable if the system is sufficiently close to a certain integrable limit such that none of the clas-
sical invariant structures inherent in non-integrability are visible in the classical phase space,
compared to the scale of the Planck cell. Obviously, by definition, all the scenarios proposed so
far to describe dynamical tunneling in non-integrable systems, such as chaos-assisted tunneling
(CAT) [, B3, B4] or resonance-assisted tunneling (RAT) [10, IT], could not be applied, since
they all assume chaotic regions or nonlinear resonances in the size of the Planck cell.

6.1 tunneling tails for ultra-near integrable systems
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Figure 6.1: (a) Phase space profile of the classical map (Z-24)). The parameters of the potential
function (&) are set to € = 1.0, T = 0.05 and A = 1.2. The plot (b) is a magnification of the
plot (a). The black box put in the upper-right conner represents the Planck cell with 72 = 1.
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6.1.1 Classical and quantum map

As a model of non-integrable systems, we consider the periodically kicked rotor (Z21). The
angular frequency for the periodic driving is given by Q = 27/7. As usual, the classical time
evolution from n-th to (n+ 1)-th kick is expressed as (Z224). In the limit of T — 0, the classical
map f tends to a continuous time flow system generated by the one-dimensional Hamiltonian
A (p.q) =T (p)+V(q).

Time evolution of the corresponding quantum system is described by the unitary operator
(B220), which will be referred to as the quantum map hereafter. The eigenvalue equation for
the quantum map is given by (BZ21). The eigenvalues are distributed on the unit circle, which
reflects the time-periodicity of the Hamiltonian (ZZ21). Here we assign the quantum number of
quasi-eigenstates in the ascending order of the eigenvalues for the one-dimensional continuous
Hamiltonian .77 (q, p).

6.1.2 Classical phase space for ultra-near integrable systems

Below, we consider the case with the kinetic term 7' (p) = p?/2 and take the following po-
tential function

V(g) = %qz ~2ecos (%) , 6.1)
where A and € are the parameters specifying the length of modulation and the perturbation
strength to the harmonic term, respectively. Recall that a similar potential function was used in
Ref. [K5], but the error function was present there.

For 7 < 1, the system becomes close to the one-dimensional continuous Hamiltonian
A (p,q), thus the phase space is almost covered by KAM curves, as displayed in Fig. B
When the parameter € is small, the KAM circles are slightly deformed due to the presence of
the modulation term in the potential V(g). The reason for calling such a situation as ultra-near
integrable is that the structures, such as Poincaré-Birkhoff chains or stochastic layers around
the separatrix, are invisible compared to the size of the Planck cell. In other words, if the size
of the Planck constant is small enough to resolve the structures of nonintegrability origin, we
do not refer it to ultra-near integrable systems.

6.1.3 Tunneling tails of eigenfunctions

A natural expectation for the profile of the eigenfunctions would be that they exhibit a simple
monotonic decay, as the integrable limit 7 — 0. However, as seen in Fig. B2(a), the ground state
|(g|¥o)|? does not yield a monotonically decaying profile, but the staircase structure appears in
the tunneling tail when &€ is set large. Here, numerical calculations have been performed using
the Advanpix Multiprecision Computing Toolbox for MATLAB [R6], which allows to raise the
precision arbitrarily as far as the computational time is permitted [4].

For comparison, we plot the eigenfunctions for the one-dimensional continuous Hamiltonian,
which is obtained by solving the eigenvalue equation,

Al o) = £ o) )

where £ ,EM) and ‘(I),((M)> denote eigenvalues and the associated eigenfunctions for the Hamilto-
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Figure 6.2: The black curve shows the ground state eigenfunction for the quantum map (B=211),

and the gray one shows that for the truncated quantum BCH Hamiltonian A q(]g%H with M = 3.

The parameters in the potential function (A1) are set to (a) A = 1.2 and (b) A = 3.0, respectively.
The remaining parameters are setto T =0.05, e =1.0and 7 = 1.

nian,
. Moo\
Al = Zl <E> a;. (6.3)
]:

Here qu(glc)H is obtained by truncating the Baker-Campbell-Hausdorff (BCH) Hamiltonian de-
fined through the relation

T, T, iT A
exp( —=V(q) |exp| ——T(p) | =exp | ——HacH | , (6.4)
h h h
where

n A T\ A T\2 A
HBCH=H1+<.—>H2+(.—> Hy+---. (6.5)
i 1h
Explicit expressions for H,, (n € N) can be derived from the BCH formula.
As demonstrated in Ref [4], the KAM curves for the classical map shown in Fig. b1 are
perfectly approximated by the classical analog of the truncated quantum BCH Hamiltonian.

(M)

Therefore, H qg[CH can be a good candidate for the instanton approximation or direct tunnel-

ing [13, I3, 87]. As verified in Ref [4], the profile of |<q|<I>(()M)>|2 does not change even with
increasing truncation order M, implying that the original system is already sufficiently close to
the integrable limit .7#°(g, p). The reason why the step structure appears in Fig. B2(a) and not
in Fig. B2(b) will be discussed in Section b46.

We cannot immediately conclude that the observed step structure originates from the non-
integrability of the system only because the eigenfunction of the quantum map does not have
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Figure 6.3: (a) Classical phase space profile for the Hamiltonian (6-6). (b) The ground state
quantum eigenfunction with different values of the Planck constant. The corresponding eigen-
value is Ey = 6.24 x 1073, The black box at the right upper corner in the plot (a) represents
the Planck cell for the case of # = 0.0105. The parameters in Egs. (b-6) and (bZd) are set to
a=—0.55and € =0.1.

a monotonic tunneling tail but creates the step structure. To show this, we consider the one-
dimensional Hamiltonian in a normal form, which is similar to the normal form studied in
[KX, K9]:

H(q,p) =Ho(q,p)+€Hi(q,p), (6.6)
with
1
Ho(q,p) = 5(¢° + ") +alg’ + 1), (6.7a)
Hi(q,p) =p* —6p°¢* +4*. (6.7b)

In Fig. B3, we give the classical phase space profile and the ground state eigenfunction for
the corresponding quantum Hamiltonian. Clearly, the step structure appears in the tunneling
tail at the exact location is exactly where the island-like equi-energy contours appear in the
corresponding classical phase space. Therefore, the non-monotonic tunneling tail does not
necessarily imply that the system is non-integrable. It is important to note that, as shown in
Fig. B3(b), the position of the step does not move in the g-direction with the change of the
Planck constant 2. As pointed out below, this is in sharp contrast to the ultra-near integrable
situation.

Note that the island-like equi-energy contours are not nonlinear resonances because the sys-
tem is one-dimensional and thus resonance cannot happen there. The staircase in this case
consists of only one step, but in principle one could construct the one-dimensional Hamiltonian
whose eigenfunctions mimic the staircase with multiple steps. However, this does not help to
explain the observed phenomenon.
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Figure 6.4: Ground state eigenfunction for the quantum map (BZZ1)) where V(g) is given by
(BT). with different values of the Planck constant. (Inset) Magnitude of the ground state eigen-
function at a fixed position (¢ = 11) plotted as a function of 1/#. Black and gray curves show
the ground state eigenfunction for the quantum map (BZZ1) and for the truncated quantum BCH
Hamiltonian FI%IC)H with M = 3, respectively. In both figures, the other parameters are set to
7=0.05,e=1.0,and A =1.2.

6.1.4 Planck constant dependence of the step structure

It would not be reasonable to hypothesize that the RAT mechanism works in the ultra-near
integrable situation. First, as seen in Fig. B, the nonlinear resonances, if any, are too small
compared to the size of the Planck cell. The RAT mechanism is supposed to start only after
the Planck cell resolves nonlinear resonances [15]. Before the RAT regime, the direct tunnel-
ing mechanism dominates, and a simple exponential decay without any specific structures is
expected in the tunneling rate y [195] (or the tunneling splitting AE) vs 1/h-plot [42]. The exis-
tence of the direct tunneling regime could be intuitively understood by the fact that the Planck
cell smears out the underlying classical structures. As the the Planck constant becomes smaller,
nonlinear resonances become visible. As a result, the transition from direct to RAT-driven tun-
neling is expected to take place. This is the scenario assumed in the RAT theory.

On the other hand, apart from the standard RAT scenario, one might think that extremely
small nonlinear resonances could affect extremely small tunneling tails. It must be true that any
invariant structure, no matter how small, will in principle leave some form of fingerprints on the
corresponding quantum wave function. However, if the size of such nonlinear resonances is too
small compared to the width of the step observed here, they cannot be the support of the step
structure. Too thin nonlinear resonances cannot cover widespread plateaus in the g-direction.

More decisive evidence to exclude the possible role of nonlinear resonances is the 7-
dependence of the step structure presented in Fig. B4. If the step structure were linked to
some classical invariant objects, the steps should have kept the same position even if the
Planck constant was changed. Recall that this is exactly realized in the integrable model
examined above. The RAT assumes that the coupling is mediated by classical resonances,
so that the resulting structure in the tunneling tail should be attached to the associated
nonlinear resonances. This means that the step should not move with the change of the
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Planck constant, just like the situation shown in Fig. B3(b). It would not be possible to
explain the %i-dependent behavior within the RAT scenario. On the contrary, none of the
scenarios based on certain classical invariant structures can explain the 7-dependent staircase
structure [[4, 0, 071, T4, 15, TA, 83, 84, 90, 91, 927].

