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Chapter 1
Introduction

In classical mechanics the state of a particle at a time ¢ is fully described by a point
x(t) = (r(t), p(t)) in phase space. The motion is given by the solution of the equa-
tions of motion (Newton, Lagrange or Hamilton). This solution is unique given
the initial conditions, and therefore the motion is completely deterministic, though
the dynamics can be extremely complicated. Let us consider an autonomous con-
servative system with f degrees of freedom, described by a Hamiltonian function
H(x). Due to conservation of energy the motion in phase-space is restricted to a
2f —1-dimensional hyper-surface. Classically, the type of motion can be separated
into integrable and non - integrable. The first situation appears if there are, apart
from the energy, f — 1 other independent constants of motion [1]. In this case,
it is possible to perform a canonical transformation to a new set of phase-space
coordinates, called the action-angle variables, such that the Hamiltonian depends
only on the action variables, therefore the motion in phase space is restricted to an
f-dimensional hyper-surface [2]. In the new coordinates, the dynamics is trivial,
the angles vary linearly with time, while the actions remain constant, so, all the
solutions are periodic or quasi-periodic, depending on the frequency ratio between
the different angular degrees of freedom. Opposite to this situation, where there
are apart from energy no other constants of motion, the system can display hard
chaos: there is an extreme sensitivity to initial conditions, i.e. perturbing slightly
the initial conditions leads to exponential separation in time of the solutions. This
makes impossible to predict the long time behaviour of the solutions if the initial
conditions are not known exactly.

On the other hand, a more general theory is the quantum theory, in which a
physical state is depicted by a vector [¢(t)) in Hilbert space, whose evolution is

given through the Schrédinger equation:
L d ~
i (1)) = H1), (1.1)

1



2 CHAPTER 1. INTRODUCTION

which has also a unique solution once the initial condition (state) is given. A
first connection between the quantum and the classical dynamics, can be found
by making the ansatz i(r,t) = A(r,t)exp(iS(r,t)/h) in position representation
for a Hamiltonian of the form H(r,p) = p?/2m + V(r), as first done in Ref. [3].
After substituting in Eq. (1.1), and neglecting all Ai-dependent terms, one arrives
to the Hamilton-Jacobi equation of motion
0S(r,t)
-

This equation is satisfied by the action principal function

— H(r,VS(x, 1)). (1.2)

S(r,t) =S(r, ', t —t') = /t dt"L(x(t"), e (t"),t"), (1.3)

v
with the condition r(¢') = r/, where L(r(t),1(¢),t) is the Lagrangian. Moreover,
the next order in & corresponds to the classical continuity equation. So apparently,
for small values of A the quantum solutions are closely related to the classical
ones. This ansatz that we have just mentioned above, is the main ingredient to
obtain a semiclassical quantization of integrable systems. For integrable systems
one can relate the classical conserved quantities to “good” quantum numbers,
in the sense that each invariant torus, characterized by its frequencies, can be
linked to a quantum wave function through the quantization condition where
each classical action coordinate is a multiple integer of Planck’s constant i (plus
phases). This is the well known EBK quantization introduced in Ref. [4] (based on
WKB quantization for one-dimensional systems [5]) relating classical and quantum
solutions in a direct way.

As pointed out by Einstein, the tori quantization is not applicable if the system
is not longer integrable, and the way of quantizing this type of systems is still an
issue in the semiclassical community. However, the complexity in the dynamics
of chaotic systems is compensated by the simplicity in the statistical properties:
all chaotic systems satisfy universal properties on the classical side, which are (i)
ergodicity, i.e. almost any trajectory (apart from a set of zero measure), will ho-
mogeneously fill the energy shell after long times; (i) mixing, i.e. correlations of
functions in phase space decay exponentially fast; and (iii) hyperbolicity, i.e. a
small initial separation between almost any two trajectories will grow exponen-
tially fast [6]. On the quantum side it has been widely shown that chaotic systems
display universal properties as well [7], e.g. the energy eigenvalues of a confined
system display universal statistics, conductance and shot noise in chaotic open
systems are also universal.

The quest of “quantum chaos” [8] is the study of quantum systems whose

classical counterpart is chaotic. A phenomenological approach to these universal
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features, is done in the frame of Random Matrix Theory (RMT), by considering
ensembles over all Hamiltonians with the same symmetry properties instead of the
original individual system itself. This was proposed first by Wigner and Dyson
in Ref. [9, 10] in order to describe statistics of eigenvalues of highly excited
atomic nuclei. Later on, it was conjectured in Ref. [11] that the energy levels
of an individual classically chaotic system follows the RMT predictions (Bohigas-
Giannoni-Schmit conjecture). A formal link between the classical and quantum
theories has been done in the frame of the semiclassical approximation. Let us

introduce this approximation and some of its basic tools.

1.1 The semiclassical approximation

The solution of the time dependent Schrédinger equation Eq.(1.1) for a time in-

dependent Hamiltonian can be written in position representation as

P(r,t) = /drIK(r, v’ t— Yy t), (1.4)

exp (-%ﬁ(t - t’)) r'> , (1.5)

is the propagator and v (r,t') is the wave function at t’. In Ref. [12] Feynman

where
K(r,x' t—t) = <r

introduced a space-time formulation of quantum mechanics directly related to the

propagator, from which one has that
K(r, v/t —t) = /D[r(t)]eﬁs[r(m, (1.6)

where S[r(¢)] is the action integral Eq. (1.3) along the path r(¢) joining r’ and r
in a time ¢t — t'.

Starting from the Feynman path integral approach to quantum mechanics and
applying the method of stationary phase approximation a semiclassical propagator
was derived [13]. The philosophy behind the semiclassical approximation is that
all the typical actions, i.e. the typical values of S[q(¢)], are much larger that ,
giving rise to a rapidly oscillating function in the integral. Therefore the main con-
tributions will come from paths where the phase is stationary, which are actually
the classical paths, i.e. the solutions of Eq. (1.2). The semiclassical propagator
can be written as

1 1 T
Ks¢ (r,r',t — t') = Z D, exp <ﬁ57(r,r',t —t) — z§,u7> , (1.7)

; 2
Crin? 2
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where f is the dimension of the system, ~ are classical trajectories traveling from

r’ to rin a time ¢t — ¢’ with an stability given by

%S, (r,x';t — )
det <_ Oror’ )

1/2
, (1.8)

D, =

called the Van Vleck determinant. S, (r,r’,t —t') is the action along the path ~
and i is the so-called Morse index, related to phases gained at the turning points.
A very useful quantity in many physical contexts, from spectral statistics to scat-
tering processes, is the Fourier transform of the propagator to the energy domain:
the Green function. The exact (retarded) Green function for a bounded system

can be written in terms of the eigenfunctions ¢, (r) and eigenvalues E,, of H as

! )
G o) - iy T 19

The corresponding semiclassical Green function obtained from the evaluation of

the Fourier transform of Eq. (1.7) by stationary phase approximation, is given by
27 ~ i~ m
SC / _ = - / s

G (r, r ,E) = in) 72 E D, exp <thy(r,r ,E) 221/7> ,  (1.10)

where trajectories v are now fixed in energy, the phase is S (r,r, E) f p(q)-dq,

vy is py plus additional phases gained in the time integration, and

det 825 825
Oror’ 8E2

Egs. (1.7) and (1.10) are the bones of the semiclassical approximation. Most

1/2
D, =

(1.11)

of the semiclassical approximations are based on evaluating expressions involving
either the propagator or the Green function. The semiclassical theory has given
a formal way of studying quantum properties in terms of classical information.
The evaluation of the path integral by stationary phase approximation is valid in
systems where the typical actions are much larger than Planck’s constant. This
corresponds, for example, to mesoscopic systems, which are systems of a micron in
size showing classical and quantum signatures. It is important to stress out that
the semiclassical approximation takes into account interference effects through the
phase terms, and therefore goes beyond a simple quasi-classical description. As
mentioned before, through the semiclassical methods a formal link between RMT
predictions and classical dynamics can be built. Let us have a more detailed look

into this issue.
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1.2 Spectral statistics

A prominent approach to the quest of “quantum chaos” involves spectral statis-
tics to characterize the energy-level fluctuations in quantum systems and their
interpretation in terms of the dynamics of the corresponding classical system.
Classically integrable systems possess uncorrelated energy levels, described by a
Poisson distribution [14], while the levels of classically chaotic quantum systems
exhibit strong local repulsion, conjectured to be the same as for RMT. Spec-
tral statistics has been investigated, for both integrable [15, 16, 17] and chaotic
[18, 19, 20] systems employing semiclassical approaches. For the purely chaotic
case, starting with Ref. [21], considerable progress has been recently made in un-
derstanding semiclassically energy level correlations beyond the so-called diagonal
approximation [19] by means of classical correlations between (off-diagonal) pairs

of periodic orbits.

1.2.1 Semiclassical density of states

Let {E4, Es, ..., E,} be the spectrum of the quantum Hamiltonian H for a bounded
system. The level density g(F) is defined as

g(BE) =) 6(E - Ey), (1.12)
i=1
which is related to the Green function through
mg(E) = —Im /er+(r, r,E). (1.13)

Averaging this quantity over an energy window of width AE <« FE leads to the
average density of states g(F) = (g(F))ap. This average density of states is
a smooth and slowly varying function of the energy FE if the averaging includes
enough energy levels.

Evaluating the trace integral in Eq. (1.13) by stationary phase approximation
Gutzwiller, in Ref. [22], derived his famous trace formula, which relates the oscil-
latory part of the spectral density with classical solutions which are periodic. The

semiclassical density of states ¢°(F) can be written in the form
g (E) = g(E) + 69(E), (1.14)

where the smooth part g°°(FE) is given by the (extended) Thomas-Fermi model (cf.
Chap. 4 in Ref. [23]), and the oscillating contribution is given by a trace formula
which, to leading order in 1/h, has the following form:

0g(E) = # ZAj(E) Cos [Sj;iE) - gaj}

(1.15)
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The sum is over all periodic orbits j (which form families with degenerate actions
in the presence of continuous symmetries). S;(E) = f] p - dq is the action integral
along a periodic orbit and o; a geometrical phase factor (usually called Maslov
index). The amplitudes A;(E) and the power of A in Eq. (1.15) depend on the
presence of continuous symmetries. For fully integrable systems, p = s/2, where
s is the degree of degeneracy of the orbit families; the amplitudes were derived by
Strutinsky and Magner [24] for specific cases and by Berry and Tabor [25] for gen-
eral integrable systems. For non-integrable systems with continuous symmetries,
further results were obtained by Creagh and Littlejohn [26].

For systems without continuous symmetries, where all orbits are isolated in
phase space, one has u = 0, and the amplitudes A;(E) were given by Gutzwiller
[22] in terms of their stability matrices M;(E) and periods Tj(E) = dS;(F)/dE.

1.2.2 The spectral form factor

Statistics of energy levels can be characterized by the two-point correlation func-

tion of the density of states, defined as

R(w,E) = (g(F +w/2)g(E —w/2))ar — 1. (1.16)

g*(E)

An energy average (...)ap is taken in order to ensure that R(w, E) is a slowly
varying function of E. The window of average AF is chosen in a way that it is
considered classically small AE<FE, but quantum mechanically large g(E)AE>1.
It is expected that for large energies E this quantity will be independent of E,
and will be only a function of the energy difference w. Therefore we will drop
the energy E as an argument of the two-point correlation function, though it
is an argument of all energy-dependent classical quantities. Moreover we will
always assume a dimensionless spectrum with mean level separation equal to unity,
which is obtained from the original spectrum by the standard process of unfolding;:
replacing the energy level E; by the mean number of states at this energy, N(E;).

The spectral form factor is defined as the Fourier transform of eq.(1.16) with

respect to the energy difference w

K(r) = <g/_z R(w)e—2mwgdw> , (1.17)

AT

where 7 = t/ty, and ty = 27hg is the Heisenberg time, which represents the time
scale associated with the mean level spacing.

Again a local average over a time window around 7 is performed in order
to obtain a slowly varying function of the time. For an integrable system, the

spectrum is uncorrelated, which means that the two-point correlation function is
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1.2 . . .

Figure 1.1: Spectral form factor for the quartic oscillator (cf. Chapter 2) showing hard chaos
around an unfolded energy E = 6000 averaged over 2000 levels. In bold: RMT prediction.

a Dirac delta function and the form factor is equal to 1 for all 7 [19]. A RMT
prediction for K (7) is obtained by taking averages over ensembles of random ma-
trices preserving the general symmetries of the systems [10, 27]. For example, for
systems without time-reversal symmetry (GUE), we know that the Hamiltonian
has to be Hermitian, whereas for time-reversal invariant systems it must be real
and symmetric (GOE). Averaging over all Hermitian or real symmetric matrices,
and taking the limit of the matrix dimension N — oo, a prediction for the spectral
form factor can be obtained, which is independent of system specific parameters

and therefore is called universal:

Kmmﬁ):{2f—7mu+2ﬂ ifo<r<1

2-rin(35) ifr>1

(1.18)

As an example, we show in Fig. 1.1 the numerically calculated spectral form
factor for a quartic oscillator potential (cf. Chapter 2) with chaotic dynamics in

comparison with eq.(1.18) (bold line).

1.2.3 The diagonal approximation

By replacing the semiclassical density of states into Eq. (1.17) a semiclassical

expression for the form factor can be derived as Ref. [19]:

1) = (S St en 115 - 50 - Tloy - ow]oae (- ). 009
7.k
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where Tj, = (T + T);). The width of the delta-function is due to the local time
average.

As expressed in Eq. (1.19) the spectral form factor is determined by a double
sum over pairs of periodic orbits. The semiclassical limit 7 — 0 means that the
typical classical actions of these paths are very large compared with A, so that the
energy average will strongly suppress the contributions of most pairs of orbits. The
first approximation is to consider that only orbits paired with themselves (j = k)
or, in case of time reversal symmetry, with their time-reserved partners (j = k)
give a contribution. This is known as the “diagonal approximation”, introduced
by Berry in Ref. [19]. In the diagonal approximation the double sum is reduced
to a single one: ) ~

Kins(r) = h%@:%é& (7' - %’“) - (1.20)

J
For chaotic systems this sum can be evaluated using the sum rule of Hannay
and Ozorio de Almeida [18], which is based on the properties of classical chaotic
systems. For long enough times, the number of periodic orbits in a hyperbolic
systems increases like e*/t, where X is the Lyapunov exponent (characterizing
the rate at which the distance between two close points will increase), while the

amplitudes ]Aj]2 decrease exponential as e™*, yielding that
Kd98(7) = 27, (1.21)

for the orthogonal case. For the unitary case GUE, K428(r) = 7.

1.2.4 Quantum corrections in the semiclassical approximation

It was only until 2001, with the work of Sieber and Richter in Ref. [21], that
interference terms entered into the semiclassical approximation for fully chaotic
systems. The orbits that give such a contribution are those with a self-crossing
in configuration space as depicted in Fig. 1.2. It can be shown, for completely
hyperbolic dynamics, that a trajectory avoiding the self-crossing exists and is
exponentially close to the first one, in such a way that the difference in action can
be smaller that . The original idea in Ref. [21] in configuration space, based on
calculating the crossing angle distribution and considering a chaotic billiard on
a surface of constant negative curvature to find the action difference, was then
extended to graphs in Ref. [28], further extended in Ref. [29] to a phase space
approach and thereby for any two dimensional chaotic system, in Ref. [30] for
more than 2 dimensions and finally in Ref. [31] similar diagrams were included
given rise to the next order contributions, recovering the full expansion in Eq.
(1.18) for 7 < 1.
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In each “loop” pair the tra-

jectory j (full line in Fig. 1.2)

contains an encounter region:

two stretches of j are suffi-

ciently close such that they

are mutually linearizable. The Figure 1.2: Sketch of a pair of orbits given a non-diagonal
time where this linearization is contribution to the form factor.

valid is defined as the encounter time ten.. Along j the two stretches are separated
from each other by two links. The partner trajectory j’ (dotted line) is distin-
guished from the original by differently connecting the links inside the encounter,
due to time reversal symmetry.

To describe such diagrams a fundamental concept in classical chaos is needed:
the concept of a Poincaré surface of section [32] (PSS) in the neighborhood of the
orbit, describing the dynamics of the degrees of freedom transverse to the orbit
(Fig. 1.3). For a periodic orbit the PSS is defined by fixing a surface of section in
phase space perpendicular to the orbit. For a point y on the surface of section,
the trajectory is followed until it intersects the surface again at Py, the image
of y under the Poincaré map P. The periodic orbit itself returns to its original
point, so that it appears as a fixed point of the Poincaré map x,.

The way of calculating diagrams like the one in Fig. 1.2 in the phase space
approach is defining a PSS perpendicular to the trajectory j. The most suitable

coordinates, correspond to the stable and unstable coordinates in the PSS.

The local stable and unstable manifolds W%*%(x,) are defined such that [6]

We(x,) ={x € M : ||x(t) — x,(t)|]] — 0 for t — +o0}, (1.22)

Wh(x,) ={x € M :||x(t) —x,(t)]| = 0 for t — —o0}, (1.23)

where M is the phase space.

One defines a PSS perpendicular to j inside the encounter region. The sum
is carried over trajectories that return to the PSS at a distance s and u along
the stable and unstable directions, where the unstable and stable components are
confined to a range |u| < ¢ and |s| < ¢, where ¢ is a small phase space distance.
The double sum can be replaced by a sum over orbits j and an integral over
its density w(u, s, T}) of two-encounters. The action difference is AS(u,s) = su,
whose absolute value is smaller than a classical value ¢>. The double sum is
replaced by an integral over the stable and unstable coordinates, with a weight

function counting the number of trajectories coming closer to themselves than a
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PSS PSS

Figure 1.3: (a) Poincaré surface of section for a periodic orbit. (b) Stable and unstable manifolds
of x, (a fixed point of the Poincaré map). Components on the unstable manifold are stretched

while the components in the stable direction become smaller.

2 in phase space:

¢ ¢ A i T;
KSR(r) = <Z/ ds/ du| t2]| w(u, s, Tj)er* oa- (7' - —]>> (1.24)
;7 c —c H

distance ¢

ta

The Hannay-de Almeida sum rule can be applied to the sum over j, the number
of trajectories having such an encounter w(u,s,Tj) can be calculated assuming
ergodicity. Moreover, since the trajectories have to close themselves, a minimum
length for the trajectories is required. With the correct evaluation of the weight
function this leads to the next order contribution in the expansion of Eq. (1.18),
which is

KGOB(r)y=2r —272 4+ .. (1.25)
In the unitary case, similar situations can happen, where no time reversal symme-

try is required [31]. It turns out that for the form factor such diagrams cancel in

a non-trivial way, yielding no corrections to the diagonal contribution for 7 < 1.

1.2.5 Deviations from universality

RMT is limited by the existence of finite time scales. In the context of spectral
statistics, deviations appear at energies associated with the inverse of the period of

the shortest orbit [19]. On the other hand, universality is expected to appear when
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the wave functions can be split in to many partial waves that interfere randomly.
The splitting of the wave packet is established when initial quantum uncertainties
blow up to the classical level [33]. The related time scale is the Ehrenfest time
[34]. The Ehrenfest correspondence principle stipulates that in the limit of large
quantum numbers, the position and momentum average follow a classical path in
phase space, i.e. the description of the quantum state can be done through a single
classical particle. Those predictions differ faster if the system under consideration
is chaotic. At the Ehrenfest time these deviations start to be noticeable, while for
times shorter than the Ehrenfest time the quantum dynamics still bears signatures
of classical determinism, not captured by RMT. It was first pointed out by Aleiner
and Larkin in Ref.[35] that quantum effects require this minimal time to happen.

The semiclassical approach has been given a successful mechanism to correct
RMT predictions for finite Ehrenfest-time in stationary problems (mainly in the
study of transport through mesoscopic systems) [35, 36, 37, 38, 39, 40]. For the

given example of the form factor, Ehrenfest time effects were studied in [41].

1.3 Semiclassical approximation near bifurcations

We have discussed up to now the quantum to classical correspondence in two
extreme situations: full chaoticity and full integrability. They occur rather excep-
tionally. The most realistic physical situation is that of a system which is neither
completely chaotic nor integrable, but whose phase space contains a mixture of sta-

ble and chaotic regions (Fig. 1.4). RMT does not provide a successful prediction for

mixed  systems. It is still an issue of the community
whether there are universal proper-
ties in mixed systems or not. The 0.6
semiclassical theory is applicable 0.4}
independent of the dynamics. For 02 |
example, it has been successful in
describing different kinds of phe- & Of
nomena typical of mixed dynamics, 02|
like dynamical tunneling [42].

In two dimensional systems 047
with mixed dynamics, classical tra- 0.6

jectories that are inside a regu-
lar island remain there forever, Figure 1.4: Typical phase space section of a mixed
and trajectories that belong to the system.

chaotic see will never enter the regular regions (though they can spend very long
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times around them). Therefore it was argued in Ref. [43, 44] that on the quantum
side, the statistics of mixed systems can be considered as a superposition of two
independent statistics, that of regular systems and that of chaotic systems, where
the weight of each one is given by the corresponding regular and irregular areas
in phase space. This approximation is better the sharper the separation between
regular and irregular region is, however, it fails in some situations. One main
feature and structuring element of classical mixed phase space dynamics is the
occurrence of bifurcations of periodic orbits upon variations of the energy or other

parameters of the Hamiltonian.

(@ 1 (b) 1 (c)0.04
0.8 0.8 g 0.03
06 06 002
X X X
£ 04 £ 04 £ oo
0.2
0.2 0 -
0 - . °
0 -0.01
-1 05 0 05 1 -1 05 0 05 1 04 02 0 02 04
X X X
Figure 1.5: (a) f(z) = 2* has a single fixed point at * = 0, the second derivative is null,

therefore the fixed point is marginally stable. (b) After a small perturbation e = —0.001, two
new fixed points are born, while the sign of the second derivative of f(z) becomes negative, i.e.
the fixed point at * becomes unstable. The upper inset is a zoom of the small region (dotted box)
where the fixed points are born. The value of the perturbation is so small that they are almost
indistinguishable. (c) For a large perturbation ¢ = —0.1 the three points are clearly separated.
The full dots indicate that the new fixed points are stable, while the empty dot indicates that
the fixed point * = 0 is unstable.

The concept of bifurcations is strictly attached to the task of describing the
creation of stationary points upon small perturbations, which is the subject of
catastrophe theory [45, 46]. Let us consider a simple example, shown in Fig. 1.5.
The function f(z) = x* has a single stationary point at 2* = 0. Now, let us add
a small perturbation ex?. The stationary points are now z* = 0, i\/T/Z When
€ < 0 there are three real fixed points of f(z), when ¢ — 0 these three fixed points
collapse into a single one, this collapse is what is called a bifurcation. Periodic
orbits are stationary points of the Poincaré map and their bifurcation theory can
been described as in Ref. [46].

The method of stationary phase approximation is based on evaluating inte-
grals like Eq. (1.13) near stationary points of the action. In this evaluation it
is implied that the stationary solutions must be well separated from each other.
If the dynamics of the system is chaotic this is always the case, but for general
mixed systems, some periodic orbits neither appear in families (integrable system)
nor can be treated as isolated orbits. This is the case, when periodic orbits are

very near, and their action differences are smaller than A, so that they lead to a
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collective semiclassical contribution. This is the typical situation of a bifurcation.

Gutzwiller’s trace formula is obtained by performing the stationary phase ap-
proximation in the evaluation of the trace of the semiclassical Green function. As
mentioned before, those stationary points correspond to the periodic orbits of the
system. When these periodic orbits bifurcate a special treatment has to be done
in order to avoid divergent contributions. A first derivation of the contribution
of such orbits to the density of states was done by Almeida and Hannay in Ref.
[47], for a generic two dimensional system. Extensions of this approximation were
later done in Ref. [48], where analytic formulae were derived, that interpolate over
the regime from a bifurcation up to regions where the orbits can be considered
isolated.

