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ABSTRACT

We study how global system parameters and local realizations of quenched disor-
der shape the dynamics of a classical many-body spin system and how classical
indicators of chaos, Lyapunov’s exponents, relate to quantum signatures of chaos.
In particular, we focus on the classical analogue of the quantum spin glass shards
model in a random transverse magnetic field studied by Georgeot and Shepelyan-
sky. The classical spin phase space is constructed as a symplectic manifold and
we evolve trajectories with a second-order Suzuki-Trotter integrator. This symplectic
structure-preserving scheme enables reliable computation of Lyapunov’s exponents
via standard repeated QR-based orthogonalization of tangent vectors, yielding accu-
rate finite-time Lyapunov spectra for trajectories in different regions of phase space.

Using these tools, we examine the dynamics of trajectories sampled from differ-
ent regions of phase space while varying two global system parameters: the relative
strength of the spin-spin coupling and the transverse magnetic field. We find that
both the strong spin-spin coupling and strong magnetic field limits are nearly inte-
grable, with maximal chaos emerging at intermediate coupling-field ratios. When
initial spin configurations are sampled uniformly over the Bloch sphere, different dis-
order realizations do not qualitatively change whether dynamics are chaotic or inte-
grable, while configurations concentrated near the x- or z-axis are highly sensitive
to the specific disorder realization and can exhibit either almost fully integrable or
strongly chaotic behavior under identical global parameters.

For 17 spins, all observed trajectories in the classical system are chaotic when the
spin-spin coupling is approximately three times stronger than the transverse field. A
comparison with the quantum level-spacing statistics of the corresponding quantum
model shows qualitative agreement regarding which choices of global parameters
lead to integrable or chaotic dynamics. However, there is a quantitative mismatch in
which global parameter values produce the strongest chaotic dynamics. This demon-
strates that the relationship between classical Lyapunov exponents and quantum
energy-level spacing statistics is complex and non-trivial.

Vii






INTRODUCTION

Many foundational subjects in statistical physics can be formulated within the
framework of classical Hamiltonian dynamics [Khi49; Tol38], and a central one is:

"Under what conditions on the microscopic Hamiltonian dynamics does the
long-time values of macroscopic observables coincide with the predictions of
equilibrium statistical ensembles?"

Statistical physics assumes that equilibrium values of physical observables are
obtained as averages over an appropriate statistical ensemble, such as the
microcanonical ensemble [LL80]. Thermalization refers to this process by which,
after some time, the values of macroscopic observables relax to stationary values
that can be described by an equilibrium ensemble, and become essentially
independent of the detailed initial conditions, except through conserved quantities
such as energy [Rei08]. The justification for this process is given by the ergodic
hypothesis, which assumes that a Hamiltonian system evolves so that a typical
trajectory effectively explores the whole constant-energy surface in phase space,
spending time in each region in proportion to the total available phase-space.
Since Hamiltonian dynamics preserves phase-space volume, this implies that the
infinite-time average of any reasonable observable coincides with its microcanonical
ensemble average [Khi49].

Nonlinearity is generally associated with more complex dynamical behavior:
individual solutions no longer combine by simple superposition, and small
perturbations of the initial conditions can lead to large differences in the long-time
evolution, as illustrated by the standard (Chirikov-Taylor) map [Zas07]. By contrast,
in a linear system any solution can be written as a sum of independent solutions
that evolve without influencing one another, so the motion generally remains
periodic or quasi-periodic and typically explores only a restricted region of the
energy shell in phase space. With this perspective, Fermi, Pasta, Ulam, and
Tsingou (FPUT) designed their famous experiment to test whether introducing weak
nonlinearities would be sufficient to drive a many-body system toward equilibrium
[Fer+55]. Instead, they observed long-lived quasiperiodic dynamics and a lack
of energy equipartition. This unexpected result triggered a substantial body of
subsequent work, reshaping our understanding of thermalization and leading to
major developments in statistical physics and nonlinear dynamics [For92; Gal08].

A major conceptual advance in understanding such observations came with the
development of Kolmogorov-Arnold-Moser (KAM) theory [Arn63; Kol54; Mos62].
KAM theory shows that, for Hamiltonian systems that are small perturbations of
integrable ones, a large measure of invariant tori survives, carrying quasiperiodic
motion with slightly deformed frequencies. As a consequence, the phase-space
dynamics can remain largely confined, and energy exchange between different
degrees of freedom is absent, even in the presence of nonlinearity. This provides
a explanation for the persistence of quasiperiodic behaviour and the lack of
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equipartition seen in the FPUT experiment, and offers one possible answer to why
weakly nonlinear many-body systems may fail to thermalize on certain time scales
[BP23].

In the quantum setting, the situation is even more subtle. The underlying
quantum dynamics are linear and do not exhibit sensitive dependence on initial
conditions in the classical sense, so the usual trajectory-based notion of chaos is
not applicable. As a result, there is no universally accepted, dynamical definition
of quantum chaos. Instead, one characterizes quantum systems as chaotic
or integrable through indirect signatures, such as random-matrix energy-level
statistics, properties of eigenstates, or the growth of certain correlation functions
[Haal0]. These developments have led to a rich theory of quantum chaos
that parallels, but also fundamentally differs from, the classical picture based on
nonlinear equations of motion and invariant structures in phase space [Gha+20;
GMW098; St699].

There remain, however, important conceptual links between classical and
quantum chaos and, more broadly, between dynamical systems and ergodic theory.
Spectral statistics of quantum systems retain imprints of the underlying classical
phase-space structure: integrable classical dynamics is typically associated with
Poissonian energy-level statistics, as conjectured by Berry and Tabor [BT77al,
whereas classically chaotic, ergodic dynamics is associated with Wigner-Dyson
statistics as in random-matrix theory. This correspondence is encapsulated in the
Berry-Tabor conjecture for integrable systems and the Bohigas-Giannoni-Schmit
conjecture for fully chaotic systems [BGS84], which together postulate that quantum
systems inherit spectral statistics from the nature of their underlying classical
dynamics. However, explicit counterexamples to both conjectures have been
constructed [Bar+08; BSS92]. The stated conjectures about the link between
classical dynamics and quantum spectral statistics can therefore no longer be
regarded as universally valid, but rather as characterizations in suitably generic
systems.

In this thesis, we examine this link between chaos in a classical and quantum
system by focusing on a concrete classical and quantum many-body model: the
spin glass shards in a random transverse magnetic field studied by Georgeot and
Shepelyansky [GS98]. In this model, the microscopic couplings are drawn from a
random distribution, so each realization corresponds to a specific choice of local
interactions, while the overall behavior is governed by a smaller set of global control
parameters, such as the strength of the transverse field and the distribution of
couplings. By tuning these global parameters, the system exhibits a crossover in its
energy-level spacing statistics from Poissonian behavior, characteristic of integrable
or weakly interacting regimes, to Wigner-Dyson behavior, which are indicators of
quantum chaos and strong level repulsion. Our strategy is to construct and simulate
the corresponding classical Hamiltonian system, generating the same disordered
structure at the local level, and to examine whether its phase-space dynamics
shows a similar transition, for example from quasi-integrable motion to strongly
chaotic. For this purpose, we compute the Lyapunov exponents of the classical
dynamics and compare their behavior across different disorder realizations and
different choices of the global control parameters, using the methods introduced in
[Ben+80a; Ben+80b]. By comparing these exponents with the quantum spectral
statistics across many realizations of disorder, we aim to identify how changing
the global control parameters and the local disorder affects both the onset of
Wigner-Dyson statistics in the quantum system and the onset of strong classical
chaos in the classical system, as reflected in the Lyapunov exponents, and to
identify regions in phase space that are effectively integrable or chaotic and how
these regions are influenced by the system parameters.



This thesis is organized as follows. In Chapter 2, we introduce several
examples of classical determistic Hamiltonian chaos, such as the kicked rotator, the
Fermi-Pasta-Ulam-Tsingou chain, classical limacon billiards, and classical spin-chain
models, and use them to illustrate how integrable and chaotic dynamics emerge
in the classical regime. Chapter 3 then reviews several signatures of quantum
chaos, level-spacing statistics and Loschmidt echoes, reviews the quantum limagon
billiards model, and introduces the quantum spin glass shards model whose
classical analogue we research for the remainder of the thesis. In Chapter 4,
we develop the geometric formulation of classical spin dynamics as Hamiltonian
flows on a symplectic manifold, introduce the second-order Suzuki-Trotter integrator
and present the numerical framework for computing Lyapunov spectra in classical
spin systems. Chapter 5 applies this framework to the classical spin glass shards
model we research, validates the numerical implementation, and analyzes Lyapunov
spectra for individual trajectories, phase space ensembles, and quenched disorder
realizations as functions of the spin-spin coupling and transverse magnetic field
strength. Finally, Chapter 6 discusses the implications of these results and the
observed relation between classical and quantum chaos in spin glass shards, while
Chapter 7 summarizes the main conclusions and outlines possible directions for
future work.







CLASSICAL CHAOS

Whether a classical Hamiltonian system is integrable or chaotic controls how a
system explores its phase space and therefore whether it thermalizes in the way
statistical mechanics assumes [Khi49; Tol38]. Integrable systems have many
conserved quantities and confined motions. Chaotic systems, by contrast, exhibit
sensitive dependence on initial conditions and strong mixing, which underpins
ergodicity and the emergence of standard thermodynamic behavior. This distinction
between chaos and integrability is central for understanding when and whether a
system will thermalize.

Formally, a Hamiltonian system with N degrees of freedom is defined by N pairs
of generalised coordinates (q1,...,gn) and momentums (p1,...pn) together with
a Hamiltonian function H(p, q) = H(p1,91, ..., PN, gn) [Zas07, Section 1.1]. These
satisfy the Hamiltonian equations of motion

] oH . oH

pi= 2q0’ qi= o
We will (optionally) consider Hamiltonian functions that depend on time and are
time-periodic with period T =2m/v. That is,

H(p,q;t+T)=H(p, q; t). (2.1)

Due to the time variable being an additional canonical variable we define the
system (2.1) as having N + 1/2 degrees of freedom.

For a Hamiltonian system H(pi,qi1;t) with 1+ 1/2 degrees of freedom, one
canonical pair (q1, p1) and an explicit periodic time dependence with period T, it is
convenient to describe the dynamics using a Poincaré map. Instead of following the
continuous-time trajectory (p1(t), g1(t)), we record its state at discrete times

(i=1,...,N).

tn=t0+n7—, I’IEN,

that is, once every driving period. The Poincaré map then sends the phase-space
point at time t, to the one at time t;+1, and the trajectory is represented in the
two-dimensional phase plane by the sequence of points

(Pl(tn)l Q1(tn))-

In this way, the continuous Hamiltonian flow is reduced to an area-preserving map
on the (p1,q1) plane. Intuitively, one may think of this as taking stroboscopic
snapshots of the system.

Even for such low-dimensional systems, the Poincaré map can display a
rich mixture of dynamical behaviors, such as invariant curves corresponding to
integrable motion coexist and scattered points filling regions associated with chaotic
trajectories.
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To distinguish between integrable and chaotic regions, we compute Lyapunov’s
exponents, which measure the mean exponential rate at which nearby trajectories
separate. For a periodically driven Hamiltonian system with 1+ 1/2 degrees of
freedom, the stroboscopic dynamics are described by a two-dimensional Poincaré
map

Zn+1 = F(zn), zn = (p1(tn), g1(tn)) € R?,

which is area-preserving. Equivalently, its Jacobian satisfies detDF(z) =1 for all z.
As a consequence, the two Lyapunov’s exponents of the map, A+ and A—, must
sum to zero and therefore occur as a pair

A A} = {A, =AY

Here A > 0 measures the mean exponential rate at which nearby trajectories
separate along the most unstable direction, while —A describes the compensating
contraction along a transverse direction required by area preservation.

To make this precise, consider two nearby initial conditions zo and zg + 6zp, where
6zo # 0 is infinitesimal. Linearizing the map around zg gives

F(zo + 6z9) = F(z0) + DF(z0) 629,

so after one iteration the deviation evolves as 6z1 =~ DF(zp)éz¢. Iterating these
linearized dynamics yields

6zn ~ DF(zn—1)---DF(z1) DF(z0) 6z0 = Mp 6z,

where Mj is the product of Jacobians along the trajectory.
If the deviation typically grows (or shrinks) exponentially with n, we are led to
define the finite-time Lyapunov’s exponent

1 Mp 6z
A (529) = * n MM 620l (2.2)
n 1620
Taking n — oo defines the (asymptotic) Lyapunov’s exponent
1 Mp 6z
A520) = lim — i MM é20ll (2.3)
n=cn 1620

whenever the limit exists. By Oseledets’ multiplicative ergodic theorem [Ose68], for
every nonzero 6z¢ this limit exists and can only take one of the two values A or —A,
depending on whether 6zp has a component along the expanding or contracting
Oseledets direction.

In numerical computations, repeatedly multiplying by Jacobians tends to align ézp
with the most expanding direction, so (2.3) typically yields the largest Lyapunov’s
exponent A [Ben+80a; Ben+80b]. A positive A indicates sensitive dependence on
initial conditions and is a standard diagnostic of chaos.

One of the standard examples where the Poincaré map exhibits coexisting regular
islands and chaotic seas is the kicked rotator model, which we introduce next.

2.1. KICKED ROTATOR

The kicked rotator describes a free rotor subjected to a sequence of kicks and
admits a description in terms of a two-dimensional Poincaré map, the standard
(Chirikov-Taylor) map [Chi79]. In what follows we derive this map from the
time-dependent Hamiltonian and briefly summarise its main dynamical regimes as
a function of the kick strength K and calculate the Lyapunov’s exponent for the
standard map.
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The kicked rotator model is a Hamiltonian system with 1+ 1/2 degrees of freedom
defined by the Hamiltonian

1 ad t
H(p. q;t) = p? —Kcos(q) 3, &(=—n). (2.4)

Nn=—oo
This model can be interpreted as an unperturbed Hamiltonian

1

Ho=—
0 2,0

2

that is perturbed by a periodic sequence of delta-peaks with period T =2n/v and
amplitude proportional to the scalar Kcos(q) [Zas07, Section 1.2]. When the
variable g is taken to be cyclic, i.e. g € (0,2m), this model corresponds to a free
rotator. The derived equations of motion from (2.4) are

ad t
p=—Ksin(q) >, &(=—n). g=p.

n=—oo

We observe that p = const and g = pt + const in between consecutive delta-peaks.
Let 0 < € < T and observe that

nT+e

p(nT+e)—p(nT—e)=f pdt

nT—e

nT+e %) t
=—/<J sin(q) > 5(?—n)dt=—Ksin(q).

nT—e n=—oo

By taking the limit € — 0 we observe that p change by the value —Ksin(qg) right
after a delta-peak at t =nT, while g remains continuous.

We can construct a Poincaré map by defining (pn, gn) as the values of (p, q) in
time right before the n-th delta-pulse. The derived equations of motion are

Pn+1=pPn—Ksin(gn), Qgn+1=3qn+ Pn+1.

This map is called the standard map, also known as the Chirikov-Taylor map.
For K =0, this is a simple linear map for which there exist only periodic and
quasi-periodic orbits. For increasing values of K, more non-linearity is introduced
to the map, which allows for the existence of chaotic dynamics in certain regions
of phase space. Figure 2.1 illustrates the progression from a near-integrable to
a strongly chaotic regime as K increases. For K = 0.5, most trajectories remain
confined to smooth, closed invariant curves. For K = 1.0, thin stochastic layers form
near separatrices. For K = 1.5, widespread torus breakup yields a large chaotic sea
punctuated by stable islands; For K = 3.0, the dynamics are mostly chaotic, with
only one visible surviving elliptic island.
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p (mod 2m)
p (mod 2m)

2n 0 2n

11s 11
q (mod 2m) q (mod 2m)

(a) K=0.5 (b) K=1.0

p (mod 2m)
p (mod 2m)

0 l i 2n 0 n 2n
q (mod 2nm) q (mod 2n)

(c) K=1.5 (d) K=3.0

Figure 2.1.: Phase-space portraits of the standard map showing how increasing
nonlinearity K transforms the dynamics. Each panel plots 2000 orbits

in the coordinates (g, p) mod 2m (distinct colors denote different initial
conditions only).

To calculate the Lyapunov’s exponent for the standard map, we first calculate the
Jacobian DF(zx) at zk = (pk, qk)

OPk+1  OPk+1
DF(zk) = P, agl, |= Lo Keosak
9Gk+1  9Gk+1 1 1+Kcosqk
9Pk gk

Observe that det(DF(zx)) = 1 for all values of k, so the Poincaré map is
area-preserving.