Observation of the wave function amplitude at a certain fixed position reveals a non-trivial 7-
dependence. As illustrated in the inset of Fig. b4, the wave function amplitude for the truncated
quantum BCH Hamiltonian A é]llS/IC)H exhibits a simple exponential decay, as expected. On the
other hand, the amplitude of the eigenfunction for the quantum map shows an exponential decay
in a large fi-regime, but it switches to a stretched exponential-type decay. The slope returns to
1 for smaller /. Notice that stretched exponential regions appear when the observation points
hit a plateau region of the wave function. We recall that similar behavior has also been found in
tunneling splitting vs. 1/ plot [42], where non-exponential regions appear due to the quantum
resonance between the librational and rotational states, i.e., the coupling across the separatrix
in the phase space.

6.1.5 Quantum resonance

As clarified in Ref. [4], both the step structure and its /i-dependence are explained as manifes-
tations of the quantum resonance. Here we show that the excited states satisfying the quantum
resonance condition produce the step structure in the tunneling tail. Figure B3(a) plots the

ground state under the the quantum BCH basis ‘QDI(CM) in logarithmic scale. We can see that

the ground state of the quantum map is well approximated by that of the BCH basis, which is
manifested by a sharp drop of the curve near the ground state energy. After this initial drop, the
curves decay overall exponentially, except for small peaks indicated by the arrows in the plot.
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Figure 6.5: (a) Ground state eigenfunctions in the quantum BCH representation |CI>,(€M)) with
M = 3 for different values of %. (b) Ground state eigenfunction in the g-representation in the
case i = 1 (black). The states, k = 125, k = 251, and k = 375 in the sum (69), are superposed
and shown in different green colors. These states are responsible for the small peaks indicated
by the arrows in plot (a). The parameters are set to T = 0.05, € = 1.0, and A = 1.2.
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The eigenvalues corresponding to the peaks can be read off from Fig. B3(a). That is, the
component <<I>,(<M) “P0> takes a large value when the resonance condition

EM —EM™ 4 mEy, meN (6.8)

is satisfied. Here note that the energy associated with the periodic kick is given by Eex := 271/ T.

This condition (BR8) can also be derived from the perturbation analysis [4]. That is, taking the

BCH Hamiltonian H ;gC)H as the unperturbed Hamiltonian, the time-dependent perturbation cal-

culation tells us that the resonance condition (b=X) is given by the condition that the denominator
of the first-order perturbative term is zero.
We can directly confirm that the coupling with the states creating small peaks in the plot of

2 2
‘<<I>,((M) ‘\P0>‘ is responsible for the staircase found in the plot of ‘<q|‘1‘0>‘ (see Fig. B3). To
this end, we expand the ground state as [47],

(q|Wo) = ; <q(<1>£M)> (o) “Po> . 6.9)

Instead of taking the sum over all states k, we include only the states responsible for generating
the peaks observed in Fig. B3(a). As shown in Fig. B3(b), the resulting state reproduces the
observed staircase in the eigenfunction.

The role of quantum resonance has also been emphasized in nearly integrable situations [47].
(" ‘\po>‘2 exhibits a
series of equally spaced peaks at the energies satisfying the same quantum resonance condition
(BR). As a result, the staircase structure appears in the tunneling splitting AE vs 1 /7 plot. In
contrast to the spikes associated with classical nonlinear resonances [47], the staircase in the
AE vs 1/h plot induces the persistent enhancement of tunneling splittings. Here, the persistent
enhancement is referred to as a phenomenon in which the anomalous enhancement of the split-
ting compared to the integrable limit is persistently maintained with the change of 1/A. The
staircase structure observed in the splitting plot becomes less clear as the perturbation strength
T increases [42]. This is because the classical phase space becomes more complicated when the
system is not sufficiently close to the integrable limit. In this respect, the ultra-near integrable
system is a simpler or more ideal model than the system with a relatively large perturbation.
For this reason, we can expect that the study of ultra-near integrable systems will advance our
understanding of persistent enhancement.

For the standard map in a nearly integrable regime, the component

6.1.6 Time evolution of wave packet and staircase structure

In the following sections we will seek a semiclassical understanding of the step structure ob-
served in the previous section. However, as mentioned in Section B3T], there is no semiclassical
formula that provides eigenfunctions of non-integrable systems, and so the most we can do is
to perform the semiclassical analysis in the time domain. We thus study the time-dependent
problem, instead of observing the eigenfunctions.

Here, we observe the time evolution of the coherent state,

aw) = (57) 0|35 0 @+ Pala-@a)|. 610
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The center of the wave packet is chosen as ((¢)a, (P)a) = (0,0). Since the potential (A1) is
close to the harmonic potential when € < 1, this initial packet is close to the ground state of the
quantum map. As a result, we may expect that the initial wave packet is strongly coupled to the
states satisfying the quantum resonance condition (b8).
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Figure 6.6: (a) The variation of the difference d,, between the time evolution of the quantum
map and that of the quantum BCH Hamiltonian with M = 3 (see Eq. (-11)). Snapshots of the
time-evolved wave function at (b) n = 63, (c) n = 94, and (d) n = 126 in case of i = 1. The
parameters in the potential function (b)) are set to T = 0.05, € = 1.0, and A = 1.2, respectively.

Figure B-6(a) plots the difference between the time evolution of the quantum map and that of
the BCH Hamiltonian with M = 3 as a function of the time step. The difference is measured
using the norm defined by

dn::/

As can be clearly seen, the wave function of the quantum map oscillates periodically in time, and
the period can be estimated in terms of the oscillation period of the states satisfying the quantum
resonance condition. Recall that the time evolution of the coherent state |yp) is expressed using
the definition Eex = 27/ T as

(l0" vo) zexp(

Considering the phase part depending on the time step n, we find that the period N during which
the ground state | ¥) returns to the initial phase is given by the condition (Ey/Eex)n = 1, which
leads to N: = E¢/Ey. Since the coherent state (A10) is close to the ground state |¥y), we can
expect that the projection (¥o|wp) to be maximum among others. As can indeed be verified in
Fig. B, the profile of the absolute value |(g|U"|wy)|* becomes close to that of the ground state
atn=kN/2 (keN).

The periodic revival allows us to study the origin of the step structure based on the time-
domain semiclassical approach. The strategy adopted in the next section is essentially the same
as that used in the time-domain semiclassical analysis for the mixed phase space situation [19,
20]. However, chaos in the real plane plays a significant role in the mixed phase space case,
whereas the rotational domains in the complex plane control the observed feature of tunneling,
as explained below.

2

N _i(pWM
(10" wo) — {gle )y g 6.11)

27751Ek

) (a¥e) (Wil vo). 6.1



56 Chapter 6 Ergodicity of complex dynamics and quantum tunneling in non-integrable systems

6.2 Time-domain semiclassical propagator

In the following, we develop the time-domain semiclassical analysis in the complex domain.
We will use the standard formulation based on the Van Vleck-Gutzwiller propagator [45, 93].

In the previous subsection we took the coherent state as the initial state of the time evolution
and observed the time evolved wave function in the g-representation. We therefore consider the
propagator (g|U"|E) where n denotes the time step. The propagator is expressed in a discrete
Feynman path integral form:

(q|U"|E) //qujndp]exp( Eq)) (6.13)

As mentioned above, the coherent state |yp) is close to the ground state |¥) of the quantum
map, and the support of the state |¥y) can be well expressed by the action variable E, since the
system is ultra-near integrable. Thus, we denote the variable representing the initial coherent
state |yp) by the symbol E. The classical action is written as

n(E:9)= Z( ~4j-1) _gpﬁ—fV(CIj—l)>+G(qO,E), (6.14)

where G(q,E) is the generating function leading to the transformation from the original coor-
dinate (g, p) to the action-angle variable (E, 0):

q ! !
G(a.E)= [ pld E)dq. (6.15)

The function p(q,E) is obtained by solving the condition E (g, p) = const, where the constant
specifies the position of the initial classical manifold.

As a simple choice, we take an ellipse as the initial condition, as we did in the section B2.
More specifically, the initial manifold is determined by fitting a rotated ellipse,

T:ci1q” +2cgp+cnp® =1, (6.16)

to the orbits numerically generated from an initial point on the manifold with E(()M) = —1.24.
The generating function G(gq, E) is then written with the angle variable 6, which is conjugate to
the action variable E, as Eq. (b14).

To perform the semiclassical analysis in the complex domain, the initial manifold specified by
the action variable E has to be complexified, which is achieved by extending the angle variable
0 to the complex plane as 6 = £ +in. Note that the complexified initial manifold E is locally
two-dimensional.

The resulting expression of the semiclassical propagator takes the form as

- Sy
(q|U"|E) ZA},exp< P _l—ﬂy) (6.17)

where the sum 7 is taken over all classical paths starting at the initial manifold £ and ending at

.. 825517’)
the final position g. Ay = 4 [ |det Janda

, and Sy stand for the amplitude factor and the classical

action for the classical orbit ¥, respectively, obtained by inserting the path of each orbit. u,
represents the associated Maslov index.
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6.3 Ergodicity in the complex space

As mentioned in introduction of chapter 6, transport between classical forbidden regions
can only be achieved using the complex orbits. The instanton allows the tunneling transition
between the regions separated by the potential barrier. However, the situation to which the
instanton method can be applied is limited at most to one- or multi-dimensional integrable
systems [94].