We can consider the trace in Eq. (1.13) in a mixed representation of coordi-
nates and momentum. The contribution to the oscillatory part of the density of
states of the trajectory & can be calculated for a two-dimensional system by an

integral of the form

dge(E) = %/dq/dpAg(q,p) exp <%(I>5(q,p; E)) ) (1.26)

where p and ¢ are coordinates in the PSS perpendicular to the trajectory. If these
stationary points are isolated the action in the integral can be expanded up to
quadratic term in position and momentum around the periodic orbit recalling the
result in Eq. (1.15). For bifurcating orbits, this procedure would diverge. In
order to evaluate correctly the integral one has to write the action of the trajec-
tories involved in the bifurcation as a mean action and a function describing the
pattern of the stationary points that are created (usually after some canonical
transformations [50]) called the normal form, which contains the characteristic
local fixed-point scenario on the PSS in the neighborhood of a given type of bifur-
cation, i.e. the number of fixed points in the collapse, their configuration in phase
space and the corresponding stabilities near the event. The creation of such points
depends on the parameters {a,, } necessary to describe the “bifurcation scenario”.
The A- scaling of the density of states is different for each scenario and usually
larger than that of isolated orbits. Therefore bifurcating orbits can be dominant
in the spectral statistics, as it was first shown in Ref. [49], where the semiclassical
signature of a tangent bifurcation was studied on the context of spectral statistics
at the level of the diagonal approximation.

More generally, in Ref. [51] a semiclassical approach was developed for the
moments of the level counting function in the presence of several competing bifur-
cations. It was suggested that these moments diverge with a universal “twinkling

exponent” in the semiclassical limit &~ — 0. The idea behind this new kind of
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universality is the following: in a typical mixed systems many bifurcations take
place, each one has a different A-scaling. In the semiclassical limit 7z — 0 only the
one that diverges faster will dominate, giving an universal contribution. This has
actually never been observed numerically nor experimentally, since this required
very small values of A. Moreover, in this approach it is impossible to take into
account “non-generic” bifurcations, where detailed knowledge of the individual
bifurcations is required.

We have seen in this section, that semiclassical tools allow us to enter into
the discussion of quantum to classical relation for mixed systems, where new
interesting features like bifurcations show up, which cannot be studied in the frame
of RMT. Another interesting field where semiclassical tools have been successfully

applied is the field of decay and scattering processes.

1.4 Open systems

The first experimental evidence of universal properties of complex systems was
coming from spectra of nuclear physics around 1980 which resulted in the devel-
opment of RMT. After the Bohigas-Giannoni-Schmit conjecture it was until 1990
that the first experiments in quantum chaos were performed considering vibrating
solids [52] and microwave cavities [53]. These experiments where focused on the
spectral properties of closed systems, although strictly speaking they were always
open, due to the measuring process. Therefore it became necessary to develop
a scattering theory in order to analyse quantitatively those measurements (for
a review see [54]). At the same time, a tremendous progress was achieved in
the fabrication of semiconductor hetero-structures allowing the study of transport
properties in systems of sub-micrometer size [55, 56]. Nowadays different aspects of
open wave-chaotic systems have been intensely studied in semiconductor devices
such as quantum dots and quantum wires [57, 58, 59], microwave cavities [60],
acoustics [61], optically generated lattices [62, 63, 64, 65] or optical micro-cavities
[66].

An open system can be described by non self-adjoint operator H —iI"/2, where
H corresponds to a bound system and I' describes its coupling to the continuum.
The energy eigenvalues (resonances) are not longer real and the eigenmodes, which
are no longer orthogonal, are called quasi-bound states [67, 68]. The imaginary
part of the energy of quasi-bound states is associated to its escape rate. For small
values of I' the problem can be approached considering the dynamics of H, whose
classical counterpart is supposed to show chaotic dynamics. If the coupling with

the exterior is small, the main properties of the classical chaotic dynamics are
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preserved. It is expected that the distribution of resonances follow again some
universal properties, which can be described by RMT, based in the assumption
that H is a random Gaussian matrix. Though it is not obvious that the coupling
to the continuum does not wash out the universal features. The key observation
(coming from nuclear physics) is that there are typically two kind of well defined
decay (or scattering) processes occurring at different time scales: an immediate
response called direct processes, and a delayed one or equilibrated response. The
latter is associated with the formation of long-living states, which can be related
to the internal dynamics and therefore it is expected to show universal features.
In this indirect processes the statistical properties of the closed system will be
reflected in the statistical properties of the scattering or decay.

The semiclassical methods discussed before for closed systems hold for open
systems with some modifications (due to the possibility of decaying) giving a link
between universal properties and the classical dynamics, as we will see in more
detail in this thesis.

Apart from the interest in open systems due to the possibility of measuring
phenomena described by the theory, its study also provides very deep theoretical
questions about the semiclassical approximation and the unitarity of the quantum
evolution. Moreover, deviations from universality can become more important
since another time scale enters into play, namely the typical decay rate. As we
have mentioned before, quantum signatures need a time scale to show up, known
as the Ehrenfest time. If the typical time that a particle expends in the scattering
region 74 is smaller than this time, the classical description of the system should
contain all the important information, while only in the case that this typical

decay time is larger than the Ehrenfest time, quantum effects should appear [33].

1.5 Overview of this thesis

We have introduced some of the main concepts that we will need in the develop-
ment of this thesis. We have seen that the semiclassical approximation has been
the main tool to connect classical and quantum mechanics, and some properties of
classical chaotic systems with their quantum counterpart. Part of the community
of quantum chaos has been concentrated in showing the dynamical mechanism be-
hind the results of RMT through the semiclassical methods. As already pointed
out, semiclassics goes beyond this, being able to estimate the limits of the RMT
predictions, and describing phenomena that are beyond the scope of RMT. In this
thesis, we are interested in studying two sources of deviations from RMT in closed

and open systems: bifurcations and finite Ehrenfest time. In the first case, we will
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consider the effect of bifurcations in the spectral statistics of closed systems with
mixed dynamics. The existing numerical evidence of the magnitude of these effects
in only available for maps [49, 69], which are easy to handle semiclassically, but do
not represent the most realistic physical situations. We will consider the case of a
Hamiltonian system and we will give a quantitative semiclassical analysis. In this
study of bifurcations we will propose a definition of bifurcations in the context of
scattering trajectories in open systems. On a second stage of the thesis, we will
consider Ehrenfest time effects in the context of decay in open systems. Also in
this case, the numerical evidence of Ehrenfest time features is mainly available for
systems that are or can be reduced to maps (e.g. see Refs. [70, 71]). We will
consider a system closer to experiments, namely a two-dimensional open cavity.

The outline of this thesis is the following:

e in Chapter 2 we present a detailed analysis of the trace formulae for different
types of dynamics. We compare numerical results with the exact quantum
calculation for a given system. The potential studied corresponds to the
quartic oscillator, which can be tuned from integrability to hard chaos by a
single regularity parameter. The system present discrete symmetries, which
requires a special semiclassical treatment, which will be discussed in detail.
We will discuss the bifurcations of one of the shortest periodic orbits, and

its contribution to the density of states.

e In Chapter 3 we study the spectral statistics of the quartic oscillator. We
numerically observe an enhanced effect of bifurcations, moreover this effect
is stronger after the bifurcation. We give a quantitative explanation in terms

of interference of trajectories born at the bifurcation.

e In Chapter 4 we define the concept of a bifurcation scenario in the context
of transmission coefficients for an open system. The corresponding uniform
approximations for two types of bifurcations is presented and their effect in

the total conductance.

e In Chapter 5 we study the decay of a state in an open chaotic system and
derive the RMT predictions for the leading quantum corrections. We present
numerical calculations for a billiard system, showing deviations from the
RMT prediction. The semiclassical approximation allows us to predict them
by considering Ehrenfest time effects. We give an analytical expression that

reproduces the numerical data.

e In Chapter 6 we consider the statistics of decay processes describing photo-

ionization or dissociation. We observe in the semiclassical analysis, that the
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statistics can be described by a joint contribution of periodic orbits and of

open trajectories. We consider Ehrenfest time effects as well.

e In Chapter 7 we summarize and give some outlook of interesting open ques-

tions.

Part of the results presented here are available in Refs. [72], [73], [74], [76] and
[75].
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Chapter 2

Spectral density for the quartic
oscillator: from integrability to

hard chaos

In this chapter we will study in detail the semiclassical density of states for in-
tegrable, chaotic and mixed classical dynamics. Thereby, we will check the semi-
classical approximation in a paradigmatic system for quantum chaos, namely the
quartic oscillator (QO). First we will discuss the QO potential, together with its
symmetries and the bifurcations of one of the shortest periodic orbits. Since this
potential has discrete symmetries, we will analyze the semiclassical approximation
for the density of states in this kind of systems, here we will study in detail the
case of isolated orbits, where the Maslov indices of the reduced orbits are modified,
and we show a numerical comparison for the QO. Finally, we discuss the global
approximation for a particular type of bifurcation that takes place in the chosen

potential, and we show how its semiclassical weight can be significant.

2.1 Model system: the quartic oscillator

As a representative system we investigate the coupled quartic oscillator (QO) in

two dimensions. Its Hamiltonian reads:

1 1 o
H(z,y,pa,py) = 5 (0% +py) + 5 (" +9") + 5 %% (2.1)

It has been extensively studied both classically, semiclassically and quantum-me-
chanically [77, 78, 79, 80, 81], as a smooth potential model exhibiting the transition
from integrability to chaotic behaviour. Here we summarize the main classical fea-

tures relevant for the subsequent semiclassical treatment. Since the Hamiltonian
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(2.1) is homogeneous, its classical dynamics at different energies £ can be related
to each other by a simple scaling of coordinates, momenta and time. It is easy to
show, that all actions scale with energy E as E3/4 so that the semiclassical limit
can be unambiguously taken as E — oo.

After scaling out the energy the parameter o in Eq. (2.1) solely determines
the dynamics. The system is integrable for three different values of a: (i) a =0,
since it is separable and can be solved independently in each dimension; (ii) o = 1,
where it can be written as the isotropic quartic oscillator 74 /4, with 2 = x2 + y?;
and (iii) & = 3, where it is again separable after rotating the coordinates by /4.

At o = 9 the dynamics is almost completely chaotic: we could not locate any
stable periodic orbit with a period less than about four times that of the shortest
orbits. For values o > 9 the regular fraction of the phase space keeps oscillating
with a decreasing amplitude. In Fig. 2.1 we show a Poincaré surface of section
for different values of a where the potential is integrable, mixed and almost fully

chaotic.

(a) os (b) o6

04 r

(c) os
04 r 0.4

02 0.2 0.2

0

Dy

-0.2

0.4 |

L T 06— = R
-0.8 -04 0 04 08 -0.8 -04 0 04 08

Figure 2.1: Poincaré surface of section for the QO at z = 0 for different values of the regularity

parameter «. (a) Integrable QO, a = 0. (b) a = 5, the potential leads to mixed dynamics. (c)

“hard” chaos is reached at o = 9.

The QO in Eq. (2.1) possesses periodic straight-line librational orbits along
both axes which we label by A. The motion of the A libration can be given

analytically in terms of Lamé functions [79, 80]:

za(t)=0 YA = Yo (Yol, K) Yo = (4E)'/4 K= %, (2.2)
with the period T4 = 4K/y,, where K = K(k) = F(n/2,k) is the complete
elliptic integral of the first kind modulus &, and cn(z, k) is one of the Jacobi elliptic
functions [82]. The turning points are +y,, and the solutions are independent of
the value of «, however the stabilities of these solutions do depend on it. These
librations undergo stability oscillations under the variation of a. Infinite cascades
of new periodic orbits bifurcate from the A orbits and their repetitions. The trace

of its stability matrix M (see [13, 23] for its definition) as a function of « is known
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analytically [83]:
Tr M(«v) = 4 cos (g\/ 1+ Sa) +2. (2.3)

Always when TrM = 2 a bifurcation takes place, i.e. the librational orbit A

0 5 10 15 20 25 30

Figure 2.2: Trace of the stability matrix M as a function of o, Eq. (2.1), for the primitive A orbit
(solid line) and the new orbits born at its bifurcations (dashed lines) at « = 6, 10, 15, 21, and

28. Subscripts denote the Maslov indices o;.

changes its stability while new periodic orbits are born. Due to discrete sym-
metries, the kind of bifurcations that take place are isochronous pitchfork bi-
furcations. The pitchfork bifurcation scenario is like the one described in the
introduction: two fixed points (in this case two periodic orbits) are born while
the central one changes its stability. Typically this are period doubling bifurca-
tions: they usually happen for the second repetition of a periodic orbit. Because
of parity symmetry they can happen as isochronous bifurcations (for the first rep-
etition) where the two solutions are related by symmetry. The values at which
these bifurcations happens in the QO are

1
a:anzén(n+1), n=20,3,4,5... . (2.4)

(For a1 = 1 and e = 3, where the system is integrable, the A orbit is member
of a degenerate family and does not bifurcate. See also [79, 80] for more details
about the periodic orbits of this system.)

In Fig. 2.2 we show Tr M(«) for the primitive A orbit and the new orbits born

at its bifurcations at a,, with n = 3 to 7. These orbits are alternatingly stable or
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a = 10.5 a =11

22
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Figure 2.4: Poincaré surfaces of section for the QO near as. At a = 9 and at the bifurcation
point o = 10 the phase space looks completely chaotic. A new stable island appears at a = 10.5,

which is slightly larger at v = 11.

unstable rotational (R,) and librational orbits (L) with a classical degeneracy of
2 due to the symmetries (cf. Ref. [79]).

In our numerical studies, we shall focus on the bifurcation at a = a4 = 10
where the orbit Lg is born (Fig. 2.3). Note that at each second bifurcation (n =
3,5,...) a new stable orbit (Rs, Lz,...) is born, so that stable orbits exist on

either side of these bifurcations.

At the other bifurcations (n =

! ' ' ' 4,6,...), on the other hand, the new
0s | | orbits (Lg, Rs,...) are unstable and
just before these bifurcations, the A
. 0 \ _ As ,,4 orbit is also unstable. This explains
- ’ the oscillating regularity of the phase
05 | | space and the fact that, even in the
: . limit @« — o0, there always exist re-

1 N gions with stable orbits [81]).

-1 -0.5 0 0.5 1

« In Fig. 2.4 we show Poincaré sur-

Figure 2.3: Orbits involved in the bifurcation at faces of section for the QO near ay4. As

as = 10: As (bold line) and Lg (dotted line). A depicted, the phase space looks com-
contour line of the potential is depicted by the

pletely chaotic before and at the bifur-
dashed line.

cation, and later a tiny regular island
is born. We choose this particular parameter, since we will see that universality
in the level statistics is expected and observed before the bifurcation, and later
affected by it.

The potential in Eq. (2.1) is invariant under the symmetry operations of the
point group symmetry Cyy, which consists of the eight point operations that leave
invariant a square, i.e. the identity operation (F), three rotation operations around
the origin by multiples of 7 /2 (Cy, C3 and C3), and four reflection operations along

the horizontal axes (01), the vertical axes (02) and the diagonals (0} and o)), as
sketched in Fig. 2.5.
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An important concept, which we will use in our semiclassical approach is the
so-called fundamental domain, i.e., the smallest area that tessellates the whole
space under application of the allowed symmetry operations.

This symmetry group has four one-dimensional irreducible representations and
one (doubly-degenerate) two-dimensional representation.

Due to these symmetries, the

Hamiltonian can be written in a 02\ .01
block-diagonal form. Fach sub-
matrix can be diagonalised inde-
pendently and corresponds to one
of the irreducible representations, - oA

denoted in the following by EES,
EEA, OOS, OOA and EO (doubly
degenerate) [84]. The correspond-

ing eigenfunctions satisfy certain

7
7

N
N

symmetry properties. The eigen-

functions of the blocks EES (OOS) metry Cyy. The gray region corresponds to the fun-
and EEA (OOA) are symmetric damental domain.

Figure 2.5: Point operations of the point group sym-

(anti-symmetric) under the opera-

tions o1 and o9, but EES (OOS) is symmetric under ¢ while EEA (OOA) is
antisymmetric. The eigenfunctions corresponding to EO are symmetric under oy
and anti-symmetric under oy. The character table of the group in shown in Table
2.1.

In order to diagonalise the Hamiltonian we use a basis of symmetry-adapted

Classes E | (Cy, C) | (C2) | (01,02) | (07,0%)
Representation
EES 1 1 1 1 1
EEA 1 -1 1 -1 1
00S 1 -1 1 1 -1
OOA 1 1 1 -1 -1
EO 2 0 -2 0 0

Table 2.1: The character table for Cy.

linear combinations of harmonic oscillator states [85]:
1
|nx,ny>m = ﬁ(|nlvn2> + |’I’L2,7’Ll>) ) (25)

where the sign and the parity of ni and no depend on the representation. Since

the independent symmetry-reduced blocks of the Hamiltonian matrix in this basis
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are banded, we can obtain more than ten thousand well-converged eigenvalues, al-
lowing for significant statistics. For an appropriate study of the spectral statistics,
each symmetry class must therefore be treated separately. We shall study mainly
the representation corresponding to eigenfunctions belonging to EES. This repre-
sentation is easier to handle semiclassically, because all its characters are equal to

unity.

2.2 Semiclassical density of states for discrete symme-

tries

In the presence of discrete symmetries it is necessary to define partial densities of
states corresponding to the sub-spectra in each irreducible representation of the
symmetry group.

In the Thomas-Fermi approximation the mean density of states g(FE) is deter-

mined by the surface of the classical energy shell at energy E as

ge(E) = (2.6)

with

(E) = [ da [ ap(e - Hap) (2.7)

The corresponding reduced mean densities of states depend on the dimension
of the irreducible representation d,, and on the order of the group |G|, which
corresponds to the number of operations of the group (in this case |G| = 8). In

first approximation [86] it is given by

dm

(E). (2.8)
In the following section, we will discuss the symmetry-reduced semiclassical os-
cillatory part of the density of states. For practical purposes, it is useful to
coarse-grain the density of states by convolution with a normalized Gaussian
exp[—(E/7)?]/(\/7y). Hence, we replace the quantum density of states g(E) =
>, 0(E — E,) by the “coarse-grained” density of states

EEORY:
gy (E) = % Zexp [—%} , (2.9)

whereby the smoothing width ~ defines the energy resolution at which one wishes

to study the spectrum, i.e. making v smaller corresponds to a better resolution.
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The correspondingly semiclassical approximation for the coarse-grained oscillatory

part of the level density becomes, to leading order in & (see, e.g., Ref. [23]),

5g-(E hu+1 ZA Yexp | — (’Y:’;;E)f s [Sj(E) —faj}. (2.10)

h 2
Hence, long orbits are suppressed which avoids convergence problems for any finite

value of v, since the number of orbits involved increases at most exponentially,
while the suppression is faster. Details of the spectral density can be reveal while
making v smaller. For the integrable QO we have an analytical expression for the
periods and actions of the tori that contribute to the spectral density, therefore
it is numerically possible to include trajectories with very large periods, while for
the chaotic and mixed case, we have to search numerically for periodic orbits and
calculate their actions and periods, therefore we have taken larger values of « in
comparison with 1/g (depending on the number of periodic orbits that we have

found for the given parameter «).

2.2.1 Integrable Systems

For integrable systems with f degrees of freedom, it is useful to work with action-
angle variables (I, ¢), with each set of actions I = {I3,..., I} defining a phase-
space torus. The Hamiltonian can be transformed to H(I) = E, and the fre-
quencies d¢/dt = w = {wq,...,ws} on the torus I are given by w(I) = VH(I).
Assuming smooth boundaries, the Einstein-Brillouin-Keller (EBK) quantization
[4]

I;(nj) = h(n; +1/2), n;=0,1,2,,..., i=1,...,f, (2.11)
defines a set of f quantum numbers n = (n1,...,n¢). Upon inserting Eq. (2.11)
into £ = H(I), the EBK spectrum reads

EgPR = EPE = H(L(m), ..., I(ny)). (2.12)

Berry and Tabor in Ref. [25] started from the density of states in terms of the
EEBK and converted it, by means of Poisson summation, into a semiclassical trace
formula of the type of Eq. (1.15).

The EBK quantization of the integrable QO, Eq. (2.1), with @ = 0 has been

performed in Ref. [80]. The action integral for the one dimensional quartic oscil-

(4E)1/4 4
I, = g/ ,/2 E—% d:n (2.13)

= 4E 3/4/ V1 — utdu = 4E 3/4

lator is simply



CHAPTER 2. SPECTRAL DENSITY FOR THE QUARTIC OSCILLATOR: FROM
INTEGRABILITY TO HARD CHAOS

26

where K = K (k) is the complete elliptic integral of first kind with modulus x =
1/A/2. By taking I, = h(n,+1/2), one finds the one dimensional EBK - spectrum.
Since the Hamiltonian (2.1) is separable for av = 0, we can write E;?fgy = EFBK 4

EE?FK, and the 2-dimensional spectrum is given by

4 4 4
1 /(3nh)\3 1)\3 1)\:3
EBK
Eany = Z (2—I:> <nx + §> + <ny + §>

The separate one-dimensional densities of states are

. (nayny =0,1,2,...) (2.14)

GiE) =Y 0 (B-EEF) . (j=ay) (2.15)

which are identical due to the symmetry, become after Poisson summation

_ Tu(E)

GEE) = 2 S (DM coslSa(B)/H, (G=wy)  (216)
kj=1

corresponding to the Gutzwiller trace formula for a one-dimensional system. Here
4
SA(E) = gK(4E)3/4, (2.17)

is the action of the primitive A orbit and T4(E) = dSa(E)/dE its period. The
total density of states of the full two-dimensional system can then be written as a

convolution integral of the one-dimensional densities:

FE
G (E) = /0 GE(E — B g (B') dE', (2.18)

The asymptotic evaluation [87] of this integral in the limit & — 0 yields for the
oscillating part [88]

3 0o 00
2K \2 1 k.k 1 T
dg(E) = 2 (—) (4E)s E g (—1)kethy 2 cog [—Skxk (E) — —]
mh ko =1 ky=1 (ki +ky)s h ! 4
3 o)
UK)T . L1 Tk 31
+ — (4E)" 16 g (—1)¥— cos|=Sa(E) — —|. (2.19)
(wh)a k=1 ki g 8

The double sum in the first line above contains the contributions from the stan-
dard stationary-phase evaluation of the integral. It corresponds exactly to the
Berry-Tabor trace formula [25], whereby the two numbers &, k, label the ratio-
nal tori corresponding to the simply degenerate families of periodic orbits with

two-dimensional motion. The actions of these rational tori are given by

Sty (B) = Sa(E) (kL + kb4, (2.20)
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The term in the second line of Eq. (2.19) arises from the boundaries of the
integral (2.18), corresponding to the A orbits which are one-dimensional librations
with all energy in either x (E' = 0) or y direction (E' = E). Note that the
amplitude of this term involves a prefactor A~°/4. This is due to the fact that
the A orbit undergoes a pitchfork bifurcation at @ = 0 corresponding to n = 0
in Eq. (2.4). (The orbits L3 born at this bifurcation exist only for o < 0.) In
Ref. [80], identically the same result (2.19) was obtained, whereby the local uniform
approximation [47] for the contribution of the bifurcating A orbit was employed
[89].

In the upper panel of Fig. 2.6 we compare the semiclassical density of states,
Eq. (2.19) (dashed line), with the corresponding quantum-mechanical one (solid
line), both coarse-grained with a Gaussian average with width v = 1. We find
perfect agreement up to very high energies.