Inserting this expression in (2.3) allows us to construct figure 2.2 and compare
it with figure 2.1c, observe how the phase-space of the standard map model, for
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K = 1.5, is clearly divided into stable integrable islands (A ~ 0) and chaotic seas
(A >0).

2n

p (mod 2m)
=
maximal Lyapunov exponent

T
I
~

T
I
N}

0 n 2n
g (mod 2m)

Figure 2.2.: Phase-space portraits of the standard map, for K = 1.5, showing how
the maximum Lyapunov’s exponent varies over the entire phase-space.

2.2. FERMI-PASTA-ULAM-TSINGOU CHAIN

The Fermi-Pasta-Ulam-Tsingou (FPUT) chain describes a one-dimensional periodic
chain of particles with weak nearest-neighbour interactions and was originally
introduced as a numerical experiment to test how quickly such systems approach
equipartition of energy among normal modes. We recall the standard FPUT model,
summarise the original paradoxical numerical observations, and explain how they
can be understood by viewing the FPUT chain as a small perturbation of the
integrable periodic Toda lattice.

Introduced in 1955 [Fer+55], the Fermi-Pasta-Ulam-Tsingou (FPUT) chain model is
a Hamiltonian system with N degrees of freedom defined by

N1
Hp, q) = Epf +@(gj+1—q)),
j=1

where gny+1 =Qq1 and

d(2) = 1z2 + gz3 + Ez“.
2 3
When B =0 (a = 0) this model is called the FPUT-a (FPUT-8) model. It represents a
periodic chain of particles linked by Hooke's law and a non-linear correction, which
is quadratic for the FPUT-a model and cubic for the FPUT-8 model.

In 1955, the original research project [Fer+55] tested the expectation that the
weak non-linear interactions cause energy to disperse among normal modes until
an equilibrium is reached, which is a central assumption of statistical mechanics.
However, the numerical results deviated from this expectation, as can be seen in
figure 2.3. Starting with a single linear normal mode, energy leaked into other
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modes only partially and then returned near the original mode after a sufficiently
long time.

300 1

ENERGY

S S V]

|t
—
——

100

,__
|

[\
/AN SN

5
2251 —H AN AL
U/ M/ | N
0

10 20 30
r IN THOUSANDS OF CYCLES

\M/”‘r

\
g
/

/

5

Figure 2.3.: Energy of the normal modes during the time evolution of the FPUT-a
chain model with N = 32; a = 0.25;. The initial shape of the chain was a
single sine wave. Image sourced from the original project [Fer+55].

This result challenges the usual picture of macroscopic irreversibility that underlies
the second law of thermodynamics. In the microcanonical framework, irreversibility
is explained by assuming that, for a typical initial condition, the Hamiltonian
trajectory explores the entire constant energy shell in phase space and is most
present in the region corresponding to the equilibrium macrostate. In that case,
time averages of observables coincide with microcanonical ensemble averages, and
energy effectively spreads over all normal modes. The near-recurrence observed in
the FPUT chain indicates that the dynamics remains confined to a much smaller
portion of the energy shell, repeatedly returning close to the initial nonequilibrium
configuration. This failure to efficiently explore the full energy shell prevents the
system from exhibiting the expected macroscopic irreversibility and thermalization.
Insights from the FPUT project show that this relaxation is more complex than
expected, and not guaranteed by non-linear influences in the Hamiltonian. They
support the idea of a prethermalization phase in which certain systems, that are
nearly integrable or are slow mixing, approach equilibrium in two steps. First the
system quickly reaches a quasi-stationary state where macroscopic observables
appear frozen. Then, on much longer timescales, those observables slowly drift to
their true thermodynamic values. More details on prethermalization can be found
in [BBWO04].

To better understand this phenomena, it is instructive to view the FPUT model
not as an altered harmonic chain but as a perturbation of the periodic Toda lattice
model. Introduced in 1967 [Tod67], the periodic Toda lattice system is a non-linear
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Hamiltonian system with 2 degrees of freedom defined by
N 1 ,
H(p. q) =/__Zl =pf +Y(aje1—a),

where gn+1 =91 and
W(z) =A(e BZ+Bz—1).

Moreover, the periodic Toda lattice model is completely integrable. By choosing

A= 4—(1)(2 and B =—2a we can observe that

— o 4 5
<I>(z)—LIJ(z)—(Z—F)z + O(2°).

Thus, at small perturbations |z] € 1, the FPUT model is indeed an analytic
perturbation of the integrable Toda lattice model of size O(z%).

Perturbations of integrable Hamiltonian systems can be written (after a suitable
transformation) in the form

H(I, ) = Ho(I) + €H1(1, 0), 0<exl,

where Hg is integrable, I are so called action variables, 6 are angles, and ¢
measures the strength of the perturbation. KAM theory states, roughly speaking,
that for sufficiently small € most nonresonant invariant tori of the integrable system
survive as slightly deformed invariant tori of the perturbed system. On these
tori the motion remains quasi-periodic. Nekhoroshev’s theorem addresses what
happens to the actions I(t) even in regions where resonances and small chaotic
layers appear, under suitable nondegeneracy and convexity conditions one has

[I(t)—=I(0)|| < C1€P for all |t]| < exp(C2e™9),

for some positive constants q, b, C1, C2 [Nek77]. Thus, away from strong resonances,
the actions can drift only very slowly, remaining close to their initial values for
times that are exponentially long in €~1. Together, KAM theory and Nekhoroshev’s
theorem provide an explanation for quasi-integrable behavior in weakly perturbed
Hamiltonian systems.

For the periodic Toda lattice, global action-angle coordinates are constructed in
[HKO8] for which the Hamiltonian is a function of the actions alone and verify the
nondegeneracy/convexity conditions that permit the application of KAM theory on
(almost) all parts of phase space to small Hamiltonian perturbations of the periodic
Toda lattice. Consequently, for actions on open regions away from resonances, the
corresponding invariant tori persist and the motion remains quasi-periodic.

Moreover, by proving strict convexity of the periodic Toda lattice Hamiltonian
in [HKO09], it follows on (almost) all parts of phase space Nekhoroshev’s theorem
applies to sufficiently small perturbations, implying exponentially slow drift of the
actions for exponentially long times. Viewing the low-energy FPUT chain as a
small perturbation of the periodic Toda lattice, these results together motivate the
persistence of quasi-periodic tori due to KAM theory and exponentially long stability
of actions away from resonances due to Nekhoroshev’s theorem, which underlies
the observed long-lived prethermalization plateau in the FPUT model [BP23].

From this perspective, the FPUT chain shows how macroscopic irreversibility can
fail, or at least be strongly delayed, in nearly integrable systems. The usual
argument for irreversible relaxation to equilibrium assumes that the microscopic
dynamics efficiently explores the entire energy surface in phase space, so that
macroscopic observables rapidly forget their initial conditions. In contrast, for the
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FPUT chain, the system can remain trapped for very long times in a quasi-integrable
region where macroscopic observables appear stationary, the prethermal plateau,
and only on much longer, typically exponential, time scales do the microstates
explores the entire energy surface in phase space and restore the effective
irreversibility expected from thermodynamics.

2.3. CLASSICAL LIMACON BILLIARDS

Billiards form another key class of systems whose dynamics span integrable
motion, mixed regimes, and fully developed chaos. Billiard models provide a
minimal, mechanics-only setting to examine how macroscopic phenomena, such
as diffusion and heat conduction, emerge from microscopic dynamics. A billiard
system describes a point particle that moves along straight lines inside a chosen
two-dimensional domain Q and reflects elastically off the domain’s boundary 9Q.
The geometry can make motion integrable or strongly chaotic.

A particularly important example in this class is the Sinai billiard, consisting
of a point particle moving in a square with a circular disk removed from the
interior. This model provides a clear example of deterministic chaos, it is known
to be ergodic, mixing, and a K-system [Sin70]. Physically, it can be interpreted
as a simple Lorentz gas, where a particle moves freely between elastic collisions
with fixed circular scatterers. As such, Sinai billiards serve as a prototype for
understanding how macroscopic irreversibility and transport can emerge from
microscopic, time-reversible dynamics. Moreover, this model motivates the study
of other billiard families in which the onset of chaos can be tuned by continuously
changing the geometry of the billiard domain.

Another billiard model that illustrates this tuning principle particularly well is the
limagon billiard model which is, for some € €[0, 1], defined in polar coordinates by
the domain

Q={(1+e€cos(¢),P)lp<[0,2m)}. (2.5)

Figure 2.4 illustrates how the extremes of this model either correspond with an
integrable system, for which the domain is circular (e = 0), or a system that is
ergodic, mixing, a K-system and a Bernoulli system for which the domain is a
cardioid (€ = 1) [Wo0j86; 5z492; Mar93; LW95; CH96].

sl TR
OV A
V'SP
v, ' KL —7

Figure 2.4.: Regular motion in a circular billiard (¢ = 0) contrasted with chaotic
motion in a cardioid billiard (e = 1). Image sourced from [Bac07].

To study the transition between these type of dynamics it is worthwhile to
construct a Poincaré map that takes a snapshot of the billiard every time it collides
with the boundary of the domain. Let £ denote the length of the boundary aQ. We
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introduce the coordinate of the n-th collision as (sp, un). Here s, € [0, £] denotes
the arclength along the boundary 9Q and u, = (v, T(p)) is the projection of the unit
velocity vector v after the reflection along the unit normal vector T(p) at the n-th
collision point p € 9Q. Figure 2.5 illustrates the progression from a near-integrable
to a strongly chaotic regime as € increases. For € = 0.1, most trajectories remain
confined to smooth, closed invariant curves. For € = 0.2, thin stochastic layers form
near separatrices. For € = 0.3, widespread torus breakup yields a large chaotic sea
punctuated by stable islands; For € = 0.4, the dynamics are predominantly chaotic,
with a small amount of surviving stable islands.

0.8 . 0.0 0.2 0.4 0.6 0.8 1.0
s/t (normalized arclength)

0.4 0.6
s/t (normalized arclength)

(a) e=0.1 (b) e=0.2

0.2 0.4 0.6 0.8 1.0 . 0.2 0.4 0.6 0.8 1.0

s/C (normalized ar'c[ength) s/C (normalized ar'clength)
(c) e=0.3 (d) e=0.4

Figure 2.5.: Phase-space portraits of the limacon billiard model showing how the
changing domain transforms the dynamics. Each panel plots 2000
orbits in the coordinates (s/£, u) (distinct colors denote different initial
conditions only).

2.4. SPIN CHAIN MODELS

Classical spin chains provide a setting to study nonlinear many-body dynamics and
chaos. Different choices of spin interactions lead to qualitatively distinct dynamical
behaviours, ranging from fully chaotic to exactly integrable. In this section we focus
on two examples: the non-integrable classical Heisenberg chain, which models an
isotropic ferromagnet, and the integrable Ishimori chain, which supports an infinite
amount of conservation laws while featuring strongly nonlinear spin interactions.

A classical spin model describing N spins is defined by N three-dimensional
vectors S; = (S, S{, S7) with length ||Si|| = 1. The equations of motion for these
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spins are given by

Si=—— xS,
9S;
for some Hamiltonian H(S1, ..., Sy). The classical non-integrable Heisenberg chain
model describes an isotropic ferromagnet and is one of the simplest dynamical
models of magnetism. It is defined by the Hamiltonian

H=—J(Si-Sir1—1), (2.6)
i

where the constant / > 0 denotes the strength of the nearest-neighbour interaction.
Unlike integrable spin chains, the Heisenberg chain model appears to possess
only a small set of conserved quantities (energy, total magnetization, and total
momentum).

The classical Ishimori chain model is described by the Hamiltonian

1+S;-S;
H=—2/Z|n(%). (2.7)

This model is, in contrast to the Heisenberg chain model, an example of a
strongly non-linear yet exactly integrable system, it admits an infinite set of local
conserved quantities in addition to energy and total magnetization [Ish82]. The
conserved quantities are implied by the existence of an infinite amount of exact
soliton solutions S;(t), which are spin configurations defined for some arbitrary
real parameters w, v, that evolve in time without changing shape according to the
relation

n nw
Si+n(t+ =) =Rz(—)Si(t),
v Vv

where R, denotes a rotation around the z-axis, for all integers n.



QUANTUM CHAOS

There is no single, universally accepted criterion for what should count as quantum
chaos. Because the Schrodinger evolution is linear and unitary, the usual
trajectory-based definition of chaos simply does not carry over. Instead, one
diagnoses chaotic versus integrable behavior indirectly, for example through the
random-matrix character of energy-level statistics, the structure and delocalization
properties of eigenstates, or the growth of correlation functions [Haal0]. One of the
more popular of these signatures is defined in terms of the statistical properties of
the energy levels of the Hamiltonian.

3.1. LEVEL-SPACING STATISTICS

Historically, the level-spacing statistics signature was developed in the research
of describing the level repulsion observed in neutron scattering. In 1951, Wigner
postulated that the associated Hamiltonian is modeled as a large real symmetric
random matrix whose entries are independent, up to the symmetry constraint, and
Gaussian-distributed [Wig51]. This results in the following probability distribution

P(H) < exp(—cTr(H?)), c¢>0,

which is equivalent with the Gaussian orthogonal ensemble (GOE). To compare
different systems in this ensemble, the nearest-neighbor level spacings are
constructed as

Shn=Ep+1—En=0,

where {En} is the sequence of energies of the system ordered monotonically. One
then studies the probability density P(s) of these spacings, with the convention that
(s) = 1. For the GOE, this level-spacing distribution is well approximated by the
Wigner surmise

P(s) = = ( "2) >0
S)=—5eX ——S , s=20,
2° P\ 73

which exhibits level repulsion at small spacings. This distribution turned out to
describe the level repulsion observed in neutron scattering remarkably well. An
illustrative example how the assumption that the Hamiltonian is Gaussian-distributed
leads to the GOE distribution is provided in Appendix A.1.

For different symmetries, different random-matrix ensembles need to be applied.
If the Hamiltonian is modeled as a complex Hermitian matrix with independently
distributed Gaussian entries. This defines the Gaussian unitary ensemble (GUE),
whose level-spacing distribution (again with (s) = 1) is described by

32 5 4 5
PGue(s) = —s exp(——s ) s>0.
T (s

15
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A third class appears when the Hamiltonian is represented by self-adjoint matrices
with independently distributed Gaussian quaternions as elements. This leads to the
Gaussian symplectic ensemble (GSE), with the level-spacing distribution

64\ , 64
Pgse(s) = oy st exp —ﬁs , s>0.

In this thesis we will not analyze the GUE or GSE cases further, since the
Hamiltonian of interest is real and symmetric and therefore belongs to the GOE
class.

In contrast, for an integrable quantum system there exists a complete set of
mutually commuting conserved operators {Q;} with [H, Q;]1=0 and [Q; Q;]1 =0 for
all i,j. One can then choose a basis {|a)} of simultaneous eigenstates of H and all
{Q} [SN20, Section 1.4.3], defined by

Hla) = Eqla), Qila) = giala). (3.1)

If the Hamiltonian depends on some external parameter A which can vary while
preserving the commutation relations [H(A), Q;] = 0 for all i, then the eigenstates
can be labeled by the same eigenvalues q; 4 for every A. Additionally, because of
[H(A), Q;] =0 we have

(alQiHN)IB) = (alH(A)QilB). (3.2)
Using Qila) = giala) and Qi|B) = qip|B) this becomes
qi,a{alHN)IB) = qip(alHN)IB), (3.3)
so that
(Gia—qip){alHA)IB) = 0. (3.4)

Hence, if gia # qip for some i, it follows that (a|H(A)|B) = 0, which implies that
there are no matrix elements of H between states with different sets {q;a}. The
corresponding eigenvalues Eq(A) therefore change independently as functions of A,
and whenever Eq(A) = Eg(A) for a # B the associated levels simply cross rather than
repelling each other. Thus, level crossings are common and there is no tendency for
nearby levels to push each other apart. This implies that the energy levels behave
approximately like independent random points on a line. Such an uncorrelated
sequence of points with constant average density defines a Poisson point process,
whose nearest-neighbour spacing distribution is Ppgisson(S) = exp(—s) after setting
the mean level spacing (s) =1 [BT77b].