As shown in chapter 4, in the case of polynomial maps, the dynamics in the complex plane
exhibits ergodicity even though the phase space in the real plane is decomposed into different
ergodic components. We will claim the ergodicity of the dynamics in the complex plane, based
mainly on rigorous results for polynomial maps and numerical results for the maps involving
transcendental functions, including the form of our potential (b1l). Ergodicity in the complex
plane has also been studied numerically for the standard and semi-standard maps [[Z0, ZT]. We
expect that a similar scenario holds for continuous flow systems, but it would be a much harder
task to claim this fact even numerically.

Figure 6.7: An example of CRK. (a) Projection onto the (Re ¢, Re p, Im g) space. (b) Projection
onto the (Re ¢, Re p) plane. The parameters are set to T = 0.01, € = 1.0, and A = 1.2.

6.3.1 Complexified real KAM curves

As for the rotational domain in the area-preserving map, the set of KAM curves could be a
candidate in the area-preserving map. For a given angular frequency @, the motion on the KAM
curve, denoted by %, is expressed as a constant rotation using an appropriate coordinate, say

0, as

c:0— @+2n® (mod2m). (6.18)
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To find such a coordinate @, the conjugation function # is introduced and it should satisfy the
functional equation, o (h(p,q)) = h(F(p,q)). The functional equation could be solved, for
example, by assuming the form of the Fourier series [95]

+o0
o)=Y hne™?. (6.19)

m—=—oo

If such a series has a positive radius of convergence in the complex @-variable, then the corre-
sponding invariant curve with a given angular frequency @ survives in the real plane. A positive
radius of convergence @ implies that the corresponding KAM curves exist not only in the real
but also in the complex plane. The motion on the resulting curve is also expressed as a rotation
(bIR) with the same angular frequency @ in the @-coordinate. Hereafter, we call the set of
such closed curves complexified real KAM curves (CRK), meaning that the curves are obtained
by complexifying the conjugate function (@) associated with a real KAM curve. Since the
orbits on the KAM curves, either in R? or in C2, are bounded as n — oo, they are by definition
containedin K = K" NK™.

An example of CRK is shown in Fig. B71. This was not direclty obtained by calculating the
conjugate function 4(¢), but by iterating an orbit starting from a point sufficiently close to the
real plane. As confirmed in Ref. [27], if the real phase space is almost covered by the KAM
curves, the orbits started in this way follow the CRK well. The orbit, initially close to the real
plane, spirals up in a small interspace between successively aligned cylindrical walls formed by
a series of CRK obtained by scanning the imaginary angle Im ¢. Such a spiral motion along
a bundle of CRK curves is a typical behavior observed for orbits in the complex plane. The
orbit eventually reaches a certain imaginary region and forms a wavy circle there (see Fig. B71).
This wavy pattern is an indication that the natural boundary of the conjugation function i(¢) is
nearby. The natural boundary is a superposition of many more wave components, typically of a
fractal nature [99, 96, 97, OR].

6.3.2 Complexified complex KAM curves

Invariant circles are not necessarily associated with the KAM curves in the real plane. To see
this, we consider the case with € = 0 in the potential function (B1]). In this case, the map is
simply reduced to the discrete linear oscillator,

[ a q+Tp
Fiinear : < ) ) = ( p— (gt p) ) (6.20)

The mapping relation (620) is nothing but the first order symplectic integration of the harmonic
oscillator (g, p) = p*/2+¢*/2. 50 the map fiear preserves the quantity,

1, 1, 1

E = Ep + Eq + E’qu. (621)
For E € R, the orbits obviously move in the real plane. Note, however, that the value of E need
not be real, but can be complex, i.e., E = |[E|e!* (& € R). The constant of motion E makes
sense for E € C, and the motion is confined by the complex-valued manifold. Note that the

space (E, @) € C? completely spans C?.
When € becomes non-zero, the KAM scenario holds in the real plane, as explained. We may
develop a similar argument not only in the real plane but also in the complex plane [99]. A
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Figure 6.8: An example of CCK. (a) Projection onto the (Im ¢, Im p, Re g) space. (b) Projection
onto the (Im ¢, Im p) plane. The parameters are set to T =0.01, e =1.0,and A = 1.2.

simple way of looking at this is to perform a @ = 7 /2-rotation, that is ¢ — ig and p — ip,
which results in the same map (Z24)) with the potential

V(q) = ~q? +2ecosh (1) . (6.22)
2 A

The pure imaginary plane (g, p) € iR is thus an invariant plane under the map, and the or-
bits starting from it remain there. Although these invariant circles are not KAM curves in the
standard terminology, we call these invariant curves complex KAM curves here. It is not clear
whether or not the complex KAM curves exist not only in the pure imaginary plane (g, p) € iR,
but also more generally in the complex plane [99]. If such complex KAM curves exist, we can
also expect them to form a family of invariant circles as seen in the pure imaginary plane (see
Fig. BR). We call them complex KAM curves as in the case of the pure imaginary plane.

If the complex KAM curves have the same origin as the real KAM curve, we can expect
that complexified complex KAM curves (CCK) will also appear, based on a similar argument
using the conjugate function for the real KAM curves. It would be difficult to construct the
conjugate function in general, but we can provide numerical evidence for the existence of the
CCK associated with the pure imaginary plane (g, p) € iR. Figure BR shows an orbit moving
along a set of closed curves in the pure imaginary plane, and it forms a cylindrical wall as in the
case of the CRK (see Fig. B71). The CRKs are associated with a real KAM curve as mentioned
above, while the CCKs are formed associated with a complex KAM curve.

We should note that the total dimension spanned by the rotational domains discussed here
does not amount to the full dimension. First, for a given angular frequency o, if the radius of
convergence of the conjugate function i(@) is positive, the function 4(¢) can be analytically
continued up to each natural boundary. As a result of the extension in the imaginary ¢ direction,
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we gain an additional dimension.

Second, the angular frequency of KAM curves has a positive Lebesgue measure in the angular
frequency interval, so we gain another dimension in the angular frequency space, due to the
KAM theorem. More precisely, this follows from the fact that the irrational numbers satisfying
the Diophantine condition have a positive Lebesgue measure in the real numbers.

Third, we have a further extension in the o direction as performed above. It turns out that the
total volume of the rotational domains including the complex KAM curves is less than 4, since
unperturbed invariant circles with rational angular frequencies are broken when the perturbation
is added, and thus the Hausdorff dimension in the direction of the rotation number is less than
one. This implies that the bundle of rotational domains associated with KAM curves does not
occupy a 4-dimensional volume. This speculation, together with the absence of the Siegel ball,
suggests that the filled Julia set K = K™ N K~ has an empty interior.

6.3.3 J and J* for the Hénon map

b
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Figure 6.9: (a) The intersection W*(p) N K™ between the unstable manifold of an unstable
fixed point (x,y) = (0,0) for the Hénon map and the forward filled Julia set K*. The plots are
drawn in the coordinate plane (®,r) (see text). The colors reflect the number of time steps up
to which the orbits leaving each point in this frame leave a properly chosen finite-sized box.
The red regions show the set of initial points that remain in a finite region for a sufficiently long
time, while the orbits in the blue region diverge to infinity relatively in a short time. (b) The
Green function G™ (x,y), which is evaluated numerically according to the definition (222T). The
parameters of the Hénon map (BE12) are settoa = 0.8 and b = 1.

Here we provide further evidence that ergodicity in the complex plane is not a far-fetched
hypothesis, but a rather reasonable one. The first observation is the comparison of J with J*
for the Hénon map. There may be several ways to visualize the Julia set in C2, for example
by taking a 3-dimensional slice or projection onto a 2- or 3-dimensional plane. However, as
discussed above, the Julia set is likely to have null 4-dimensional volume. This means that a
random sampling of the initial points in C? will not hit the points on J. So we take a slice of J
by an unstable manifold, because unstable manifolds are contained in J~ by definition, which
restricts our sample space to a (locally) two-dimensional plane.

For this purpose, we introduce a local coordinate on the unstable manifold, which is expressed
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in terms of the coordinates in the radial and angle direction as
{(&x =rcos®,&, =rsin®) | (6/A) <r<46, 0 <O <0,}, (6.23)

where A is the stability exponent for the unstable direction. Below, ®; and ®, are taken such
that the orbits in the Julia set are contained in this frame. The radial-angle coordinate is used to
represent the Julia set on the unstable manifold.

If the orbits initially placed on the unstable manifold remain in a finite region as n — oo,
then these points are contained in the forward filled Julia set K*. If K+ = J* holds, then such
orbits should be contained in the set J = J™ NJ~. Note that it will be still difficult to find the
orbits that do not diverge to infinity, since a two-dimensional slice of J is expected to be an
object whose dimension is less than one if K+ = J* holds.

Figure B9 plots the intersection W*(p) N K™, where p is an unstable fixed point of the Hénon
map. The plot was obtained by counting the number of iterations up to which the orbits leaving
each point in this frame leave a properly chosen box of finite size. Thus, the plot can be con-
sidered as an approximation of W¥(p) N K. By increasing the iteration step, we can observe
that all points eventually diverge to infinity and do not stay in a finite region, even though the
shirking rate is extremely slow. This is also another numerical proof that the set K™ does not
have a finite 4-dimensional volume. As can be seen, the set K+, as well as the set J T, exhibits a
fractal structure, which is a typical signature of the Julia set in one-dimensional complex maps
[52].