We now calculate the symmetry-reduced densities of states by restricting our-

EEBK of a given irreducible representation. Hereby

selves to the sub-spectra,
we can relate the parities of the quantum numbers to the symmetries of the irre-
ducible representations. Thus, we restrict n, and n, to be even or odd, according
to a given representation. For example, let us take the one-dimensional irreducible
representation EES. This corresponds to taking n, < n, with n,,n, even. Then

the partial density of states can be calculated as a convolution

FE
Gi%es(E) = /0 00.5(E — E') gy.5(E') dE'

of the one-dimensional densities g; g(E) defined as in Eq. (2.15), except that only
the terms with even n; are included in the sum. The asymptotic evaluation of the

convolution integral leads to (see appendix A)

3
K \2 1= k.k 1 T T
saues(E) = (5 ) (4E) Y- TEEa ot Sk (9 Tkt 7]
ko ky=1""T
3 oo
1 (K)* 1 1 [k: T 3%]
+— 4F)" 16 —cos|=—Sa(F) — =k — —|. 2.21
2%(7771)%( ) kzzlk;% 2h (E) 2 8 (2.21)

Again, the first term above corresponds to the Berry-Tabor result for the rational
tori, and the second term comes from the bifurcating A orbit.

In the lower panel of Fig. 2.6 we compare the semiclassical and quantum-
mechanical density of states, dgrps(F), coarse-grained with a Gaussian average
with width v = 1. Again the agreement is nearly perfect. The same procedure can
be followed for all symmetry classes. In Fig. 2.7 we show the numerical results for

the symmetry representation OOS, coarse-grained with a Gaussian average with
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Figure 2.6: Upper panel: total density of states for a = 0 coarse-grained by a Gaussian with
width v = 1 (in this energy range v = 1 ~ 0.085° %, and ~ 0.7 " for the total and reduced
densities, respectively). Lower panel: symmetry-reduced density of states for the representation

EES, see text. Solid line: quantum result, dashed line: semiclassical result, Eq. (2.19).
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width v = 1, and the semiclassical analogous to Eq. (2.21) for this symmetry

class, the agreement is again very good.
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Figure 2.7: Symmetry-reduced density of states, coarse-grained by a Gaussian with width v =1,

for the representation OOS. Solid line: quantum result, dashed line: semiclassical result.

2.2.2 Isolated orbits

For systems with isolated orbits, the corresponding symmetry-reduced semiclassi-
cal trace formulae have been derived in Refs. [90, 91, 92]. The symmetry-reduced
densities of states for isolated orbits have been derived in Ref. [90, 91] by pro-
jecting the semiclassical Green function onto the irreducible representations and
reducing the classical dynamics to the fundamental domain.

Let us recall the analysis in Ref. [90]: the projected Green function Gy, (r,r’, F)

can be written in term of the full Green function as

Gl (r,v' E) ]G] me )Gt (g -r,v'  E). (2.22)
geG

Here d,, is the dimension of the irreducible representation, g € G are the symmetry
operators under which the Hamiltonian is invariant, x,,(g) is the character of g in
the irreducible representation m, and |G| is the order of the symmetry group G.
The semiclassical reduced Green function involves sums of trajectories start-
ing at r’ and ending at a point related by symmetry at r. The sum can be sim-
plified by defining trajectories in the reduced phase space, which is constructed
by finding the smallest volume that under symmetry operations tessellates the
full space and identifying the points at the boundary related by symmetry. For
the quartic oscillator the smallest volume that tessellates the full phase space

corresponds to {(q,p) : 0 < ¢, < gy}, and the boundary identifications are
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Figure 2.8: (a) The R4 periodic orbit. (b) The symmetry reduced R4, orbit.

(Qx707pxapy) — (qx,O,px, _py) and (Qx7Qxapxapy) — (qu'caqgwpwpx)' The dynam-
ics of the trajectory in the original phase space can be related to the dynamics in

the reduced space.

The dynamics in the reduced phase space is constructed as follows: (i) the
initial condition of the original orbit x’ in the full phase space M, is projected
into the reduced phase space M to x/., (ii) inside the reduced phase space the
dynamics is given according to the equations of motion of M, (iii) when x, ()
reaches a boundary at X it is continued to the point related by symmetry to
X. According to this all the trajectories related by symmetry in P are mapped
into the same trajectory in M, but the symmetry operations that relate them
are different for each trajectory, therefore the procedure can be inverted. The
lifted trajectory x(t) can be constructed from the reduced one x,.(t) by keeping
the information of the symmetry operations g(¢) relating them, which can be
computed from the initial symmetry operation to map x’ in M and multiplying

the elements associated with the bounces at the boundaries.

Because we are considering point symmetries, the implementation in configu-
ration space is straightforward. For example, consider the trajectory R4 depicted
in Fig. 2.8(a) , which is a periodic orbits for the QO at o = 9. In the full phase
space, there are 4 copies of this trajectory due to the symmetries: the one shown
in Fig. 2.8(a), this one rotated by 7/2 and two related to them by time rever-
sal symmetry. The reduced trajectory of all of them is depicted in Fig. 2.8(b).
The different four copies can be obtained from the original one by ‘lifting’ it with

different operations.

This allows one to write the semiclassical reduced Green function only in terms
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of trajectories in the reduced configuration space:

sc dm 1 —1\ 7y .18, /h—ipm
Gl B) = (G iy Do oDy ST (2.

§iT/—T

where the bars indicate that the actions, the determinant and the phases are
calculated in the fundamental domain, and r' = h/¥, r = h¥, h~! is the inverse
of h and g; correspond to the product of the operations applied in the bounces at
the boundaries of the fundamental domain.

The reduced density of states in the irreducible representation m is obtained

by taking the trace over Eq. (2.23) in stationary phase approximation:

dm Tl Xm(glr) rs m_
“(F) = — =S5;(F) — = . 2.24
5.gm( ) 3 Zl: |Kl| - ’M;—Dllé COs hSl( ) 20-7’l ( )

Again the bars in Eq. (2.24) indicate that actions, periods, stability matrices
and Maslov indices are calculated in the fundamental domain, while g is the
operator that relates the r-th repetition of the reduced orbit [ with its original
lifted into the the whole phase space. |Kj| is the order of the group K; which
leaves every point of the orbit [ invariant. By the definition of the fundamental
domain, this is the identity for orbits that stay in the interior of the fundamental
domain, while there can exist more than one operation for orbits that lie on the
boundaries (for example, the librational orbit labeled A is point invariant under
two operations: the identity and the reflection o1). The matrix D; is block-
diagonal in coordinates with blocks given by d(gq)/dg with g € K. This matrix is
again the identity for interior orbits, but can be different for boundary orbits. This
correction for boundary orbits was first done in Ref. [91], where it was noticed that
the evaluation the trace over orbits at the boundary requires a special treatment.

It is usually easier to solve the equations of motion in the whole space than in
the fundamental domain, where one has hard-wall reflections. Given the classical
quantities for the total space, the task is then to find their reduced counterparts
(marked with bars in (2.24)). Take a Hamiltonian of the form H(p,r) = p?/2m +
V(r) which is invariant under the point-group symmetry G. Suppose that the
subgroup H leaves the [ orbit invariant (not pointwise), then the [ orbit can be
divided into |H| copies related by symmetry [93]. There will be |G|/|H| copies
of the orbit in the full phase space (if we consider time reversal, then there are
2|G|/|H]| copies of orbits without time-reversal symmetry). Therefore the lifted
orbit should be equivalent to the |H| = r-th repetition of the reduced orbit (or to
the |H|/2-th repetition for time-asymmetric orbits, which become librating orbits
in the fundamental domain, and the |H|/|K|-th repetition for boundary orbits).
Going back to our example of the Ry orbits: in this case H = {E, 02} and the
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period and action of the lifted orbit are the same as for the second repetition of

the reduced one. All the classical quantities are related as
Sy(E)=rSy(E), TWE)=rTy(E), oy=r5, M=DM, (2.25)

since they are invariant under point transformations. The only difficulty remains
to find out which of the roots of M; must be taken. E.g., for |[H| = 2 we have
M; = Mlz Thus, if the eigenvalues of M; are e¥, those of M, can be +eT%/2. We
have found a rule in order to calculate the correct phases entering in the reduced
density of states.

We know that for smooth two-dimensional Hamiltonian systems, hyperbolic
orbits always have even Maslov indices, while elliptic and inverse-hyperbolic orbits
always have odd Maslov indices [94]. We have observed that this rule can be
reversed in the fundamental domain.

This is illustrated in Fig. 2.9 for the case of a single reflection symmetry with
respect to the z axis. Then the fundamental domain is the upper plane (y > 0).
We have calculated the Maslov index @ using the method of Creagh et al. [95] (as
explained in Ref. [23], App. D) and verified that it is, indeed, either the same as
for the lifted orbit for orbits without this symmetry, or half of it for orbits with
reflection symmetry. However, the sign of the eigenvalues did not follow Sugita’s
rule [94]. This rule can, however, be applied to @ — mod(R, 2), where R indicates
the number of hard-wall reflections at the boundaries of the fundamental domain.
Thus, if this number is odd, the rule is reversed.

We have calculated the reduced density of states (2.24) for the representation
EES in the QO at a« = 9 [96]. The result is shown in Fig. 2.10 for Gaussian
smoothing with width v = 4. A considerable agreement between the semiclassical
(dotted line) and the quantum-mechanical result (solid line) is achieved.

A closer way to compare the quantum and semiclassical spectral density in
non-integrable systems is considering the Fourier transform of them. For systems
with scaling properties, like the QO, it is possible to find the spectrum of actions
of orbits that contribute to the density of states by taking the Fourier transform
of the density of states using a suitable function f(E):

0Gm (9) = /000 dgm (E) cos (f(E)S/h)dE. (2.26)

In the QO potential the action of all trajectories scale like S;(E)=S;(Eo)(E/Eo)™*,
where Ej is some fixed energy, therefore the best choice for f(F) is f(E) =
(E/Ep)3/*. We can replace Eq. (2.24) on Eq. (2.26) and make the change of vari-
ables u = f(F). The remaining integral is easy to perform, taking into account

the all the properties of the orbits like the stability, and the operators that relate
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Figure 2.9: Calculation of Maslov indices for some reduced orbits of the QO at a = 9, considering
only the reflexion symmetry at the x axis. Left panels: reduced orbits in (x,y) plane. Right panels:
evaluation of the Maslov index & which corresponds to the winding number of the complex number
C(t) over one period (cf. [95]). Top panels: librational orbit By along the diagonal. Here the
length of the reduced orbit is the same as that of the lifted orbit, and their Maslov indices are
equal. Center panels: orbit Ra. Here the reduced orbit is half of the lifted orbit and its Maslov
index is @ = 2 (i.e., half of the total o) but Tr M is negative in spite of the even Maslov index.
Bottom panels: orbit As. The reduced orbit is again half of the total orbit, and so is the Maslov
index. But Tr M is positive in spite of the odd Maslov index.
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Figure 2.10: Reduced density of states for the representation EES in the QO at o« = 9 after
Gaussian averaging with width v = 4 (~ 5.6~ !). The solid line shows the quantum result and
the dotted line the semiclassical calculation using Eq. (2.24) with 90 periodic orbits.

the reduced orbit with the lifted one, are energy independent. The result is given
by

~ 7Tdm Sl EO Xm(glr)
0gn( 0 (rS;(Eg) —rS) cos (=0, 2.27
m E Kl 271 Dyt (rSi(Eo) —18) (2 l) (2.27)

This allows us to compare the quantum mechanical density with the semiclassical
by looking at the positions and amplitudes of the Fourier spectrum, as shown in
Fig. 2.11, where we can also observe the relevance of each periodic orbit individ-
ually. In Fig. 2.11 we compared the action spectrum of the reduced density of
states, coarsed grained with v = 2, showing good agreement in the action as well

as in the amplitude with the semiclassical one.

2.3 Semiclassical approximation for bifurcating orbits

We have indicated in the introduction that near bifurcations of periodic orbits,
Gutzwiller’s trace formula fails and the semiclassical approximation has to be
modified. The librational orbit A has isochronus pitchfork bifurcations as the
parameter « is varied. The collective contribution of this type of bifurcation
scenario has been considered in Ref. [48]. The normal form in Eq. (1.26) is
a quartic function in the coordinates perpendicular to the trajectory given by
®(q,p, E) = So(E) — op/2 — aq* — eq?, where € is a parameter which is zero at
the bifurcation, ¢ is a sign factor, and a is a parameter which depends on the
potential. A more detail discussion on the evaluation of such integrals will be

found in Chapter 4 in a slightly different context. For the moment we will restrict
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Figure 2.11: Action spectrum for the reduced density of states for a« = 9, coarsed grained with
v =2 (~2.8g"). The solid curve corresponds to the quantum mechanical numerical calculation,

the dots to the semiclassical calculation Eq. (2.27), also shown in dashed line multiply by —1.

to recall the result of Ref. [48] for the A orbit near ay and compare with the
numerical calculations.

The contribution of the bifurcating (Ag) orbit to the total density of states,
together with that of the Lg orbits born at the bifurcation, is given in the global
uniform approximation. For a scenario where there is a single unstable orbit before
the bifurcation, which becomes stable afterwards as two new unstable orbits are
born the parameters in Ref. [48] are 0 = +1, a < 0, 01 = —1 and v = g4, = 67-.

The global uniform approximation reads
rAS|?

{ , i
n exp <ﬁS+ —13rm — ZZ> X
— AS AS iT
X {A |:O'2J1/4 <—| 7 |> J 1/4 <| 3 |> e 8:| +
AS _ 717 AS iE
+AA[J3/4 <’ 7 ’) 3i 8 + 09 J_3/4 (’ 7 ’> 63 8:|}. (228)

Here AA = (AL — V2A4)/2, A = (AL +V2A44)/2, Sy = (S + S4)/2, AS =
(SL — Sa)/2, Jy, are the Bessel functions of the first kind, A;(F) and S;(F) are

the Gutzwiller amplitudes and actions of the isolated A and L orbits, respectively,

1
oAt (E) = ¢

away from the bifurcation, r is their repetition number, and oy = sign(a — ay).

At the bifurcation (o = oy = 10), the local uniform approximation becomes

TAF(l) Sa T
loc _ 4 _ _
dgasr(E) = o2 T a1/ cos [ h 3rm k (2.29)

Here T'4(E) is the period of the primitive A orbit, and a is a normal form parameter

which we determined numerically from the local expansion (cf. also Ref. [80, 48]).
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Figure 2.12: Action spectrum for the reduced density of states coarsed gained with v = 6
(~ 8.45™"). Upper panel: the quantum mechanical (full line) and semiclassical (dots) comparison
for o = 9 with Eq. (2.27). Middle panel: QM and semiclassical for a = 10 calculated from the
Fourier transform of the local uniform approximation Eq. (2.31). Bottom: QM and semiclassical

for a = 10.5 using the global uniform approximation Eq. (2.30).
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In order to calculate the corresponding symmetry-reduced density of states of
a bifurcation orbit, we proceed in a similar way as for the case of isolated orbits.
In this particular case, we take into account that the librational orbit Ag is at
the boundary of the fundamental domain. Therefore, it gives two contributions to
the reduced density, each one corresponding to the two operators that leave each
point of the orbit invariant: the identity and the reflection oy. In the first case
the matrix Dy is the 2 x 2 identity matrix, the corresponding contribution has a
prefactor 1/ \/m , divergent at the bifurcation. In the second situation,
the matrix D,, is minus the identity matrix, yielding a contribution with an
amplitude 1/ \/m , which does not diverge at the bifurcation. This last
term cancels out for the total density of states, since the sum over characters of
the group operations related with the unfolding is equal to zero.

We replace the contribution corresponding to dgm by eqgs (2.28) and (2.29)
with amplitudes and periods calculated in the fundamental domain, thus

1 A 1/2 .
59£ESL(E) = Re TAS exp( ‘ Sy — i3~ _ZE> v

onh | 4h 2h 2 4

a AS]\ ASN =
A3 [ (Gr) o (5 8]+
AA [AST\ _3ix |AS|
T[J?’/‘* < 2h> T J‘3/4< 2h

1

irh ozzié) o5 (3754 = 7a3) (230

where 54 = r(c4 — 1)/2 + 2[|rf/x|], where 0 is the stability angle of the reduced
orbit and o4 = 7 after the bifurcation. The corresponding reduced local density

of states will be given by

TAF( ) Sa s T
loc _ rAaA oo
s arlB) = g e A [271 378
1
+ETA cos <2hSA —3r— > (2.31)

A numerical comparison for the semiclassical power spectrum with the quan-
tum calculation of the reduced density of states is shown in Fig. 2.12 for a = 9,
a = 10 and 10.5. The highest peak (at S =~ 1.2) corresponds to the contribution
of the A + L orbits. We observe an excellent agreement with the semiclassical
prediction. The contribution at a4 is strongly enhanced by the bifurcation. This
enhancement still persists at & = 10.5, where Gutzwiller trace formula would
predict a smaller amplitude. In the next chapter we will study the effect of this
bifurcation in the spectral statistics of the QO, and see the relevance of the en-

hancement.
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Chapter 3

Effect of pitchfork bifurcations

in the spectral statistics

In the present chapter we study the role of pitchfork bifurcations on the spectral
statistics in the QO. We show that bifurcations of short orbits have a considerable
effect on the spectral rigidity and the spectral form factor respectively, even in
the almost chaotic case. The spectral form factor has been the referred quantity
to study spectral statistics in the context of quantum chaos. However, in a first
semiclassical derivation of universal spectral properties, Berry in Ref. [19] consid-
ered the so-called rigidity or stiffness A [10]. This measure is closely related to the
spectral form factor, but it is more appropriate to study non-universal features
coming from short periodic orbits. We will mainly focus on this quantity and, at
the end of the chapter, we will consider the form factor. We first introduce the
rigidity and recall the semiclassical approximation for it. We then show numerical
calculations for the QO oscillator for different regularity parameters. Afterwards
we quantitatively analyze deviations of the spectral rigidity from universality em-
ploying uniform approximations. We show, in particular, that pairs of orbits with
an action difference smaller than Planck’s constant &, born at a pitchfork bifurca-
tion, yield important non-diagonal contributions to the spectral form factor and
the rigidity. The deviations from the quantum chaotic universality are found to

be most significant after, rather than at the bifurcation.

3.1 Spectral Rigidity

The spectral rigidity is defined as the local average of the mean-square deviation

of the staircase function

N(E)=> 0(E - Ey) (3.1)

39
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from its best-fit straight line over an energy range corresponding to L states with

mean level spacing g:

_ g L/2g )
A(L) = <m1n g de[N(E +¢) — A — B > (3.2)
—L/2g

The relation to the spectral form factor is given through

1 *© K(T)
A(L) - 2—71'2 0 7'2

p(wLT)dT, (3.3)

where p(z) is a weight function that will be explicitly given in the next section,
satisfying p(0) = 0 and p(z) = 1 as z — oo.
The quantity A(L) measures spectral correlations over energy distances of

order L. For an uncorrelated Poisson spectrum the universal prediction is
AP (1) — /15, (3.4)
while for a chaotic system it is approximately given by

RMT 7y _ B
A (L) = 212

where D is a constant, § = 1 for systems without time reversal symmetry (GUE
statistics) and § = 2 for systems with time reversal symmetry (GOE statistics).
This universal behaviour has been observed up to correlation lengths L < Ly =

27hg / Tinin, Wwhere Tiyi, is the period of the shortest orbit.
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Figure 3.1: Left panel: Rigidity for « = 0, where the QO is integrable. Right Panel: Rigidity
for a = 9, where the QO shows hard chaos. With increasing (unfolded) energy E the numerical
data converge to the universal Poisson (left panel) and random matrix predictions (right panel)

marked as full lines.

In Fig. 3.1 we show the numerical results for the QO in an integrable and an
almost chaotic regime, respectively, compared with the corresponding predictions
Egs. (3.4, 3.5). The L range, in which the numerical data coincide with the
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universal predictions, increases with increasing energy, i.e., by approaching the
semiclassical limit.

For a system with mixed classical dynamics it has been conjectured that the
statistics will be a superposition of Poisson and RMT contributions [43, 44],

parametrized as

A(L) = APOSR((1 — ) L) + ATMT(gL), (3.6)

were ¢ is the the fraction of the phase space corresponding to the chaotic sea.
Since both statistics are monotonously increasing functions, we expect that the
more regular the system is, the larger is the rigidity. This approximation can work
very well is some situations, as shown in Fig. 3.2. We will see in the following that

it no longer holds when bifurcations of short periodic orbits take place.

O ‘ 1 1 1 1 1 1 1 1 1

20 40 60 80 100 120 140 160 180 200
L

Figure 3.2: Rigidity for the mixed QO at a = 5, RMT prediction (bold line), Poisson (dashed)
and phase space sum rule Eq. (3.6) (dotted line).

3.2 Semiclassical theory for the spectral rigidity

The semiclassical theory for the rigidity was developed in Ref. [19] for the two
limiting cases of complete chaoticity and full regularity (integrability). The pro-

cedure is the following: by energy integration of the semiclassical approximation
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to the density of states, Eq. (1.15), one obtains an expression for the number of

states. By inserting this expression into the definition of the rigidity one finds

2h2u<22§?: [ (S; — Sk) + ;T( —ok)]G(yj,yk)>, (3.7)

where T; = dS;/dE are the periods,

LT; L T

75 T L T 9

and
G(z,y) = F(z—y)—F)F(y) —3F (2)F'(y), (3.9)
F(z) = %sinx = Jjo(x). (3.10)

The main contributions come from pairs of orbits whose action difference is smaller

than A, so that y; can be chosen to be equal to y; in the argument of G:

ot )Y F e (8 =50 + 50— ow)| pla). 311

where ;5 = (y;+yx) and p(z) = G(z,z). The function p(y) (see Fig. 3.3) selects

1

0.8

6 2 4 6 8 10 12
Figure 3.3: Window function p(y), see text.

the orbits that contribute to the double sum. If L < Ly then p(y) is almost
unity only for long orbits, while for L > L.y the function is almost unity for all ,

and the most important contributions to A(L) come from short orbits due to the
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factor 1/72. Since we are interested in studying the effects of a bifurcation of one
of the shortest orbits, we are going to concentrate on the saturation behaviour,
which corresponds basically to the first moment of the staircase function.

The semiclassical spectral rigidity as well as the spectral form factor is de-
termined by a double sum over pairs of periodic orbits. The semiclassical limit
h — 0 means that the typical classical actions of these paths are very large com-
pared with A, so that the energy average will strongly suppress the contributions
of most pairs of orbits. The diagonal approximation was considered in Ref. [19].
For the following approach, the diagonal approximation together with the effect

of bifurcations will be enough to reproduce the numerical quantum results.

3.3 Rigidity for the Integrable QO

For the QO at a = 0, the tori amplitudes Ay, , are given by

K\ ?/? Kok
Apoy = [ — AR)VE T ___ 3.12
ke, ky <7T ) (4E) (o + oy 58 (3.12)
for the irreducible representation EES. For integrable systems the contribution of
the non-diagonal terms j # k in the sum (3.7) will vanish after averaging, due to
destructive interference. For this system, due to the degeneracy in the actions, the
orbits that contribute to the double sum are those which satisfy ni—l—né =nlt —|—nfy4.
Inserting the amplitudes for the tori and summing only over terms with the same
actions we have
(B SN kaky .
= ERR 2o T Pka) D0 memn, (313

szfy:l nx,W/y:l

A(L)

where [}, = (k3 + k‘;‘)l/‘l, I, = (nt + n;‘;)l/‘l, and 0 is the Kronecker delta.

With this expression, we can semiclassically reproduce very well the A statis-
tics, as is shown in Fig. 3.4.

We have neglected here the contribution of the A orbit which undergoes a
pitchfork bifurcation. We have checked that its contribution is negligible, since its
amplitude in the PO expansion goes like i=5/4 (a power one quarter larger than
an isolated orbit) compared with that (h=3/2) of the tori. For the saturation we
can take p(yx,.k,) = 1. Then the energy dependence of the saturation value Ay
goes like E3/%, as seen from Eq. (3.13).