3.2. LOSCHMIDT ECHOES

The Loschmidt echo is another signature of quantum chaos and quantifies how
well a many-body quantum system can be time-reversed in the presence of small
imperfections. One prepares a localized spin excitation |¢) at time t =0 and lets
it evolve under a many-spin Hamiltonian Hop, during which the excitation spreads
through the lattice via spin diffusion [SIi90]. At a later time t, a sequence of
radiofrequency pulses is applied that ideally reverses the sign of the Hamiltonian.
In practice, this pulse sequence generates an effective backward evolution under
—(Ho + X), where the perturbation X accounts for pulse imperfections and residual
interactions. Such time-reversal protocols were first realized for dipolar-coupled
spins by Rhim, Pines, and Waugh [RPW71].
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After evolving forward under Ho and then backward under —(Hg + £), one probes
how close the system returns to its initial state at the echo time 2t by measuring
the return probability to |¢). This is the Loschmidt echo,

i(H >)t iHot
M(t)=‘<w|exp(w)exp( o )|¢>

2

n B AUE (3.5)

which directly measures how sensitive the many-body dynamics is to the small
perturbation £ and thus to imperfections of the attempted time reversal [JPO1].

For systems whose classical counterparts are chaotic, one typically finds an
exponential decay of the echo over a broad time window when the perturbation £
is small. The corresponding decay rate can be related to the classical Lyapunov
exponents [Gor+06; JPO1]. By contrast, integrable or otherwise nonergodic
dynamics usually lead to a slower decay of M(t). These slower decays reflect
long-lived correlations in the underlying dynamics and the absence of strong
phase-space mixing [Pro02; PZ02].

In the semiclassical regime of a quantum-chaotic system, Silvestrov, Tworzydto,
and Beenakker showed a more detailed connection between the Loschmidt echo
and classical chaos [STB03]. The time evolution under two slightly different
Hamiltonians can be viewed as the motion of two initially nearby wave packets
in classical phase space. Their separation and deformation are controlled by
the classical Lyapunov exponent A, with typical separations growing as e*t. The
Loschmidt echo essentially probes the phase-space overlap of these two packets.
For generic initial states in a quantum-chaotic system, this leads to a characteristic
double-exponential decay of the form

M(t) « exp (—Ce?\t), (3.6)

where C > 0 is some constant. In this way, the classical Lyapunov exponent A
appears explicitly in the time dependence of M(t), making the Loschmidt echo a
direct indicator of classical-like exponential instability in the semiclassical limit.

The case of interacting spin systems provides another example of how classical
and quantum notions of chaos can differ. Fine et al. studied Loschmidt-echo-type
responses in both chaotic lattices of classical spins and nonintegrable systems of
quantum spins 1/2, using the recovered total magnetization after an imperfect
time-reversal protocol as the Loschmidt echo [Fin+14]. For classical spin systems
with chaotic dynamics, they showed that the deviation from perfect reversal,

1— F(t) x exp(2At), (3.7)

grows exponentially in an intermediate time window, where F(t) is an appropriately
normalized magnetization echo and A is the largest Lyapunov exponent of the
underlying classical dynamics. This result demonstrates that A can, in principle, be
extracted from a macroscopic observable in a many-spin system.

In striking contrast, for quantum spin-1/2 systems, which display GOE level-
spacing statistics, Fine et al. found only a power-law sensitivity of the magnetization
echo to small perturbations, with no exponential growth regime. This means that
one cannot define a Lyapunov’s exponent from the echo dynamics of the quantum
spin-1/2 system.

3.3. QUANTUM LIMACON BILLIARDS

Having introduced two signatures of quantum chaos, we now turn to a concrete
model that illustrates how chaotic and integrable dynamics are reflected in the
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level-spacing statistic. In the quantum regime, the state of a particle with mass m
at position r and time t is described by a complex-valued wave function ¢ that
evolves according to the Schrdédinger equation

ﬁ2
iﬁizp(r, )=——Ay¢(r, )+ V(x, t)yY(r, 1), (3.8)
ot 2m

where V(r, t) is the potential energy function of the environment and A denotes the
Laplacian operator. The quantum variant of the limacon billiard model is once again
defined by the two-dimensional domain

Q= {(r(¢). p)I¢p €[0,2m)}, (3.9)

where € € [0,1] and r(6) = 1+ ecos(¢). The environment of this model is
represented by the potential function

0, reQ

VBilliards(r) = {oo reQ

The energy levels E, of the stationary solutions ¢, of (3.8) are governed by

2
———Ayn(r)=Enygn(r), reQ (3.10)
2m

combined with the Dirichlet boundary condition ¢nlso = 0. Note that due to
enforcing the mean level spacing (s) to be 1 the factor h2/2m is irrelevant in the
eventual level spacing statistics. We choose units such that A2/2m =1 so that
(3.10) reduces to the Helmholtz equation

(—A—k2)Yn(r)=0, reQ, (3.11)

where Ep = kr27. Analytic solutions of (3.11) are available only for a limited class
of domains, such as rectangles and disks. For more general shapes of Q, we
must resort to numerical methods to compute the corresponding eigenvalues and
eigenfunctions of (3.11), of which we numerically can only calculate a finite amount
N.

Having obtained N eigenvalues and eigenfunctions of (3.11), we can construct
the level spacing statistic through constructing the histogram of the energy level
spacings sp = En — En+1, which are normalized such that the mean level spacing
(s) is 1. These histograms are show in figure 3.1 for the circle billiard (¢ = 0) and
cardioid billiard (e =1). We observe how the level spacing statistic distribution is
described by the Poisson distribution for the circle billiard, which corresponds with
the expected distribution for an integrable system. In contrast, observe how the
level spacing statistic distribution for the cardioid billiard is described by the GOE
distribution (A.1) for the cardioid billiards, which is characteristic for systems with
chaotic dynamics and energy level repulsion.
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Figure 3.1.: Level-spacing distribution for (a) circle billiard (100000 eigenvalues;
€ = 0) and (b) cardioid billiard (11000 eigenvalues; € =1). Image
sourced from [BacO07].

In figure 3.2, we also observe for the circle billiard that the probability density is
concentrated in certain subregions of the domain, while in the chaotic cardioid case
it is, aside from fluctuations, distributed over the entire domain.

Regular billiard

Figure 3.2.: Classical trajectories (first column) and probability densities |¥n(r)|?
of eigenfunctions (other columns) of (3.11) for the circle billiard (top
row) and the cardioid billiard (bottom row). From left to right, the
eigenfunctions shown correspond to the indices n =100, n = 1000,
n=1500 and n=2000. Sourced from [Bac07].

3.4. SPIN GLASS SHARDS

The term spin glass shard refers to a finite cluster of strongly interacting spins
embedded in a larger system. These finite clusters can be modeled by a fully
connected spin-glass Hamiltonian in a random transverse field, and provide a setting
to study level spacing statistics. The spin glass shards model we are studying can
be viewed as the Sherrington-Kirkpatrick model subject to a transverse magnetic
field. This model allows us to analyse the crossover from integrable to chaotic
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quantum dynamics as the strength of the field changes.
Now, we will introduce the quantum system whose classical analogue we will
study in this thesis. The model is defined, for N spins in the quantum regime, by

the Hamiltonian
H=> Jjolol+> . Tidf, (3.12)

i<j

where o)‘; and oz" are the Pauli matrices for the i-th spin, and the first sum runs over
all distinct spin pairs [GS98]. The local transverse magnetic field is represented
by the coefficients I'; which are drawn independently from a uniform distribution
in the interval [0,I']. The exchange interactions J; are taken to be independent

random variables uniformly distributed in the interval [—)/¥N, J/¥N]. The 1/¥N
factor ensures the variance of the local field stays finite rather than diverging with
system size. In this way one obtains a well-defined thermodynamic limit as N — oo.

In this model the randomness is quenched: the couplings J; and local fields I'; are
randomly drawn once and then kept fixed during the time evolution. Physically, they
represent static imperfections of the sample, such as fixed positions of magnetic
ions or defects in a solid, which do not fluctuate on the timescale of the spin
dynamics. A single choice of all {J;} and {I';} at fixed J,I" > 0 is called a realization
of disorder. Because the couplings J; have random signs, the system is generally
frustrated due to it generally not being possible to choose spin orientations that
simultaneously minimize all pairwise interaction terms. As a result, there is usually
no simple ferromagnetic or antiferromagnetic ground state, unless I'> J.

When constructing the level-spacing statistics we must also account for the
symmetries of the Hamiltonian. In particular H is invariant under the global
spin-flip operation generated by P = ]_[ o‘ which flips all o‘ —o}‘; while leaving
H unchanged. Since [H,P] =0, the Hllbert space splits |nto two independent
symmetry sectors, S1 and S;, corresponding to the eigenvalues P=+1 and P=-1,
respectively. In the o, basis this means that states in S1 are superpositions of basis
states with an even number of spins up, whereas states in S; are superpositions
of basis states with an odd number of spins up. Thus the Hamiltonian is block
diagonal H=Hs, ® Hs,, with Hs, acting only on the sector S; and Hs, only on S».
The eigenvalues in S; and S, therefore come from two independent blocks. To
obtain meaningful level-spacing statistics, we therefore restrict ourselves to a single
block, S1 or S».

The model contains two simple integrable limits. For J/T — 0 (J/(J+ ) — 0), the
Hamiltonian reduces to a sum of terms proportional to oiz. In this case, there are
N conserved quantities given by the commuting operators oiz, and the Hamiltonian
is diagonal in the 0% basis. The level spacings between many-body eigenvalues
are then uncorrelated. Consequently, in this integrable regime the level spacing
distribution P(s) is expected to be Poissonian, P(s) = Ppoisson(S)-

As the ratio J/T" is increased from zero, the interaction term ijj,-jo)‘;o{( mixes the
states that are eigenstates of the transverse magnetic field term, destroying the
set of conserved quantities associated with oiz. One then expects a progressive
breakdown of integrability and the onset of quantum chaos. In this regime the
level spacings should exhibit level repulsion and be well described by the GOE
distribution, with P(s) approaching Pgoe(s) characteristic of chaotic dynamics.

However, in the opposite limit J/T" — oo (J/(J+T) — 1), the transverse magnetic field
becomes negligible compared to the spin-spin interaction term. The Hamiltonian
then commutes with all N operators o)‘; and is diagonal in the o* basis. This again
yields a set of conserved quantities and an integrable many-body system. As a
result, the level statistics in this limit returns to the Poisson distribution Ppgisson(S).
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Thus, as a function of J/T (J/(J + ) the system exhibits two crossovers from
Poissonian to GOE statistics, as can be seen in figure 3.3.

1.0 . P ;
P(s) PE)|
0.8 - _
x
06  © & 8
x 2
04 | © Q;?% 00 'i é 38 éi:l- |
%
0.2 + .
0.0 : :
0.0 1.0 2.0 3.0 S 4.0

Figure 3.3.: Crossover from Poissonian to GOE statistics in the model for the states
in the middle of the energy band (+£12.5% around the center) for
N=12: /=0, n=0.984 (+); J/T=0.38, n=0.3 (x); J/T=0.866,
n=0.027 (*); J/T=6.15 n=0.3 (¢); F=0, n=0.99 (O). Full curves
show the Poisson and GOE distributions. Total statistics (NS) is more
than 3 x 10%; s is in units of mean level spacing. Inset shows P(s)
for the first excitation from the ground state in the chaotic regime for
N =15, J/T =0.465, no =0.018 (NS =3000) (x); the full line shows
Pcoe(s). Data are for S symmetry. Sourced from [GS98].

To quantify the crossover from Poissonian to GOE statistics it is convenient to
introduce the dimensionless parameter

So
J (P(s)— Pgoe(s))ds
0 , (3.13)

J (PPoisson(s)—PGOE(S)) ds
0

f7=

where s denotes the level spacing measured in units of the mean spacing, and
So ~ 0.4729 is the intersection point of the Poisson and GOE distributions, i.e. the
solution of Ppoisson(S0) = Pcoe(So). By construction, n =1 when P(s) coincides with
the Poisson distribution (integrable limit) and n =0 when P(s) is equal to the GOE
distribution (chaotic limit). For intermediate values of J/T" (J/J+T)), 0<n<1
provides a convenient single-parameter measure of how close the spectrum is to
either integrable or chaotic behavior. As J/T" (J/(J+T)) is tuned, n tracks the
approach to GOE statistics and its subsequent return towards Poissonian statistics
as the system crosses between the integrable magnetic, chaotic, and integrable
spin-spin regimes, see figure 3.4.
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Figure 3.4.:
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Dependence of n on J=J/J+T): n=7 (full circles), n=9 (o),
n=11 (+), n=13 (x), n=15 (full triangles), n =17 (¢), n=19 (O);
2000 < NS <£30000. Full curves connect data for n=7,17. Inset shows
n1 in the region near J/T" = 0.5 in more detail; 6000 < NS < 90000. Data
are for S; symmetry. Sourced from [GS98].



HAMILTONIAN DYNAMICS AND LYAPUNOV'S
EXPONENTS

Classical mechanics knows several equivalent formulations. Historically, the initial
introduction of forces in Newtonian mechanics enabled the study of planetary
trajectories [New87]. However, one is required to go through a rather laborious
process to analyze complex systems. In 1788, Joseph-Louis Lagrange introduced
the equivalent Lagrangian mechanics, which defines the Lagrangian £ from which
the time evolution can be derived through the Euler-Lagrange equation [Lag88].
In 1834, Sir William Rowan Hamilton introduced Hamiltonian mechanics which
introduced the Hamiltonian H [Ham34]. This formulation made use of the Poisson
bracket operation {:,-}, defined earlier by Siméon Denis Poisson in 1809 [Poi09], to
establish the time evolution equation of any observable f as
df of
dt .1y + at’
Under suitable conditions, one usually defines L=T—V and H=T+V, where T
and V respectively denote the kinetic energy and potential energy of the system.
For a modern treatment of classical mechanics in its Newtonian, Lagrangian, and
Hamiltonian formulations, see [GPS02]. To define Hamiltonian dynamics on more
exotic phase spaces, one requires the concept of symplectic manifolds. In ordinary
Hamiltonian mechanics this structure is the usual phase space R2", but for more
exotic phase spaces, such as motion on a sphere, it becomes essential. Symplectic
manifolds are precisely the spaces on which Hamiltonian time evolution is defined
and captures geometric features like Liouville’s theorem.

(4.1)

4.1. SMOOTH MANIFOLDS

Firstly, to properly describe Hamiltonian dynamics on symplectic manifolds some
additional mathematical concepts are required. The definitions and basic results on
smooth manifolds, tangent spaces, and symplectic manifolds used in this section
are adapted from [Arn89; Lee97; Leel3]. The full mathematical definitions and
results mentioned in this section are provided in Appendix A.2. Firstly, one is
required to introduce the concept of a smooth manifold M. In general, a smooth
manifold M is an n-dimensional space that locally looks like R” and we can do
calculus on, so that we can define derivatives.

The tangent space TpM at a point p on a manifold M is the collection of all
possible velocity vectors of smooth curves passing through that point, organized
into a linear space. The set of all such vectors forms the tangent space.

The tangent space behaves like the optimal linear approximation of the manifold
near a point p, so that even though the manifold may be curved or complicated

23
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globally, in the tangent space you can use linear algebra and calculus as if you
were in an ordinary vector space.

To perform calculations on a manifold, it is necessary to introduce local
coordinates. A coordinate system around a point p € M is given by a map
¢:UcM-—R" from a neighbourhood U of p into Euclidean space. In these
coordinates, the point p is described by (x%,...,x"), and tangent vectors at p
can be represented by their components with respect to differentiating in these
coordinate directions % This allows one to temporarily replace the structure of M

near p by familiar multivariable calculus on R”, perform computations there, and
then interpret the results back on the manifold.

To measure the size of tangent vectors, one can define an additional Riemannian
metric g on M. A Riemannian metric g on M is a smoothly varying inner product on
the tangent spaces. For each point p € M it defines a bilinear, symmetric, positive
definite map

gp . TpM X TpM—) IR,

depending smoothly on p. This inner product induces a norm on each tangent

space via
IVllg :=y/9p(v, V),  veTpM.

The Riemannian metric also induces a distance between points on M. Given a
smooth curve v: [0,1] - M with y(0) = p and y(1) = q, its length with respect to g

is defined by . .
Lg(v) = JO l7(D)]lg dt = JO Vave (v, v(t))dt.

The Riemannian distance between two points p,q € M is then defined as the
infinimum of Ly over all possible smooth curves vy:[0,1] = M with y(0) =p and
Y(1) = g. With this distance function (M, dg) becomes a metric space, and curves
that locally minimize Ly are called geodesics.

4.2. SYMPLECTIC MANIFOLDS

A symplectic manifold is a smooth, even-dimensional manifold M with an additional
geometric structure called a symplectic form w. Intuitively, the symplectic form w
takes two tangent vectors in TpM at a point p on the manifold M and returns a real
number measuring an oriented infinitesimal area spanned by those tangent vectors.
This pairing is bilinear, antisymmetric, closed and non-degenerate. Moreover, this
structure varies smoothly from point to point. On a symplectic complex manifold
one can always define a Riemannian metric g that is compatible with the symplectic
form w [dSil01, Corollary 12.7], so that the Riemannian volume coincides, up to a
constant factor, with the Liouville volume.