We show the Green function G (p,q) in Fig. B9(b) using the local coordinate introduced
above. Here, the Green function G (p,q) is numerically evaluated according to the definition
(EZT). As explained in Chapter 4, the support of the Green function G (p,q) is the set J*. We
can see that the finite-step approximation of J*, shown in Fig. B9(a), gives a similar profile to
the support of G (p,q), shown in Fig. B9(b). This result therefore suggests that J = J* holds
even if the phase space is a mixture of regular and chaotic orbits and the system is not uniformly
hyperbolic.

6.3.4 Ergodicity in the complex plane for the ultra-near integrable system

Rigorous results for the Hénon map introduced in Section 271 imply ergodicity of the dy-
namics in the complex plane. The orbits are mixing and thus ergodicity follows on the potential-
theoretic Julia set J*. The argument developed in the last paragraph of Section B2, based on
the fact that WS(p) = J* and W¥(p) = J~ for any unstable periodic orbit p, suggests that any
two regions are connected via the complex plane if the two regions contain unstable periodic
orbits.

Next, we examine the ergodicity for the map under consideration. The formulation based
on the Green function is only available in the case where the map is expressed as polynomial
functions. This is because the normalization, which is achieved by the factor 1/2" in Eq. (B221)),
is not available if the map contains transcendental functions. Hence, we perform brute-force
numerical experiments to verify the ergodicity here.

Since our current interest is in the transition from the classical manifold supporting the quan-
tum initial wave packet |yp), we focus on the transitivity of the orbit starting from the manifold
specified by the action E, which is more explicitly specified by the rotated ellipse I" given in
Eq. (b18).

Here we focus on the orbits starting from the initial manifold, which is specified by the
coordinate (E,0), and tending towards the real KAM or complex KAM curves. The latter
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Figure 6.10: (a) The color plot of the radius of the real KAM curves that the orbits first ap-
proach. The part indicated by the blue box at the upper left is referred to in Fig. BI3. (b)
Magnification of the part indicated by the red box in plot (a). The small red box with the ar-
row indicates the area that is magnified to show the hierarchical structure in Fig. BT2(a). (c)
Magnification of the area indicated by the green box in plot (a). In plot (c) we place the colors
representing the radius of the imaginary KAM curves to which the orbits first tend. The param-
etersare setto T =0.01,e=1.0,and A = 1.2.

is chosen here as the pure imaginary plane. As explained above, the orbit comes close to
a family of CRKs or CCKs and then spirals down to the associated real or complex KAM
curve. Figure BI0(a) shows the initial value plane 6 = & +in, on which we place the colors
representing the radius of the real KAM curves to which the orbits first tend. The radius of
each KAM curve is measured using the coordinate of the position where the corresponding real
KAM curve intersects. Figure BI0(b) is a magnified plot of Fig. BI0(a), whereas Fig. BI0(c)
shows a part of the initial conditions that first approach the CCK curves associated with the
(Im g, Im p) plane. In the latter case, the radius of the KAM curves is also measured using the
coordinate of the position where the associated complex KAM curve intersects. Note that the
set of initial conditions associated with the CCK (see Fig. BI0(c)) is located around & = /2
or 3m/2. The positions are shifted exactly by /4 in the &-direction from the position for the
CRK. In other words, the initial conditions for CRK and CCK are found in the (&, n)-plane
with different values of .

These figures tell us that the target KAM curves change continuously as one varies the initial
condition, meaning that the orbits on the initial manifold can transfer to any KAM curves, either
in the real or imaginary plane. The initial manifold chosen here is nothing special, so this result
suggests ergodicity in the complex plane. Moreover, as plotted in Fig. BT2(a), if we zoom in
some spots, we can find a similar color pattern, which implies that the observed structure is
self-similar and hierarchical. The detail of this tree-like structure is described in Fig. BT2(b).

After approaching the real (resp. imaginary) plane, the orbits spiral up along the family of
CRK (resp. CCK) associated with a real (resp. imaginary) KAM curve that the orbits first
approach. Then they switch to another CRK (or CCK) and start spiraling down again. An orbit
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Figure 6.11: An example of the orbit that first rotates around a set of CRK (blue) and then
switches to a set of CCK (orange). (a) Projection onto the (Re g, Re p) plane. (b) Projection
of the same orbit onto the (Im g, Im p) plane. The parameters are set to T = 0.01, € = 1.0, and
A=1.2.

exhibiting such behavior is shown in Fig. BT1. Figure BTTl(a) and (b) show the orbits projected
on the (Re g, Re p) plane and the (Im g, Im p) plane, respectively. The orange and blue parts
represent the spiral motion along the CRK and CCK curves, respectively. In this case, the orbit
first rotates around a CRK and then switches to a CCK. On the other hand, an orbit shown in
Fig. BT4(b) exemplifies the case where the transition occurs from one CRK to another CRK.
These observations also confirm the transitivity of the orbits in the complex plane.

6.4 Imaginary action of complex paths and the plateau am-
plitude

6.4.1 Classification of the type of the orbits

As confirmed in the previous section, the orbits in the complex plane explore the set J in
an ergodic way, so that the orbit initially placed on the initial manifold I" can come close to
arbitrary real KAM curves. The question we have to ask then is which complex orbits give
the most dominant contribution to the semiclassical propagator (b13). The magnitude of each
contribution in the semiclassical sum (b-I7) is determined by the amplitude factor and the mag-
nitude of the imaginary part of the action (imaginary action, for short). Of these, we focus
on the imaginary action because it controls the order of magnitude of the tunneling tail. The
amplitude factor could come into play, especially if one needs to examine the balance between
the number of contributing orbits and each weight associated with the amplitude factor, but we
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Figure 6.12: (a) The area that enlarges the small red box indicated by the arrow in Fig. BT0(b).
(b) lustration of the hierarchical structure. The vertically aligned structure on the left side
represents the trunk shown in Fig. BT0(b). The horizontally aligned structures in the right box
represent the branches growing from the trunk, and one such branch structure is shown in plot

(a).

will not develop such a detailed argument here, just try to find a rough estimate in terms of the
imaginary action.

To do this, we first classify the type of complex orbits according to their itinerary in the
complex plane. As explained in the previous section, the orbits spend most of their time along
either the CRK or the CCK. They exhibit spiral motions along them unless they are exactly on
the KAM curves. Therefore, it makes sense to classify the type of orbits according to whether
they are along the CRK or along the CCK. Note that the initial manifold I" is close to the former
type of orbits.

Figure B displays the case where the orbits first move to the CRK, while Fig. gives
the case corresponding to the CCK. As remarked above, these two types of orbits are found in
separate regions of the (&,1n)-plane. In the course of time, the orbits once moving along a set
of CRK curves may jump to other CRK or CCR curves and vice versa, as shown in Fig. BTl
Thus, we need to further classify the orbits according to which complexified KAM curves the
orbits approach after moving once along a complexified KAM curve.

The itinerary of the orbits is encoded in the hierarchical structure in the (&, n)-plane. Fig-
ure bT(a) gives the area that enlarges the small red box pointed by the arrow in Fig. BTU(b).
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The main trunk, shown in Fig. BT0(b), represents the orbits that jump directly to the target
CRK, and the higher-order branches, shown in Fig. BT2(a), represent the orbits that stop over
several CRKs before reaching the target. Figure BT2(b) illustrates the hierarchical structure in
the (&,n)-plane. Similar tree structures appear in the case of CCK, although not shown here.

6.4.2 Imaginary action of roundabout paths

The classical action (BT4) is given as a sum over intermediate variables. So we can expect
that the longer the detour, the larger the imaginary action will be. In particular, if the orbit once
travels along a set of the CCK and returns to another set of the CRK, it gains an extra imaginary
action, resulting in a smaller contribution to the semiclassical propagator.

Before examining roundabout paths, we confirm that the orbits associated with the CCK do
not qualify as candidates for the semiclassical contribution. In Fig. BT3, we show the behavior
of the imaginary action and the projection of the orbits onto the (Re g, Re p) plane, respectively.
Several representative initial conditions are chosen from the plot in Fig. BI0(c). As can be seen
in Fig. BT3(a), the imaginary actions do not remain constant, but increase or decrease mono-
tonically. This behavior is in sharp contrast to that found for the orbits associated with the CRK
(see Figs. 14 and B135). In addition, Fig. BT3(b) clearly shows that the orbits projected onto
the (Re g, Re p) plane obviously deviate from the real KAM curves, since they rotate around the
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Figure 6.13: (a) The variation of the imaginary action for the case where the initial conditions
are chosen from the plot shown in Fig. BT0(c). The dot is plotted at each time when Im ¢,, =0 is
satisfied. (b) The projection onto the (Re g, Re p) plane of the two of the orbits used to plot (a).
One rotates in an outer region, while the other rotates in an inner region. The initial conditions
of these two orbits are close to each other and are represented by the dot. The parameters are
setto T=0.01,e=1.0,and A = 1.2.
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CCK and do not approach the real KAM curves. For these reasons, we can conclude that the
orbits associated with the CCK do not need to be taken into account.