In the left panel of Fig. 3.5 we depict the saturation value obtained from the
quantum spectrum (dots), which is well reproduced by the semiclassical prediction

(solid line). For the chaotic case, RMT gives a saturation value A, that behaves
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Figure 3.4: Semiclassical (dashed lines) and quantum results (solid lines) for the spectral rigidity
A(L) for different values of E.
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Figure 3.5: Saturation value A, plotted versus unfolded energy E. The dots mark the quantum
results. Left panel: integrable case (o = 0); the solid line shows the semiclassical prediction.
Right panel: Almost chaotic case (o = 9). Here the solid line represents the GOE prediction.
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as log(1/h) which is obtained by replacing the form factor by its GOE prediction
in Eq. (3.3). Though the exact saturation value is not universal, since it depends
on the lower integration limit 7y, its & dependence is. In the right panel of
Fig. 3.5 we compare the quantum result with the GOE prediction evaluated for

our value of Ty, for o« = 9.

3.4 Bifurcation effects in the level statistics

It has been discussed in Ref. [49] that additional contributions to the long-range
spectral correlations may arise from bifurcations of periodic orbits, and that this
effect can be reproduced semiclassically. The authors of Ref. [49] investigated
the cat map at a tangent bifurcation, and found that the number variance of
the counting function shows a “lift off” reaching a much higher value than in
the chaotic situation. We report here similar findings for the rigidity of the QO
Hamiltonian for values of « near the pitchfork bifurcations of the A orbit at «,.
Moreover, we find that the increase of the saturation value A,, becomes even

larger slightly above the bifurcations.  This is illustrated in Fig. 3.6. In the
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Figure 3.6: Left panel: spectral rigidity for o = 9 (crosses), o = aa = 10 (filled squares), o« = 10.5
(circles), and o = 11 (triangles) for E = 4000. Right panel: saturation value Ao versus E before
and after the bifurcation at as = 10. Although the phase space is barely affected, the saturation

at a = 10.5 is much larger than the saturation at a = 11.

left panel we show the rigidity A(L) for four values of o around o = ay = 10
where such a bifurcation occurs. The rigidity at ay = 10 exhibits a slightly larger
saturation than at a = 9 (“lift off”). However, the increase is even much more
noticeable at & = 10.5. Then the saturation goes down again for a = 11, even
though the system is more regular than at o = 10.5.

The energy dependence of A, is shown in the right panel of Fig. 3.6. We
see that this effect exists over a large region of energies. As mentioned before,

the phase space looks completely chaotic at the bifurcation at o = 10; without
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Figure 3.7: Left panel: Form factor at @ = 9,10 and 10.5 compared with RMT (line). Note the
strong peak at T = 7a =~ 0.015 (indicated by an arrow) coming from the bifurcating orbit. Right
panel: Form factor at @ = 9 (crosses), @ = 10 (squares), o = 10.5 (circles), and o = 11 (triangles)
in a zoomed region around 7 ~ 7a. For a = 10.5: the amplitude of the peak is clearly larger
than at the bifurcation.

knowledge of the bifurcation one would expect an almost universal behaviour.
Above the bifurcation, a tiny regular island is seen at the center, which arises
from orbit A; that became stable. The island is slightly larger at o = 11 than at
a =10.5 (see Fig. 2.4).

Equivalently, in Fig. 3.7 we show that the effect is particularly pronounced in
the spectral form factor. In the left panel we show K (7) at « = 9,10 and 11. The
results are consistent with the GOE prediction for almost all times, but we see a
very large peak at a time that corresponds to the period of the libration orbit, 74.
This is consistent with the results of Ref. [49]. However, the enhancement is even
more noticeable at & = 10.5 (right panel).

The exact calculation of the semiclassical rigidity for the QO in the chaotic
regime is numerically impossible, since this would require an infinite number of
periodic orbits, and there is no analytical way to calculate them. To reproduce the
quantum result semiclassically, we calculate the coarse-grained reduced density of

states defined analogously to Eq. (2.10) by

dm Ty o1 2 Xm(gr) r -
Sa™(E) = e (vT'1/2) 71005 =S|(F) — =7,4]- 3.14
Gy (E)= 7 El : K| - ]M; _ Dl‘% [h !(F) 2 l] ( )

The longer orbits will be strongly suppressed assuring convergence, but, at the
same time, affecting the universality. However, for the study of the saturation
properties of A(L) as a probe for bifurcation effects, the information of the shorter
orbits should be sufficient. In the following, we will drop the bars indicating that
the orbits are in the fundamental domain, but all the numerical calculations were

done taking this into account.
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Consistently we also coarse-grain the quantum stair-case function, defining
1 E,—F
Ny(B) =5 zn: [1 — erf (Tﬂ . (3.15)

Inserting N, (E) into Eq. (3.2), we obtain a “smoothed” rigidity A, of the coarse-
grained density of states. We find that even for relatively large values of ~, the

bifurcation effects described above are still clearly visible, as shown in Fig. 3.8.
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Figure 3.8: Same as Fig. 3.6, but after coarse-graining the reduced quantum spectrum by a

Gaussian smoothing with width v =1 (left) and v = 4 (right).

We calculate semiclassically the smooth rigidity A, (L), taking into account
the bifurcation of the A orbit at ay = 10, according to egs. (2.28) and (2.29).
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Figure 3.9: Smoothed rigidity for « = 9, @« = a4 = 10 and a = 10.5, obtained for v = 2. The

solid (dashed) curves represent the quantum mechanical (semiclassical) results.

In this way we can reproduce the quantum mechanical results near the bifurca-
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tion semiclassically, as demonstrated in Fig. 3.9. As we have seen in the previous
chapter from the action spectrum, the amplitudes and actions of most of the orbits
do barely change, and the higher saturation for the smooth rigidity was mainly
caused by the bifurcation.

Considering the rigidity without smoothing, we now assume that the contribu-
tion of the long orbits corresponds to and can be replaced by the universal RMT
prediction, so that the differences in the saturation arise basically from the A and

L orbits. Hence, we approximate the saturation value of A by
A(B) ~ AGOF L AAL

1 A;A S;— S
~ GOE | — J 4k j k
~ A +2<' E jkcos< - >> (3.16)
7,k=A,L

At the bifurcation, the second term corresponds to the diagonal contribution of

(2.29), so that
A ! 2(1/4)
AL
o 8m3|a|l/2R1/2 7 (38:17)

and A, behaves like

Ay o log(1/h) + (3.18)

1
In the neighborhood of the bifurcation, i.e., when the action difference |AS] is

smaller than A, we can expand the actions and amplitudes around o = ay (cf. Ref.

[48)): 2
_Sa— 5 ; St _ Z—a +0(Y), (3.19)

Ag= Ay % 14 0(e)], (3.20)

where € = ¢(a — a4). Up to first order in e this yields

AS

Ta

(59%7_3_L(E) ~ —— Re eiS/h—i3k7r—i7r/4 %
UQF(3/4) —im/8 F(1/4) /8
T < gayr 2

Inserting this into the saturation value of the rigidity we obtain

a0/ L, TG/

"~ 8n3|a|l/2h1/2 627T2|a|h ‘ 2m3|a|3/2h3/2 (3:22)

In Fig. 3.10 we show the quantum results for A, versus energy E and for the
form factor K (7) near 7a, for the three values @ = 9, 10 and 10.5 (as crosses,
squares and circles, respectively). The solid line gives the universal GOE predic-

tion, i.e., the first term in (3.18). It agrees well with the quantum result at & = 9,
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in line with the near chaoticity of the system below the bifurcation. The dashed
and dotted lines show the prediction (3.22), which includes the bifurcating orbits
A and L in the uniform approximation, and coincide well with the quantum results
at and above the bifurcation. At the bifurcation (v = oy = 10) where € = 0, Eq.
(3.22) is consistent with the diagonal approximation for the bifurcating orbits and
thus the same as that used in Ref. [49].

0 2000 4000 6000 8000
E

Figure 3.10: Saturation as a function of the energy. Crosses, squares and circles mark quantum-
mechanical results for o = 9,10 and 10.5, respectively. Bold line: GOE result, dashed and dotted
lines: Eq. (3.22).

Figure 3.10 moreover shows that slightly above the bifurcation, i.e. at « = 10.5,
the additional terms in Eq. (3.22), playing a role for € # 0, give a noticeable con-
tribution, as seen by the dashed line. The main contribution comes from the term
linear in € which is the non-diagonal contribution of the pairs of separate orbits A
and L above the bifurcation. To see this, we evaluate their non-diagonal contri-

bution in the Gutzwiller approximation for isolated orbits, which would become

A.L(non—diag) ALAA . ﬁ : z ~ iﬁ — ;
Aoo(Gutz) =2 7 <Sln< 7 >Sln <4) S T a2k (3.23)

The term sin (%) comes from the difference of phases between the two orbits, which
is not yet a difference of one Maslov index. We see that although the diagonal
contribution diverges at the bifurcation, the non-diagonal contribution stays finite
there.

We therefore interpret the term in Eq.(3.22) as a non-diagonal contribution

to the rigidity, which can actually be exactly reproduced by the Gutzwiller ap-
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proximation, although this approximation is not yet valid for the evaluation of the
individual contributions.

Note that the value of A, is slightly enhanced also by the fact that the par-
ticular combination of Bessel functions in the uniform approximation (2.28) can
be expressed as an Airy function and its derivative, cf. Ref. [48], which has its
maximum slightly above the bifurcation. This effect is, however, not sufficient to
explain the enhancement of A, found in our results, so that we can argue that
the non-diagonal contribution is substantial.

It is important to mention that this non-diagonal contribution exists as long
as h remains finite. In the strict semiclassical limit A — 0, the global uniform
approximation (2.28) merges into the Gutzwiller trace formula for non-zero AS,
and sin(AS/h) oscillates very fast, so that after the energy average, the non-
diagonal contribution will tend to zero. This is expected, since in the semiclassical
approximation for mixed systems (Eq. 3.6), periodic orbits with different stability

give rise to independent statistics.

0.012 0.014 0.016 0.018 0.02

T

Figure 3.11: Form factor near 7a. Crosses, squares and circles mark quantum-mechanical results
for « = 9,10 and 10.5, respectively. Bold line: GOE result, dashed and dotted lines: Eq. (3.26).

An equivalent calculation can be done for the spectral form factor. For its
semiclassical calculation we focus only on the contribution of the bifurcating orbit,
K. Thus we only reproduce the form factor for 7 ~ 74, using in (1.19) only the
contributions of the A and L orbits. This yields for a =9

7_2
Ka(r) = WAAJ)&AT(T —Ta), (3.24)
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for « = ay
I2(1/4)7%

KA—I—L(T) = W 5AT(T — TA). (325)

and in the neighborhood of the bifurcation,
r2(1/4) 1 2 T%(3/4) 2
fanlm= (87r3|a|1/2h1/2 Famaln * glaprpr ) RO
(3.26)

In Fig. 3.10b we show the quantum results for K (7) near 74 for the three values

a = 9.0, 10.0 and 10.5 (by crosses, squares and circles, respectively). The solid,
dashed and dotted lines show the prediction (3.24), (3.25) and (3.26) respectively.
In accordance with our results for the rigidity, we see a very good agreement
with the semiclassical prediction. Moreover, the difference of the peak between
a =10 and o = 10.5 is about 25%, and can be explained again by a non-diagonal

contribution of the orbits involved in the bifurcation.

0.8 : : : 3
07! 25
06| :
\3/ 04 [l 1 15|
0.3} 4 q 11
02! ]
0.1 ] 051 T N— ~
0 : : GOE — ol .1 . M
0 50 100 150 200 3 4 5 6 7 8 9 10 11
L «

Figure 3.12: Left panel: rigidity for « = 5 (full line), @ = s = 6 (dotted), o = 6.5 (dashed) and
a = 7 (dot-dashed). A larger saturation is obtained near the bifurcation even when the system
at o = 7 is more regular that o = 6.5. Right panel: Saturation as a function of «, the pitchfork

bifurcations are indicated with the vertical lines.

It is important to point out that the results shown in this chapter are not
particular for the parameter o that we have chosen, meaning that for other pa-
rameters where pitchfork bifurcations occur, we have also observed this strong
enhancement of the saturation of the rigidity, being stronger after the bifurca-
tion event. In Fig. 3.12 (left panel) we show another example, namely the case
a = as = 6.0. The saturation at a = 6.5 (after the saturation) is extremely large
in comparison with o = 7, though the latter situation is more regular. Again the
standard approximation for mixed systems Eq. (3.6) does not longer hold, and
it is expected from our analysis, that apart from the different A-scaling, a non-
diagonal contribution plays an important role as before. In Fig. 3.12 (right panel)

we show the saturation value as a function of the parameter a. The values of «
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for which the libration orbit A has pitchfork bifurcations are indicated by verti-
cal lines. It can be noticed that the saturation of the rigidity A, shows a local
maximum slightly after the bifurcation in all cases, consistent with our analysis.
The parameter oy = 10 was chosen for two reasons. First, we were interested in
studying deviations from universality, and therefore we studied a situation near
full chaoticity. The second was a practical one, as we have seen near & = 9 we may
assume that apart from the bifurcation of the A orbit all other contributions can
be summed up with the help of ergodicity arguments, i.e. using the Hannay-de
Almeida sum rule [18] and other possible bifurcations can be ignored.

Motivated by the dominant effect of bifurcations in spectral statistics we will
follow, in the next chapter, a similar approach to the one shown here in a different
physical context, namely transport properties in mesoscopic systems, where semi-
classical methods have been successfully applied for clean chaotic systems. There
the semiclassical expression involve double sums over trajectories which are no
longer periodic, but satisfy another stationary condition. We are interested in a
formal definition of a bifurcation scenario of these trajectories and its effect in the

conductance.



Chapter 4

Semiclassical transport and

open-orbits bifurcations

In this chapter we will define a bifurcation scenario for scattering orbits and cal-
culate its contribution to the conductance. We will briefly recall the Landauer-
Biittiker formalism for transport in mesoscopic systems and its semiclassical ap-
proximation. As mentioned in the introduction, the concept of bifurcations is
attached to the task of describing the creation of stationary points upon small
perturbations. In the case of periodic orbits, the definition is clear, since periodic
orbits are stationary points of a Poincaré map. However, it is not clear how or-
bits that participate in the semiclassical description of transport in the scattering
formalism are related with periodic orbits. Nevertheless it is possible to settle a
definition of bifurcations in the case of open orbits, as we will see in this chapter.
We will define a bifurcation scenario for scattering orbits and the corresponding
uniform semiclassical approximation near two possible scenarios. Finally we will
estimate the effect of a tangent and a pitchfork bifurcation in the conductance
through a mesoscopic sample. In contrast to our previous result, in the case of
conductance the different scaling of bifurcating open orbits is not enough to make
them dominant over all other scattering orbits that give rise to universal proper-

ties.

4.1 Semiclassical transport through mesoscopic sys-

tems

Transport through mesoscopic systems has been intensively studied in the last
decades [97, 98, 99, 100]. Mesoscopic devices, which are of the order of a micron

in size, usually show classical and quantum signatures, and therefore are the kind

53
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of systems where semiclassical methods can be implemented [101, 102]. A variety
of effects has been studied theoretically and experimentally in such structures, e.g.
conductance fluctuations [55], weak localization [56, 103] and Shubnikov-de Haas
oscillations [104].

These systems can be built in such a way that impurity scattering is almost
absent and the transport can be considered ballistic, i.e., the scattering comes
from reflections at the boundaries of the confinement and the coherence length A4
and the elastic-mean free path are much larger than the system size, meaning that
inelastic processes as well as impurity scattering are negligible. In semiclassical
transport, the Fermi wavelength \r is the shortest length in the system.

The appropriate approach for the transport properties of systems satisfying
such conditions is the so-called Landauer-Biittiker approach [98, 105], or scattering
matrix approach. A corresponding semiclassical version has been developed by
Baranger, Jalabert and Stone in Ref. [106].

Let us consider a two-probe device, as sketched in Fig. 4.1. The scattering
description is based on an expansion in asymptotic states, assuming that the leads
are free of disorder and with hard walls of width wy, (left) and wg (right) in the
y-direction and infinite in the x-direction. The asymptotic states can be written
as a product of particle-in-a-box wave-functions and plane waves propagating in
the longitudinal direction with wave vector k, satisfying k, = nw/wp r. The
(Ng + Np) x (Nr + Np) scattering matrix S relates the incoming and outgoing
fluxes and can be written in terms of the N; x N; (i, = L, R) reflection and

transmission matrices r and ¢ (' and t’) from the left (right) as

r t
5:<t w)' (4.1)

Current conservation implies that the incoming flux should be equal to the out-
going flux, and therefore S is unitary (STS = I). The amplitudes ,,,, describing
the transmission probability amplitude from the m channel at the left lead to the
channel n at the right, can be written in terms of the projected Green function

on the transversed modes in the leads as
tam = —ih\/vnvm/ dy [ dy'é5(y)dm(y)GT(x = Ly, 2’ =0,y Ep), (4.2)
- X

where v,, denote the longitudinal velocities and the integrals take place at the
transverse cross section ¥, on the left (at # = 0) and ¥, on the right lead
(z = L). An intuitive interpretation of the above equation is a particle arriving at
the cavity in mode m, propagating inside through the Green function and exiting

in mode n.
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Figure 4.1: The simplest experimental set up is the two-probe measurement, where the sample
is attached between two reservoirs whose electrochemical potentials differ by the value of the

applied voltage V.

In this formalism the conductance G through the sample is proportional to the
total transmission at the Fermi energy Er (for zero temperature), for which Ny,

channels are open at the left and Ny at the right lead:
G=gs—T. (4.3)

The factor g, is counting for spin degeneracy, and T = Zg i %L: | [tnm|? is the
total transmission. For a review of the semiclassical approximation of ballistic
quantum transport we recommend Refs. [102, 106]. Here we will briefly recall the
main steps for its derivation. The semiclassical approximation to the transmission
probability can be constructed by replacing the exact Green function in Eq. (4.2)
by its semiclassical counterpart and evaluating the integrals over y and 73’ by

stationary phase approximation. For leads with hard-wall boundaries the mode

wave functions are simply ¢ (y) = wf,r{ sin (%)

The stationary phase condition will lead to contributions from classical tra-
jectories whose transverse momentum at the leads match the wave vectors of the
modes in the leads, i.e. trajectories for which p; = tmnh/wy, (p; stands for the
initial momentum transversed to the left lead) and py = £nmwh/wg (ps stands for
the final momentum transversed to the right lead). Then, trajectories entering the
cavity at (0,y)) with angle sinf" = +mn/kwy and leaving at (L,y,) with angle
sin @ = +nw/kwpg are the ones contributing to the transmission probability t;,,.

After the evaluation of the integral the semiclassical transmission coefficients
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are given by

SC wih _ _ L onm T
e = 4/ Swrwn (E:)A7 sgn(m)sgn(7) exp <ﬁSV (Er) — Z§M~/> . (44)
y(n,m

where m = +m and SI™(Er) = S,(L,y,,0,y,; Er) + hky,sin0 — hky,sin6.

The phases fi, contain the Morse indices and additional phases arising from the

integration over y and y’. The amplitudes are given by

Oy ~1/2

oy’

A, = ‘ (4.5)

y'=vy5
Y=Yo

As we notice, the procedure has been similar to that for the derivation of the
semiclassical density of states, namely, the semiclassical approximation is done
in two steps: first replacing the exact Green function by its semiclassical coun-
terpart, and second evaluating the integrals by stationary phase approximation.
The results are slightly different, since the semiclassical density of states implies
a sum over classical periodic orbits, while the transmission coefficients are given
by a sum over open trajectories. However, since both solutions correspond to sta-
tionary points, it should be possible to define a bifurcation scenario in the second

context, similar to the well known bifurcation scenario of periodic orbits.

4.2 Open-orbits bifurcation theory

Periodic orbit bifurcation theory has been described by de Almeida and Hannay in
Ref. [47], following the analysis of Meyer in Ref. [46]. The concept has been extend
to non-periodic orbits in Ref. [107], in the context of photoabsorbtion spectrum,
where the response function can be described in terms of orbits starting and going
back to the nucleus, but not necessarily with the same momentum, i.e. the orbits
giving some contribution are closed, but not periodic [108, 109]. We will here
closely follow their approach, in order to define and discuss bifurcations of open
orbits contributing to the transmission coefficients. The definitions are also valid
to define a bifurcation scenario of reflection coefficients.

A fundamental concept in developing a bifurcation theory is the definition
of a Poincaré surface of section in the neighborhood of the orbit, describing the
dynamics of the degrees of freedom transverse to the orbit. For a periodic orbit
it is defined by fixing a surface of section in phase space perpendicular to the
orbit. For a point ¢ on the surface of section, the trajectory is followed until it
intersects the surface again at Py, the image of § under the Poincaré map P.

The periodic orbit itself returns to its original point, so that it appears as a fixed
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point of the Poincaré map. Since open orbits do not return to their starting point,
this definition has to be modified. We define two surfaces of section, one at the
beginning of the orbit X;, and the other one ¥y, at the end of the orbit, in both
cases perpendicular to the orbit. Orbits giving a contribution to the coefficient
tnm can be described as solutions of the equation p¢(p; = hksin6,,,y;) = hksin6,.
A particular solution is the orbit for which the construction was made. If C =
Opy/0y; is non-singular at py = hksin 6y, the solution is unique and will persist
upon small variations of parameters. Therefore, the orbit can only go through a
bifurcation when det C' = 0.

Type Transformations Regular matrix
Fi(yi,yyr) | pi = +0F1/0y;, py = —0F1/0y; B
Fy(yi,pf) | pi = +0F>/0y;, py = +0F>/0py D
Fs(pi,yy) | yi = —0F3/0pi, py = —0F3/0y; A
Fy(pi,pf) | yi = —0F4/0pi, py = +0F,/0py C

Table 4.1: Different types of generating functions. The regular matrices satisfy the linear sym-
plectic map yy = Ays + Bpi, py = Cyi + Dp; and the conditions: AC, BD, AB and CD are
self-adjoint and A'D — CTB = 1.

It is convenient at this stage to represent the open-orbit Poincaré map by a
generating function [110]. We will also adopt here the same convention as in [110]
for denoting the different types of generation functions, summarized in the table
4.1.

For convenience, we will choose the following generating function
D(yi,yr) = F1(yi,ygp) + yshksin b, — yyhksing,. (4.6)

The transformation equations for this type of generating function read

d F
P = g— = ! + hksinOm = p; + hksin Om, (4.7)
yi Oy
0P OF;
pf:_a—yf :—a—y;—l—hksinﬁnzﬁf—l—hksinﬁn. (4.8)

Open orbit contributions to the scattering matrix are those for which p; = hk sin fm
and py = hksinfn; they agree therefore with the stationary points of Fy. The
classification of bifurcations for open orbits corresponds to determining how the
stationary points of a real function change upon the variation of parameters.
Catastrophe theory [45] is a local theory that studies the stability of a single
stationary point and the pattern of stationary points that can be generated by a

small perturbation.
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A fundamental definition for this purpose is the concept of structurally stable
stationary points, quoting Ref. [107]: Two real-valued functions f(x) and f(x),
defined in a neighborhood of the origin in an n-dimensional configuration space,

are said to be equivalent, if there exists a diffeomorphism 1(x) such that

f(x) = f(¥(x)). (4.9)

The coordinate transformation 1 maps the stationary points of f to those of f. f
is said to be structurally stable if any small perturbation f(x) = f(x) + eg(x) of
f(x), for a smooth function g and small €, is equivalent to f.

A structurally stable stationary point of F} is a stationary point that is pre-
served under small variations of parameters and therefore corresponds to a non-
bifurcating open orbit. Structurally stable fixed points are characterized by a

non-singular Hessian matrix.

_detCdetA
det B

singular if either C' = 0p¢/0y; = Ops/0y; or A = Oyy/0y; is singular. Only the

The determinant of the Hessian of F; can be written as and it is
first situation can be associated with bifurcations of open orbits. If det C = 0 new
fixed points are born, while if det A = 0 the Lagrangian manifold is tangent to the
plane p; = 0 and after variation it can acquire additional intersections with the
plane yy = 0, but there are no new solutions (no new intersection with the plane
pr = 0). This latter situation is accounted for in the semiclassical treatment by
the phases fi.