Building on this, a vector field Xy arises when one specifies a smooth function
H: M — R, typically interpreted as the total energy of the system on the symplectic
manifold M. The differential dH : ToM — R tells you how H changes along any
tangent direction at a point p, the symplectic form w allows you to transform this
into a vector field Xy on M, assigning to each p € M a tangent vector Xy(p) € TpM.

Once you have a vector field, you can interpret it as describing how points in
phase space move in time under the dynamics generated by a function. Given a
smooth function f: M — R, its vector field Xy assigns to each point p a tangent
vector Xg(p) that describes the direction the system will move in if it is at p. Letting
the system evolve according to X traces out trajectories in M.

Now take another function g : M — R, representing some observable of the system
(for example, a position component, momentum component, or some other derived
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quantity). As the system moves along the trajectories determined by Xy, the value
of g will generally change in time. The Poisson bracket {:, -} is defined as the
antisymmetric bilinear operation

{9.f} :=X¢(9),

and can be read as the instantaneous rate of change of g when the system evolves
according to the dynamics generated by f. Intuitively, the Poisson bracket tells
you how much the observable g changes when the system follows the motion
prescribed by f. Additionally, the Poisson bracket satisfies the Leibniz rule

{f,gh} =9g{f,h} + {f,g}h.

When f is chosen to be the Hamiltonian H, the Poisson bracket directly encodes
the time evolution of any observable g. In this case, the Hamiltonian vector field
XH generates the actual physical motion of the system in phase space, so the rate
of change of g along a trajectory is given by

d

a7 Xn(9)={g. H}.
Thus, the Poisson bracket with H tells you how fast an observable g changes in time
under the dynamics determined by the Hamiltonian. Additionally, it immediately
implies that the Hamiltonian H is conserved in time due to %H ={H,H} =0. In this
sense, the Poisson bracket provides a way to express the equations of motion for
all observables of the system.

Figure 4.1.: From left to right: A graphical representation of a spherical manifold
M, tangent space TpM at a p € M, and the Hamiltonian vector field Xy
evaluated at p, i.e. X(p) € TpM.

4.3. CLASSICAL SPIN SYSTEMS AS SYMPLECTIC MANIFOLDS

For a system of N classical spins, the phase space is no longer a space of positions
and momenta but a product of spheres. Each spin S; € R3 is a normalized vector
(IS{ = 1) and lies on a 2-sphere S2. It is convenient to describe a single spin
S = (5%, 5Y, S%) using spherical coordinates (6, ¢), with

SX =sinfcoso, SY =sin@sing, S% =cosé.
On 52, the standard area form, which we choose to be the symplectic form, is
Ws2 =sSin6d6 A do.

Moreover, S2 is a complex manifold [Van08, Example 2.1]. We equip S2 with the
standard Riemannian metric [Lee97, Exercise 5.5.7]

Js2 = do? + sin? 6 dg?2.
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Ilts Riemannian volume form is
volg,, =sin@do A dp = wsz,

so the Riemannian volume coincides with the Louiville volume. In this sense gs2 is
compatible with the symplectic form ws2. On S?, the induced geodesic distance
between two points u, v € S2 s the angle between them,

distsz(u, v) = arccos(u-v),

where the Euclidean inner product on R3 is used [Lee97, Proposition 5.5.13].

Using the coordinate expression for the Poisson bracket associated with this
symplectic form (Appendix A.2, Definition 25), one finds that for observables f(6, ¢)
and g(6, ) on 52 the Poisson bracket is

1 (af ag of ag)

.9%= 9009 0@ 30

sin@

To relate this to observables written as functions of the Cartesian spin components
5%, 5Y,5%, we use the chain rule and find that

{5%,8V}=5,, {5%,5Y}=5; {5%5}=9".
These relations can be compactly written as
S ={5%, 5P} =¢1sY,  a,B,ye{xyz},

where €97 is the Levi-Civita symbol. For a system of N spins, the entire phase
space is the product manifold (S2)V, which is also complex [Lee24, Example 1.8],
and the symplectic form is the sum of the area forms on each sphere,

N
w=sin6;d6; A do;.
i=1

and the product Riemannian metric

M=

9= (d6? + sin? 6;dg?).

[§

1l
=

The corresponding Riemannian volume form is

N times
——
N WA AW
volg = /\ sin6;de; A do; = —r
=1 :

so g is compatible with w and the Hamiltonian flow preserves both the Louiville
volume and the Riemannian volume. For the metric g on (S2)V, the induced
distance is the £2—product of the individual S2-distances, so

N N
distg(U, V) = Zdistsz(u[, vi)? = ZQFCCOS(U['V[)z,
iz1 i=1

forU=(ug,...,uy) € (52N and V = (v1,..., vy) € (52)N [Ste05, Section 3.9.3].
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The corresponding Poisson bracket of two observables f({6;, ¢i}) and g({6;, ¢;})
is then

N

{f.gr=>,

i=1

Since the variables of different spins live on different copies of S2, the single-spin
relations above give

(af og of 69)
30;09; 09;36;)

sin 6;

S ={5%, 57} = 5,75,

Finally, the Hamiltonian equations of motion for the spins follow directly from
the Poisson bracket. Let H(S1,...,Syn) be the Hamiltonian and consider the time
evolution of a single component Sf’:

S¥ = {S¥, H}.
Using the Leibniz rule and the fact that H depends on the spin components, we
write SH SH
§a=3"— {5 Py = > — €15
i B [ B i
B 9S; B,y 9S;
Introduce the gradient of the Hamiltonian with respect to the i-th spin,
oH
S}
oH oH
as; | as) |’
oH
a57

and recall that the a-component of a cross product is
(A x B)" = e97APBY.

Comparing with the expression for Sf’ above, we obtain

which in vector form reads

Thus, each classical spin precesses around the local field oH/3S;.

4.4, SYMPLECTIC INTEGRATORS

In many applications one uses general-purpose time-evolution methods such as
Runge-Kutta schemes (e.g. RK4) to integrate systems of ordinary differential
equations. These methods have well-understood advantages such as having a
high order of accuracy, relatively simple implementation, and good short-time
error control. However, when applied to Hamiltonian systems they suffer from a
fundamental drawback: they do not preserve the underlying symplectic structure.

Let (M, w) be a 2n-dimensional symplectic manifold, and let H: M — R be a smooth
Hamiltonian. The Hamiltonian flow (p’t" generated by H preserves the symplectic
form,

(e *w=uw,
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and therefore preserves the associated Liouville volume form. By Liouville’s theorem
the phase-space volume is exactly conserved by the Hamiltonian dynamics, and
the corresponding phase-space probability measure is invariant under the flow.

For such a measure-preserving dynamical system (M, u, (pf), Oseledets’ multiplica-
tive ergodic theorem applies and guarantees the existence of a set of Lyapunov’s
exponents

A1ZA22=-2A2p,

that describe the average exponential rate at which nearby trajectories in phase
space separate or converge under the Hamiltonian dynamics.

A generic, non-symplectic numerical integrator (such as RK4) does not preserve
w and hence does not preserve phase-space volume. The discrete-time map
generated by such an integrator is typically not measure-preserving, so one loses
the invariant probability measure which underlies the application of Oseledets’
multiplicative ergodic theorem. As a consequence, the existence of Lyapunov’s
exponents for the system is no longer guaranteed, and even when they exist, the
symplectic constraints Z[)\[ =0 and A; =—A2p+1—i need not hold.

In addition, conserved observables of the system, in particular the Hamiltonian H
itself, typically exhibit a drift under non-symplectic schemes when integrated over
long times, rather than remaining nearly constant. This long-time drift leads to
significant inaccuracies in the properties of the dynamics.

These considerations motivate the use of time-integration schemes which
preserve the symplectic form and therefore the phase-space volume. Such schemes
are called symplectic integrators. For a modern overview of symplectic integrators
we refer to [HLWO06, Chapter VI].

A one-step method with step size At generates a discrete-time map

Sat:M—-M,  Zkp1 = dae(2k).
The method is called symplectic if ®x¢ is a symplectic map,
* —
<I>Atw =w

for every At, here <I>*t denotes the pullback of ®ar (Appendix A.2, Definition 30). In
this case, the numerical flow is symplectic and therefore preserves the phase-space
volume, just as the exact Hamiltonian flow does.

In the following we focus on a specific class of symplectic integrators, namely the

second order Suzuki-Trotter time integrator [Suz90; Tro59; Yos90]. However, we
first recall the definition and relevant properties of the Liouvillian operator.

4.5, SECOND ORDER SUZUKI-TROTTER

Let the smooth function f: M — R be an observable. The Hamiltonian flow generated
by H induces the evolution

d
&f(t) = {f(t). H},

where {:,-} denotes the Poisson bracket. It is convenient to introduce the linear
Liouvillian operator £y : C*®(M) — C*(M) acting on observables by

Luf :=A{f, H}.
In this notation, the exact time evolution of f can be written as

f(t) = etHF(0), teRr.
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We now assume that the Hamiltonian splits as
H=Hp+ Hp,

B

where Ha and Hp are two Hamiltonians whose flows (p't'l“ and (p't" can be computed

exactly. By linearity of the Poisson bracket,
LH=LH, + LHg,

so that
F(£) = etlEratLus)f(0).

If L, and Ly, commuted, we would have the exact factorization

et([’HA+’CHB) = et‘CHA et[’HB = etL:HB etEHA .

For Liouvillian operators this is generically not the case. Using the antisymmetry of
the Poisson bracket and the Jacobi identity,

{Ha, {HB.f}} + {HB, {f,HA}} + {f, {Ha,HB}} =0,

we obtain
{{f.Hg},Ha} ={Ha, {HsB,f}}, (4.3)
{{f.Ha},Hg} ={Hg, {Ha,f}}. (4.4)

Therefore
[LHA LHe 1 = LHA(LHS) — LHg (LHAS) (4.5)
={Ha, {f.Hg}}—{HB, {f, Ha}} (4.6)
= {Ha, {Hs,f}}—{Hs, {Ha.f}} (4.7)
=—{f, {Ha,HB}}. (4.8)

Recognizing the Liouvillian operator generated by {Ha, Hg},

{f, {Ha, HB}} = L{Ha Hp)}f

we find the operator identity

[LHa» LHg] = — L{HaHp}-

In general {Ha Hg} # 0, hence Lu, and Lp, do not generally commute.
Consequently, one must use approximate exponential factorizations for non-
commuting operators, such as the second order Suzuki-Trotter factorization [HLWO06,
Theorem 111.5.3.6], which we will now introduce.

As in [BCM24, Section 1.2], the evolution of observables associated with a flow
can be written in terms of Lie derivatives. In particular, for the exactly solvable flows
(p’:A and (p':B we associate the Lie derivatives Fi, F2, which in the Hamiltonian case
coincide with the Liouvillian operators Ln,, LH;. The second order Suzuki-Trotter
factorization corresponds to the following composition of the flows

ST._ ,H H H,
Par = Patr2 © Pat ° Patr2-
and the associated evolution operator on observables is [BCM24, Equation 1.16]

At At At At
Y(At) =e2F1ebtF2 @31 = o7 Lra @Bl @7 LHa, (4.9)
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To examine the error of (4.9) with respect to the exact solution of the evolution
operator e2t(£#a*Lhs), we follow the steps in [BCM24, Section 2.1.1], where ;' is
written as e¥ (A with

A3 At3
Y(At) = At(F1+ F2)— E[FL [F1,F2]1— E[FZ' [F1, F211+---.

Substituting F1 = £, and Fy = Ly, shows that W(h) agrees with eft(cHa+Lrs) yp to

terms of order At3. For a more detailed error analysis we refer to [HLW06, Section
I1.5.1-111.5.3].

Therefore, if we can compute exactly the Hamiltonian flows (p':A and (p't"B, the
evolution of an observable f over one time step At can be approximated to second
order by

F(At) = &7 Fraebtlns e T Lraf(0)

Equivalently, in terms of points p € M, one time step is given by

H H H
P = @pts2 © Pat © Pats2(P)-

This is precisely the second-order Suzuki-Trotter symplectic integrator for the
Hamiltonian H = Ha + Hg [HLWO06, Section I11.5]. Each of the maps (pZ? and qto is an
exact Hamiltonian flow and thus symplectic. The composition of symplectic maps is

again symplectic, so the numerical one-step map

. oHa Hg Ha
At 1= Ppiyn © Par © Pary2

is symplectic for every At. Consequently, the Suzuki-Trotter scheme preserves the
symplectic form w and the phase-space volume, and it preserves the Lyapunov’s
exponent constraints, up to inaccuracies arising from the finite step size At and
method order. Next, we will present a detailed account on Lyapunov’s exponents
and their properties.

4.6. LYAPUNOV'S EXPONENTS

Defined in [Lya92], Lyapunov’'s exponents describe how sensitive a dynamical
system is to small changes in initial data. For Hamiltonian systems, they quantify
how small perturbations of a trajectory grow or shrink under the Hamiltonian flow.
In this section we briefly recall the Hamiltonian setting, explain the linearized
evolution of perturbations, and then state the multiplicative ergodic theorem in
terms of the associated linear cocycle and its invariant subspaces. Further, we
provide an account of the numerical methods used to calculate all the Lyapunov’s
exponents for a Hamiltonian system, which are adapted from [PP16, Chapter 3].

The Lyapunov’s exponents A; describe the average exponential rate at which
nearby trajectories in phase space separate or converge under the dynamics. We
consider a symplectic manifold M with a Hamiltonian

H e C%(M, R),

so that the associated Hamiltonian vector field and its flow are sufficiently regular.
The Hamiltonian flow
ot:M—-M

is defined by following the Hamiltonian equations in time. For a point p € M, the
curve t — @¢(p) is the trajectory starting at p.
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A small perturbation of the initial condition p is represented by a tangent vector
v € TpM. To understand Lyapunov’s exponents, we track how such perturbations
evolve along the trajectory.

The linearized evolution of a perturbation v € TpoM along the trajectory is given by

(dot)pV € Ty, (M,

the differential (Jacobian) of the flow at time t applied to v. The map (d¢¢)p is the
linear approximation of how the flow changes when we slightly change the initial
condition. For a nearby point p + ev with small ¢,

ot(p+ev)—@e(p) = €(doe)pVv + 0(€),

so (dot)pV gives the first-order change in the evolved state due to the perturbation
v. The Lyapunov’s exponents quantify how [|(dg¢)pVI| grows or decays on average
as t— +oo0,

4.7. THE MULTIPLICATIVE ERGODIC THEOREM.
For Hamiltonian systems, the existence of Lyapunov’s exponents is guaranteed
by the multiplicative ergodic theorem (Appendix A.3, Theorem 35) [Ose68]. This
theorem applies when H is sufficiently regular, for example when H € C2, and
there exists an invariant probability measure for the flow. In the Hamiltonian
case, Liouville’s theorem (Appendix A.3, Definition 34) provides such a measure by
stating that the Hamiltonian flow ¢: preserves phase-space volume.

The multiplicative ergodic theorem is a theorem about linear cocycles over a
measure-preserving dynamical system. Given a flow (¢t)ter On M, a (linear) cocycle
over ¢¢ is a family of linear maps

A(t,p): ToM = Tp )M, teR, peM,
such that
A(0, p) =Id7,m, A(t+s,p)=A(t, 9s(p))oA(s, p) forall t,seR.

In our setting, the base dynamics are given by the Hamiltonian flow ¢¢, and the
linearized dynamics are given by its differential. The map

A(t, p) := (dot)p
is a linear map from TpM to Ty, (p)M and satisfies
(dot+s)p = (d@t)ps(p) © (d@s)p,

so {(dot)p}ter is a linear cocycle over the Hamiltonian flow. The multiplicative
ergodic theorem will be applied to this cocycle.

The multiplicative ergodic theorem states that, for almost every point p € M, the
tangent space at p splits into a direct sum of subspaces

TpM =E1(p) ® --- ® Ex(p)(P).

Here k(p) is the number of distinct Lyapunov subspaces at the point p. Each
Ei(p) corresponds to a different Lyapunov’s exponent A; and thus to a different
asymptotic growth rate. In particular,

1 <k(p)<dimM=2n.

The direct sum decomposition means:
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1. Unique decomposition: Every tangent vector v € TpM can be written in a
unique way as

V=V1+-+ Vkp), Vi€Eip).