As for the orbits starting from the side branches in the hierarchical tree structure, the asso-
ciated imaginary action is larger than that for the main trunk as shown in Fig. bT4d(a). The
imaginary action of the orbit starting from the trunk quickly reaches almost the final value. On
the other hand, the imaginary action for the orbit leaving a branch in the hierarchical structure
takes a rather small value for a while, then it gives a value that is larger than the imaginary action
obtained for the trunk orbit, although its final manifold is almost the same as that for the trunk
orbit. This is also due to the fact that higher-order orbits make a detour before reaching the final
real KAM curves. As can be seen in Fig. bT4(b), the former orbit jumps directly to the final
manifold, whereas the latter orbit rotates several times before reaching the final manifold. The
latter orbit is temporarily trapped by an inner CRK, then it moves to the final manifold. This
observation tells us that the relevant complex orbits that dominate the semiclassical propagator
(BI72) are the orbits located in the main trunk in the hierarchical structure.

Notice that all the complex orbits do not necessarily contribute to the semiclassical prop-
agator when applying the semiclassical approximation in the complex domain. This is be-
cause the so-called Stokes phenomenon occurs when applying the saddle point approxima-
tion [TO0, TOT, 102, TO3, TO4]. A simple example of the Stokes phenomenon can be found
in the evaluation of the Airy function using the saddle point method [T05]. The Stokes phe-
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Figure 6.14: (a) The variation of the imaginary action for the case where the initial condition
is taken from the main trunk shown in Fig. BT0U(b) (red) and the case where it is taken from
a higher order branch shown in Fig. BT2(a) (yellow). (b) The projection onto the (Rep,Req)
plane of the orbits used to plot (a). The red and yellow dots placed around the center of the plot
indicate the initial points. Note that the target real KAM curves are almost the same for both
cases. The parameters are setto T =0.01, e =1.0,and A = 1.2.
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nomenon also occurs when evaluating the multiple integral, but it is by no means trivial how
to deal with the Stokes phenomenon for the integral with more than two saddles [T06, T07].
This is a central issue in recent developments in resurgent theory, and some attempts have even
been made in chaotic systems [22, 63]. However, we do not take such a sophisticated approach
here, but simply observe the sign of imaginary action. Such a crude approach is justified by the
fact that the complex orbits with negative imaginary actions give exponentially divergent con-
tributions, which should be eliminated when evaluating the exponentially decaying tunneling
tail. Therefore, we will treat the problem simply by neglecting the region where the resulting
imaginary actions take negative values.

6.4.3 Complex orbits attaining the minimal imaginary action
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Figure 6.15: (a) The variation of the imaginary action for the cases where the initial conditions
are chosen from the main trunk with smaller values of 1 (red) and larger values of 1 (yellow).
The former is taken from the point in Fig. BT0(b), while the latter is taken from the point in the
blue box in Fig. bI0(a). So the value of 1 is smaller in the former case than in the latter. (b)
The projection onto the (Re g, Re p) plane of the orbits used to plot (a). Note that the target real
KAM curves are almost the same for both cases. The parameters are set to 7 = 0.01, € = 1.0,
and A = 1.2

We will further narrow down the candidate complex orbits. As shown in Fig. 6110, there
are not one but many trunks accompanying the hierarchical structure. Among them, the most
dominant orbits are determined by the value of 7, the depth of the initial position in the (&, 7n)-
plane. Such a principle is generally valid not only for ultra-near integrable systems, but also for
mixed systems, where chaotic regions are relatively large and visible [20, 271, 67, b&].

As found in [277], the complex orbits departing from the position with smaller 17 give larger
contribution in mixed systems. We have compared the imaginary action along the stable mani-
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fold associated with unstable periodic orbits in chaotic regions surrounding the regular region.
The reason for focusing on stable manifolds is precisely the fact that W*(p) = J* holds. It
was also shown in [2&] that the complex paths connecting the initial and final manifolds for the
propagator are well approximated by the stable manifold over time.

Note, however, that there is an important difference between the situations examined here and
n [277]. In the previous case, the complex orbits eventually approach real chaotic seas, while in
the present case, the orbits repeat spiral-up and spiral-down motions and keep oscillating in the
complex plane, as explained above. Despite this difference, it is common that the orbits with
smaller 1 carry smaller imaginary actions and thus give larger contributions in the semiclassical
sum. This can indeed be verified by plotting the imaginary action for the cases with different 1.
As shown in Fig. BTS, the orbits leaving a trunk with smaller 1) gain smaller imaginary actions
compared to the cases with larger 17, even though the target real KAM curves for both cases are
almost the same.

6.4.4 Complex orbits satisfying the boundary conditions

Now that we have information about which orbits have the smallest imaginary action, we
examine whether these orbits can explain the step structures found in the time evolution of the
wave packet, shown in Section Bl. Since we consider the propagator in the form (6172), we
have to consider complex orbits whose final g, is real-valued. We also need to focus on the
propagator at each time the condition when the step structure appears in the time evolution.
As shown in Fig. b and discussed in Section b1, the step structure appears periodically with
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Figure 6.16: The set .#y defined by (624)). Plot (b) is a magnification of the area enclosed by
the red square in plot (a). The gray curves in plot (a) attached to the &-axis are called natural
branches [19, 20]. The parameters are setto T =0.05, e =1.0,and A = 1.2.
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period N/2 = Ex /Ey = 63. The factor 1/2 appears because we are looking at the absolute value.
Figure B4 plots the set of initial conditions satisfying Im gy = 0:

My ={q0=(§,n) € C*[(g0,po) €T, Imgy =0} (6.24)

The plotted region is chosen to contain the region that gives the minimum imaginary action.
Each string in Fig. BTA represents a single complex orbit satisfying the condition Im gy = 0.
As one moves along each string, the final value Re g, changes from —oo to +oo.

Since we are interested in the amplitude of the time-evolved wave function at the position
where the underlying real KAM curve supports the eigenstate excited by the resonance con-
dition (BR), we focus on the orbit satisfying the condition Re gy = ¢', where ¢' denotes the
coordinate of the turning point obtained by projecting the associated real KAM curves onto the
g-axis.

Figure b.17 shows the variation of Re g, and Im ¢, as a function of the time step. As expected,
Im g, is found to be zero when Re g, is almost equal to the position ¢' of the turning point. This
period coincides with the period of oscillation of the step structure of the wave function (see
Fig. b6). Therefore, it makes sense to evaluate the corresponding imaginary action at each
point in time when the periodic oscillation occurs.

Figure BT8R gives the behavior of Im §,,, for which the two different KAM curves satisfying
the resonance condition (B-=8) are chosen as the final manifolds. The light blue curve shows the
case where the final KAM curve is the support for the first excited state (m = 1) in Eq. (b=X)

(b)

period = 63.01
= period = 63.49

0 100 200 300 400 500 0 100 200 300 400 500
Time step Time step

Figure 6.17: The behavior of (a) Re g, and (b) Im g, for the orbits moving along the CRK. The
light blue and dark blue curves show the cases where the orbits move along the CRK associated
with the real KAM curve supporting the first resonance state (m = 1 in Eq. (E-8)) and the second
resonance state (m = 2), respectively. The dots in the plot (a) indicate the points when Im g, =
0 in plot (b). The parameters are set to T = 0.05, € = 1.0, and A = 1.2.
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and the dark blue curve corresponds to the case for the second excited (m = 2) state. We can
see that, at each time step where Im g, = 0, the value of Im S, remains almost constant. The
behavior of Im S, is the same in the case where the value of 1 of the initial position is large (see
Fig. B19), but the imaginary action thus obtained is larger and makes a smaller contribution,
for the reason mentioned above.

As shown in Fig. T4, the orbits with larger imaginary action make a detour before reaching
the target manifold, while the orbits with the smallest imaginary action jump directly to the
final manifold. As shown in Fig. BT4(a), the variation of Im S,, occurs in a very short time,
which means that there is almost no “loss of imaginary action" in the transition process. The
wavy pattern of the final manifold appears, as explained in Section B3, because the iterated
orbits are close to the natural boundary. We notice that the initial condition for the orbit with
the smallest imaginary action is located around the region where the wavy manifold bends most
inward. It is as if the orbit was on the final manifold from the beginning.

We can understand the behavior of the most dominant complex path more clearly by ob-
serving the 3D plot. As shown in Fig. 19, the most dominant path is located very close to
or exactly on the wavy part of the final manifold from the beginning. It shows no detour, but
jumps directly to the final manifold. After that it starts to spiral down to the real plane. In
other words, the ‘shortest path’ in terms of distance in the complex phase space gives the orbit
with the minimal imaginary action, and this would be a principle specifying the most dominant
complex path.

(a) (b)

- (™ Al =
l ami

Figure 6.18: The behavior of Im S, for the orbits moving along the CRK. The light blue and
dark blue curves show the cases where the orbits move along the CRK associated with the real
KAM curve supporting the first resonance state (m = 1 in Eq. (b8)) and the second resonance
state (m = 2), respectively. Plot (b) is a magnification of plot (a). The dots indicate the points
where the condition Im g, = 0 is satisfied (see Fig. B17). The parameters are set to T = (.05,
e€=1.0,and A =1.2.
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Figure 6.19: Illustration of the complex path with the minimal imaginary action. The pink
bottle-shaped manifold represents the initial manifold I". The red curve shows the complex path
with the minimal imaginary action, which jumps to the final manifold colored in blue. The wavy
pattern indicates that the CRK is close to its natural boundary. The complex path is captured by
such a wavy part of the final manifold.