Let us consider the case det C' = 0. The splitting lemma of catastrophe theory
states that if the dimension of the configuration space is n and a function f on
that space has a stationary point at the origin whose Hessian has rank n —m, a
coordinate system x1,...,T, can be introduced in a neighborhood of the stationary

point, so that

f(x1, o xn) = g(@1, ooy Tim) + R(Tig1y ooy ), (4.10)

where h is a non-degenerate quadratic form of n — m wvariables, and g has a sta-
tionary point with zero Hessian matriz at the origin. Since h has structurally
stable stationary points, the behaviour of the stationary points of f under small
perturbations are determined by g.

In general, a degenerate stationary point of f will be splitted into several
distinct stationary points after a perturbation (bifurcation).The generic situation
corresponds to bifurcations of finite codimension. This means that there is a finite

number of smooth functions gi(x), ..., gr(x) so that

F(x) = f(x) + a191(x) + ... + apgr(x), (4.11)
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with suitable constants a;. The minimum number of such functions k is defined
as the codimension, and F is called an unfolding of f. F contains the information
of the stationary points created through the perturbation and their stability. It is
usually argued that only bifurcations of codimension smaller than the number of
external parameters are structurally stable, and these are the type of bifurcations
that generically happen. The external parameters can describe, for example, the
shape of the cavity, a magnetic field or the Fermi energy. By “generic” bifurcations
one means that these are the typical situations. A rigorous definition depends on
the bifurcation scenario and for different cases can be found in Ref. [111]. In
our discussion, bifurcations of codimension 1 are generic if A can be taken as
non-singular when C' is singular, which is the general situation in the absence of
special symmetries.

A list of catastrophes of codimensions up to 6 for generic functions is avail-
able in Ref. [45]. We will consider that there is only one external parameter
varied, so the important bifurcations are those of codimension 1. In the absence
of symmetries there is only one generic bifurcation of codimension 1: the tangent
bifurcation. In the presence of discrete symmetries, pitchfork bifurcations are also

generic with a single variation parameter.

4.3 Uniform approximation for the transmission coef-

ficient

In the evaluation of the integrals in Eq. (4.2) by stationary phase approximation,
it is assumed that scattering trajectories contributing to transport are isolated. As
already mentioned in Chapter 2, uniform approximations give the correct descrip-
tion of the collective contribution of orbits involved in a bifurcation. As we have
just seen, we can also define a bifurcation scenario in the context of transmission

trajectories, whenever C = % = 0, which will modify the result in Eq.(4.4).

4.3.1 Uniform approximation for a tangent bifurcation

In this section we will calculate the contribution for the only bifurcation of codi-
mension one in the absence of symmetries, namely a tangent bifurcation. We will
follow the approach in Ref. [112] again in the context of open orbits, to calculate
such a contribution.

The main requirement of a “global” uniform approximation is that it must
asymptotically go to Eq.(4.4) far away from the bifurcation. We will assume that

the integral over y can be done by stationary phase approximation, meaning that
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the generation function can be written as Fy(y,vy') = f1(y') + f2(y), where fo(y) is
a non-degenerate quadratic form of y and f; is going to be replaced by a normal
form, unfolding the fixed points born at the bifurcation.

The integration over y by stationary phase approximation yields

tom = — 2,/wLwR Z sgn(n)sgn(m)e e s On T o0 5l (4.12)
where
I, = / dy'g(y' )t (S1Wo s B)+hky' sindm) (4.13)
1/2
with g(y ‘ ‘

We will make the ansatz for a bifurcating orbits &:

Sﬁ(ym ylv EF) = SO,E(yov y:y EF) + fl (y/)7

where y,, is the central stationary point of Se. The evaluation of this integral by

stationary phase approximation would lead to

I = o 50,6 Wo o, Bp)+iky] sin O Z \ /Qwheigsgn(f{’(yé))Aie%ﬁ(yé)7 (4.14)
with A; = ~9W) _ 14 the sum is over the stationary points y} of fi(y’), and the

L£7 ()]
asymptotic Values of A; correspond to Eq.(4.5). The normal form for the tangent

bifurcation is given by [46]

1
hy)=3y" -, (4.15)
where € is the bifurcation parameter. The stationary points are given by
y; = £Ve, (4.16)
where it assumes the values
filyi) = 4:363/2 (4.17)
and there stability is given by
1)) = 42V, (4.18)

When e¢ < 0 the two solutions are imaginary, and there are no real open orbits

satisfying the stationary condition. At e = 0 a tangent bifurcation occur, the two

solutions become real, with opposite stability, and they move apart as /e.
According to Eq.(4.14) then

~ 99
Ay = oL (4.19)
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and

_g9(=Ve)
Ay = Jalel (4.20)

Here we make the standard ansatz g(y') = po + p1y’ [112], where p,, p1 are system

specific parameters. In terms of the amplitudes, then py and p; are given by:

’ ’1/4
po = (A1 + A2)—= ol (4.21)
p1= (4 — Az)m. (4.22)

Going back to the original integral in Eq.(4.13), we have an integral of the form
S dy' (po + ply’)e%(y/3/3_5y/) which can be written as

If _ ehSO ¢ Yo Yo, Er)+iky, sin O, <p0 4 prifi— > / dy 1( ’3/3_€y’)’ (423)

whose solution is given in terms of Airy functions [113] using:

/0 oody’cos(ay’3—ey’) € 1)1/37TA1[ (3a)"Y32]. (4.24)

Expressing the Airy functions Ai(z) in terms of Bessel functions of the first kind

Jn(z) one has

Lo = 2T SoluowyBr) iyl sindm (4.25)

L d 2¢3/2 2¢3/2
X <p0 +p12ﬁ&> {\/E<J1/3< 3% > +J—1/3< 3% >>}

The final result is

I, = 2—7T\/3ﬁe%So,é(yo,yévEFHi’fyé sin 0m (4.26)

S (3 (2]
ssalron () ()]}

with A = 1(A41 + A2), AA = 1(4; — Ap) and AS = 5 — S5.
Therefore, the contribution to the transmission coefficient tim of the orbits

born at a tangent bifurcation will be

7T2 SnmE
tim =~ Jppam e (m)sen(n Jor SE" (B =i ne (4.27)

v {ifin(32) &)

it (B50) s (B3]}
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If we take the limit € — oo we recover, as expected, Eq.(4.4) and the contribution
of each of the two orbits scales like V/A.

On the other hand, taking the limit ¢ — 0 we obtain the local uniform approx-
imation by taking the asymptotic expression for J,,(z) ( Jp(z) = 2" /T (n+1), z <
1), thus

___3)Ppoht i
21/3P(2/3). /WL WR

A second term also appears, which scales as 72/, which we will neglect since its

sgn(m)sgn(ﬁ)e%ng(E)_i%“’S. (4.28)

§loc _
tnm -

semiclassical weight is even smaller than that of isolated orbits. We see from
Eq. (4.28) that bifurcating scattering orbits, have a stronger semiclassical weight
than isolated ones and the difference in the h-scaling between the two types of

contributions is the same as in the density of states.

4.3.2 Uniform approximation for a pitchfork bifurcation

In the case of a system with discrete symmetries, it is possible to find bifurcations
of higher codimensions that are still generic when the number of parameters to vary
is smaller than the codimension. An example is the case of pitchfork bifurcations.
Pitchfork bifurcations are usually of codimension 2, but in presence of discrete
symmetries, they can take place as if they were of codimension 1, like we have
seen before in the case of the QO and periodic orbit bifurcations.

The normal form of such a bifurcation is given by [46]

1, 1
hy) =" = 5e”, (4.29)

with stationary points
yé = 07 y/1,2 = j:\/ga (430)
if € > 0, two symmetry - related stationary points are created, which are going to
be counted with a single amplitude A; in Eq. (4.14).
The action difference between the central orbit and the new one is given by

AS = %8. (4.31)

The standard ansatz for the amplitudes in Eq. (4.19) and Eq.(4.20) is given by
9(y) =po+ pot?, since it must be an even function of ¢ [112]. The parameters pg
and py depend of the potential. According to Eq. (4.14) these are related to the

asymptotic amplitudes as
po = VeAy, (4.32)

p2 = \/%(Al —V24). (4.33)
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The integrals [ dy'(po + poy)e!¥)/" can be expressed as

d o0 /- /7
I = e S0 (Wo o Pr)Fiky;sin b <p0 - 2pzih&> / dy'er W /A=) (4.34)

— 00

with solutions given in term of Bessel functions of the first kind [113]:

If — 5e;@SO E(yovyovEF)J’_Zky sinfm (435)

L d —ic®/8h [ i /8 & o—im/8 &
X p0+2p21h$ Vee J_1/4 7 J1ja 7

for € > 0.

The final result for the transmission coefficient is given by

i = ~msEm(msn()et 2T | T8 V2
X {Z [J1/4 <’A—hS’> e™s +J 1) (’A—hS’> eig] +
+AA [Jg /4 (@ e 38 + J 34 ('Ahs |> e?ﬂ'%]}. (4.36)
Here AA =4 — 48 A= 4 4 405 — (S)+ 51)/2 and AS = (Si — Sp)/2. With

a local Value given by

(2h)/*pg LG (B)—iZ pe—i
€ 3 A
3T (3/4) erngn( m)sgn(n)en 2

The expressions given above for the tangent and pitchfork bifurcation are analo-

o[y

Y —

(4.37)

gous to the corresponding expressions for the contribution of periodic orbits bifur-
cations to the density of states derived in [48] or for the photo-absorption spectrum
n [112], since the normal forms are the same. The difference between them is the

physical meaning of the stationary condition that the trajectories satisfy.

4.4 Conductance and open-orbits bifurcations

As we have seen, for a single transmission coefficient, bifurcating open orbits have a
higher semiclassical weight than isolated ones. In analogy to our previous approach
in spectral statistics, we are going to study deviations of the conductance from
universality coming from a single bifurcation event. Therefore we assume that the
rest of the orbits contributing to transport can be treated in the standard way in
open chaotic systems.

Let us denote the two orbits born in a tangent bifurcation by ¢ and &', which

contribute to the transmission from channel « to 3. At the bifurcation they give
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a collective contribution to the transmission given by Eq. (4.28). We are mainly
interested in the hA-dependence of the contribution. Therefore, we write the total

transmission amplitudes in a short form as

1 i 1 PR

A — E AjenSr 4 —=0n,30m aAgene (4.38)
T [T ’
tn ~v(n,m) b

where we have hidden all other prefactors and phases in the amplitudes A, and
Ae.
The mean transmission is given by substituting Eq.(4.38) in Eq.(4.3):

<T>:<Tr(ttf)>:<iz > AWA;,e%<Sw—Swf>> (4.39)

tH n,m ~(n,m)
¥ (n,m)
1 A A*et (Sv=5¢) 1 A2
+ t57 ~ se 1 + C.C. + W’ g’ .
H ~(8a) H

As in the previous chapter, we have a double sum with a rapidly oscillating phase,
most of the contributions will cancel out in the semiclassical limit after the av-
erage in energy. A semiclassical derivation for the transmission in the diagonal
approximation, i.e., taking only terms v = 4/ in Eq.(4.39), was done first in Ref.
[106].

In the diagonal approximation the first double sum can be replaced by the sum

rule for open systems [114], leading to

T® = <$Z > \A7’2>

n.m 5 (nm)

1 & N N
_ N[ dteNerNmt o LR 4.40
ty £~ /o ‘ Np+ Ng’ (4.40)

where (N +Ng)/tg = 1/74 s the classical escape rate of the system with openings
of size wy, and wg.

The second sum in Eq.(4.39) does not give any contribution, since the sum over
~ does not contain the trajectory & and therefore the phase cannot be cancelled
out or be systematically smaller than A.

The total contribution to 7' at the bifurcation is then given in the diagonal

approximation by
NpNg a

N N2/3°
where we have written ¢y is terms of N = N+ Ng and 74, and all other constants

(T)dias — (4.41)

and potential-dependent parameters are hidden in a. The semiclassical limit cor-

responds to i — 0 or equivalently N — oo. It is clear that the contribution from
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the bifurcation goes to zero in that limit. This lets us conclude that even when
for a single transmission coefficient a bifurcation can be dominant, upon summing
over all possible scattering trajectories the contribution is negligible, since the sum
over channel gives a term N2, that dominates over the different % scaling.

We have seen in the previous chapter that the effect of bifurcations can be
stronger slightly after the bifurcations, and that this can be associated with a
non-diagonal contribution of the orbits born at the bifurcations. Let us consider
here the non-diagonal contribution of € and & for 0 < € < /3. Since the standard
semiclassical approximation for the non-diagonal contribution of the orbits born
at a bifurcation does not diverge, we will use it to calculate this contribution.
Thus,

T4 = 24 Ay sin (ﬁ?) ~ 37”936 . (4.42)
WLWR
Off-diagonal contributions to 7' has been considered semiclassically to leading
order in Ref. [115] and up to all orders in Ref. [116]. Trajectories giving a
contribution are similar to those presented in the introduction in the spectral
statistics, but they are not periodic. The trajectories come close to their time-
reversed in phase space, i.e., they have a self-crossing in configuration space or
in momentum space, the partner trajectory avoids such a self-crossing. It can be
shown that the difference in action can be systematically smaller than &, as for
the spectral statistics. For the transmission through a cavity the first quantum

correction to the double sum in Eq.(4.38) is

N Ng

Tl?ﬁ_d — N2

(4.43)

As we can notice, the non-diagonal contribution of the orbits born at the
bifurcation also scales also like N=2/3 (since it only exist for € < h%/3), therefore it
is not only negligible in comparison to the diagonal contribution of chaotic orbits,
but also in comparison with the weak localization correction, which is of order 1.

A similar analysis can be done for a pitchfork bifurcation. In this case the h
scaling of the transmission is A'/4, and then the diagonal and off-diagonal con-

tributions of the bifurcating orbits go like N—1/2

, vanishing in the semiclassical
limit. A remaining open question is the implications of bifurcations of transmis-
sion trajectories on the reflection coefficients, in order to preserved unitarity when
these effects are taken into account.

We have seen in this chapter that bifurcation scenarios for scattering trajec-
tories can be defined, and that for a single transmission (or reflection) coefficient

they can be dominant, but when considering the full transmission their effect goes
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to zero in the semiclassical limit. This is because, although they have a differ-
ent fi-dependence than isolated orbits, if they happen as single events, they can
be ignored when summing up all possible channel contributions. For other kinds
of bifurcations the scaling is different, depending on the type of bifurcation [51].
The amplitude of the contribution of isolated orbits scales as h'/2, while that of
bifurcating orbits goes as A2~ with v < 1 /2. In the total transmission the con-
tribution of isolated orbits scales as h~! (for the two-probe set up) due to the factor
h~2 coming from the sum over all possible channels. This is always dominant in

h'~2” with 1—2v > 0 coming from a single bifurcating trajectory.

comparison with
We conclude then, that open-orbit bifurcations, as defined in this chapter, are not
significant for total transmission in the semiclassical approximation to coherent
transport, in contrast to the spectral statistics.

However, bifurcations of periodic orbits that are inside the system do, ap-
parently, play a role according to Ref. [117], where it was studied the effect of
bifurcations in the conductance moments in antidot lattices. These bifurcations
are of periodic orbits, and they enter into play in the semiclassical description of
transport within the Kubo formalism [118]. The equivalence between the scat-
tering approach and the Kubo formalism has been shown quantum-mechanically
in Ref. [106], but this result has not been shown so far to be preserved within
the semiclassical approximation (a more detailed discussion will be given in the
outlook).

Though we do not pretend to give an answer to this question, this has been
a motivation to study the preservation of unitarity in the semiclassical approxi-
mation for open chaotic systems. In the next chapter, we will consider the decay
problem in an open chaotic system. In the semiclassical consideration of decay two
features are interesting. First of all, the standard semiclassical tools for evaluating
double sums fails in preserving unitarity, as shown in Ref. [73] and have to be
improved by introducing new diagrams. And second, Ehrenfest time effects can

be of importance.



Chapter 5

Semiclassical approximation to

the decay

In this chapter we will consider the semiclassical approximation to the survival
probability for an open chaotic system, i.e., the probability to find a particle inside
a certain volume at a certain time. We will compare the analytical results with
numerical simulations and study a different class of deviations from the universal
RMT prediction, compared to bifurcations, coming from Ehrenfest-time effects.
First, we will introduce the system and the method of wave-function propagation
that we consider in the numerical analysis. Then we will discuss the semiclas-
sical approach to the survival probability and the leading quantum corrections
for systems with time reversal symmetry. Finally, we will study Ehrenfest-time

dependence of these corrections and compare with the numerical results.

5.1 Model system and important time scales

Billiards are typical model systems in the study of classical signatures in quantum
systems [122]. They correspond to a bounded domain, where the dynamics is
free apart from specular bounces at the boundaries. The shape of the boundary
determines the nature of the dynamics.

For the numerical calculations presented in this chapter we will consider the
desymmetrized diamond (DD) billiard, defined as the fundamental domain of the
area confined by four intersecting disks centered at the vertices of a square (see
Fig. 5.1(a)). The DD billiard is chaotic in the classical limit according to [123],
and can be characterized by the disk radius R, and the length L of the longest
straight segment of the boundary. In Fig. 5.1(b) we see the evolution of a single

trajectory inside the billiard, showing the complexity of the dynamics.

67
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(b)

Figure 5.1: (a) Desymmetrized diamond (DD) billiard. (b) A classical trajectory in the DD
billiard after 500 bounces, it fills the area of the billiard homogeneously, the phase space shows
also the ergodicity of the dynamics.

Let us introduce the time scales that are important for our forthcoming analy-
sis. The typical time that a trajectory travels between bounces is called the flight

time ¢y, and can be calculated for 2-dimensional chaotic billiards as

mmA
ty = ——, 5.1
1= P (5.1)
where p is the magnitude of the momentum of the particles, m is the mass, A and
‘P are the area and the perimeter of the billiard, respectively.
We will consider that at the boundary of the billiard there is an opening of size
w < P, so the dynamics inside the billiard is not strongly affect by the opening,
and the main properties of closed chaotic systems are preserved. The dwell time
T4 is the typical time that a classical trajectory remains inside the system. At
energy ' = H(r,p) it is given by
Q(E)
= —" 5.2
= (2
for a 2-dimensional system, recalling that Q(E) = [dr'dp’§(E — H(r',p’)). For
2-dimensional billiards the integrals can be calculated easily yielding Q(E) = Q =
2mmA, independent of the energy. For which the dwell time reduces to

~mmA P

— Tt 5.3
(i (5.3)

The ratio between the two classical time scales ¢y and 74 is energy independent,
the two scales depend themselves on energy through p. The third classical scale
of importance is the inverse of the Lyapunov exponent A. The parameters that
we have chosen were L = 500, R = 655 and w = 80, for which the ratio 74/ts is
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about 15, i.e., a classical particle bounces about 15 times against the boundary of
the billiard before leaving. For the chosen parameter we have that A ~ %, which
means that a typical classical trajectory can be considered ergodic after about
three bounces.

The most important quantum scale is the Heisenberg time given for a 2-

dimensional billiard by
mA
ty = — 4

independent of the energy, since the mean density of states is energy-independent.

The number of open channels is

N = HE] , (5.5)

where \p = 27/ /p is the de Broglie wave length. Typical experiments and numer-
ical simulations in billiards are in the regime of N = 10, which is also the regime of
our numerical simulations. Another important quantum time scale is the Ehren-
fest time. As mentioned in the introduction, the Ehrenfest time 75 [34] separates
the short-time quantum dynamics where it follows the classical one, from a long-
time regime, where the dynamics is dominated by wave interference. It is the time
that two classical trajectories separated a distance of the de Broglie wavelength
(a “quantum” distance), need to have a distance of the order of the system size
(a “classical” distance). In a chaotic system one may use the fact that distances
increase exponentially in order to estimate such a time. Different kind of “clas-
sical” scales can be used depending on the problem of consideration. According
to Ref. [33] three different Ehrenfest time scales can be define: the closed-system
Tf, the transport 77 and the escape 7§, Ehrenfest times. Quoting Ref. [33]: the
difference between these Ehrenfest times can be attributed to the additional split-
ting of a wave packet into partially transmitted and partially reflected waves at
each encounter with an opening. The definitions of the three times in terms of the
typical size of the billiard £, the opening w and the de Broglie wave-length Ap
are [40]:

i) the closed-system Ehrenfest time is defined as the time necessary for two

trajectories initially separated by Ap to have a separation of the typical system

1
ThH = Xln <é> . (5.6)

For a two-dimensional billiard £ ~ v/A.
ii) The transport Ehrenfest time is given by

o 1 w?

size L:
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related with the opening w.

iii) The escape Ehrenfest time is given by

1
=5 <%> . (5.8)

Notice that 75, = (75 + 72)/2.
It is usually assumed that 74 > 75, so that quantum effects are noticeable
before the particle leaves the system. When the two scales are comparable, devi-

ations from RMT can show up, us we will see in this chapter.

5.2 Numerical simulation

For the study of the survival probability we need to compute the quantum time
evolution of a given initial state localized inside the DD billiard at t = 0, and the
classical time evolution of an ensemble of classical trajectories. For the classical
evolution we use a routine in C++ to calculate the propagation for each individual
initial condition. The propagation was done as following: free propagation until
the particle reaches the boundary of the billiard plus specular reflection at the
boundary. This procedure was repeated until the particle had escaped through
the opening.

The quantum time evolution of the wave packet was performed with a Trotter-
Suzuki algorithm provided by the author of Ref. [119]. Its basic idea is to decom-
posed the evolution operator by a finite product of evolution operators where each
one can be solved analytically. We recommend to check Ref. [120] for a detailed
review of the method. We will briefly recall the basic ideas for its implementation
in this section.

The solution of the Schrédinger equation for a time independent Hamiltonian

can be written as )
s
(1)) = e 7 [9(0)). (5.9)
Consider a one dimensional problem of a confined particle between 0 < z < a,
with a Hamiltonian in position representation given by
R d

i

V(). (5.10)

In order to calculate numerically the wave function at a time ¢ in position repre-
sentation we need to discretize the continuum space, so we choose a grid of M + 1

mesh points of size §. The discretized Schrédinger equation can be written as

i%?ﬁz@) = 62 (Y1 (t) + Yi_1 () + (V(I8) + 2672 (t), (5.11)
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fori=1,..,. M+ 1, withai=1 m=1and ¢j(t) =0forl <Oorl > M+ 1.
This is completely equivalent to consider a particle moving on a chain with M +1

lattice sites, described by the tight-binding Hamiltonian

M M+1
H = UZ(é;réH_l + é;r_l_lél) + w Z €Ny, (5.12)
=1 =1
where élT (¢;) creates (annihilates) a particle at the site [, n; = élTél counts the

number of particles at site [, v is the kinetic energy scale and we; is the potential
at site [ felt by the particle. We need to set v = —6~2 and we; = V(I§) + 2672, in
order to have the equivalence between both formulations.

The method is based in writing the Hamiltonian as a sum of other Hamiltonians
that can be easily diagonalized. If H = Ho + Hg one can approximate for short

times 7
=il — g=irlHo+p) o g=imHo ,~iTHE — [ (7). (5.13)

The error in this approximation can be shown to scale as 72 [120].

Let us recall the example given in Ref. [120] of a free particle moving on an
open-ended chain of M + 1 sites, with a Hamiltonian give by Eq. (5.12) with
we; = 0 (denoted by K in the following). Assuming M even for convenience,
K can be decomposed as K = Ko 4+ Kg where O and E refer to odd and even

sub-lattices, respectively, and are given by

M/2—1
Koy=v Z (é£1+1é2l+2 + é£l+2621+1) (5.14)
=0
and
M/2—1
Kp=v Y (ehyotass+ ey stusa). (5.15)
1=0
This leads to
L/2—1 L/2—1

Ui(r) = [ e I e+, (5.16)
=0 =0

where K; = v(é;élﬂ + éLlél).
Eq. (5.16) shows how the propagation is ordered as a sequence of two-site
systems. Each of the two-site propagators can be easily calculated and one can

finally write

o~ iTK P(t) _ cos(tv)  —isin(Tv) ,(t)
( Dp1(t) > ( —isin(rv)  cos(Tv) > ( Dy (t) > . (5.17)
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The procedure can be generalized for we; # 0, taking H =K+ U with U =
w Zl]‘iirl ;7 and making the approximation e *H7 = e IKT/2=UTo—iKT/2 T
propagation with e~*U7

—iTWeE]

is trivial: each component ®;(¢) has to be multiplied by a

phase e
A second order approximation can be built from the first order approximation

as

Ua(r) = Uf (r/2)Un(7/2), (5.18)

where U{F is the transpose of Ur. In a similar way, an approximation that is
correct up to fourth-order in the time step can be constructed from the previous
approximation algorithm as

Us(t) = Ua(s7)Us(s7)Ua((1 — 45)7) Uz (s7)Ua(s7), (5.19)
with s =1/(4 — 4%) (the subindices 4 and 2 indicate the order of the approxima-
tion).