2. Disjoint: For { #,
Ei(p)nEj(p) ={0}.

Thus the tangent space at p is split into distinct families of directions E;(p).
Each family consists of perturbation directions that share the same asymptotic
exponential growth rate under the linearized dynamics.

These subspaces satisfy the invariance property

(dot)p(Ei(p)) = Ei(pe(p)) forallteR, i=1,...,k(p).

That is, if v € Ei(p) at time 0, then the evolved vector (dot)pv at time t lies in
the corresponding subspace Ei(¢:(p)). The flow may stretch or contract vectors in
Ei(p), but it does not mix them with directions from any E;(p) with j # i.

Each subspace Ei(p) is associated with a Lyapunov’s exponent A;. Vectors in E;(p)
are precisely those perturbations whose norm, under repeated application of the
linearized flow, grows or decays asymptotically at the exponential rate A;. More
concretely, for ve Ei(p)\ {0},

1
A= lim < logli(deopVil,

whenever the limit exists. This definition of Lyapunov’s exponents uses a norm on
each tangent space, and hence depends on a choice of Riemannian metric on M.

The family of subspaces {Ei(p)}, together with their exponents {A;}, thus
organizes infinitesimal perturbations according to their long-time growth rates under
the linearized Hamiltonian dynamics.

Additionally, the Lyapunov’s exponents of a Hamiltonian system are not arbitrary.
The Hamiltonian structure imposes three structural constraints on the spectrum.

First, Liouville’s theorem (Appendix A.3, Definition 33) states that the Hamiltonian
flow ¢@: preserves phase-space volume. Consider a small 2n-dimensional
parallelepiped in TpM, spanned by tangent vectors that we decompose into
Oseledets directions. Under the linearized flow, each of these directions is
stretched or contracted roughly like e*i, so the volume of the parallelepiped grows
asymptotically like

2n
exp(tZ)\i).

i=1

Volume preservation means that this volume must remain constant in time, so the
exponential factor cannot grow or decay. This forces the sum of all Lyapunov’s
exponents to vanish (Appendix A.3; Theorem 36):

Further, this causes phase space to also become infinitesimally stretched out when
there are positive Lyapunov’s exponents.
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xOot ¢/

V\ /—>

Vo

Figure 4.2.: Graphical representation of the time evolution of tangent vectors
v1, vz at time t = At 2At,... for a 2-dimensional system, and the
parallelepiped spanned by these tangent vectors with constant volume.

Secondly, preservation of the symplectic form w imposes a pairing between
expanding and contracting directions. The nondegeneracy of w means that for
every nonzero tangent vector v € TpM there exists a unique tangent vector w € TpM
such that w(v, ) is represented by w. Since the Hamiltonian flow ¢ is symplectic,
it preserves w:

w((det)pV, (det)pw) = w(v, w) forall teR.

If v is expanded asymptotically with rate A (so (dot)pVv ~ ert), then the identity
above can only hold if w is contracted at the opposite rate —A. Thus, for every
positive Lyapunov’s exponent there is a corresponding negative exponent of the
same multiplicity. As a consequence, the Lyapunov spectrum is symmetric with
respect to zero. In particular, after ordering the exponents as A1 > --- > A5, One
has (Appendix A.3; Theorem 40)

Ai=—A2n+1-i, i=1,...,n

Finally, every independent integral of motion produces an additional pair of
vanishing Lyapunov’s exponents. Let I: M — R be a smooth conserved quantity,
Io@t =1. Trajectories are confined to the level set

I'‘(o)={peM:1(p)=c},

that is, the subset of phase space on which I takes the constant value c.
The Hamiltonian vector field generating ¢ is everywhere tangent to I-1(c). A
perturbation proportional to this vector field is equivalent to a small time shift
along the same trajectory. The perturbed trajectory is therefore just the reference
trajectory with a slightly shifted time origin, so the separation does not grow
exponentially in time, and therefore has Lyapunov exponent 0. To see that there
is also a transverse zero exponent associated with I, note that for constant c the
set I"1(c) is a smooth (dimM — 1)-dimensional surface in phase space. At each
point of this surface there is a single direction perpendicular to it, and this normal
direction is precisely the one given by VI. Since I o ¢ =1, the derivative of I in this
normal direction is preserved along the flow, so the component of any perturbation
normal to I=1(c) cannot grow or decay exponentially without changing the value of
I. This normal direction therefore carries Lyapunov exponent 0. Each independent
integral of motion therefore contributes at least two zero exponents: one along the
flow and one normal to the corresponding invariant set I"1(c) in the above sense.
In particular, in our case the Hamiltonian H is conserved, so there are already two
zero exponents on the energy shell H~1(E): one along the Hamiltonian flow and one
associated with the normal direction determined by VH (Appendix A.3, Theorem 41).
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4.8. KOLMOGOROV-SINAI ENTROPY

An additional measure of dynamical complexity is the Kolmogorov-Sinai entropy
Hks, which quantifies the average rate of information production in a dynamical
system. Intuitively, the Kolmogorov-Sinai entropy measures how rapidly two initially
close trajectories become distinguishable when one observes the system with finite
resolution. A larger Kolmogorov-Sinai entropy corresponds to a faster loss of
predictability and hence to stronger chaos. For smooth, ergodic dynamical systems
with a well-defined Lyapunov spectrum, Pesin’s theorem [Pes77] establishes that
the KS entropy can be expressed as the sum of all positive Lyapunov exponents:
Hks=2)>0Ai- In practice, this result allows one to estimate the Kolmogorov-Sinai
entropy numerically by computing the Lyapunov spectrum and summing its positive
components [ER85].

4.9. FINITE-TIME LYAPUNOV'S EXPONENTS

The limit definition of Lyapunov’'s exponents above can be interpreted directly in
terms of the separation of two nearby trajectories. We fix a smooth Riemannian
metric g on M, and denote by dist(-,-) the induced distance on M by the metric
g and by ||-|| the induced norm for tangent vectors. Fix a point p € M and a
direction v € TpM. For a small parameter §o > 0, consider a second point ps, which
is obtained by moving p for 69 time along the geodesic starting at p in the direction
v. Then, the distance between the two points is

8o = dist(p, ps,).

We obtain the points ¢t(p) and ¢t(ps,) after evolving the two initial conditions for
time t, and we denote their distance by

6¢(60) := dist(@¢(p), 0t(Ps,))-

Since ¢: is differentiable with respect to the initial condition (Appendix A.2,
Definition 29), we can write a first-order Taylor expansion of ¢: around p in the
direction v in local coordinates:

0t(Ps,) = Pt(P) + 80(d@t)pV + O(57).
Subtracting ¢¢(p), dividing by ¢, and taking the limit 60 — 0 yields

1
5|0i£n'0 %((Pt(Péo) — ¢t(p)) = (doe)pv.

The geodesic distance between ¢+(p) and @t(ps,) is given to first order by the norm
of the displacement vector, hence

6t(80) = dist(pt(p), ¢t(ps,)) = 8o lI(d@e)p VIl + O(53),

and therefore

5t(60)
lim =||(d v||.
Jim == =1Idea)pvl
This motivates the standard finite-time Lyapunov’s exponent, defined via
1 61(60) 1
At(p, v):= lim =lo =—lo d v||.
7(p, V) Aimy 7109 5 T gll(deT)pVl|

For fixed p and a direction v lying in one of the Lyapunov subspaces E;(p), we then
let the time T become large. Under the assumptions of the multiplicative ergodic
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theorem, this finite-time quantity converges for almost every p and every nonzero
v € Ei(p) to the corresponding Lyapunov’s exponent:

. .1 dist(e1(p). ¢7(ps,))
Ai=_lim Ar(p,v)= lim —=log - ,
T—+00 T—+co T dist(p, ps,)

for any fixed 69 > 0 sufficiently small. The limit only depends on the subspace E;(p)
that contains the initial perturbation v, not on the particular choice of v € Ei(p)\ {0}.
In this sense, the Lyapunov’s exponent A; is the asymptotic exponential rate at
which the distance between two trajectories, initially separated by ¢ in a direction
belonging to E;(p), grows or decays as time evolves.

4.10. CALCULATING LYAPUNOV'S EXPONENTS ON BOUNDED PHASE SPACE

Theoretically, the task of calculating all the Lyapunov’s exponents for an unbounded
phase space is rather straight forward. For a 2n-dimensional phase space M one
simply picks points p, p1,...,p2n € M such that for some sufficiently small §g > O,
every p; is obtained by moving p for §¢ time along the geodesic starting at p in the
direction v; € Ei(p). Then one finds all Lyapunov’'s exponents as the limit of the
finite-time Lyapunov’s exponents

1 (diSt((Dt(P): (Dt(Pi)))

Ai= lim A ,vi)= lim =lo
R 7(p, Vi) Tl T 09 dist(p, p;)

T
There is one significant advantage when we are working in a compact symplectic
manifold. The limit definition of Lyapunov’s exponents is dependent on a choice
of Riemannian metric. However, when M is compact, any two smooth Riemannian
metrics g1 and g2 on M are uniformly equivalent in the sense that there exist
constants 0 < ¢ < C < oo such that their induced norms satisfy

clivllg, < llvllg, £ Cllvllg, forallpeM, veTpM,

where the constants ¢ and C can be chosen independently of p [Heb00, Section
2.2]. If the Lyapunov’s exponents are computed using [|-|lg, and ||-|lg, respectively,
then for the associated cocycle (dg¢)p we apply the above inequality and obtain

cll(dot)pVllg, < lI(dt)pVllg, < ClI(det)pVllg,-
Taking logarithms and subtracting log||(det)pVllg, Yields

logc < log|l(det)pVllg, —logll(det)pVllg, <logC.

Hence
[log11(d@t)pVilg, — 109 11(d@t)pVllg, | < max{|logc|, [logCl},
Dividing by t > 0 gives

1 1 1
T log[l(det)pVllg, — T log|I(det)pVllg,| < T max{|logc|, |logCl|},

which converges to 0 as t — oo for every nonzero v € TpM. Thus, on a compact
symplectic manifold, the limits defining the Lyapunov’s exponents are independent
of the particular smooth Riemannian metric used to define the norm on each
tangent space [Fro84; Kat80].

However, for bounded phase spaces, such as for spin systems, there is one
significant drawback due to dist(et(p), @t(pi)) increasing exponentially when A; >0
and approaching the maximum separation between points in the phase space for
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some finite time, and does not meaningfully capture the exponential separation any
more. One insight that circumvents the problem of a uniform bound on dist(:, ) is
by using the cocycle property of the differential of the flow, and observing that we
can decompose

(doT)p = (dont)p = (d(pT)(P(N—l)T(p) 0.0 (dor)e.(p)° (do)p.

For convenience, define
Ax = (d(PT)tka(P)' k=0,1,..., N—1,
so that
(dont)p =An—10---0A1 0Ap.
Then 1
Ai= ,JmoN—_r log|[Ay—10---0A10Ag V|
The expression above suggests interpreting A; as an average of local stretching

rates. To make this explicit, we factor out the growth at each step. For now, we

consider a single vector v;. We introduce a sequence {Vi(k)}kzo of rescaled tangent
vectors with a fixed small norm 69 > 0:

V9. —50” i 1vi®|| =60 for all k.
l

Given \7,'(’(), we apply the linearized map over one time step:

Wik 1= AV = (do1) gy Vik.

We then define the local stretching factor

Hwikll
ik := >0,
b0

and rescale to obtain the next vector of norm &g:

vk = s Wik
lwikll

By construction, ||vl(k)|| = §p for all k. An inductive argument shows that

N—1
An—1-+-A1Ag V(D = (l_[ O‘k) v,

k=0

Since v; ) - = 6oVvi/l|vill, we have

[vI| v (0) ”Vl” N1 ~ (N)
AN—1+++A1AgVi= —Apn-1---A1AQ l_[ Ak | Vi~
b0 50 k=0

Taking norms and using ||\7,-(N)|| = §¢ gives

llvall (=3
1AN-1 - A1 vill = == [ ] ow ||vl(”’||—||v||1_[alk
k=0
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Therefore,
N—1

—1| [l II——1| Il |I+—§ I
og||An=1---A1AQ Vil| = 0og||vi 0g k.
NT g llAn—1 1A0 Vi NT gllvi NTI<=O g dik

In the limit N — oo, the contribution NLT log||vi]| vanishes, and we obtain

1t 1(d@0) gy Vil
Ai= lim — log aik, ik = . )
i N—>00NTI§) g dik ik 5
The quantity
1 1 11(d9)ge(oy Vil
Z log ag = - log P)pr(p) Vi
T T 60

can be interpreted as the local stretching rate over the time interval [kT, (k + 1)T]

along the direction \7((’(). The Lyapunov’s exponent A; is then the long-time average
of these local stretching rates:

11 d 500
Ai= lim — > Zlog I(de)oe Vi Il
N—oo N k=0 T 50

In the case of a single exponent, this repeated rescaling keeps the perturbation
norm fixed at 6¢. For the full spectrum Aj, ..., Ap, one propagates a basis of tangent
vectors vi,..., vy and repeatedly rescales them, recording the corresponding local
stretching factors for each direction.

) GUEPHE) (G, P+ )

t=3T

Figure 4.3.: Graphical representation of the time evolution of initially nearby
trajectories while periodically rescaling at t =T, 271, 37, ....

4.11. CALCULATING LYAPUNOV'S EXPONENTS WITH fINITE PRECISION

To practically calculate all the Lyapunov’s exponents A1,...,A2p, there is one more
issue we need to address. If we simply propagate and rescale several tangent
vectors vi,..., v2n independently, without enforcing any orthogonality, we run into
a major problem. Due to the presence of numerical rounding errors, all tangent
vectors tend to align with the fastest expanding subspace Ei(p) associated with
the largest Lyapunov exponent Ai. Even if the initial vectors v; are carefully
chosen to lie in different Lyapunov’s subspaces Ei(p), finite precision and the
different growth rates imply that, after sufficiently many steps, the component
along E1(p) dominates in each v;, and the remaining components become negligible
numerically. As a result, the algorithm effectively converges only to the largest
Lyapunov’s exponent Aj.
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Vlfrue Vltrue Vltrue Vltrue Vltrue
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Figure 4.4.: Graphical representation of the eventually convergence of some
arbitrary tangent vector v'lr“t to thrue € E1(p) over multiple rescaling
events att =1, 27, ....

The goal is to ensure that, over long times, one vector converges to Ei(p),
another to Ez(p), and so on, so that each v; eventually aligns (and remains aligned)
with the corresponding subspace Ei(p). To achieve this, we start at time t =0 with
n tangent vectors

Vi,...,V2n € TpM

that are mutually orthogonal with respect to the Riemannian metric g. Without loss
of generality, we may think of v; as the vector that will eventually align with E1(p)
under the dynamics. After evolving the system over a time step 7, the images
(de<)pVvi have, due to the dominance of the most unstable direction and numerical
imprecision, all acquired significant components along Ei(p). If we remove from
each (det)pVv; the projection onto (de<)pVvi, then over long times only the evolved
vi1 can align with E1(p): the others are continually forced to lie in directions
transverse to E1(p).

Repeating this idea, we also remove from (d¢+)pV; the projections onto (d¢)pVv1
and (de<)pv2 for j= 3, and so on. Inductively, this ensures that v, aligns with
E>(p), vz with E3(p), etc. This procedure is nothing other than a Gram-Schmidt
orthogonalization applied after each propagation step. It stabilizes the tangent
vectors and allows us to separate the different growth directions associated with
the full Lyapunov’s spectrum.

When 69 € 1, we may interpret vi,...,Vvzn as vectors in euclidean space,
since the curvature is negligible. From a linear algebra point of view, the
Gram-Schmidt procedure applied to a collection of linearly independent vectors
Wwi,..., Wan € R3" is equivalent to computing a QR decomposition of the 3n x 2n

matrix W =[wz1 ... wan]. (In the next section, we will choose each wiy,..., wp
to represent a different tangent vector.) Concretely, Gram-Schmidt produces an
orthonormal family g1, ..., g2n and scalars ri such that

W=QR, Q=I[q1...92n] €R3™27, R =(rj)eR?"*2",

where QTQ =1, and R is upper triangular with rij = qlTw,- for i<j and rj =0 for
i >j. In numerical practice, this factorization is usually computed by QR algorithms
such as Householder reflections rather than by the classical Gram-Schmidt
procedure, because the explicit QR viewpoint leads to algorithms that control loss
of orthogonality much better in finite machine precision. As a result, QR-based
orthogonalization is significantly more stable and reliable when n is large.

4.12. CALCULATION SCHEME FOR CLASSICAL SPIN SYSTEMS
We now specialize the above construction to a classical spin system with N spins.