Figure shows that the minimal imaginary action ImS, evaluated according
to the principle described above, reasonably well reproduces the squared magnitude
\Con,(cM) (@) = ‘<q‘CI>,(€M)> <<I>,((M)"I’0>‘2 in the sum (B9). The reason why the semiclas-
sical prediction quantitatively overestimates the quantum calculation would be that we have
given a rough estimate only using the imaginary action, without including the amplitude
factor here. Another reason, which must be a major one, is that our initial condition |y) and
the associated classical initial manifold I" is too crude to approximate the ground state |Wo).
As found in Fig. B, the classical invariant circles are deformed from the set of ellipsoidal
curves I" due to the second term in (B1l), so the support of the minimal wave packet does not
approximate the underlying invariant curve supporting the ground state of the quantum map.

As can be seen in Fig. B2(a), the grand state wave function |(g|%)|* of the quantum map

coincides with that of the truncated quantum BCH Hamiltonian I:Iq(glc)H up to the first plateau.
Recall that the part up to the first plateau could be reproduced by the branches that are connected
to the £-axis, shown by gray curves in Fig. BIA. These branches are called natural branches
in Refs. [19, 20]. The points connected to the &-axis correspond to the turning points of the
KAM curves in the real plane. The natural branches are the complex paths that already exist
in the integrable limit, so they can be regarded as an analog of the instanton. The result shown
in Fig. implies that, up to the first step, the complex orbits other than the natural branches
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Figure 6.20: Ground state eigenfunction |(g|Wo)|* (black).  Squared magnitudes
2
|C0n,(<M ) (q)|2 = ‘<q’CI)]((M)> <CI>,({M) “PO>‘ in the sum (B9) (light green). The resonance states

k = 125 and k = 251 are shown in dark green, respectively. The red curve shows |y.(q)|? :=
exp(—2|ImS| /%), where Im S is the minimal imaginary action evaluated according to the prin-
ciple given in the text. The parameters are settoi=1,7=0.05, e =1.0,and A = 1.2.

do not manifest themselves in the amplitude of the wave function, although they have smaller
imaginary actions. This must be due to the fact that the real actions Re § of these orbits are
random and cancel each other out.

On the other hand, at the plateau energy for which the resonance condition (B-R) is satisfied,
the complex orbits contribute coherently due to the constructive interference, which will be
explained in Section B3. The decay after the plateau, similar to the initial decay curve described
by the natural branches, would be associated with the natural branches connected to the KAM
curve supporting the first resonance state (m = 1).

The most important result would be that the minimal imaginary action Im S always takes
lower values than the instanton action represented by the natural branches. This means that
the enhancement of the tunneling probabilities occurs precisely because the transport is driven
by the orbit in the Julia set. So far, the origin of the enhancement of tunneling probability in
non-integrable systems has been sought in several ways, but the description in the paper [T0¥]
is the first time, to the author’s knowledge, that its direct origin has been pointed out.
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6.4.5 7h-dependence of the step height
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Figure 6.21: The black curve shows the ground state eigenfunction for the quantum map (B=21])
and the red curve is obtained by the smallest imaginary action Im S (see text). The line with
slope 1 is added for reference. The parameters are set to 7 = 0.05, € = 1.0, and A = 1.2.
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We now recall that the position and height of the steps move as a function of 7, as shown
in Fig. B4. The step appears on the KAM curve supporting the eigenstates that satisfy the
resonance condition (b8), so we can specify the fi-dependence of the step position. On the
other hand, the dependence of the step height on 7 is not trivial. In fact, as demonstrated in the
inset of Fig. B4, the stretched exponential growth appears when evaluating the step height at
a fixed ¢ as a function of #. This behavior is quite anomalous since one normally expects an
exponential dependence in the tunneling tail.

Our semiclassical calculation qualitatively predicts this stretched exponential dependence
well, as shown in Fig. B21l. The reason for the quantitative discrepancy between the semiclas-
sical and quantum calculations is the same as mentioned above. As the value of 7 increases, the
KAM curve satisfying the resonance condition shifts outward. Correspondingly, the complex
orbits necessary to describe the transition should reach outer KAM curves, so the associated
imaginary action becomes larger. However, we have to divide the imaginary action by % to
calculate an individual semiclassical contribution of the form exp(—ImSy/i). Thus, ImSy in-
creases with increase of 7, while the denominator is simply proportional to 7%, so that a subtle
balance arises from the competition between the denominator and the numerator in the imagi-
nary phase —ImSy /7. Our result shows that the resulting /-dependence is stretched exponential,
which is consistent with exact quantum calculations.

This stretched exponential dependence predicts a non-trivial nature in the complex classical
dynamics. The above result shows that

exp [—Im S(ly,1)/h] ~exp (—nH), (6.25)
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where 1 ~ 0.275 is numerically estimated. Here /y and I denote initial and final actions, respec-
tively. Assuming the classical quantization condition /y = noh and I = nh for the initial and final
KAM curve, and also focusing on the decay of the height on a certain fixed plateau, meaning
that n — ng is fixed, the above 7 dependence holds if

Im S(lo, 1) ~ (I —Ip)* (6.26)

is satisfied. This is a relation that should hold in order to understand the observed phenomenon
in the tunneling tail. This relation is purely classical, so it should be derived from the property
of complex classical dynamics. This task is left for future investigation.

6.4.6 A-dependence of the step structure

As shown in Fig. B2, the step structure appears in the tunneling tail for a smaller A case,
while it is hidden in the tail of the grand state contribution for a larger A case. The result given
in Fig. implies that this is due to the fact that the minimal imaginary action for the former
case is smaller than that for the latter case. Since the smaller the value of 7 in the initial value
plane (&,1), the smaller the imaginary action is, as discussed above, we can expect that the
orbits with the minimal imaginary action for the smaller A case will be found in a smaller n
region in the (&, 7n) plane compared to the larger A case.

The validity of such a prediction is almost confirmed by plotting the set K™ in the (£,1)
plane. The colors in Fig. show the number of time steps until the orbits leaving each point
in the (§,m) plane are out of a properly chosen finite sized box. Such a plot is expected to
approximate the set K, as done in Fig. B9(a).

The boundary between the red and blue regions roughly indicates the natural boundary of the
KAM curve supporting the ground states. Recall that our initial value curve I is determined to
approximate such a supporting KAM curve. Since the orbits with the minimal imaginary action
are close to the natural boundary, the comparison between Figs. B22(a) and (b) would lead to
the prediction that the minimal imaginary action for the A = 1.2 case is smaller than that for the
A = 3.0 case. This qualitatively explains the difference between Figs. B2(a) and (b).
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Figure 6.22: The initial value plane (&, 7), in which each color is assigned to reflect the number
of time steps until the orbits leaving each point in the (&,7n) plane leave a properly chosen
finite-size box. The red regions show the set of initial points that remain in the finite region
for a sufficiently long time, while the orbits in the blue region diverge to infinity within a short
time. (a) A = 1.2. (b) A = 3.0. The parameters are set to T = 0.01, € = 1.0.

6.5 Real action of complex paths and quantum resonances

As shown in Fig. B4, the step structure shifts with the change of the Planck constant 7. This
h-dependence is explained by the fact that the step structure is caused by the quantum resonance.

2
We can see the resonance in the plot of ‘ <‘P,£M) “Po> ‘ (see Fig. B3(a)). Small peaks found in the

2
plot are responsible for creating the step structure in the plot of ‘ (q\‘Po)) (see also Fig. B3(b)).
Here we try to give a semiclassical understanding of this quantum resonance phenomenon.

2
Since the eigenfunction ’<‘P,((M) )‘I’0> ’ is not directly accessible in the energy-domain semi-
classical analysis, we consider the problem again from the time domain. Below we use the
notation |E) instead of |¥') in order to represent the eigenstate of the integrable approximation.
For simplicity, we assume that the complex orbit with the minimal imaginary action is unique.
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In this case, the semiclassical propagator can be expressed as
N i
(E|U"|Eg) ~ Y Ayexp <ESY(E7E0))
Y
i .
=Y Ayexp <ﬁ (Sy(E,Eo) +1s’y’(E,Eo)))
Y

1 1
~ Ay . exp (—I;ngﬁmm (E,Eo)) exp (ﬁ (Sg,min (E,Eo))) , (6.27)

where Sy (E, Ey) denotes the classical action of the orbit ¥, which connects the initial state |Ep)

and the final state |E), and A, the associated amplitude factor. The initial and final states are
assumed to be the eigenstates of the Hamiltonian H]glc)H. S;,(E ,Ep) and S;j(E ,Eo) are the real
and imaginary part of the action, respectively, and i, represents the complex orbit with the
minimal imaginary action.

Let  be the angular frequency of the KAM curve supporting the states |E). We can assume
that the number of time steps during which the orbit travels along the associated KAM circle is

(a) (b)
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Figure 6.23: (a) The behavior of the real action as a function of time step for different values
of 7. The straight line is obtained by applying the formula (632). (b) Schematic illustration
showing the direction of rotation on different CRK curves.
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N, where N is the period of oscillation of the quantum wave packet. Since 7 < 1 is assumed, we

can approximate the discrete-time dynamics by the flow of the continuous Hamiltonian H}(;C)H
Using the relation @ : Q =1 : N, the period T of one cycle for the flow system is given by
T = N7 =2n/w. The classical action for one cycle

N

S(E) =Y. ((a:=a5-1) pi= 7 (T(ps1) +V(a) ) (6.28)

J=1

admits the continuous approximation,

]{pdq / V(g))dt

=2n(I(E) E/(o)
- Q%Nu(mw _E). (6.29)

Here the action integral for one cycle

1
I(E d 6.30
(E)= 5~ f pdq, (6.30)
is introduced.

In the following, the number of iterations will be counted in unit of one cycle over each KAM
curve. Under such a count, the amount of action gained in a cycle is given by

2—ﬂ'-(I(E)a)—E). (6.31)
Q
As shown in Fig. b723, the real action increases while oscillating periodically in time, and we
can confirm that the slope of the points taken at each period of oscillation follows the above
formula (B31).