The calculation for a 2-dimensional billiard is straight-forward, the propagator
can be written as the product of the free propagation in one direction, times the
free propagation in the other. The 2-dimensional discretized wave function can be
written as a vector with components ¥y (t) (with ¢ (t) = 0 if (16, kd) are outside
the billiard). The second order propagator for the two dimensional problem can

be written as
U2 (t) _ e—ZKO,zT/2e—iKo,y7'/2e—ZKE,zT/Qe—ZKE,yT/Q (5‘20)
% e—iU're—iIA(E’yT/2e—iIA(Esz/2e—iIA{oyy7'/2e—if(o’zT/2,

where Ko, (Ko,y) and Kp , (KEy) are given by Egs. (5.14) and (5.15), acting
on the first (second) subindex of vy (t)
according to Egs. (5.16), (5.17). The

numerical propagation was done as

an implementation on Fortran of the

fourth-order propagator Eq. (5.19),
taking into account Egs. (5.20), (5.16)
and (5.17).

As we notice this method applies
for unitary propagation. In order to
consider an open system, it was at-
tached to the lower part of the billiard

a guide as sketched in Fig. 5.2 and per- Figure 5.2: Open DD billiard (filled) attached to
a rectangular guide.

formed the propagation of the full sys-

tem as a closed system (within the previous description). The outer box was
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Figure 5.3: Classical survival probability for an ensemble of particles with a Gaussian distribution
in phase space (as depicted in the inset billiards) inside the DD billiard (full line) and for a
triangular billiard (dotted line), together with Eq. (5.21) (dashed). The DD billiard shows the
expected exponential decay, while the triangular billiard, for which the dynamics is regular, shows

a slower decay.

chosen big enough in order to avoid back reflections, therefore the size Ly, was
selected such that 2m L. /p > tg, i.e., the minimal time for a classical trajectory
to bounce and go back into the DD billiard was larger that the Heisenberg time
of the closed DD-billiard. Therefore the time at which back reflections start being
important was much larger than our range of interest (which is ¢t < \/tg7y). For
L = 500 we have taken Ly, = 3500. This method of propagation requires a lot
of numerical effort, mainly due to the attached box. A single propagation of a

Gaussian initial state up to t = 674 takes almost 3 weeks of computation.

5.3 Survival probability

Physical phenomena involving decay processes have been addressed in many phys-
ical contexts. As mentioned in the introduction, they play a central role in the
study of excitation relaxation in semiconductors quantum dots and wires [58, 59],
ionization of molecular Rydberg states [121], atoms in optically generated lattices
[62, 63, 64, 65] and optical micro-cavities [66], to name a few examples.

The survival probability is the probability of finding a particle inside the system
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at a certain time. Classically, once the initial conditions of a single particle are
given we know exactly when the particle is going to be outside the volume A, so
this probability must be understood as an average quantity, i.e., from an ensemble
of classical particles with a given energy how many will remain after a certain time
when the system is open. When the dynamics is chaotic (and this is preserved
after opening the system) the classical survival probability decays exponentially

in time

pe(t) = et (5.21)

while for mixed or integrable systems the decay is usually algebraic. We depict in
Fig. 5.3 an example comparing the decay for the above mentioned DD billiard with
the case of a billiard of triangular shape, which is regular. We see that Eq.(5.21)
describes very accurately the chaotic situation for times ¢ > A~!. Numerical
results confirming Eq.(5.21) have been extensively done; moreover, it has also
been confirmed experimentally, e.g. in Ref. [64] experimental measurements for
the decay of atoms in optically generated lattices were shown, revealing the fast
exponential decay for chaotic dynamics in contrast with the slower algebraic decay

for regular shapes.

Theoretical calculations with supersymmetry techniques [124, 125] however

reveal that the quantum survival probability, defined as
p(t) = [ drutr i) (5.22)

deviates from the classical one at times comparable to t* = /74yt g. The quantum

decay was considered as well in Ref. [126] where these deviations were observed.

The RMT predictions are universal functions, which only depend on the gen-
eral symmetries of the system, the classical life time and the Heisenberg time. A
successful semiclassical approach to derive the RMT prediction in the context of
quantum graphs was performed in Ref. [127], reproducing RMT up to first order
corrections for networks with and without time-reversal symmetry. In Ref. [73] a
semiclassical calculation for the decay of an initially localized wave function inside
an arbitrary chaotic system was developed. In the analysis a unitarity problem
was encountered when using standard semiclassical techniques to evaluate the con-
tribution of pairs of interfering trajectories starting and ending inside the system.
Therefore a new kind of diagrams was introduced, which are crucial to ensure uni-
tarity in any problem involving open trajectories connecting two arbitrary points

in the bulk, as we will see in the following.
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5.4 Semiclassical approximation to the survival prob-
ability

The survival probability can be written in terms of the propagator as
p(t)= / drdr’de” K (v, v/, ) K* (v, " )0, (v )k (x"), (5.23)
A

where 1, (r) is the wave function at t = 0. For a closed system p(t) = ((t)[1(t)) =
1, while for an open system this does not longer hold and p(t) decays in time.

In order to calculate the semiclassical expression for this quantity, we replace the
exact quantum propagator K (r,r’,t) with the semiclassical Van Vleck propagator

Eq. (1.7). The semiclassical survival probability is given by

sc 1 x 1(S5—S~ *
p(t) = @nh)? /Adrdr/dr” ~(Zt) D:YDﬁ,en( 7)o () (2, (5.24)
F(x! —r,

¥ (x —r,t)

where we have hidden the Maslov indices into the amplitudes D5.

Let us consider a smoothed survival probability

1 t+At/2
At = () ar = — / ()t (5.25)
At Ji_ats2

with At <« t. We will see, later on, that apart from corrections of order £,
p(t) ~ p(t) in the semiclassical limit, generalizing the result in Ref. [73] to non-
localized wave functions.

The phase of the double sum in Eq. (5.24) is rapidly oscillating unless trajec-
tories are correlated. Therefore most of the contributions will disappear due to
the average in time. The contributions that remain are from pairs of trajectories
with action differences of the order of A, which implies that the trajectories 4 and
4" should be “similar”. This restricts the initial points of the trajectories, i.e. they
must be almost the same. We expand trajectories 4 (or 4') going from r’ (or r)
to r in a time t around trajectories v (or 7') going from r, = (r' +r”)/2 to r in
a time ¢t. The expansion will contain terms up to zero order in the prefactor and
terms up to the first order in the exponential, because the latter is more sensitive

to small changes in the argument. The expansion of the actions yields

1

S:Y (I', I',, t) ~ S’Y (I‘, To, t) - §q * Pry,05 (5.26)
" 1

Sy (r,r",t) = Sy (r,10,t) + 39" Py (5.27)

where q = r’ —r” and p4,, (Py,0) is the initial momentum of the trajectory -y

(7). Here we have approximated Dy (r,r’,t) ~ D, (r,r,,t), and Dy (r,x" t) =
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D, (r,r,,t), then

v
0 = (e [ dedsadavy (vo+ 5) 05 (v = )

X Z DVD:';/e%(Sv_sy’)e_%(Pwyo+p7/,o)' > ) (5.28)
At
VY (ro—,t)

=Y

For an initial coherent state, the integrals over ry and q can easily be done and
the result is consistent with Ref. [128].
We recognized that the integral over q gives the Wigner function of the initial

states, therefore we can write
N 1 v 1(8._5, _
p(t) = <W/drdro Z DA,DA/,eh(S” Sw)pw(ro,p77/70)> , (5.29)
’Y7’Y/(I'o—>r,t) At

where Py o = (Py,0tPy,0)/2 and

pw(r,p) = / dr'i), ( + 5) v < - 5) o HT'P (5.30)

is the Wigner transformation of 1,(r).

5.4.1 Diagonal approximation

In Eq. (5.29) we still have a fast oscillating phase and most of the contributions
will cancel out due to the time average, unless the trajectories are systematically
correlated. The main contribution corresponds to the diagonal approximation, i.e.

~ =/, which gives the classical survival probability:
- 1 2 _
p(t) = <W /dI’dI’O Z |Dm/| pW(I'O7p,\{,\{/70)> . (531)
Y(ro—r,t) At
Together with the following sum rule for open systems [114]:
/dr > ID () = /dpoe—t/m(...), (5.32)
Y(ro—r,t)

Eq. (5.31) yields
pUE (L) = (e, o, (5.33)

where (...)r p indicates a phase space average,

(Flep = Gz | ddpF () (v.p). (5.34)

Since 74 is energy dependent, in Eq. (5.33) it is calculated at E = H (r, p). For

initial states that are localized in energy, the exponential can be taken out of the
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brackets and the remaining integral is equal to 1 due to normalization. We also
observe that at the diagonal approximation, which corresponds to the classical
decay, the probability is equal to one for ¢ = 0 and for the limit of a closed system
T4 — 00, reflecting that classically the conservation of particles is also fulfilled.

Eq. (5.33) has two restrictions. First of all, we have supposed that at time ¢ the
trajectories can already be considered ergodic. This is a good assumption as long
as tA > 1. Secondly, we have supposed that the ergodicity of the corresponding
closed system is not affected by the opening, meaning, classically the opening
should be small 74\ > 1 (though quantum mechanically it is very large 7y < tg
in the semiclassical limit).

Let us compare Eq. (5.33) with the numerical simulations for the quantum

propagation. For this purpose we will consider an Gaussian wave packet, given by

1\'? i 1
Yo (r) = <m> exp (Epo (r—r,) — W(r - r0)2> , (5.35)
where 0 < /A so that it is normalized in A: [, dr|io(r)|> = 1. The corresponding

Wigner transformation can be easily calculated given this condition:

pw 9) = dexp = Z5(r = 1)) exp (—;—§<p “p?) 630)

so that Eq. (5.33) can be written as

i -+ o0 o 2
pline () = 2672 / duwe /7T (—“) (5.37)
o 0 a

where a = h/(op,) and 7§ = 74(p,) is the dwell time for p, = |p,| and Ip(x) is the
modified Bessel function of the first kind.

The advantage of working with a Gaussian wave packet is that the classical
counterpart of Eq. (5.35) has a direct translation: given that the Wigner function
is always positive in this case, it can be taken as a probability distribution. For
the classical simulation we choose an ensemble of trajectories with an initial dis-
tribution is phase space given by Eq. (5.36) and simulate the dynamics inside the
DD billiard.

The chosen parameters for the wave function are o = 15 and A = 27h/p, =
15. The way of choosing the parameters o and Ag has to be careful. On one hand,
numerical limitations does not allow one to choose Ap smaller than 12. On the
other hand, to be on the semiclassical limit the number of channels must be much

larger than one, yielding the condition

(5.38)
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Figure 5.4: Comparison between quantum mechanical decay (dotted line) with the classical decay
(full line) for the DD billiard and Eq. (5.37) (dashed line). The time in given in units of 77,
the data showed in the plot is for a single numerical realization with r, = (0.34L,0.14L), the

momentum direction 6, = 7/4 and the opening starting at 0.48L (inset).

There is a restriction as well for the validity of the expansion of the actions
Eq.(5.26) and Eq. (5.27). According to Ref. [129] this is o?m)A < h. This
condition is a requirement for the linearization of all the trajectories around a
single starting point r,, i.e, the second term in the expansion should be smaller
than A. In our approach, we are not linearizing all the trajectories around a single
starting point, but we are neglecting contributions of pairs of trajectories whose
starting points are very different, since their contribution will be rapidly oscillat-
ing and cancelled out by the time average. This requires a weaker condition, it is
sufficient that the second term in the expansion is smaller than the first one, which
corresponds to take AtfP < 2mv/A. In Fig. 5.4 we show a comparison between the
classical and the quantum simulation for the decay inside the DD billiard together
with Eq. (5.37), evaluated numerically. The classical curve agrees very well with
the diagonal approximation Eq. (5.37). The quantum mechanical curve follows
the classical one for short times and starts to deviate at times comparable with
275.

Eq. (5.37) is independent of r,, of the direction of p, and of the exact po-
sition of the leads. In the numerical simulations this is not strictly so, since for
short time these conditions are all important, and lead to some corrections to Eq.

(5.37) which are system specific. These non-universal corrections are of classical
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“nature”, in the sense that they appear already in the classical decay, as revealed
by the numerical simulations. As we can observe, p(t) is a sufficiently smooth
curve, therefore we did not perform any local time average in the data shown. In
the next section, for a more precise comparison of the quantum corrections we
will introduce an average. For chaotic systems averages can be interchanged. So
we can instead of performing a time average, perform an average over the initial

localization, positions of the leads and direction of the momentum.

5.4.2 Leading quantum corrections to the decay

The first non-diagonal contribution to the semiclassical expression in Eq.(5.29)
comes from trajectories coming “close” to their time-reversed version as sketched
in Fig. 5.5. These are the kind of trajectories giving rise to weak localization in the
context of transport [115]. In the case of open trajectories that are not attached to
the opening, special care must be taken, as shown in Ref. [73], and new diagrams

have to be considered.

Two-leg-loops contribution

Let us first consider the contribution of the standard loops sketched in Fig. 5.5, de-
noted here by 21l (two-leg-loops).  We follow the phase space approach

introduced in Ref. [31] and used in

/
ro\\ fone Y 0 Ref. [73] to describe such a contri-

Y

bution to the survival probability.

As explained in the introduc-
r\/e ts—>le—ty—> tion, in each loop pair the tra-

Figure 5.5: Sketch of orbits with a self encounter, Jectory 7 contains an encounter
giving off-diagonal contribution for systems with time region, where two stretches of
reversal symmetry. the same trajectory are sufficiently
close, such that they are mutually linearizable. The time where this linearization
is valid is defined as the encounter time ten.. Along v the two stretches are sep-
arated from each other and from the initial and final point by three links. The
partner trajectory 7/ is distinguished from the original by differently connecting
these links inside the encounter. In order to calculate the probability of these en-
counters, we define a Poincaré surface of section (PSS) perpendicular to v inside
the encounter region, at some point P. The trajectory pierces P first at time ¢; and
then at t5. The probability that a trajectory pierces a fixed Poincaré surface of
section in a time (¢, t9 + dt2) with coordinates between (u, s) and (u + du, s 4 ds)

is uniform in chaotic systems and is given by the Liouville measure dtaduds/2.
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To find the contribution of the two-leg-loops we need to integrate this probability
over to to get all the possible piercings at to, and also over all ¢, to count the

possible sections P along . The density of these encounters is then given by

t—2tenc t—t1 —2tenc 1 (t — 2t )2
211 enc
w*(u, s,t) = dt dt = , 5.39
( ) /0 ! /0 2 Qtonc(ua 3) 2Qtence ( )

where the encounter time is given by tene = A7'In(c?/|us|). The factor 1/tenc
comes from the fact that we have weighted each encounter by t.,. when integrating
over t1, since P may be placed over any point inside the encounter itself. The limits
of integration arise from the requirement that all the times ¢1, to and t1 +t9 + 2tenc
must be positive.

The double sum is replaced by the sum rule together with integrals over the
stable and unstable manifolds along v weighted by the density of 2-encounters in

211(

a orbit of length ¢, w™"(u, s,t), giving rise to a difference in action AS(u,s) = us

smaller than a classical value ¢?:

PP(t) = <(27r1h) /drdro Z / duds| D 2 puATo, Pryry o) W? (u,s7t)e;iUS> :
A

y(ro—r,t) t

where c is a typical classical action up to which the two stretches are linearizable.
As we have seen in the diagonal contribution the sum rule contains a factor e~/
giving the classical probability of staying. When a trajectory has a self encounter
this probability is modified by a factor e‘»s/™  coming from the fact that the
trajectory v during the encounter region is so close to itself that if the first stretch
is inside the system, the second one must be also inside [115, 116]. We have then
the following expression:

1 c Z.
7 = W/ dadpe ™ py (q,p) [ dudse’/T 1w (u, s, t)er "

—C

¢ — 2tenc 2
= <e_t/7d/ dudsetC“C/Td(t%zi)eH“S> . (5.40)
—C tonc q,p

The integration can be done by making the change of variables = su/c?, o = c/u
as in Ref. [39], thus

Pt = < —t/rd Ar / dz(t — 2150 ln 2)%x cos(r:n)> ,

q,p
2

A d d !
= <e_t/7dé <t2 - 4Tdta% + 404273@) /0 dxx® cos(mc)>0(li).4l)

where a = —)%Td and r = ¢2/h. We can perform the remaining integral by partial

integration taking a — 0 and r — oo, and neglecting highly oscillating terms
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which cancel out due to the average [39]:

1 T
/0 dxx® cos(rx) = r_l_a/o dyy® cos(y)
sin(y) ‘00 _a / v dysin(y)
T 0 0

r Y
am
———. .42
5 (5.42)

&

Substituting in Eq. (5.41), we have

t2 t
~211 _ —t/Td
t) = —2— . 4
) <e <2TdtH tH>>q7p (5:43)

The quadratic term corresponds to the first order quantum correction according to

RMT [124], while the linear term damages normalization and therefore unitarity,
i.e. when the system is closed, then 7; — oo we should recover p(t) = p(t) = 1, but
this does not happen. As shown in Ref. [73] another diagram has to be considered

in order to solve this problem.

One-leg-loops contribution

Two possible diagrams have not yet been considered. The first one is the case
where the points r, and r are close together inside the encounter region. This
type of correlation leads to coherent back-scattering (CBS) in the context of semi-
classical transport [40].

The second one is where only one of the two stretches is inside the encounter
region, as shown in Fig. 5.6 b,c. Clearly, the latter only exists for initial and
final points inside the cavity, since, at the openings the exit of one stretch of the

encounter implies the exit of the other one (with perfect coupling). To evaluate

(a) < tem*), f}/ ’7// (b) PSS ,—‘,y fy/
TN,y _==T=- =
r\//<r><—tu» r\'//etcnc»

Figure 5.6: Sketch of trajectories with a self-encounter at the beginning or at the end. (b) is a

configuration without a self-crossing of any of the two trajectories.
this two contributions we define a Poincaré surface of section at some time 7 from
the end or beginning of the trajectory [39].

The encounter time will be given by

1
tene(T,u) = T + X In(c/lul),
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with the restriction 7 < } In(c/|s|).

The density of such encounters is given by

111( ) 2 /% ln(c/‘sl) d /t 2tenc d 1 (5 44)
w (U, 8,t) = T to——— .
0 0 “Q(E)

tonc(Tyu)
1 In(e/ls) _
Lo [P gt el
0 Q(E)tenc(T,u)

The factor two is due to the possibility of having the encounter at the beginning
of the trajectory or at the end. The difference in action will be AS = us at
any point of the Poincaré surface of section. We can now proceed to calculate
this contribution to the survival probability, in the same way as before, replacing
w'(u, s,t) instead of w?(u,s,t) in Eq.(5.40). In order to evaluate the integrals,

we make the following change of variables [39]
1
t/ —7‘—1— <| |> u=c/o, s = cxo, (5.45)

with an integration domain -1 <z < 1,1 <o < eMand 0 <t/ < 1 1 In (\ﬂ)
Here is important to notice, that the limits of ¢’ are counting also the situation
when 7 & tepe (the point at which the orbits start is after a possible self-crossing),
that means, it is not necessary to have a self-crossing in configuration space in
order to give some contribution of this kind.

After the change of variables the integrals over u, s can be written as

xIn(e/lsh o i
I = / du/ ds/ Megusetenc/m (5.46)
—c —c ZL/enc(Ta u)

At!

4 1 + In(1/z) t— ot , et d
- alaccos(mc)/A dt’ <—> e /Td/ &
mtH Jo 0 ¢ 1 C

4 1 Lin(1/z) ,
_ ArA dx cos(mc)/A dt" (t — 2t')et' /7
7TtH 0 0

d '\ 4r\ 1
= |(t-2— r 7_d/ dx cos(rz)r ”d
dr; Tth

where 7 = ¢?/h and p'\(t) = (e7"/™I), ,,. Replacing the result for the integration
obtained in Eq.(5.42) the final result for the 1lls contribution to the decay is

H

o) = <2ie—t/fd> : (5.47)
¢ q,p

This term is exactly minus the linear term coming from the loop contribution,

recovering unitarity and the first quantum correction (quadratic in time) for the
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survival probability:

2
pAFIL et (1 4 t , (5.48)
213t a.p

this result agrees with an expansion of the the RMT prediction [124] for t < \/tg7y.
For a detailed numerical analysis of the quantum deviations we consider the
ratio B i,
R(t) = PP (5.49)
phes(t)

According to Eq. (5.48) the semiclassical prediction is

R(t) = i%' (5.50)
2t%{ <e_t/Td >q,p

For the numerical evaluation of R(t) we have taken the classical simulation instead

~diag

of p*'#8(t) in order to get rid of the system specific features appearing at short

times, which are in both, the classical and the quantum simulations, so

R = e qn(;)cn_(f)c 80

where qn and cn stand for the quantum and classical numerical results respectively.

(5.51)

In Fig. 5.7 we show R"(t) for two simulations without any averaging. The full line
shows the numerical results when the center of the Gaussian is r, = (0.34L,0.14L),
the momentum direction 6, = /4 and the opening starts at 0.5L (w = 80 = 0.16L
in all simulations). The second one (dotted line) corresponds to a packet centered
at r, = (0.34L,0.14L), with 6, = 47/5 and opening at 0.1L. The semiclassical
prediction Eq. (5.50) (dashed line), evaluated numerically for the Gaussian initial
state, predicts larger quantum deviations than observed.

In Fig. 5.7 we show also the results after averaging over 27 different Gaussian
distributions and positions of the opening (same as in Fig. 5.9, where the standard
deviation is also shown). We have avoided choosing extreme positions, e.g., the
center of the wave packet near the opening, or the opening very close to the corners;
since they usually present strong system-specific features already at the classical
level, not predictable in our previous approach. As we notice in Fig. 5.7 Eq. (5.50)
(dashed line) overestimates the numerical result. The quantum decay follows
the classical one for larger times than expected according to our semiclassical
prediction. One possible explanation for such a shift in the quantum corrections
is the finiteness of the Ehrenfest time. Up to now we have not considered them,
in order to show a formal derivation of RMT predictions for specific systems. But

a calculation of the Ehrenfest times at p, leads to 75 ~ 0.57; and 75 ~ 0.2774.
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Figure 5.7: Numerical and semiclassical evaluation of the quantum corrections Eq. (5.49). The
dashed line corresponds to the semiclassical prediction of the leading quantum corrections Eq.
(5.50). Full line: R(t) for a wave packet with r, = (0.34L,0.14L), the momentum direction
0o = m/4 and the opening starting at 0.5L. Dotted line: r, = (0.34L,0.14L), 0, = 47 /5, opening
starting at 0.1L. The dots correspond to an average over 27 different distributions and positions

of the opening.

Therefore in our range of parameters Ehrenfest time effects are not negligible
and therefore RMT is not applicable. In the next section, we will consider the
semiclassical approach taking into account this corrections, going beyond the RMT

approach.

5.5 Ehrenfest time effects

Ehrenfest time effects have been mainly considered for stationary processes in
chaotic systems involving time integration [35, 36, 37, 38, 39, 40]. In Refs. [41, 71]
it is pointed out that these signatures should be even more noticeable in the time
domain.