The phase space is
M = (SZ)N C R3N,
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but each spin §; € §2 is constrained to have unit length, so the phase space has 2N
degrees of freedom. Consequently, there are 2N Lyapunov’s exponents

A1 = A2 =2 AN,

We will use the standard algorithm for computing the full Lyapunov spectrum via
periodic QR orthogonalization of tangent vectors [PP16, Section 3.2] adapted to
the phase space (52)V. However, in our calculation scheme we do not construct
the tangent vectors explicitly. Instead, we evolve one reference trajectory and 2N
nearby trajectories at distance &g from the reference, and reconstruct approximate
tangent vectors at each reorthogonalization time by taking differences between the
reference and the nearby trajectories. These differences are arranged as columns of
a 3N x 2N matrix and orthogonalized by a QR decomposition. The upper triangular
factor contains the local stretching factors whose long-time averages give the
Lyapunov’s exponents.

REPRESENTATION OF DEVIATIONS

Let
S(t)=(S1(t), ..., Sn() € (S?)V c RV

denote the reference trajectory, where each spin S;(t) € R3 satisfies ||Si(t)]| = 1. We
choose 2N nearby trajectories

s, j=1,...,2N,
with initial conditions at t = 0 such that
60 =11s9(0)—s(0)I|

for all j, where ||-|| is the Euclidean norm on R3M. For small enough &g, the
differences ‘ ‘
ASO(t):=8O(t)—s(t)eR3N, j=1,...,2N,

approximate the evolution of 2N linearly independent tangent vectors.
At a given time tx = kT, we collect these deviations into a 3N x 2N matrix

W& = (AsD(ty), ..., ASCM(ty)),

whose j-th column is the deviation of the j-th nearby trajectory from the reference
trajectory. Note that, although W) lives in R3V*2N its rank is at most 2N, reflecting
the 2N physical degrees of freedom.

INITIALIZATION OF NEARBY TRAJECTORIES

At the initial time to = 0 we construct the 2N nearby trajectories in a symmetric
way. Starting from a given reference configuration S(0), we first clone it to all
trajectories: '

s(0)~s(0), j=1,...,2N.

We then perturb the spins one by one. For each spin index i€ {1,..., N} we create
two nearby trajectories by rotating only the i-th spin of the reference configuration
while leaving all other spins unchanged.

More precisely, for each spin { we choose a small rotation angle 8¢ > 0 and define
two perturbed configurations:

e one trajectory where S§;(0) is rotated by +68¢ with respect to the y-axis,
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e one trajectory where S§;(0) is rotated by 8¢ with respect to the Z-axis,

The angle 8¢ is chosen such that each perturbed configuration has Euclidean
distance

ISP (0) - S(0)II = 60
from the reference configuration. This construction yields 2N nearby trajectories
whose deviations form a well-conditioned initial set of approximate tangent vectors
of norm &¢p. Then, a single QR step, before starting the time evolution, is performed

to ensure that all these approximate tangent vectors become orthogonal. This QR
step is not used in the calculation of Lyapunov’s exponents.

SINGLE QR STEP

Assume that at time tx the deviations have already been orthogonalized and
rescaled so that

wk) = Q(k)5o,

where Q) is a 3N x 2N matrix whose columns are orthonormal in R3N and each
column has norm ||q](k)|| = 1. Equivalently, the columns of W) have norm ¢ and

are mutually orthogonal.
One QR step from tg to tx+1 =tk + T consists of the following operations:

1. Propagation of trajectories. Evolve the reference and all nearby trajectories
with the same integrator over the time interval [t, tk+11]:

S(tk) = S(tk+1),  SO(tk) = SP(tks1), j=1,...,2N.

2. Construction of deviations. Form the new deviation matrix
WD) .= (ASM(ty41), ..., ASCM (ty41)),

where
ASD(tes1) = SD(tks1) — S(t+1)-

3. Orthogonalization through QR decomposition. Compute the QR
decomposition of the 3N x 2N matrix Wk+1):

W(k+1) — O(k+1)R(k+ 1)

where
o Qk*1) js a 3N x 2N matrix with orthonormal columns (so (Qk+1))TQk+1) =
Ion),
o Rk+1) js 3 2N x 2N upper triangular matrix with positive diagonal entries

D >0, i=1,...,2N.
The matrix Qk+1) provides a new orthonormal basis of deviation directions,

and the diagonal elements of R*1) encode the local stretching factors along
these directions over the time step [tk, tk+1]-
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4. Rescaling and reconstruction of nearby trajectories. To keep the
deviations small and well within the linear regime, we reset the nearby
trajectories so that their deviations from the reference have norm §¢ and

directions given by the columns of Q+1) et qj(.k+1) denote the j-th column
of Qk+1) we define new nearby trajectories at time tg,+1 by

k .
SO(tes1) = M(S(ter1) + 60q D), j=1,...,2N,

where TT denotes the operation of normalizing each spin S; to unit length. With
this rescaling, the updated deviation matrix becomes

(k+1) k+1
Wieset = O( * )50'

ready for the next propagation step.

Note that although W(+1) has size 3N x 2N, the upper triangular matrix R(Kk+1)

is only 2N x 2N. Thus, at each step we obtain exactly 2N diagonal elements r(lk+1)

corresponding to the 2N Lyapunov’s exponents of the system. The embedding
dimension 3N only affects the size of the orthonormal basis Q(k+1),

PHASE SPACE VOLUME AND LYAPUNOV'S EXPONENTS

Over K such QR steps, with total integration time T = KT, we obtain a sequence of
upper triangular matrices

RM, R, RK),
each with diagonal entries rl.(ik)
(k)

>0 fori=1,...,2N and k=1,...,K. The diagonal

coefficients r;;* encode the change of the phase space volume element spanned by

the 2N deV|at|on vectors. Indeed, the 2N columns of W) span a 2N-dimensional
parallelepiped in B3N whose volume (in the induced Euclidean metric) is

2N
V) = |detRO| = [r¥.
i=1

Finally, the Lyapunov’'s exponents are given by the time-averaged logarithmic
growth of these diagonal entries:

(k) P
)\l_KILrTgoEZIogr“ , i=1,...,2N.

In practice, for a finite integration time T = KT, we approximate

A = Z logr®d,  i=1,...,2N,

i -’

and monitor convergence as T increases.

Finally, we note the we are using the second-order Suzuki-Trotter numerical
scheme while carrying out this calculation. Due to this calculation of Lyapunov’s
exponents generally requiring simulations over relatively long periods of time, we
make use of the following identity,

B A A B
Pyt = ‘PAt/z O Ppr ©Ppt ©° ‘/’At "o ‘PAt O Ppr ©Ppt © ‘/’At/zf
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for N time steps of size At, which provides a significant improvement of the
numerical scheme’s efficiency. However, we must remind ourselves to apply the
aforementioned QR step and calculate the finite-time Lyapunov’s exponent only at
integer multiples of At. Therefore, we structure the method as follows

®nat = Prat o (QR step) o drat o (QR step) o--- o0 drar o (QR step),

where T denotes the amount of time steps of size At before we apply the QR step
and calculate the finite-time Lyapunov’s exponents.



INVESTIGATIONS OF LYAPUNOV'S EXPONENTS IN
SPIN GLASS SHARDS

To restate our goal, we aim to gain insight in the connection between signatures
of chaos between a quantum many-body system and its classical many-body
counterpart. Specifically, we focus on the spin glass shards system in a random
transverse magnetic field studied by Georgeot and Shepelyansky [GS98]. In the
quantum regime, one signature of chaos is given by energy-level spacing statistics
and their crossover from Poissonian behavior, typical of integrable regimes, to GOE
statistics with strong level repulsion. The system of interest crosses between the
integrable magnetic, chaotic, and integrable spin-spin regimes, see figure 3.4.

In parallel, we construct and simulate the corresponding classical Hamiltonian
system (5.1) and quantify its dynamics via Lyapunov’s exponents computed using
the methods described in section (4.12). By comparing quantum energy-level
spacing statistics and classical Lyapunov’s exponents across many disorder
realizations and system parameter choices, we aim to identify how changing the
global system parameters and local disorder parameters simultaneously influences
the onset of classical chaos, and to map regions of parameter and phase space that
are effectively integrable or chaotic.

To further specify, we are studying the classical analog of the quantum system
introduced in section 3.4. The model is defined, for N classical spins, by the
Hamiltonian N

H=Z/Us;<5;<+2[=1rl-siz:=HA+HB, (5.1)
i<j
where the first sum runs over all distinct spin pairs. This model represents a
classical spin glass shard interacting with a random transverse magnetic field. The
random transverse magnetic field is represented by the coefficients I'; which are
drawn independently from a uniform distribution in the interval [0, FTmax]. The
exchange interactions J; are taken to be independent random variables uniformly
distributed in the interval [—Jmax/¥N, Jmax/¥N]. The 1/4/N factor ensures the
energy per spin H/N stays finite rather than diverging with system size. In this way
one obtains a well-defined thermodynamic limit as N — co. For later convenience
we introduce the parameter
i Jmax
Jmax + Fmax
R =~ 0 corresponds to a system dominated by the transverse magnetic field, while
R ~ 1 corresponds to a system dominated by the spin-spin coupling.
In this model the randomness is quenched: the couplings J; and local fields I'; are

randomly drawn once and then kept fixed during the time evolution of the system.
A single choice of all {J;} and {I';} at fixed J,I" > 0 is called a realization of disorder.

43
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Because the couplings J;j have random signs, the system is generally frustrated: it
is not possible to choose spin orientations that simultaneously minimize all pairwise
interaction terms. Consequently, for J not too small compared to I, the ground state
is typically spin glass-like rather than a simple ferromagnetic or antiferromagnetic
configuration. Only in the strong-field limit I' > J does one recover a field-polarized
ground state, with spins aligned mostly along the transverse field direction.

The Hamiltonian H can be split into two parts, Ha and Hg. The equations of
motion for these parts are obtained by applying equation (4.2), from which it follows

that
1iS%
(dsi) oHa aHa ; Y
— | =—x8S, — = ,
dt Jy, 9S; ‘ 2S; 0
0
and
(ds[) aHg aHg (O
— | =—=x8§, —=|0
dt Ju, 9Si 3S; r

Thus, (pZ? (resp. (pZ?) from the sympectic integrator is realized by rotating each spin
S; around the x-axis (resp. z-axis) by an angle

o) = (3 gsy)nt, o' =ruat.
i#

All data underlying the results presented is available at [Hui25].

5.1. NUMERICAL VALIDATION

For the second-order Suzuki-Trotter time integration scheme (Section 4.5) and
the calculation scheme for the Lyapunov’s exponents (Section 4.12) we adopt
the following notation: the parameter T denotes the total time duration of the
simulation, the parameter At denotes the duration of a single time step, T denotes
the number of time steps between successive QR orthogonalization steps, and
6o denotes the initial deviation between the reference trajectory S(0) and the
perturbed spin configurations. We denote by (H) and (logV) the time-averaged
Hamiltonian and the time-averaged natural logarithm of the phase-space volume,
respectively. In the following, we determine suitable choices of these numerical
parameters such that the integration remains stable, in the sense that the
phase-space volume is approximately preserved, the Hamiltonian exhibits bounded
fluctuations around a constant mean without systematic drift, and the sum of all
Lyapunov’s exponents converges to zero within numerical accuracy.

CONSERVATION PROPERTIES OF THE INTEGRATOR

We start by validating the phase volume V and Hamiltonian H values that are
obtained during the simulation. For N =17 and 6o = 10~* we expect

(logV) ~ 2Nlogép ~—313.152,

which is consistent with the numerical results shown in figures 5.1b and 5.1d.
The amplitude of the fluctuations of logV around its mean is approximately an
order of magnitude larger for the RK4 time integrator than for the second-order
Suzuki-Trotter scheme.
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Moreover, a drawback of the non-symplectic RK4 integrator is immediately
visible in figure 5.1c: the Hamiltonian H exhibits an approximately linear drift in
time. In contrast, the second-order Suzuki-Trotter integrator yields a Hamiltonian
that remains bounded and fluctuates around a constant mean, see figure 5.1a.
However, we do note that the drift associated with the RK4 integrator is an
order of magnitude smaller than the observed fluctuations with the second-order
Suzuki-Trotter integrator.
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Figure 5.1.: Results for N =17, At=10"2, T=50, §0 =104, Jmax =1 and Max =1
(R=0.5).
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DEPENDENCE ON TIME STEP
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Figure 5.2.: Results for N =17, T =104, 1= 0.5/At, 0 = 1074, Jmax =1 and Mmax =1
(R=0.5).

From figures 5.2 and 5.3 we observe that, for the 17-spin system, the choice of
time step At has a negligible effect on the maximal Lyapunov’s exponent A1, on the
total sum Z?:l)\,-, and on (log V).

Furthermore, we recall that T counts the number of time integration steps
before reorthogonalizing the tangent vectors in the Lyapunov’s exponent calculation
procedure. In our implementation we represent tangent vectors as small deviations
between trajectories, which is only valid as long as these deviations remain
sufficiently small so that the curvature of phase space is negligible. Keeping the
product TAt, the physical time interval between successive QR orthogonalization
steps, constant ensures that changing At does not change how long the deviations
are physically allowed to evolve before being orthogonalized. If TAt is too large,
the deviations can potentially grow for too long between orthogonalizations such
that deviations will no longer accurately represent elements of tangent space.
We observe in figure 5.3, for which we fix TAt = 0.5, that as a consequence
of not letting deviations grow for too long that tangent space is sufficiently well
approximated due to the observed preservation of phase-space volume.
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Figure 5.3.: Results for N =17, T =104, T=0.5/At, 60 = 1074, Jmax =1 and Mpax =1
(R=0.5).

In contrast, we observe in figure 5.4 that the mean value of the Hamiltonian (H)
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does depend on At. For At>> 10~2 we observe a pronounced deviation of (H) from
its reference value. Moreover, the standard deviation o(H) grows approximately
quadratically with the time step as o(H) « At?.
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Figure 5.4.: Results for N=17, T=10%, 1= 0.5/At, 50 =10"%, Jmax=1 and Max =1
(R=0.5).

DEPENDENCE ON RESET INTERVAL

Next, we fix At =103 and vary the reset interval T. Over the range considered, T
has a negligible influence on the mean and standard deviation of the Hamiltonian
H. However, beyond a certain threshold the preservation of phase-space volume
deteriorates. As shown in figure 5.5a, the phase-space volume is approximately
conserved for T < 500, while for T > 500 systematic deviations appear. Furthermore,
figure 5.5b indicates an approximately linear growth of the standard deviation
o(log V) with T.

The maximal Lyapunov’s exponent A1 remains essentially constant for 7 < 200,
but starts to deviate for larger reset intervals t > 500, see figure 5.5c. The
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dependence of ‘Z?jl)\() on T is more complex. The sum attains a minimum

near T~ 100. For smaller T the sum increases again, possibly because the
reorthogonalization interval is too short to clearly numerically distinguish between
linear and exponential separation of deviation trajectories. For larger T the sum also
increases, which may be attributed to the deviations between trajectories becoming
too large, such that tangent space vectors are no longer properly approximated
by deviations due to the local curvature of phase space. To balance numerical
accuracy and computational efficiency, we use T =500 as an upper bound in the
simulations and adopt TAt = 0.5 as the maximal reorthogonalization time.
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Figure 5.5.: Results for N =17, At = 1073, §p = 1074, Jmax =1 and Mmax = 1.

DEPENDENCE ON INITIAL SEPARATION

Finally, we briefly mention the role of the initial separation §p observed during
our investigation. For 10~7 < 89 < 10~2 the simulations are generally stable. For
the 17-spin system, the Lyapunov spectrum and phase-space volume statistics are
largely insensitive to g within this range. For larger spin systems, however, smaller
initial separations are required for numerical stability, typically 6o < 10~3. For the
remaining simulations 8¢ is set equal to 10~4.

5.2. EXAMPLES OF LYAPUNOV SPECTRA

Having validated our choice of numerical parameters, we next examine several
representative realizations of the spin glass dynamics. In figure 5.6a we show the
time evolution of the finite-time Lyapunov’s exponents for a system with N =17
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and coupling parameter R = 0.5, for which we expect influences from both the
spin-spin coupling and the transverse magnetic field. The exponents initially exhibit
substantial fluctuations, but gradually converge towards approximately stationary
values as the elapsed time increases.

A more detailed view is provided in figure 5.6b, where the Lyapunov’'s exponents
and time are plotted on a logarithmic scale. We observe that two exponents
continue to approach zero, in agreement with the theoretical prediction of two
vanishing Lyapunov’s exponents for this system (Appendix A.3, Theorem 41),
while the remaining exponents reach quasi-stationary values and no longer change
significantly in time.