Now suppose that the orbit, initially located on the manifold given by H ](BIC)H = Ey, rotates

around it /-times. Then it moves to another manifold nggH = E and rotates around it also /-

times. We can assume the existence of such an orbit due to the ergodicity of the dynamics in
the complex plane. The action gained in the course of such an itinerary should be

Seycte(E) := S(E)/N =

T 0®0-E) - (E)0—E)). (632
Here we have neglected the real action contribution gained in the transition process from the
initial manifold to the target manifold. This is justified by the fact that the orbit with the minimal
action jumps almost instantaneously from the initial manifold to the final manifold. The minus
sign in front of the second term is necessary because the orbit rotates in the same direction on
both manifolds (see the illustration in Fig. B23(b)) .

We then recall the quantum resonance condition (b)), which implies that

S;,min (E,E0)~£Scycie(E) — €Seycie (Eo) =

I(E)® —I(Ey)wy = mhQ.  (m € N) (6.33)

Here we assumed the Bohr-Sommerfeld quantization condition on each KAM curve.
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Using the expression (b32) together with (B33), we find that

. An 1, - i2m/
nlgrolo<E|U |EO> - AYmin eXp <_ES7min <E’EO)> E:Ztlexp <_ﬁﬁ ( o EO)) ’
Since we are looking for the nature of the eigenfunction shown in Fig. B2, we include the
iteration in the backward direction so that the sum should go from ¢ = —co to co. Applying the
Poisson sum formula, we obtain that

n—oo h Ymin

lim (E|U"|Ey) ~ hQA,__exp (—15” (E,E0)> Y 8(E—nQn). (6.34)

n——oo

The final expression is consistent with the observation made in Fig. B3(a). The mechanism that

2
produces a series of peaks in the plot of ) <‘P§ZM) “P0> ’ is explained by constructive interference

of the complex orbit going back and forth between the initial and final manifolds.

Finally, we examine the validity of our assumptions. First, we have considered only a single
orbit, while other complex orbits with imaginary actions comparable to the minimal imaginary
action may come into play. This is very likely because the orbits are dense in the Julia set J.
In every neighborhood of the orbit found to have the minimal imaginary action, there would
be other complex orbits with almost the same imaginary action. If this is the case, we need
to consider the initial phase differences between equally weighted orbits. There is no a priori
information about such relative phases, but as shown in Fig.6T0, it would be plausible to as-
sume that there are correlations between orbits leaving different spots in the initial value plane
(§,m). If the relative phases are completely random, the above scenario will not work because
a sequence of delta functions in (634) will be killed by the random phase.

Another assumption is that we have only considered the repetition of the same number of
rotations in both the initial and final manifolds. This may be somewhat artificial, but a core part
of the argument is the constructive interference that occurs in both manifolds. Thus, we believe
that the idea will essentially survive, even if explicit treatments become elaborate.
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Chapter 7

Conclusion

In this thesis, we have investigated quantum tunneling in non-integrable systems based on the
complex semiclassical theory in the time domain. We first analyzed the case of mixed systems,
where structure such as chaotic regions, nonlinear resonances etc. arising from non-integrability
are visible in phase space. According to the results of complex dynamical systems, the set of
complex orbits contributing to the semiclassical propagator are approximated by the complex
stable manifolds for the periodic orbits in the real plane [28]. However, there are infinitely
many periodic orbits in the real plane, so the candidate complex orbits that could contribute
to the semiclassical propagator are infinitely many as well. One of the purposes of this thesis
was to specify the complex orbits that could provide the most dominant contribution to the
semiclassical propagator out of such candidates associated with complex stable manifolds, and
characterize their dynamical properties. To this end, we have developed an algorithm to find the
intersection points of the complex stable manifold supporting the quantum wavepacket and the
initial manifold, and then compared the magnitude of the imaginary part of the action associated
with the complex orbits transporting along the complex stable manifolds [7]. The results
reveal that the orbits tending to the sticky zone of the KAM region provide the most dominant
contribution in the semiclassical sum.

This is consistent with the result of Frischat and Doron [81, 82], They developed a hybrid
semiclassical approach that combines classical and quantum dynamics, and showed the trans-
port passing through the so-called beach state, chaotic states attached to the KAM regions,
dominates the tunneling process from regular to chaotic regions. It is worth emphasizing that
we find the behavior of the most dominant orbits is affected by the presence of chaos in the
complex plane, which is an aspect far beyond the scope of dynamics in the real plane.

The instanton approximation has been a widely used approach to construct the semiclassical
theory of tunneling [T0Y9]. The instanton path bridges the regions that are not connected by
classical dynamics in the real plane, but the connection can be achieved only if the two regions
have the same energy. This is a major obstacle when applying the instanton method to non-
integrable systems. In non-integrable systems, instantons are broken up by the natural boundary
of the complex KAM tori. Consequently, it is not possible to discuss tunneling effects in non-
integrable systems with instantons. This is the case even in the ultra-near integrable system,
where visible invariant structures arising from the non-integrability of the system do not appear.
It has been found that non-trivial staircase structures appear in tunneling tails of wave functions
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[4]. The mechanism can be explained simply using quantum mechanics; the quantum resonance
between the lower energy and the excited state via the external field occurs. On the other hand,
the semiclassical interpretation is less easy to find. In this thesis, we have again performed the
semiclassical analysis to search for the origin of non-trivial step structures observed in ultra-near
integrable systems [T0O8]. Although the real phase space of the ultra-near integrable system is
well controlled, it is not easy to perform the full semiclassical calculation in the time domain.
Here we have focused on the principle of finding the complex orbits with minimal imaginary
actions that dominate the tunneling transition for given initial and final states, and also explore
the underlying mechanism that creates the staircase structure observed in the tunneling tails.

To this end, we first classify the types of complex orbits that appear in the complex space and
narrow down the candidate complex orbits that dominate the transition between given states.
Since complex orbits belonging to the filled Julia set K, which is assumed to coincide with
the Julia set J*, spend most of their time rotating around the complex KAM curves, it would
be reasonable to classify the orbits according to whether they move along the set of complex
KAM curves obtained by analytically continuing the KAM curves in the real plane, or along
the set of complex KAM curves associated with the KAM curves in the complex plane. It was
immediately found that the latter type should be excluded from the candidates, since additional
imaginary actions are gained in the course of the transition. The next task was thus to sort out
the complex paths with minimal imaginary actions out of the former type of orbits. Again, our
working hypothesis is to specify complex paths with the minimum itinerary length, i.e. a path
without detours. A hint to find such orbits is a hierarchical structure hidden in the Julia set.
The complex orbits found under such a principle indeed turn out to have minimal actions. It
should be noted that the ergodicity of the dynamics in the complex plane, which was proved
by Bedford and Smillie to hold in the Julia set for a class of polynomial maps and confirmed
here numerically for the map with transcendental functions, plays a central role. The stretched
exponential scaling with respect to 7 found in tunneling tails of ultra-near-integrable systems
can also be reproduced by the minimal imaginary action.

Another important issue in the semiclassical analysis is the interference between complex
orbits. The staircase structure observed in ultra-near integrable systems can be explained by the
quantum mechanics. This strongly suggests that the interference mechanism works between
complex orbits, and the role of real actions should thus be taken into account. In this regard, we
have proposed a possible scenario explaining the quantum resonance in terms of interference
between complex orbits.

Our claim throughout this thesis is that the Julia set is an alternative to the instanton path,
and the ergodicity in the Julia set ensures the tunneling coupling between arbitrarily separated
regions in the real classical phase space. One can reach everywhere via the orbits in the Julia set,
and the transition between arbitrarily disconnected regions in the real phase space is possible
via the complex space. One may even say that quantum tunneling in non-integrable systems is a
manifestation of the ergodicity of classical dynamics in the complex plane. Complex dynamical
systems have so far been studied purely out of mathematical interest. As a result, physicists have
been unaware of recent advances, especially in the topics discussed in this thesis. However, for
the reason explained here, the complex dynamical system would be an indispensable tool for
understanding quantum tunneling in non-integrable systems.
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Appendix A

Exploration of periodic points and
numerical methods

This section explains how to find periodic points in the mixed phase space in order, starting
with the shortest periodic orbit. In order to do that, the Newton method could be used as an algo-
rithm, but depending on a periodic point, it may happen that the iteration diverges immediately
unless the associated initial point should be taken very close to the periodic point. Unless we
know approximately where they are in advance, it may be challenging to calculate all periodic
points using the Newton. On the other hand, there is a method called the SD (Schmelcher-
Diakonos) method [[77, IT0] for obtaining periodic points but the SD method converges more
slowly than the Newton method and is not suitable for obtaining many periodic points. In the
following, the DL (Davidchack-Lai) method [[Z6, ITT, TT2], which is a hybrid of the Newton and
SD methods, is explained: by using the DL method, periodic points can be obtained globally in
a shorter calculation time than by using the SD method.