We will follow the approach in Ref. [41] to calculate the Ehrenfest time depen-
dence of the first quantum correction to the survival probability. However we con-
sider as in Ref. [40] the difference between the Ehrenfest time of the closed system
7% =A"'n(L/Ap), and the open-system Ehrenfest time 78 = A~!n(w?/(LAp)),
related to the width w of the opening.

We will consider the Laplace transform of the 21l and 111 contributions to the
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survival probability:

o
Pi}fuﬂu(s):/o e—StﬁW“““(t)dt. (5.52)

The densities Eqgs. (5.39) and (5.44) have to be multiplied by a Heaviside
function ensuring that these contributions exist only if the time is larger than
twice the encounter time. This has been ignored before since we have supposed
that all Ehrenfest time scales are negligible in comparison with the dwell time.

Only trajectories that are closer

<«<— tenc ><lwr>
than a distance w to themselves

&
g,/

will have an enhanced probability . Pss A
of staying. Correlated trajectories v > v j 8

should come closer to themselves r

< g —>!

2

than a distance ¢ in phase space

Figure 5.8: Sketch of the 2ll for the semiclassical cal-

related to the opening, ie. we
culation with finite Ehrenfest time.

place the PSS only in the region

were the stretches are closer than a distance w. Moreover, on the right hand side
of the encounter, the stretches should separate at least a distance £ in order to
close themselves. The time when the trajectory pierce again the PSS is therefore
at least 2tenc + 2ty r, where twy, = A~!In(L£/w) is the time it takes the stretches
to be separated at a distance £ when they are initially separated a distance w.
The weight function is slightly modified by this minimal time and by ensuring

that the time is long enough in order to have such an encounter, thus

(t - 2(tonc + 7fVVL))2

211
( 2Qtence

O(t — 2tenc — 2tw), (5.53)

w* (u, 8,t) =

with tene = A"t In(c/|s|) + A7t In(c/|u|) and for the 1lls

Alne/lsl)p
w(u, s,t) =2 / ar 2('55‘: + ltWL))e(t — e — 2twr),  (5.54)
0 enc

with tene = ¢/ +A"!In(c/|ul). For both situations the classical survival probability
is modified by a factor e’ene/7d as before. After replacing Eqs. (5.53) and (5.54) in
Eq. (5.52) and shifting the integrals over time by 2tcy. + 2twy, we have that

2 0o
,071—;3211(3) _ E /0 +2 e_(1+STd)(t+2tWL)/Td12H(S)dt, (555)

where,

1 (& C e%us
o)== [ du [ ds——etenc/Tag=2(+sTa)tenc/a, (5.56)
7TFL 0 0 tenc



86 CHAPTER 5. SEMICLASSICAL APPROXIMATION TO THE DECAY

05 r 77

03 T

0.2 |

0.1} s ]

_01 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35

t/7q
Figure 5.9: Eq. (5.49) for the numerical simulation averaged over 27 packages (dots). The

analytical prediction with finite Ehrenfest time corresponds to the bold line. Our previous result

neglecting the Ehrenfest time is the dashed line.

And for the 11I’s:

p71_}3111(8) _ ti /oo te_(1-1—57'd)(t-i-ZtWL)/7’d[111(S)dt7 (557)
H Jo

c c A Lln(ce/|s Lus
M(s) = % / du / ds / ! I)dt’ietem/Tde—2<1+“d>tem/m. (5.58)
0 0 0

enc

The evaluation of the integrals can be done as before, and it is found in appendix

B. By taking the inverse Laplace transform we obtain

o114 111 tfry 70 g (8= 2T)? e
p (t) = (e TdeTB/Td—— L= ((t — 27F) . (5.59)
214t ap
Here we see two competing effects. On one hand if the Ehrenfest time is too
large, loops can not be formed before the trajectories escape, then §(t — 275,) =0
and there are no quantum contributions. On the other hand, for those trajectories
that have not escaped after 277 and have a self encounter, the probability of
staying is enhanced by a factor e™2/, revealing the enhanced classical survival
probability due to the encounter.
In Fig. 5.9 we show the numerical results (red dots) in comparison with Eq.
(5.59) (bold line) and Eq. (5.50) (dashed line). As we notice, the finiteness of the
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Ehrenfest time shifts the quantum corrections, and therefore they appear later, as
also revealed by the numerical simulations. The simulated average escape agrees
with Eq. (5.59), implying that that 7p-effects may indeed play a role. However, we
cannot rule out other non-universal effects, like diffraction effects or fluctuations of
the effective 74 [126], that may also yield to time shifts. Furthermore the individual
numerical traces R(t) exhibit strong fluctuations as reflected in the large standard
deviation in Fig.5.9. A numerical confirmation of the log(1/k)-dependence of 75
seems to date impossible for billiards, since it requires to increase the size of the
billiards exponentially and the computation would take a disproportionate amount

of time.

5.6 Variance of the survival probability

In section 2 we have introduced a local time average, in order to select from the
trajectories contributing to Eq. (5.24) those that have almost the same action. In

order to compare deviations of p(t) from p(t) let us consider the mean variance of
p(t).

(varp(t))ae = (((t) = (1)), - (5.60)

Introducing Eq. (5.24) in Eq. (5.60), we can write it as

6
(varp(t))ar = <ﬁ /A [ > > DsD:Ds,D:,
=1

1 (r1—r3,t) y3(rqg—rg,t)
F2(rg—r3,t) Y4(r5—rg,t)

et (531 =S5 +Sa3—Sﬁ4>zpo(r1)w3(rz)wo(r4)¢3(r5)>m= (5.61)

where the configurations r1 &~ ry and r4y =~ rs have to be subtracted since they
are taken into account in j(t)2, therefore they do not have to be considered in Eq.
(5.61). Due to the average most of the contributions to Eq. (5.61) will cancel out,

the configuration of the points r; must be such that the phase cancels out.

We will only consider the diagonal approximation here, which corresponds to
take 41 =~ 44 and 942 & A3, and is the leading contribution for short times. This
requires that r1 ~ rj5, ro &~ ry, and r3 =~ rg. We expand the trajectories 7; and 4
around trajectories 1 and 74 going from q; = (r1 +r5)/2 to q3 = (r3+1rg)/2 and
trajectories 42 and 43 around trajectories v, and 73 going from qs = (ry + 1ry)/2

to q3. We can make the integrals over r; — r5 and ro — ry, and write the variance
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in terms of the Wigner function of the initial state:

iAS/h
(varp(t))ar = 27Th /H q; Dy, D3, Dy, D7 € /
1 'Y4(C11Hq3 t)
v2,73(ag—as,t)

« Pri,0 T P, Pr2,0 + Prs,
o (DB o (g Bro EPa))

with

a4
AS =8, =8, + Sy — Sy + (Prif = Prosf — Praf T Puf) 5 (5.63)

2

P~,,r standing for the final momentum of the trajectory v; and q4 = r3 — rg.
The dominant contribution will come from the diagonal approximation v, =

v =4 and 2 = 73 this leads to

(varp(t))A; = <27rh /Hd(lz Z |D'Y1|2|D72|2€%(p”'f_p72’f)'q4

v1(a1—as,t)
v2(ag—ag,t)

Xp*W (q17 p'yl,o) PW ((l2, p’yQ,O) >At, (564)

In appendix C we show that we can write this for a two dimensional cavity as

(varp(t))d, = <m [ ‘ [ v [ ape it )

For a Gaussian initial state, the integrals can be done neglecting the p depen-

i > (5.65)

dence of the dwell time in the integrand (see appendix C). We obtain for A\t > 1

70 \/271'071 _op/po 1
(varp(t)d, ~ e/ o e Mo (5.66)

where o is the dispersion in position of the initial state and p, is the magnitude
of the mean momentum, and M = Ap,/(who) is approximately the number of
eigenstates (of the closed billiard) occupied by the initial wave function. This
contribution goes to zero in the semiclassical limit. Higher order contributions
can be neglected for t < tgy.

For the DD billiard and the parameters chosen here we have that

(varp(t))

(p())?
The square of the standard deviation in Fig. 5.9 fluctuates between 10~3 and
0.4 x 1073 for T <t < \/Tqtw, consistent with order of magnitude in Eq. (5.67).

Due to the numerical effort in each simulation we could not increase the size of

~ 2.4 %1073, (5.67)

the ensemble in our average (27), which can improve these results.
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We have seen in this chapter how the semiclassical approach has to be modified
when one is considering trajectories that are open, like in chapter 4, but not
attached to leads, where unitary problems can be solved by taking into account
new diagrams. We have studied the importance of Ehrenfest time effects, which
appears in the numerical simulation as a shift in the quantum corrections. The
semiclassical approximation can give a quantitative estimation of this effect, which
explains our data for a chaotic billiard. Typical examples of decay processes
are molecular photo-dissociation or atomic photo-ionization. In the next chapter
we will study the semiclassical approximation for such processes introducing the

diagrams discussed here, as well as Ehrenfest time effects.
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Chapter 6

Semiclassical approximation to

photo-dissociation statistics

The purpose of this chapter is to develop a semiclassical approach to determine the
leading contributions to photo-dissociation statistics for systems with time reversal
symmetry. We follow the diagrammatic approach introduced in Ref. [131], and
calculate the leading quantum corrections. We will see that the corresponding form
factor of the cross section auto-correlation function can be related to the survival
probability and the spectral form factor given by the periodic orbits that remain
trapped inside the system. We also calculate the Ehrenfest-time dependence of

the leading quantum corrections.

6.1 Photo-dissociation statistics

Typical examples of quantum decay processes are molecular photo-dissociation
[132, 133, 134] or atomic photo-ionization [135], there the molecule (atom) absorbs
a photon, which excites it to an energy region that allows the dissociation or
ionization of the system [136].

In indirect processes the dissociation proceeds through excited intermediate
resonance states. These resonance states are directly coupled to the continuum
states that describe possible breakup channels of the molecule into fragments [136].
In Fig. 6.1 an schematic representation of the photo-dissociation of a molecule is
shown. The energy surfaces e, and e,y correspond to a cut of the potential surfaces
of the ground and excited electronic state, respectively. |g) is the ground electronic
state of the molecule. We suppose, as in Ref. [137, 138], that the effective Hamil-
tonian of the excited molecule can be written as a “binding” potential coupled to

the continuum (in the following, when we refer to properties of the “correspond-

91



CHAPTER 6. SEMICLASSICAL APPROXIMATION TO PHOTO-DISSOCIATION
STATISTICS

92

ing” closed system, we mean the binding part of the effective Hamiltonian of the
excited molecule). The number N of possible dissociation states of the molecule
(dissociation channels) is assumed to be large and the complexity of e is assumed
to lead to chaotic dynamics. In the classical approach to photo-dissociation the
study of the fragmentation of the molecules is essentially done by placing “billiard
balls” on the electronic energy surfaces and follow their trajectories towards one
of the exit channels [136], similar to the study of decay in an open cavity. This
analogy will be kept in our further analysis.

Due to the complexity of the system, it is justified to described such processes
quantum mechanically within the Random Matrix Theory [137, 138], which has
been shown to reproduce the statistics of the fluctuations of the photo-dissociation
cross section of neutron scattering [139] and atomic systems [140].

Another possible approach, applicable for individual systems, is the semiclassi-
cal theory, which can also reveal the limits of RMT. A first semiclassical approach
to the auto-correlation function of the photo-dissociation cross section was done
in Refs. [131] and [141], were only diagonal (classical) contributions where con-
sidered.

In this chapter, we will develop a semiclassical approach for the leading quan-
tum corrections to the photo-dissociation cross section for system with time rever-
sal symmetry, following the diagrammatic approach in Ref. [131] and our previous
analysis of the semiclassical approximation to the survival probability, introducing
2lls and 1lls in order to calculate the leading quantum corrections.

The quantity describing the probability of those processes is the photo-disso-

ciation cross section, which in the dipole approximation is given by
o(E) = ImTr{AG™(E)} = Im / dr / dr' A(r,v')G~(r',r, E), (6.1)

where G~ (E) is the retarded Green function of the molecule, A is a projection

operator, given by

A=nl¢)(el,  |¢) = Dlg), (6.2)

where D = d - & is the projection of the electronic dipole moment operator of
the molecule on the polarization of the absorbed light (with polarization €) and
n = E/che,.

The two-point correlation function of the cross section is defined as

(0(E + hw/2)o(E — hw/2)) — (0(E))”
(o(E)) ’

C(w)

(6.3)

where (...) denotes in this case an energy average over an energy window AFE
around F, such that 1/§ < AF < FE, with g the mean density of states of the
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E

dissociation
continuum

dissociation coordinate R,

Figure 6.1: Sketch of an indirect molecular photo-dissociation process. The electronic surfaces
shown are: the ground state surface e, (where |g) resides), and the effective electronic surface e,y

(dashed line), which is approximately the sum of a binding surface e, with a repulsive surface e .

corresponding closed system. (o(F)) is the mean cross section. In the semiclassical

limit
(o) = 5(8) = s [ dedp A 90 (E - HGp). (6
with ,
Aw(r,p) = / dr'(r + 1 /2| AJr — v/ /2)e— 157" (6.5)

the Weyl representation of the A operator (which corresponds to the Wigner
representation of ¢(r)).
We consider the Fourier transform of the two-point correlation function of the

cross section:

2() = 2 /_ " dwe“ O(w). (6.6)

As C(w) = C(—w) then Z(t) is real and even. We consider Z(t) for ¢ > 0 and we
can calculate C(w) from C(w) = % Jo" Z(t) cos(wt)dt.

6.2 Semiclassical approximation to the cross-section

form factor

In order to calculate the semiclassical expression for this quantity, we replace the

exact Green function by its semiclassical counterpart Eq. (1.10). The semiclassical
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Figure 6.2: Scheme of configurations given some contribution to Z(t). (a) Open trajectory (OT)
configurations counted in Z'(t). (b) Configuration with 4 and 5’ surrounding a periodic orbit
(PO), accounted in Z2(t).

cross-section form factor is then given by

4
sc 924 %
Z(t) = g Re </Hdr,-A(r1,r2)A (r3,r4) (6.7)
=1
~ ~ % Z (tiy + t:y/)
~ > DiDyexp(5(Sy—Sy) )8 (t— 57 ).
J(ry—r2,E)
¥/ (rg—ry,E)

The term containing the action difference is a rapidly oscillating function, so
due to the energy average most of the contributions will cancel out. Only trajecto-
ries with similar actions will give some contribution, which imposes conditions on
the possible configuration of the points r;. There are two possible configurations,
as depicted in Fig. 6.2, following the analysis in Ref. [131]: (a) open trajectory
(OT) contributions (that we will denote by Z'(t)) where r1 ~ r3 and ry ~ ry4, or
additionally, in case of time reversal symmetry, r; ~ ry and ro ~ rs (this gives a
factor of two, taking into account that in case of time reversal symmetry ¢(r) is
real), (b) periodic orbit (PO) contributions (Z2(t)), with r; ~ ry and r3 ~ ry and

both trajectories surrounding a periodic orbit.

6.2.1 Open trajectory contributions

Let us consider the contributions of OT’s. For this purpose we expand the tra-
jectories 4 and 4’ along trajectories v and 7/ connecting q = (r1 + r3)/2 and
Q = (r2+r4)/2. Thus

Z(t) R pe < / dQdQ'dqdq’ > D,D%é <t— M) (6.8)

= 81352 2
7,7 (a—Q,E)
Ala+49/2,Q+Q'/2)A"(qa-d'/2,Q — Q'/2)

( { Pv,i + Py i P~.f + Dy,
eXP(ﬁ(S’y_Sw’)_ﬁq,‘i( R 5 - )+ﬁQl—( <Bi 5 7f)>>.
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where @ = r; —ry and Q' = ro —ry and k = 1 in the absence of time reversal
symmetry and 2 with time reversal symmetry.

Considering the diagonal approximation v = 7/, we will use the following sum rule
[142]

Y D P, — 1) = /dp/dp'f(r,p,r’,p/7t)5(E—H(r, p))(---), (6.9)

A(r—r',E)

where
flr,p,r',p',t) = d(x(t) —1')d(p(t) — p') (6.10)

is the classical probability of going from a point (r,p) in phase space to a point
(r',p’) in a time ¢, with the evolution given by H. In the case of classical ergodic
dynamics we can replace this classical probability, for sufficiently large times (A >
1), with its phase space average. For an open chaotic system this average is given
by

o OUH G D) — H(r, )

Q(H(r,p))

Substituting into Eq. (6.8) and using Eq. (6.4) we have

f(r,p,x',p/,t) (6.11)

e_t/Td
"6n2nic?

x exp(—iq - p/R)S(E — H(q,p)) / 1QdQ/dP
16"(Q + Q/2(Q — Q/2) exp(iQ’ - P/R)S(E — H(Q, P)),

zldiag () — Re/dq/dpdq'n(ﬁ(q-i-q//z)éb*(q—q//z) (6.12)

where 74 in the dwell time at the energy E. The integrals over q,p,q’ are inde-
pendent of the integrals over Q,P,Q’ and each one gives the mean cross section

correlation, according to Eq. (6.4), therefore
Zh Y08 () = ge T, (6.13)

here 75 = 74(E).

We can calculate the 211 contribution to Z'(t) for x = 2, as in Chapter 5. The
double sum is replaced by the sum rule and an integral counting the encounters
along 7. The classical survival probability is modified again by a factor efere/Td
We assume that the stability amplitudes of the two trajectories are the same, so
the calculation of the integral over q; and p; can be performed as for the diagonal

approximation. Then,

Z12y) = 2/dudse%suw2ll(u7s’t)e_(t—tcnc)/Td (6.14)

2
= 2¢Y/Ta ! —QL .
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As shown before in the semiclassical evaluation of double sums of OT connecting
points inside a system ‘one-leg-loop’ (111) diagrams have to be considered. The
result for the integrals in this case is

zVWH (1) = 4tie—t/7d, (6.15)
H

cancelling the linear contribution in Eq. (6.14).

We notice that this contribution can be written as Z'(t) = 2p(t), where p(t) is
the survival probability of the state ¢(r), i.e. p(t) = [, dr|o(r, t)|? (if its Wigner
function is localized in energy at E). Here the area of integration A entering in

the decay corresponds to the area allowed to be explored by the binding potential.

6.2.2 Periodic orbit contributions

Let us now consider the contributions of diagrams like Fig. 6.2 (b). We first
calculate the contribution of periodic orbits to the cross section, following a similar
procedure as for the semiclassical trace formula. Replacing the semiclassical Green
function into the definition of the photo-dissociation cross-section o we can write

the oscillatory part of it as

o(E) = 2mh o /dr/dl“A( g) (6.16)

320 (15 +;,r_g,E>>

where the trajectories v are going from r — 5 to r + 5. Since we are considering

orbits near periodic orbits we can expand the actions for small r’
2
PO _ / / /
oV (E) = Imm/dr/dr A(r+1'/2,r —1'/2) (6.17)
- i i
S Dyesp (55,00 B) = 1 (b s)2).
y(r—r,E)

The integral can be performed via a stationary phase approximation [141], yielding
PO 1 ~ i Tes
g (E) = —RGZDJ' exp —Sj(E) dt Aw(Qj,pj), (618)
h ; h 0

where the sum is over trapped periodic orbits j, and pj refers to the primitive
periodic orbit.

Dj — ¢i¥im/2 / \/m is the stability amplitude of the PO together with
the Maslov index 5, and Mj is the monodromy matrix describing the linearization

around the PO. Long enough trajectories will be uniformly distributed in phase
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space if the system is ergodic. Then, the integral over time can be replaced by a

phase space average:

TPJ

[ e (om0 ~ T [ dvdpv . p)3(E ~ HEp)/QAE), (6.9
and

oPO(E) ~ %HE»RQZTPJ'EJ' exp <%SPO(E)> ~ %gOSC(E), (6.20)

j
where ¢°*°(E) refers to the oscillatory part of the density of states, and g(F)
to its smooth part (Thomas Fermi). We recognize here that the contribution of

periodic orbits to the cross-section form factor Z2(t) corresponds to the spectral

form factor of the open system. Substituting Eq. (6.20) in Eq. (6.3) we have

Z2(t) == opon == —Re< ZT ijj/DjB;e%(Sj(E)_Sj/(E))5 (t — T’jj’) >, (621)

where T}y = (T} + T}/) /2. We recognize here Eq. (1.17), but the orbits entering
into the sums are those that are trapped inside the system. The expression given
in Eq. (6.21) has been calculated as an expansion in ¢/ty in Ref. [143] up to 8th
order for the unitary case and up to 7th order for the orthogonal case.

The diagonal approximation can be calculated by using the Ozorio-de Almeida

sum rule [18] modified for open systems, thus

2 ot (6.22)
tg

Z2,diag(t) —
The first order quantum corrections corresponds to periodic orbits with a self-
crossing as depicted in Fig. 1.2 (denoted in the following by (2)!). The calculation
is similar as for the spectral form factor of the closed system, but in addition the
enhanced probability of staying has to be taken into account. The weight function

can be written as
t(t — 2tenc)

@" —
w (u, s,t) ST

(6.23)

then

7220 = = / d't'e 75t / ds / a8~ Zene) e (6.24)

enc
2 3
_ —t/Td< 2t ¢ )
= ¢ Tt
th tyTd

Up to quadratic term in time, the form factor of the open and closed system

coincide, 74 enters in higher order corrections. In this context, 11I’s do not play
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a role, since on both sides of the encounter a minimal time is required, as the
deviation from the almost parallel momenta of the two stretches of j has to grow
until they are in opposite direction in order to close both sides of the trajectory
forming a periodic orbit.

Summing up the two contributions Z'(¢) and Z%(t), we can generally write
Z(t) = Kopen(t) + rp(t), (6.25)

where Kgpen(t) is the spectral form factor of the open system. This corresponds

for systems with time reversal symmetry, up to quadratic term in t/tg, to
GOE —t/r 2t t?
ZRt) =e T 24—+ (N —=2) 5 + ... |, (6.26)
ty t H
where N =ty /74 is the number of dissociation channels open.
Going back to the auto-correlation function by taking the inverse Fourier trans-
form, we obtain for GOE

11 1 1-T12 (N—2) 1-31?
GOE
N=4( =+ — 2
¢TI <N1+F2+N2(1+F2)2+ N3 (1+r2)3Jr > (6:27)

where I' = w7y. The first term, in accordance with Ref. [131], corresponds to the
well known Ericson fluctuations. In the context of quantum chaos they have been
checked numerically in Ref. [140] and experimentally in Ref. [144]. The second
term is also in the results presented in Ref. [131], while the next order correction
correspond to the first quantum corrections to C(I'). Eq. (6.27) is consistent with
RMT calculations for indirect processes done in Ref. [138] and with its expansion

in power of t/ty conjectured in Ref. [145].

6.3 Ehrenfest time effects

We have seen in the previous chapter that Ehrenfest-time effects can be of impor-
tance in decay processes. Therefore we will study in this section 7g-effects for the
first quantum corrections to the statistics of photo-dissociation. We will follow our
previous approach taking into account the different types of Ehrenfest times. The
“opening” of the system w in this case corresponds to the number of dissociation

channels times the de Broglie wavelength at energy F.
6.3.1 Ehrenfest time dependence of the leading quantum correc-
tion to the open trajectories contribution

We have shown before that we can write the OT contribution to the cross-section

form factor as kp(t), with p(t) defined as in the previous chapter. Its Ehrenfest
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<twp><—tonc——><twr>

Figure 6.3: Sketch of a periodic orbit with a self-crossing for the semiclassical calculation with
finite 7%.

time dependence corresponds to Eq. (5.59) calculated at energy E:

B (t — 27%)>
Zl,2ll+1ll(t) — ¢ /e T]j ﬂg(t —27%), (6.28)

TitH
from which the correlation function can be obtained through the Fourier transform:

2 . \3
T c 1— 1w
CLA ) = 4 Td o~k /R ( 74)

—2iwTE
—_ . 2
2, 0+ @25 - (6.29)

where 277 = 71, + 7. We notice that after time-integration, the auto-correlation
function C(w) shows an exponential suppression of quantum effects that depends
on the Ehrenfest time of the closed system, similar to the exponential suppression

of weak localization in transport in mesoscopic systems [35, 36, 37, 38, 39, 40].