The final finite-time approximation of the Lyapunov spectrum is displayed in
figure 5.6. The numerical Lyapunov spectrum satisfies the expected properties: it
is symmetric, its sum is (within numerical accuracy) equal to zero, and it contains
precisely two exponents that are numerically close to zero. Moreover, the presence
of a strictly positive maximal Lyapunov’s exponent, A1 ~ 0.04, indicates that the
corresponding dynamics are chaotic.
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In figures 5.7a and 5.7b we show the time evolution of the finite-time Lyapunov’s
exponents for a classical spin glass system with N =17 and coupling parameter
R =1, a regime in which the dynamics are expected to be integrable. In this case,
the spins predominantly precess around the x-axis due to the dominant spin-spin
coupling. We observe, as expected, that the finite-time Lyapunov’s exponents
clearly converge towards zero as the elapsed time increases. This behavior is
clearly visible in the logarithmic representation in figure 5.7b, where all exponents
continue to decrease and approach zero, in agreement with the absence of chaotic
dynamics in the integrable regime.
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Figure 5.7.: Results for N =17, At =2.15-10"%, T=2321, 69 = 104, Jmax = 1 and
rmax =0 (R = l)

In figures 5.8a and 5.8b we show the time evolution of the finite-time Lyapunov’s
exponents for a classical system of spins in a transverse magnetic field with N=17
and coupling parameter R = 0, a regime in which the dynamics are also expected
to be integrable. In this case, the spins predominantly precess around the z-axis
due to the dominant transverse magnetic field.

The finite-time Lyapunov’s exponents rapidly decay and converge towards zero
as the elapsed time increases, in agreement with the absence of chaotic behavior.
Moreover, compared to the spin-spin coupling dominated case (R = 1), the absolute
values of the exponents in this system (R = 0) are approximately five orders of
magnitude smaller at the last timestep, indicating a significantly faster convergence
to zero.

Having examined one chaotic realization (R = 0.5) and two integrable limits
(R=0;R =1) of the dynamics, we now turn to an intermediate regime that exhibits
a mixture of integrable and chaotic behavior. In figures 5.9a and 5.9b we show the
time evolution of the finite-time Lyapunov’s exponents for a classical system of spins
in a transverse magnetic field with N =17 and coupling parameter R = 0.0909. This
parameter choice interpolates between the purely magnetic field-driven and the
strongly interacting spin-spin regimes and is therefore expected to generate mixed
dynamical behavior.

The corresponding finite-time Lyapunov spectrum at the end of the simulation is
shown in figure 5.9c. A substantial fraction of the Lyapunov’s exponents are close
to zero, indicating tangent-space directions associated with nearly integrable or
weakly chaotic motion. In contrast, a subset of exponents attains clearly non-zero
values, signaling directions in phase space for which nearby trajectories separate
exponentially.
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Figure 5.8.: Results for N =17, At=2.15-10"%, T=2321, 60 =104, Jmax =0 and
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Figure 5.9.: Results for N =17, At=2.15-10"%, 7=2321, 60 =104, Jmax =1 and
Fmax =10 (R =0.0909).
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LARGER NUMBER OF SPINS

To demonstrate the capability of the present approach, we compute the full
Lyapunov spectrum for a system with N =100 spins and coupling parameter
R = 0.5. The resulting spectrum satisfies all expected structural constraints: it is
symmetric, its sum is (within numerical accuracy) equal to zero, and it contains
precisely two exponents that converge to zero, as illustrated in figure 5.7b.

The computation of Lyapunov spectra for such large systems is, however,
numerically demanding, owing to both the long integration times required for
convergence and the cost of repeated QR decompositions in a high-dimensional
tangent space. In the remainder of this work we therefore focus on the N =17 spin
system, which is also the second-largest amount of spins examined in [GS98].
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Figure 5.10.: Results for N = 100, At =10"%, T=5000, 69 =10"%, Jmax =1 and
rmax = 1 (R = 0.5)

5.3. LYAPUNOV SPECTRA FOR PHASE SPACE ENSEMBLES

We expect the phase space of our classical spin system to contain regions in
which either predominantly integrable or chaotic dynamics are present. Intuitively,
configurations with spins oriented closer to the z-axis are expected to be more
strongly influenced by the transverse magnetic field, whereas configurations closer
to the x-axis are expected to be dominated by the spin-spin coupling. To
quantitatively inspect these distinct regions, we introduce three different ensembles
of initial configurations in phase space, each sampling a specific region of interest,
see figure 5.11.

The first ensemble is the uniform ensemble, for each spin S; one samples polar
and azimuthal angles (8;, ¢;) with cos®; uniformly distributed in [—1,1] and ¢;
uniformly distributed in [0, 2m), and set S; = (sin6;cos ¢;, sin 8;sin ¢;, cos 6;).

The second and third ensembles concentrate the sampling near a specific
direction in spin space. In the z-focused ensemble, we fix the z-component of each
spin to a prescribed value

S?=1-Az, Az€[0,2],

and sample the components (5%, 5{) uniformly on the corresponding circle of radius

v/1—(1—AZz)?2 in the xy-plane. Concretely, this can be implemented by choosing
an angle ¢; € [0, 2m) uniformly at random for each spin and setting

SX=y1-(1-A2)2cos¢;, S]=4y/1—(1—Az)?sing;
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In the x-focused ensemble, we instead fix

S¥=1-Ax, Ax €[0,2],

and sample (S{, Siz) uniformly on the circle of radius 4/1— (1 —Ax)? in the yz-plane
by choosing ¢; € [0, 2m) uniformly and setting

S/ =y/(1-(1-bx)%cosp,  S7=4/1—(1-Ax)?sing.

Figure 5.11.: A graphical representation of each ensemble, a dot representing a
sampled point of a trajectory. The uniform, z-focused and x-focused
ensemble are shown in the respective left, middle and right image.

TYPICAL TRAJECTORIES IN DIFFERENT ENSEMBLES

We first consider spin trajectories initialized in the uniform ensemble, where a
single spin configuration is sampled uniformly on the unit sphere. When R =0.75,
indicating that both the magnetic field and spin-spin coupling are dominant, we
observe in figure 5.12a that the spin trajectory explores a substantial part of the
entire phase space. This indicates that the associated energy shell is effectively
spread over a large region of phase space, consistent with chaotic dynamics.

When the coupling parameter is increased to R = 0.975, the system is placed in
a nearly integrable regime dominated by the spin-spin interaction, the qualitative
nature of the motion changes significantly. As illustrated in figure 5.12b, the
trajectory of the same spin, started from the same initial configuration in the
uniform ensemble, becomes confined to a comparatively small subset of phase
space and is characterized by quasi-periodic precession around the x-axis, which is
expected for this specific choice of R.
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(a) FTmax =0.33 (R=0.75). (b) Mmax =0.02564 (R =0.975).

Figure 5.12.: Spin coordinates of the first spin S;1 over time for a trajectory from
the uniform ensemble. Chosen parameters are N =17, At =103,
T =500, 6o =10"% and Jmax = 1. More trajectories are provided in
appendix A.2.

To further illustrate the qualitative behavior of typical trajectories, we focus on the
z-focused ensemble for several representative values of R and Az. For Az = 0.05
and R = 0.2, the trajectory of a single spin, shown in figure 5.13a, remains close to
the z-axis and exhibits predominantly quasi-periodic precessions around the z-axis,
as expected for a nearly integrable regime in which the transverse magnetic field is
dominant.

Increasing the coupling parameter to R = 0.5, while keeping the same initial spin
configuration for Az =0.05, leads to a distinctly different behavior (figure 5.13b):
the trajectory becomes more irregular and explores a larger fraction of the
accessible phase space, although its support on the energy shell is still largely
confined to the upper hemisphere.

Another picture emerges when the system is evolved in a regime where the
spin-spin interactions dominate. In figures 5.13c (Az=0.05) and 5.13d (Az=0.01),
trajectories initialized in the z-focused ensemble are shown for R = 0.975. Although
the spins are initially aligned predominantly with the transverse magnetic field, the
subsequent dynamics are rapidly governed by the spin-spin coupling. Consequently,
the long-time motion is characterized by quasi-periodic precession around the
X-axis.



5.3. Lyapunov spectra for phase space ensembles 55

S1x

Siy

Siz
Siz

I ! I I L !
0 1000 2000 3000 4000 0 1000 2000 3000 4000

t t

(@) Az=0.05,Tmax =4 (R=0.2). (b) Az=0.05,Tmax =1 (R=0.5).

,“w oo™
T

T
i
J
i
it

4000
t t
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Figure 5.13.: Spin coordinates of the first spin S; over time for a trajectory from
the z-focused ensemble. Chosen parameters are N =17, At =1073,
T=500, 50 =10~ and Jmax = 1. For Az =0.01, more trajectories are
provided in appendix A.3.

LYAPUNOV SPECTRA IN DIFFERENT ENSEMBLES

Having examined the typical trajectories, we now turn to the Lyapunov spectra for
spin configurations initialized in the uniform ensemble. In figures 5.14a, 5.14b
and 5.14c we show the final finite-time Lyapunov spectra for R=0.2, R=0.75 and
R = 0.975, respectively. For R=0.2 and R =0.75 the Lyapunov’s exponents form
a relatively compact band, with no clear separation into distinct groups, indicating
that the typical trajectories sampled by the uniform ensemble exhibit comparable
dynamics.

In contrast, for R = 0.975 we observe a bimodal structure in the spectrum.
Some trajectories have clearly positive Lyapunov’s exponents, indicative of chaotic
dynamics, while others have significantly smaller exponents that cluster near zero,
indicative of integrable dynamics. This splitting suggests that, for this specific
disorder realization, in the regime where the spin-spin coupling is dominant but a
weak transverse magnetic field is still present, spin configurations sampled from the
uniform ensemble can exhibit qualitatively different dynamical behaviour, ranging
from strongly chaotic to nearly integrable.
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Figure 5.14.: The Lyapunov’s exponents for 100 trajectories (blue dots) from the
uniform ensemble and each exponent’s average (black dot). Chosen
parameters are N =17, At =103, T=500, 6o = 10~% and Jmax = 1.
More Lyapunov spectra are provided in appendix A.la.

For trajectories initialized in the z-focused ensemble (Az = 0.05), we do not
observe a bimodal Lyapunov spectrum, see figure 5.15. Instead, as shown
in figure 5.15a, the tangent space contains a larger number of directions with
Lyapunov’s exponents close to zero for R = 0.2 than in the corresponding uniform
ensemble case. This indicates that the initial coupling to the transverse magnetic
field remains dynamically dominant over long times, leading to dynamics that are
close to integrable.
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Figure 5.15.: The Lyapunov’s exponents for 100 trajectories (blue dots) from the
z-focused ensemble and each exponent’'s average (black dot). Chosen
parameters are N =17, At =10"3, T=500, o = 10~% and Jmax = 1.
More Lyapunov spectra are provided in appendix A.1b-A.1c.

AVERAGING PROCEDURES FOR THE MAXIMAL LYAPUNOV'S EXPONENT

We introduce one additional heuristic concerning the averaging procedure when
calculating the average Lyapunov’s exponent for several trajectories in a given
ensemble. There are two types of averaging we apply. The first method is to take
the trivial arithmetic average (A)arithmetic Of all the individual maximum Lyapunov’s
exponents of each trajectory. The second is to average all the traversed distances of
all the individual trajectories in the direction of the maximum Lyapunov’s exponent,
and use that average distance to calculate the Lyapunov’s exponent as

1
Addist = lim log((dist(t))).

Because the logarithm is concave, Jensen’s inequality implies (A)arithmetic < {(A)dist-
If (A)arithmetic & {A)dist, it means that different trajectories have similar dynamics.
If the two values differ significantly, that indicates that some trajectories in the
ensemble are much more unstable than others and strongly influence the average
distance [Tex20].

DEPENDENCE OF A1 ON THE COUPLING RATIO R

We expect the appearance of integrable or chaotic dynamics to depend on several
factors, including the overall strength of the spin-spin coupling Jmax, the strength
of the transverse magnetic field Mmax, the specific realization of disorder, and
the region of phase space in which the trajectory is initialized. We investigate
this dependency by fixing a specific ensemble and, for one or more realizations
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of disorder, investigate how the maximal Lyapunov’s exponent A; and the
Kolmogorov-Sinai entropy Hks depend on the coupling ratio R = Jmax/Umax + Mmax)-

In figure 5.16 we show the dependence of A1 on R for trajectories initialized
in the uniform ensemble. In the limits Mmax > Jmax and Mmax € Jmax the system
exhibits expected integrable dynamics, as shown by the vanishing of Aj. For
values of 0 <R < 0.04, figures 5.16a and 5.16¢c show a small integrable plateau
in which A1 remains close to zero, indicating that the transverse magnetic field is
still sufficiently strong to suppress chaotic behavior. In contrast, for the realization
of disorder shown in figure 5.16d, this plateau is significantly smaller, indicating a
weaker effective magnetic-field dominance for that particular disorder configuration.
Across all realizations considered, the maximal Lyapunov’'s exponent attains its
largest value near Mmax ~Jmax/3 (corresponding to R = 0.75).
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(a) Realization of disorder #1, uniform. (b) Realization of disorder #1, uniform.
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(c) Realization of disorder #2, uniform. (d) Realization of disorder #3, uniform.

Figure 5.16.: The maximum Lyapunov’s exponent A1, Kolmogorov-Sinai entropy
Hks, {A1)arithmetic (black dot) and (A1)qist (red dot) for 200 ratios of
Jmax/Umax + FTmax). For each sampled ratio, 100 runs were executed.
Each run was chosen from the uniform ensemble. Chosen parameters
are N=17, T=3-10% At=10"2, T=50, 60 = 10~* and Jmax = 1.

In figure 5.17 we show the dependence of A1 on R for trajectories initialized in
the z-focused ensemble with Az=0.05. For 0 <R < 0.018, figures 5.17a and 5.17c,
in comparison to the uniform ensemble, show a larger integrable plateau in which
A1 remains close to zero. This indicates that, within the z-focused ensemble,
comparatively small values of the global magnetic field strength Mmax are sufficient
to suppress chaotic dynamics, in contrast to the behavior observed for the uniform
ensemble. At the same time, for 0.05 < R < 0.6 the curves display a clear
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dependence on the specific realization of disorder. In figures 5.17a, 5.17c and
5.17d we observe several peaks and valleys where the R-dependence of A1 differs
substantially between realizations, signaling a significant sensitivity to quenched
disorder in this ensemble. Nevertheless, across all realizations considered, the
value of R at which the maximal Lyapunov’s exponent attains its largest value is
consistent, occurring near R ~ 0.8.
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Figure 5.17.: The maximum Lyapunov’s exponent Aj, Kolmogorov-Sinai entropy
Hks, {A1)arithmetic (black dot) and (A1)gist (red dot) for 200 ratios of
Jmax/Umax + Tmax). For each sampled ratio, 100 runs were executed.
Each run was chosen from the z-focused ensemble for Az = 0.05.
Chosen parameters are N =17, T =3-10% At=10"2, T =50,
50 =10"% and Jmax = 1.

By concentrating the z-focused ensemble more closely around the z-axis
(Az =0.01), we observe in figure 5.18a that, in the interval 0.25 <R < 0.35, the
dynamics vary greatly per trajectory. Some trajectories remain nearly integrable
with A1 = 0, while others exhibit clearly positive Lyapunov’s exponents indicative of
chaotic behavior. In contrast, when the ensemble is placed farther away from the
z-axis (figure 5.18c) the near-integrable trajectories disappear and the ensemble
consists primarily out of trajectories with chaotic dynamics.
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Figure 5.18.: The maximum Lyapunov’s exponent A1, Kolmogorov-Sinai entropy
Hks, {A1)arithmetic (black dot) and (A1)qist (red dot) for 200 ratios of
Jmax/Umax + Tmax). For each sampled ratio, 100 runs were executed.
Each run was chosen from the z-focused ensemble. The realization of
disorder for the chosen system is #1. Chosen parameters are N=17,
T=3-10% At=10"2, T=50, 50 = 10~* and Jmax = 1.

In figure 5.19 we show the dependence of the maximal Lyapunov’s exponent A1
on R for trajectories initialized in the x-focused ensemble, for several values of Ax.
For Ax =0.01 and Ax =0.10 (see figures 5.19c and 5.19d), we observe a narrow
integrable plateau in the interval 0.95 <R < 1, where A1 remains close to zero.
This indicates that a sufficiently strong spin-spin coupling can enforce integrable
dynamics. Moreover, we also find a thin integrable plateau for 0 < R < 0.05,
showing that in this x-focused ensemble a sufficiently strong transverse magnetic
field can also enforce integrable dynamics. In contrast, for the uniform and
z-focused ensemble we were unable to find a sufficiently strong spin-spin coupling
Jmax to enforce integrable dynamics when Fmax # 0.