A.1 Newton method

In this section, the Newton method is briefly explained. Let M be RN (N € N). In the follow-
ing, we aim to find a period orbit * with period m, i.e. * € M s.t. f"(x*) —x* =x9 (m€N)
for the dynamical system f: M — M. Let g(x) = f™(x) — . Then g'(x) = (f™)'(x) —I where
I is the identity matrix. First, let N = 1 and consider the Newton method in one dimension.
Let M be R. Starting from a suitable initial condition xy, draw the tangent line about g(x) at
x = xp. Find the intersection of this tangent line with the x-axis and let this point be x;. Draw
the tangent line for g(x) again at x = x, and find the intersection of the tangent line and the
x-axis. Denote this point by x,. By repeating this, a point sequence {x;}?, is obtained. The
process mentioned above is expressed by the formula below.

8x)
g (xi)

If the point sequence {x;}3*, converges, a period orbit x* with period m is obtained, i.e. as

X1 =X — (A1)
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i — oo. Here, we extend this procedure to N-dimension. Expand g(x) around x;.

g(x) =~ g(xi) +J(xi)(x — x;), (A.2)
where,
_9g
J(:I:) = %, (A.3)

which represents the Jacobian matrix of g(«). Consider an N — 1-dimensional hyperplane S(x)
in x; as in the 1-dimension.

S(x) = g(@i) +J (zi) (T — ;). (A.4)

Let x satisfying S(x) = 0 be ;1| and introduce a recursion equation.
F: i) = az,-—J_l(:I:i)g(a:i). (AS)

For the point sequence {x;};, obtained by the Newton method to converge, the initial con-
ditions must be chosen close to the target periodic point. The concrete algorithm is given as
follows:

1. Take the initial condition x.

2. Repeat F to obtain the point sequence {x;};,.

3. If the point sequence converges, the positions of the periodic points are obtained. Then,
the map f is repeated m — 1 times and the position information of each point is stored. If
the point sequence diverges, repeat the above with different initial conditions.

A.2 SD method

The SD method [[77] is another numerical methods to search for periodic points, similar to
the Newton method. The Newton method does not converge to the periodic point and diverges
even if the equation (A7) is used repeatedly if the initial values are not chosen appropriately.
On the other hand, the SD method, unlike the Newton method, can converge to the periodic
point even if we roughly choose initial value by changing the stability of the periodic point as
explained below. In the SD method, we first consider the following map F: R" — R".

F: 1] = f(a:l) (A6)

Now consider a new mapping system Fj such that
Fy: @ip1 =z + hCr(f™ (xi) — i), (A7)
where m is a positive integer. Here, {Ck}%illv 'is called the stabilisation matrix, which changes
the stability of the periodic points in the system F. The Cj satisfies C*> = 1. Furthermore, it is
a matrix such that one component of each row and column is £1 and all the other components
are 0. If Cy is N-dimensional, there exist 2VN! possible patterns for C; of type k =1,...,2VN!.

The parameter 4 is a small quantity representing the size of the steps of the mapping. The maps
F and F; have periodic points at the same position * s.z. * = f™(x*), but the stability of
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the system F' with respect to periodic points changes. Note that the stability of periodic points
mentioned here is not stability for the mapping system f, but for the mapping systems F and
F. Also, a stable periodic point for the system F; is a periodic point for which the magnitudes
of the eigenvalues of DFj, are all less than 1. Now consider the Jacobian for F%,

dxi
dwi

= I—|—th(Df’"(:cl-) —I). (A.8)

From the equation (AZR), if the real parts of the eigenvalues in the Ci(Df™ (x;) —I) are all nega-
tive, the periodic orbits with peirod m that were unstable in F becomes stable and can be found
by repeating the mapping Fj, if we take & sufficiently small. The SD method is an algorithm for
finding stable periodic points by trying all possible Cy, but it is not obvious whether all periodic
points can be found by doing so. The following conjecture is given in [II0].

Conjecture 1 (Schlemmer-Diakonos). Let %sp be the set of all orthogonal matrices such that
each entry is either —1 or 4-1. For any N X N-regular matrix G, such that all eigenvalues of CG
are negative, there exists some stabilising matrix C € %sp such that all eigenvalues of CG are
negative.

For the maps of 2-dimensions or less, the conjecture 1 has indeed been proved to be true, but
not for 3-dimensions or more [T10]. From the conjecture 1, we can say that for equation (A-8),
there always exists Cy such that all eigenvalues of C(Df(x;) —I) are negative. If the value A is
small, the absolute values of the eigenvalues of I 4+ hCy(Df(x;) —I) can all be smaller than 1,
and stable periodic points can be found by applying the map F to x;

Here, we define the basin of attraction as follows.

Definition 7 (Basin of attraction). For a discrete dynamical system f : M — M on M, let point
p be a fixed point. Then the set

Bp.f)={zeM|f(z)=p (k=) (A.9)
is called a basin of attraction to the point p.

By repeating the mapping f, the point sequence {x;};", converges if and only if some point
in the point sequence enters the domain of the basin of the periodic point for the mapping f.
Note that changing the value of /4 is equivalent to changing the size of the basin attraction to a
periodic point. If the size of the basin for a periodic point is too small, the point sequence will
not come into the basin attraction to the periodic point.

A.3 DL method

The DL method is a hybrid of the Newton and SD methods developed by Davidchack and
Lai [76, TTT]. As with the Newton and SD methods, the point sequence {a:i}‘l?"zo is obtained by
repeating the following formula

Fizi =i+ [BsiCT —J(x:)]) 'g(x), (A.10)

where T denotes the transpose of the matrix. [ is a suitable constant and s; := ||g(x;)||. Cis a
stabilisation matrix as used in the SD method.
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In the following, we derive Eq. (A-10). First, consider the following map, which has a form
similar to that of the SD method (but unlike the SD method, it is an implicit Euler method),

Fo:xip) =x; +hCg(xiy). (A.11)

Expand g(x;41) around ; to the first order of 4 as

g(xivy) ~ g(x) +J(z)Ax; + O((Ax;)?), (A.12)

where Axz; = x| — x;. Substitute (A12) into equation Fp, we find that
x| ~ x;+ hCg(x;) + hCJ(x;)Ax; + O((Ax;)?).
Ignoring the terms beyond the second order in Ax; and rearranging, we have
@i —x; = (BI—CJ(x;)) ' Cg(x:), (A.13)
where 8 = 1/h. Using CTC = CCT =1 and CT = C~! we have
Fiaxig =i+ [BCT —J(x)] 'g(x)). (A.14)

By replacing 3 with Bs;, the equation (A10) is derived. Near the periodic point, s; approaches
0. In this case, we get F : @y ~ x; — J(x;) " 'g(x;), which is similar to the Newton method
(B[). Since B is the reciprocal of the step width 4, the step width in each iteration becomes
smaller with increase of . Also, increasing the size of 8 reduces the size of the basin B(p, F)
of the periodic point p with respect to the map F.

The DL method has been proved to cover all periodic points with period m only for one-
dimensional maps when periodic points with period m — 1 are taken as the initial values of
iteration [ITT]. The DL method [[/6] uses initial values of the periodic points with neighboring
periods m — 1,m + 1 when searching for the periodic points with period m. In chaotic regions,
periodic orbits with period m are often located near periodic orbits with period m — 1 and m+ 1,
so the number of steps required before the point sequence {x;}> , converges is reduced by using
these as the initial conditions. In Ref. [[76], the periodic points for a strongly chaotic system are
calculated, and it is assumed that all periodic points with period m have been found by taking
the periodic points with period m — 1 as initial values.

In the calculation done in this thesis, the periodic points are not calculated for strongly chaotic
systems, but for the system with mixed phase space. There are no specific parameter restrictions
on the intensity of chaos for applying the DL method. Nevertheless, numerical calculations
show that the point sequences {x;}, often converge to a point close to the initial value. A
possible explanation for why all the periodic orbits cannot be obtained is that if several stable
periodic orbits are associated with a single stabilisation matrix C, they may converge to a nearby
stable periodic orbit.

In the following, we will discuss how to improve the numerical accuracy when using the
DL method to find periodic orbits. In the DL method, if Bs; = 1/h is small, the step width
is so large that the periodic orbit can be approached only by a step width even if the map is
repeated. To increase the numerical accuracy of finding the periodic orbit, the value of f must
be reduced. However, as mentioned earlier, the larger B is, the smaller the width of the mapping
step |xi+1 — «;| becomes, which increases the calculation time. Therefore, we increase the size
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of B only when approaching the desired periodic orbit. If one can reduce the step size by
increasing the size of 1/, then it becomes possible to approach the periodic orbit by a distance
of the 1/B. If the value of the corresponding s; becomes small enough by increasing 3, then x;
at that time is taken as the periodic point «*. The following algorithm is an example of how to
increase the value of f3.

Below, we provide an explicit procedure of the DL method for finding periodic orbits with
period m in mixed phase space.

1. Prepare a sufficient number of grids in phase space and take a point on each grid as an
initial value. Determine the value of 3 appropriately.

2. Choose one initial value and one stabilisation matrix {Ck},%iq’ '. Repeat the mapping
(B10O) respectively. As s; decreases, f3 is increased so that step size s; 3 is kept approx-
imately constant. Continue this process until 1/ is smaller than the desired accuracy
and find the periodic point *.

3. When one periodic orbit with period m is obtained, iterate m — 1 times to calculate all
the points belong to the same periodic orbit.

4. Remove the already found periodic points from the found periodic points.

Repeat the steps 2-4 above for all stabilization matrices {Ck},%illv Y

6. Repeat the above steps 1-5 for all the initial values.

bt
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