6.3.2 Ehrenfest time dependence of the leading quantum correc-
tion to the periodic orbits contribution

A calculation of the Ehrenfest time dependence of the spectral form factor of closed
systems was performed in Ref. [41]. We follow a similar approach, taking into
account the opening of the system, and the two different Ehrenfest time scales.
In this situation the stretches are required to be separated a distance £ on the
left and right hand side of the encounter. Therefore the minimal time for the
orbits that have a self-encounter is 2ten. + 4twr,. The first quantum correction
to the spectral form factor is given by orbits sketched in Fig. 6.3 (denoted in the
following by (2)!). The corrected weight function is given by

t(t — 2tenc — 4tWL)
20 ene

w® (u, s, 1) = O(t — 2tenc — 4twr,) (6.30)

The contribution to the auto-correlation function, after shifting the integral over

time by 2tenc, can be written as

1 o0 :
2" (w) = e A dte™ OFamat/ma( — 4ty YT (w, 1), (6.31)

H twL
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with

1 [ €t 2tene)? _ao
1@ (w,t) = — / du / dseh“‘g(—’_ti)e (142iwra)tenc /Ta (6.32)
0 0 enc

The integrals can be done as before (see appendix D). The final result is given by

C2O' () = 8ele=2e) o [ _oimyg, ((L—2T)  diTly  2052(1 4 2T)
= N3 (14I)*  (1+44D)3 (144T)2 ’

where I' = wry, I}, = 75/7q and 1§, = 75 /74. Taking the Fourier transform, the

result for the spectral form factor of the open system is

ZEDN(t) = e H/TaeTh/m (—2? (1 + T—E> t—l) 0t — 275), (6.34)
(575 Td Taty

when 74 — oo and the system is closed, Eq. (6.34) is consistent with Ref. [41].
Similarly as for Eq. (6.28) a step function appears, requiring that only trajectories
longer than 27f give some contribution, which is larger than 27 since the orbits
have to close themselves. For those orbits the contribution is enhanced by e™&/7,
again showing the enhanced probability of surviving for periodic orbits with a
self-encounter. As in Eq. (6.29), Eq. (6.33) shows that the quantum corrections
in the cross-section auto-correlation function are exponentially suppressed due to
the minimal time that self-encounters require. In the case of periodic orbits, the
suppression is stronger (since 7f > 77) because the stretches of the encounter
must close themselves on both sides. Actually, if w < £ such that 73 < 74 but
Tf, is comparable to 74, quantum effects coming from open trajectories could be
visible, while those from periodic orbits can be neglected.

In this chapter we have implemented our previous semiclassical approach to
the survival probability to a typical example of quantum decay processes, namely
the indirect photo-dissociation of molecules. We have seen how the semiclassical
analysis leads to two kind of contributions: one corresponding to trajectories leav-
ing the system and the other one related to trajectories trapped inside the system.
A semiclassical calculation with finite Ehrenfest time shows that quantum correc-
tions in the cross-section auto-correlation function are exponentially suppressed,
due to the minimal time for the existence of orbits with self-encounters that lead

to quantum corrections.



Chapter 7

Conclusions and Outlook

7.1 Conclusions

In this thesis we have studied, on one hand, the effect of bifurcations on the spec-
tral statistics of a Hamiltonian system. In this case study we worked out for
the quartic oscillator how (pitchfork) bifurcations affect the density of states and
thereby further measures of spectral correlations. This requires a detailed knowl-
edge about the classical bifurcation scenario in that system. We have performed
in Chapter 2 a comprehensive semiclassical calculation for the density of states
invoking uniform approximations for the bifurcating orbits involved. All features
of the coarse-grained quantum density of states are adequately, and to high pre-
cision (mean level spacing), semiclassically reproduced, which is not evident in
such a system with mixed phase space dynamics. Our semiclassical evaluation of
the spectral rigidity and spectral form factor close to the bifurcation (Chapter 3)
shows strong deviations from the RMT behaviour, even though the phase space
is predominantly chaotic and the bifurcation-affected phase space region appears
negligible. This confirms that spectral statistics is rather susceptible to bifurcation
effects. Moreover we could unveil the role of orbit pairs born at the bifurcation
which prevail with near-degenerate actions for larger control parameter regimes
and strongly affect the spectral statistics. Such orbit pairs are obviously classically
correlated and require a treatment beyond the diagonal approximation.

This analysis moreover implies that in a comprehensive semiclassical approach
to spectral correlations in mixed systems, which still remains as a challenge, off-
diagonal contributions in the occurring multiple sums over periodic orbits should
be considered, analogously to the purely hyperbolic case.

Based on the bifurcation theory developed in the context of photo-absorption

spectra we have defined in Chapter 4 a bifurcation scenario for open orbits satis-
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fying the stationary conditions for the transmission coefficients in the scattering
approach to transport in mesoscopic systems. Bifurcations are defined as collapse
of stationary points as some parameters are changed. This concept can be ex-
tended from periodic orbits, which are stationary points of the Poincaré map, to
scattering orbits, which are stationary points of a generating function of type Fj.
A special semiclassical treatment for the transmission coefficients has to be fol-
lowed in order to regularize contributions coming from such bifurcation scenarios.
We have given two typical examples for bifurcations of low codimension: the tan-
gent and the pitchfork bifurcation. The appropriate normal forms used for the
regularization are the same as the ones used in the density of states, therefore,
as in the spectral statistics, the semiclassical weight of these trajectories in the
transmission amplitudes is enhanced in comparison with isolated orbits and this
enhancement is expressed in a different A-scaling of the amplitudes. But, contrary
to what would be expected from the effect of bifurcations in spectral statistics, the
contribution of a single open-orbit bifurcation does not dominate the conductance
of the systems. This results from the fact that the different & dependence of an
open-orbit bifurcation appearing in a single transmission probability is not enough
to counteract the sum over all other chaotic trajectories contributing to all the

scattering channels.

On the other hand, we have studied in Chapter 5 the semiclassical approxi-
mation to the survival probability and another source of deviations from Random
Matrix theory, namely the effect of finite Ehrenfest time scales. For open systems
the Ehrenfest time can be of relevance if it is comparable to the typical time that
the particles remain inside the system. We have numerically studied the decay
of a localized wave function inside a chaotic billiard. The results left evidence
that Ehrenfest time effects can be of consideration. They show up as a shift in
the appearance of quantum corrections to the decay. These quantum corrections
come from the standard “two-leg-loops” contributions together with the new di-
agrams, “one-leg-loops”, that have to be taken into account in order to preserve
normalization. The Ehrenfest time dependence of the decay probability shows
two competing effects: on one hand, for short times trajectories cannot form a self
encounter and therefore quantum corrections do not appear. On the other hand, if
the time is long enough for the formation of such a self encounter, the probability

of staying is enhanced, due to the closeness of the stretches of the encounter.

Finally, in Chapter 6, we have applied the semiclassical tools discussed in
Chapter 5 to study the statistics of dissociation of molecules through absorption
of light in indirect processes, in which the time scale of the dissociation is rather

large and the complexity of the dynamics can show up in the statistics of the



7.2. OPEN QUESTIONS AND OUTLOOK 103

photo-dissociation cross section. We have seen that the related form factor of
the cross section, i.e., the Fourier transform of the cross section auto-correlation
function, can be written as a sum of two contributions. The first one is related to
open trajectories and corresponds the survival probability (multiplied by a factor
of 2 in the case of time reversal symmetry). The second one is the spectral form
factor related to the periodic orbits that are trapped inside the system. The re-
sults are consistent with Random Matrix Theory predictions. Moreover, within
our semiclassical approach we have calculated the Ehrenfest time dependence of
these contributions, showing again two competing effects in the leading quantum
corrections to the cross section form factor: the need of a minimal time in order
to have a self-encounter versus the enhanced probability of staying of trajectories
with a self-encounter. This minimal time is larger for periodic orbits than for
open trajectories, and therefore quantum corrections coming from periodic orbits
with self-encounters should show up later than those of open trajectories. The
effect of finite Ehrenfest time scales on the auto-correlation function is an expo-
nential suppression of quantum corrections, as in the case of transport through
mesoscopic systems. This suppression is stronger for quantum corrections coming

from periodic orbits.

7.2 Open questions and outlook

There are several interesting open questions which we would like to discuss in
some detail.

One of these is the study of the effect of bifurcations in spectral determinants.
For a semiclassical calculation of individual quantum energy levels it is more con-
venient to use formulations in terms of spectral determinants instead of the density
of states. Moreover, spectral determinants can be related with wave functions and
with expectation values [146]. Spectral determinants are functions whose zeros are
given by the eigenvalues F,, of a quantum Hamiltonian. They are entire functions
of the energy, real valued for real energy, and can be expressed as a product over
the energy level as

Z(E) = [ A(E, E.)(E - Ey), (7.1)
n

where A(FE, E,,) are non-vanishing functions of £ making the product convergent.
A semiclassical expression for Z(F) can be done in terms of pseudo-orbits, i.e, set
of orbits, whose amplitudes, in the stationary phase approximation, correspond to
the product of the semiclassical amplitudes entering the density of states. There-
fore, it is expected that bifurcations could be important in quantities like the

auto-correlation function of Z(FE).
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Considering the topic of Ehrenfest time effects, which we have studied in the
context of decay, it would be interesting to study the logarithmic A-dependence of
the quantum corrections. Typical numerical evaluations of Ehrenfest time effects
are done in maps (or in systems that can be easily reduced to maps, like the
kicked rotor), which are numerically much simpler than billiards, and in which it is
possible to increase the size of the system by several orders of magnitude. Although
they are not the most realistic systems, which is why we did not consider them,
they allow one to study numerically the h-dependence of the quantum corrections
and the effects of different Ehrenfest time scales.

It is also an interesting outlook to develop a semiclassical approach to decay for
times comparable with the Heisenberg time. Semiclassics in this regime has only
been considered in Ref. [147], studying spectral statistics. The analysis in Ref.
[147] starts from the consideration of correlations of the spectral determinant.
A connection between scattering processes and spectral determinants was first
proposed in Ref. [148], in the frame of the Fredholm theory, and the link between
correlations of the scattering matrix and the decay has been discussed in Ref. [75]
related to the quest of the continuity equation and the semiclassical approximation.
A combination of these analyses can give a light on a semiclassical approximation
to decay for long times.

The most fundamental open question is perhaps the role of periodic orbits in
the semiclassical scattering description of transport. In Chapter 4, we have men-
tioned that according to Ref. [117] bifurcations of periodic orbits that are inside
the system are dominant in the conductance moments in antidot lattices (even
powers of the oscillatory part of the conductance). These bifurcations are of peri-
odic orbits, and they enter into play in the semiclassical description of transport
within the Kubo formalism. A semiclassical approximation to this formalism was
performed in Refs. [149, 150], where it was shown that the longitudinal conduc-
tivity can be written as a smooth part (classical) and an oscillatory part, given in

terms of periodic orbits as

2gs¢* —T; /27, Sij(E)
5T Ze il 1C(vg, v2)Aj(E) cos T % (7.2)

J

55mm =

in a similar way as for the oscillatory part of the density of states. Here Cj(v,,v;) =
I dte=t/Tel fg”j dt' v, (t")v. (t + t') is the auto-correlation function of the longitu-
dinal velocities v, along the primitive periodic orbit pj and 7; is the elastic scat-
tering length. For very long trajectories one can approximate the integral over
the trajectory length by its phase space average, if the system is ergodic. The
longitudinal conductivity can be approximated to 67,.(F) =~ 65,(FE)dg(E). It

is clear in this approach that periodic orbit bifurcations can be dominant when
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considering moments of the conductivity, {((65,,)?™), as they are for the spectral
statistics. That the conductance and the longitudinal conductivity are equiva-
lent in a two-probe sample, has been shown quantum-mechanically based on the
continuity equation [151]. Semiclassically is not yet clear how periodic orbits par-
ticipate in the scattering semiclassical description of transport. There should be
a classical mechanism that relates trajectories escaping with the classical repeller
(the set of solutions that never leave the system). A similar situation was recently
discussed in Ref. [152] related to the correlations of the time delay, which can also
be described in terms of the scattering matrix or in terms of the density of states,
giving rise to two different semiclassical expressions. The connection between the
two approaches was found by introducing the contribution of scattering trajecto-
ries that spend long times near trapped periodic orbits. This does not yet solve
the problem of transport as pointed out in Ref. [152], since these correlations turn
out to be zero in this case. Further research into this direction seems promising to
understand the dynamical mechanisms behind linear response theory in transport

through mesoscopic devices with chaotic and mixed dynamics.
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Appendix A

Reduced density of states of

the separable quartic oscillator

Let us consider the semiclassical density of states of the QO for the EES reduced
representation. We can calculate the density corresponding to n, and n, being
even ggg(FE), which contains the density of the two irreducible representations
gees(E) and ggga(F). The difference between the two is given by the density

gs(E) when ng, = n, = 2n’. The reducible densities can be calculated as

geEs(E) = gEE(E); gS(E), (A1)
and 5 5

The 1-dimension EBK spectrum is given by

1

where a = 4 (23—1;)

Taking n, = 2n/, we have that the one-dimensional density corresponding to

even ng is

gp(E) = Za(E—E% ) = Z /0 §(E — Bay)e*™*="dn  (A.4)

3/4 1 35”3/4 2mikyn
= Z / ( Z—n) <8E1/4> e dn  (A.5)

ky=—00

_ 3 G3/Ap—1/4 g =m3/4 T
= 3@ E Z exp (mk‘x(aE) ZQk‘x). (A.6)

ky=—00
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The two-dimensional density of states is found by convolution of the one-dimesional

one. Thus
E
G(E) = [ 9nn(E - Egun(E)E (A7)

0

9 ad E

— _ds/z Z e—igkz—igky/ (E—E/)_1/4E/_1/4ei¢E(El)dEl.
64 0
kz,ky=—00

with ®p(E') = ma*/4((E — E')%/*k, + E®/*k,).

From k, = k, = 0 we have the smooth part of the density of states

K E1/2,

e (A.8)

gur(E) =

The integral can be evaluated by stationary phase approximation for k, # 0,

ky, # 0 as for the full density of states [80]. The stationary points are the same,

namely E* = Ek‘;l (K} + k:f;) Moreover there are end - point corrections due to
the limits of integration (see [87]). The result is

soe) - 2(%Yar) f; it o S () )5
i <§§—l> MEY}L%J_ 1))
x {%;_ 1 [sin ((Qky - 1)%) —cos <k:y S—;ﬂ
+2ky1_ - [Sin <(2k:x —~ 1)‘3—2) — cos (kms—;ﬂ } : (A.9)

We see that the end-point corrections can be neglected since they go very fast to
zero as E — oo.

When k, = 0 or k, = 0 the evaluation is more cumbersome. This case together
with the end-point corrections corresponds to the contribution of the librational

orbits A. It can be written as

SK? > in 1 du Sa 1.8
k=—00

0 (1—u)

whose evaluation can be done asymptotically [88]. And the final result is the one

shown in Eq. (2.21) (the second sum) multiplied by a factor of 2.
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Finally we calculate the density ¢°(E) by taking n, = n, = 2n, thus
gE(E) = 25 (E — E3n)

@E/2)3* 1 3(a/2)%*\ orikin
Z/ < / _Z_"><(8é134>62k£d”

k=—00

_ 1 2K E)" i <1+Zcos< : k—§k>>. (A.11)

2% 7Th

The mean density for the reduced representations EES and EEA is slightly cor-

rected by +gs(F)/2 from the approximation g(E)/8:
K 1 2K 1
Gisas (E) = — B2 AE)™1 A.12

and

1 kgky T T
ke hoy=

+ %((z)i (4E) T :1 k% [%SA( ) — —k - 3%]
ke ky=1
o <<%y_1%>_cos<kys_;)}

The dominant contributions come from the tori where k, # 0, k, # 0. In Eq.
(2.21) we only note the most important contributions, though for the numerical

comparison we have taken all the previous terms into account.
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Appendix B

Ehrenfest time dependence of

the decay probability

Recalling Eq. (5.56) we have that
2 o0
pflrEZH( ) E / +2 e—(l-i—sm)(t-l-QtWL)/7’d[2ll($)dt7 (Bl)

where,

(s h/ du/ ds— te“C/Tde‘Q(””d)te“/Td- (B.2)
m

Making the change of variables x = us / ¢® and 0 = ¢/u we obtain
A L (14257,
*(s) = % / dzx cos(rz)z md 2 (112 d), (B.3)
0

where r = ¢?/h and the integral over o has already been performed. We make the

change of variables y = rz then
[211( ) 7/\T7° )\T (142s74) /0 dy cos(y)y”d (1+237—d) (B4)

We perform the integral by partial integration, neglecting highly oscillating terms
as in Eq. (5.42):

12(s) = 2y (12T / dycos(yy ™+ = 020 -z
T 0 Td
(B.5)

where we have taken 7% = A7!In(c?/h) and h — 0 keeping 7%/, finite. Going
back to the decay we have that

74 o = k(14 287—d)e—237']%‘

1,211
=-2-=
pTE ( ) tH (1+87’d)

(B.6)
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The inverse Laplace transform leads us to

t—2 2(t — 27¢
,02H(t) _ —t/Tde-rd <( TE) . ( TE)) o(t—27%), (B?)
27qt g th
where 0(t — 27f,) is the step function. Clearly from the definitions of 73, and twr,
we have that 75, + 2twy, = 75 and 275 = 7% + 75
For the 111 we have Eq. (5.58):

piElll() %/ te~(tsma) (2w ) /ma 1 gy gy (B.8)
with
(g ATt n(e/ls)) - egus
=g [ o [ / di/ S —e T/, (BY)

where tepe = t' + A7 ! In(c/|u|). We make the change of variables z = us/c* and
o =c/uand t" =t + A~ !1In(c/|ul), obtaining

)\ 1 ST,
1) =~ g, deostrmaTi 07, (B.10)

The integral is the same as before, then

F2
1,111 d —= 2 —25T%

s 24 — E Bll
pTE (8) t e (1 s d)2€ ( )

Summing up the two contribution we obtain

2 = [(1-
pLAHIL (o) e it s74)°

—2s7E
3¢ E|, B.12
t2 (14 s79))3 ( )

The total quantum correction coming from 11l and 2lls is then

2(t —273)

plll(t) o e—t/Tde*
tg

ot — 275). (B.13)
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Variance of the decay for a

Gaussian 1nitial state

Recalling Eq. (5.64),

4
1 i
d - } : 2 9 i _ .
(Varp(t)>At = <(27Tﬁ)4/Aqui ’D’n’ ‘D’Y2’ eh(p“q,f Pry,f) Q4
i=1 ~1 (a1 —ag,t)
~v2(az2—ag,t)

X pw (A1, Pas0) P (G2, Py 0) > (C.1)

At

We apply the sum rule as in Chapter 6, but in the time domain

Yo D) = /dp/dp'5(r(t) —1)d(p(t) —P)(--) (C.2)

¥:(r—1't)

p(r,p,r’,p',t) = 6(r(t) — r')o(p(t) — p’) is the classical probability of going
from a point (r, p) in phase space to a point (r/, p’) in a time ¢, with the evolution
given by H. We can replace this, for large time, for its phase space averages, in

the case of an ergodic system:

(C.3)

For a billiard this yields

1
(varp(t))a, = W/quidpmw (a1, p1) pw (a2, p2)  (C4)
=1

Xe%(pS—P4)'Q4e—t/7d(Pl)e_t/Td(P2)5(p% _ pg)(;(p% _ pi)

The integral over qs gives a factor A since the integrand does not depend on

this variable. The integral over q4 selects p3 near ps. Extending the limits of
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integration to R? this selection becomes a sharp delta function. Thus,

4

(varp(t)d; = m/dmd(ﬁ[{ldmpw (a1, p1) pw (92, P2)
x8(ps — p4)e_t/”(pl)e:t/Td(p2)5(p% — p3)é(p3 — p3).
3
= m/dqldqz[[ldpmw (a1, P1) pw (2, P2)
><e‘t/”(””e‘t/”(pz)é(;_% — p3)3(p3 — p3)-

In the last equality we used the identity d(f1 — f2)0(f2— f3) = 6(f1 — f3)0(fa — f3)-

Now we can performed the integral over ps, thus

27T o0 o0
/dp35(p§ ~p3) :/0 d9/0 p3dpsd(p3 — p3) :w/o dud(ps —u) =m (C.5)
Then

2
1
N = =5 [ [[dasdp: : ,
(varp(t))a 2rh)2r A /2:1 q:dp; pw (a1, P1) pw (a2, P2)

Xe—t/m(m)e—t/Td(m)(S(P% - P%)

Let us now use the Fourier representation of the remaining delta function:

2

a _ L / = / —t/a(p) kD>
(varp(t))a; = GrhmnA | dk | | dadp pw (a,p)e e (C.6)

Substituting Eq. (5.36) in Eq. (C.6) and integrating over the coordinates we
obtain

2 2

(varp(t)q;, = % /_Z dk ‘/dp exp <—% [(p—p0o)’] + z'k:p2> o t/Ta(p)
€7

For p,o > h we can neglect the p dependence of the function e */7¢(®) since the

Gaussian factor strongly selects p ~ p,. The remaining Gaussian integral over p

gives
2 2 .2 327 2
o Y o\ _ wh?exp(ikps/(1 —ikh®/d?))
/dpexp< 73 [(P—P0)°] +ikp > =— gy (C.8)
Then
2h2e_2t/75 1 —2k2ﬁ2p2/02
d _ 0
(varp(t))ae = — / 7R 1 P < 1+ k2Rt Jot > (C.9)

Defining a = h/(opg) and making the change of variables u = kh?/(ac?) we have

2a02e2t/7] 1 —2u?
(varp(t))A; = A /dul a2 P (1 T a2u2> : (C.10)
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a is a small parameter and in the semiclassical limit it goes to zero, so we take

the limit ¢ — 0 in the integral and approximate the integral over u as f due_2“2,

Qa02e~ 273 7 2ho |7
d _ _ _ = — —
(varp(t))ar = A \/; Apo \/; (C-11)

yielding
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Appendix D

Ehrenfest time dependence of
the spectral form factor for

open systems

Recalling Eq. (6.31):

4 o0 )
C3P(w) = —Re /4 e i) 1P (0, 1), (D.1)
H WL
with
c c ) 2
1(2)1 (w7 t) _ ih / du/ dse%us (t + 2tonc) e—(1+2iw7d)tcnc/Td. (D2)
Q 0 0 enc

This can be written as

1 d d2 c C i —(1+2ind)tcnc/Td
[(2)1(w,t) = — (2 —u — +4—— / du/ dsenus® .
7h de d(Td )2 0 0 tenc

(D.3)
Proceeding with the integrals over (u, s) as in the Appendix B we obtain
1 d d2 —1 - o
1w t) = = [2-—wu—2 14 ( 771 4 2iw)e +2W)TE)
f) =3 dryt () 7 )
TR o t 4+ 272)2
— ¢ 7 (IH2wTa) [—(1 + 2z'md)(+27715) +2(t + 2@)} . (D4)
Td
Substituting in the (D.1) and shifting the integral by 4twr,
s > (27) t+275)?

Td _ ; "E
03}3(2)1(01) = :3 Re/ dte” T Ty [-(1—1—22’uﬂ‘d)M +2(75+27]%)] )

H 0 Td
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yielding

C2@) () = 8elb=2) | [ _oimyg, ((L—2T)  diTly  2052(1 4 2T)
e N3 (1+40)*  (144D)3 (1+4D)? ’

where I' = wry, 19, = 7§, /74 and %, = 7§, /74. The Fourier transform leads to

2 c 3
2,(2 1 _ —t/Tg TS T l B l c
22 () = e~ TaeTi/m <_2g <1 + T_d> + %> 0(t — 275). (D.5)
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