In figure 5.19 we also see that, for each value of Ax, there exists a global
parameter range, when Jmax > Mmax, for which A1 changes rapidly under small
variations of R. This sharp crossover suggests that there exists a threshold value
of R in this range at which the qualitative nature of the dynamics changes for
almost all trajectories in the ensemble and the chosen realization of disorder.
Furthermore, in the x-focused ensemble the value of R at which the maximal
Lyapunov’s exponent attains its largest value is slightly reduced compared to the
uniform and z-focused ensembles, occurring at R ~ 0.65-0.7.
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Figure 5.19.: The maximum Lyapunov’s exponent Aj, Kolmogorov-Sinai entropy
Hks, {A1)arithmetic (black dot) and (A1)gist (red dot) for 200 ratios of
Jmax/Umax + Tmax). For each sampled ratio, 100 runs were executed.
Each run was chosen from the x-focused ensemble. The realization of
disorder for the chosen system is #1. Chosen parameters are N=17,
T=3.10% At=10"2, T=50, 6o = 10~% and Jmax = 1.

HAMILTONIAN RESCALING

One challenge in comparing results from different choices of global parameters
Umax, Fmax) is that both the typical values and the distribution of the Hamiltonian H
changes. The same absolute energy can then correspond to different parts of the
spectrum for different parameter sets. For example, a given value of H might lie
near the center of the energy distribution for one choice of (Jmax, F'max), but in the
low- or high-energy tails for another, where the density of states and accessible
phase-space volume are different. As a result, Lyapunov’s exponents evaluated at
a fixed value of H are not directly comparable across different parameter sets.

In the quantum case for the energy-level spacing statistics, when unfolding the
spectrum, energy spacings are rescaled by the mean level spacing AE, so that
(E1 — E2)/AE has unit mean spacing. In the classical case, we can still similarly
remove the overall scale of H by normalizing with the ensemble standard deviation
o(H). Concretely, we work with the ratio H/o(H), where o(H) is computed for
a chosen ensemble of spin configurations at fixed (Jmax, Tmax). This provides a
natural energy unit determined by the width of the energy distribution. Comparing
Lyapunov’s exponents at fixed H/o(H) then means comparing trajectories at
similar relative positions within their respective energy distributions, rather than
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at arbitrary absolute values of H. By exploiting the symmetry and independent
probability distribution of the coefficients J;;, I'; and spin S; we can calculate o(H) for
our three different ensembles. We obtain for the uniform ensemble:

N—1 5 N 5
U(H)= 54 jmax+ Ermax’

and for the z-focused ensemble

N—1 Az)\2 , N -
o(H) = T(AZ_T) Joax T E(l—Az) Ce o’

and for the x-focused ensemble

max max”

N—1 N
o(H) = ¢ T(l —A)4Y2 4+ g(ZAx—sz)r'2

Using these expressions for o(H), we observe in figures 5.20-5.22 the relationship
beween the maximum Lyapunov’s exponent A1 and the rescaled energy H/o(H) for
several ensembles. These figures illustrate how chaotic and integrable dynamics
can arise for certain energy ranges in a given ensemble.

In figure 5.20 we compare the maximum Lyapunov’s exponent A1 to the rescaled
energy H/o(H) for several values of R in the uniform and z-focused ensemble. For
the z-focused ensembles, we observe that the dense clusters of points in figures
5.20b, 5.20c and 5.20d correspond to the peaks and valleys seen in figures 5.17a,
5.17c and 5.17d. This indicates that these pronounced features in A1 are mainly
associated with trajectories with a relatively large rescaled energy, rather than with
typical rescaled energies near H/o(H) = 0.

More specifically, figure 5.21c shows that trajectories in the z-focused ensemble,
with Az =0.01, have large values of H/o(H) up to relatively large values of R when
compared to the z-focused ensemble with Az = 0.05. In contrast, figure 5.21d
shows that trajectories in the z-focused ensemble, with Az =0.10, have smaller
values of H/o(H) already at relatively lower values of R than for the z-focused
ensemble with Az=0.05.

In figures 5.20e, 5.21c and 5.21d we also see that, as the spin-spin coupling
becomes more dominant (larger R), the sampled values of H/o(H) move closer to
zero. For the z-focused ensemble this suggests that stronger spin-spin couplings
results in smaller energy values, whereas for small values of R the z-focused
ensemble more frequently samples larger energies. Finally, for the uniform
ensemble we observe in figure 5.20a that varying R has only a relatively small
effect on the distribution of H/o(H), so the overall rescaled energy distribution is
relatively insensitive to changes in R.
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Figure 5.20.: The maximum Lyapunov’s exponent for various values of H/o(H).
For each of the 200 sampled ratios Jmax/(Umax + Tmax) and ensemble
choice, 100 runs were executed. Each run was chosen from the
uniform or z-focused ensemble. Chosen parameters are N =17,
T=3-104 At=10"2, 7=50, 6o =10"% and Jmax = 1. More uniform
ensemble distributions are provided in appendix A.5.
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Figure 5.21.: The maximum Lyapunov’s exponent for various values of H/o(H). For
each of the 200 sampled ratios Jmax/(max + Mmax), 100 runs were
executed. Each run was chosen from the z-focused ensemble. The
realization of disorder for the chosen system is #1. Chosen parameters
are N=17, T=3-10% At=10"2, T=50, 5 =10"% and Jmax = 1.

In figure 5.22 we compare the maximum Lyapunov’s exponent A1 to the rescaled
energy H/o(H) for several values of R in the x-focused ensemble. In figures 5.22a
and 5.22c we observe that the clusters of red points at relatively small values of
H/o(H) correspond to the integrable plateaus seen in figures 5.19c and 5.19d near
the spin-spin coupling dominated regime.

Moreover, as the transverse magnetic field becomes more dominant, the sampled
values of H/o(H) in the x-focused ensemble shift slightly toward smaller values of
H/o(H), but this shift is noticeably weaker than in the z-focused case shown in
figure 5.20e.
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Figure 5.22.: The maximum Lyapunov’s exponent for various values of H/o(H). For
each of the 200 sampled ratios Jmax/(Umax + Tmax), 100 runs were
executed. Each run was chosen from the x-focused ensemble. The
realization of disorder for the chosen system is #1. Chosen parameters
are N=17, T=3-10% At=10"2, T=50, 6o =10"% and Jmax = 1.
More x-focused ensemble distributions are provided in appendix A.5.

These figures show that measuring energy in units of its ensemble standard
deviation, H/o(H), is a method to compare dynamics across different system
parameter choices and ensembles. In the z-focused ensembles, the strong peaks
and dips in the largest Lyapunov’s exponent are mainly found for trajectories at
relatively large rescaled energies, while trajectories near H/o(H) ~ 0 have more
integrable dynamics. As the spin-spin coupling becomes stronger, the sampled
rescaled energies in the z-focused case shift toward zero, this shift is slower
for initial spin configurations that are more closely aligned with the z-axis. In
the uniform ensemble, the rescaled energy distribution hardly changes with the
coupling ratio R, and in the x-focused ensembles the integrable plateaus correspond
to clusters at relatively small rescaled energies, with only a modest shift as the
transverse magnetic field increases. Overall, depending on the choice of ensemble,
the figures show that whether the dynamics are chaotic or integrable can be
associated with certain energy ranges in the rescaled energy distribution.

5.4. LYAPUNOV SPECTRA FOR MULTIPLE REALIZED DISORDERS

Having examined the dynamics for varying global parameters (Jmax, Fmax) and a few
realizations of disorder, the question remains to what extent different realizations
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of disorder behave similarly or differently in general. Our approach is to fix a phase
space ensemble, choose several values of R, and compute the maximal Lyapunov’s
exponent A1 for multiple realizations of disorder at several fixed values of R.

In figure 5.23 we show the results for the uniform ensemble. The sampled energy
values span a broad interval and form an approximately symmetric distribution
around H = 0, consistent with the expectation for spins uniformly sampled on
the unit sphere. Across different realizations of disorder, the observed dynamics
(integrable or chaotic) are similar for different values of H, although the absolute
values of the exponents vary per realization, the general form is largely preserved
from one realization to another. In particular, we see in figure 5.23d, for R =0.75,
that the largest values of A; occur predominantly near H~ 0. For R=10.4
(figure 5.23c), the largest values of A1 tend to occur in either the maximum or
minimum sampled value of the Hamiltonian H, depending on the specific realization
of disorder. Thus, in this regime the energy where chaos is strongest is qualitatively
more sensitive to the particular realization of disorder. Finally, for smaller values of
R, such as in figures 5.23a and 5.23b, we no longer observe a clear dependence
of A1 on H. Instead, different realizations of disorder mainly act to shift the overall
value of A1 up or down, with only a noisy dependency on the Hamiltonian.
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Figure 5.23.: The maximum Lyapunov’s exponent for various values of H. For each
of the 10 shown realizations of disorder, shown in different colors,
100 runs were executed. Each run was chosen from the uniform
ensemble. Chosen parameters are N =17, T =3-10% At= 1072,
T=50, 60 =104, Jmax = 1.

In figure 5.24 we show the results for the z-focused ensemble. For this ensemble
the sampled energies are mostly positive and, for each realization of disorder,
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occupy a comparatively narrow interval, as expected from configurations whose
spins are initially concentrated near the direction of the transverse magnetic field.
For values of R > 0.33, see figures 5.24c¢, 5.24d and 5.24e, the observed maximal
Lyapunov’s exponents are all significantly positive and form a single cluster for each
realization of disorder, with similar vertical height in A;. The clusters are slightly
diagonal, which we can interpret by noticing that within the z-focused ensemble,
systems with larger values of H correspond to spin configurations more closely
aligned with the transverse magnetic field, resulting in a larger Hg term, whereas
configurations with smaller values H at the same R have a, relative to Hp, larger
contribution from the spin-spin term Hs. Because chaotic dynamics are expected
to be stronger when both spin-spin interactions and magnetic field terms contribute
substantially, a slight diagonal shape of the clusters is expected.

For smaller values of R, starting around R ~ 0.2335 (figure 5.24b), a qualitatively
different pattern emerges. For each realization of disorder, the points separate
into two distinct types: one vertically extended cluster with clearly positive A1,
characteristic of chaotic dynamics, and a small, point cloud with A1 = 0, indicative of
nearly integrable motion. Within the set of realizations examined, each realization
appears to fall primarily into one of these two types, and we do not observe cases
that display both types. This suggests the existence, for the z-focused ensemble
at Az =0.05, of a certain threshold value for the coupling ratio 0.2335 <R <0.33
below which the observed type of dynamics of all trajectories in the ensemble is
dependent on the specific realization of quenched disorder.
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Figure 5.24.: The maximum Lyapunov’s exponent for various values of H . For each
of the 100 shown realizations of disorder, shown in different colors,
100 runs were executed. Each run was chosen from the z-focused
ensemble with Az =0.05. Chosen parameters are N=17, T =3-10%,
At=10"2, T=50, 60 =10"% and Jmax = 1.

In figure 5.25 we show the results for the x-focused ensemble with Ax =0.01. For
this ensemble the sampled energies form an approximately symmetric distribution
and, for each realization of disorder, occupy a narrow interval. This is consistent
with the fact that the dominant contribution to the energy comes from the spin-spin
interaction term Hp, while the x-component of each spin is initially fixed. Since the
z-component can vary only slightly for Ax =0.01, and M'max < 1 for R > 0.925, the
contribution of the field term Hg remains small, which explains the narrow spread
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in H per realization.

As in the z-focused case, we observe two types of realizations of disorder:
some realizations exhibit predominantly chaotic behavior with clearly positive Aj,
while others display point clouds with A1 = 0 indicative of integrable dynamics.
In the x-focused ensemble, however, there also exist realizations that exhibit
characteristics of both types. Overall, as Mmax increases (corresponding to
decreasing R), the typical magnitude of A1 grows and the fraction of integrable
point clouds decreases. For R =0.95 and R = 0.925, among the realizations that
exhibit chaotic behavior, those with energy distribution H ~ 0 tend to have slightly
larger maximal Lyapunov’s exponents.
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Figure 5.25.: The maximum Lyapunov’s exponent for various values of H . For each
of the 100 shown realizations of disorder, shown in different colors,
100 runs were executed. Each run was chosen from the x-focused
ensemble with Ax = 0.01. Chosen parameters are N=17, T = 3-10%,
At=10"2, T=50, 60 =104 and Jmax = 1.







DISCUSSION

We first note that the numerical results in section (5.1) confirm the correct
implementation of the second-order Suzuki-Trotter integrator and the Lyapunov’s
exponents calculation scheme. The phase-space volume and the Hamiltonian
fluctuate around their expected constant mean values, without exhibiting any
systematic drift. In addition, the symplectic form w is preserved over the entire
integration time, as reflected in two key properties of the Lyapunov spectrum. First,
the sum of all Lyapunov’s exponents converges to zero within numerical accuracy,
as expected for a integration scheme that preserves phase space volume. Second,
the finite-time Lyapunov’s exponents converge to symmetric pairs, which indicates
that the symplectic structure is preserved by the numerical scheme.

Furthermore, we have successfully computed full Lyapunov spectra for systems
with N =17 spins (figures 5.6, 5.7a, 5.8a and 5.9¢) and also for a substantially
larger system with N =100 spins (figure 5.10a). In both cases the spectra satisfy
the expected constraints.

DEPENDENCE ON COUPLING PARAMETERS

Our results confirm that the classical spin glass shard model (5.1) exhibits both
integrable and chaotic dynamics, depending on the relative strength of the spin-spin
coupling Jmax and the transverse magnetic field Mmax.

A first observation is that, as expected, for all ensembles studied (uniform,
z-focused and x-focused), the dynamics indeed become integrable in the limits
R~ 0 and R =1, see figures 5.16, 5.17, 5.18 and 5.19. In these limits the maximal
Lyapunov’s exponent A1 approaches zero and the motion of the trajectories are well
described by a precession dominated either by the magnetic field (R — 0) or by the
spin-spin coupling (R — 1).

For the z-focused ensemble with Az = 0.05, figure 5.17 shows plateaus of
integrability at small values of R < 0.2, which are more pronounced than in the
uniform ensemble. This indicates that aligning spins closer to the z-axis makes
it easier for the transverse magnetic field to enforce integrable dynamics. At
the same time, the dependence of A1 on R is more irregular in the z-focused
ensemble, especially when R < 0.5. In particular, in figure 5.17d we observe that
several pronounced peaks and valleys are present for one realization of disorder
that produced a relatively weak interaction with the transverse magnetic field.

The x-focused ensemble exhibits its own characteristic features. For several
values of Ax we again observe integrable behaviour as R —- 0 and R — 1, but
the location of the maximum of A; is shifted slightly to R ~ 0.65—0.70, see
figure 5.19. This suggests that trajectories initially aligned closer to the x-axis
become maximally chaotic at relatively stronger transverse magnetic fields than
those in the uniform or z-focused ensembles. Moreover, while we might generally
expect that concentrating the focused ensembles closer to the coordinate axes,
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by choosing a smaller Ax or Az, makes it more likely to obtain larger plateaus of
integrability around R =~ 0 or R = 1, our results show that this expectation is not
always valid. In particular, for the realization of disorder shown in figure 5.17, the
plateau of integrability observed for Ax = 0.05 (figure 5.19a) is in fact smaller than
the corresponding plateau of integrability for Ax = 0.10 (figure 5.19d), indicating
that the emergence and size of integrable regions depend in a nontrivial way on
the ensemble choice.

One additional observation is that for all ensembles the strongest chaotic
dynamics are consistently found near max = 0.33/max- For this choice of
global parameters, the maximal Lyapunov’'s exponent A1 attains its largest value,
independent of the specific realization of disorder, see figures 5.16, 5.17 and 5.19.
The location of the strongest chaotic dynamics near R ~ 0.75 can be possibly
explained for the uniform ensemble by requiring the standard deviation of H4 and
Hp to be equal. This would imply that the spin-spin coupling term Ha and the
transverse magnetic field term Hp have similar energy scales and neither term
dominates the dynamics. Concretely, using

N—1 N
0(Ha) = W max o(Hg) = grmax,

and equating these standard deviations, we find that

N—1
Mmax =Jmax W

Mmax & 0.396 /max, R=0.716

which is somewhat larger than the value Tmax = 0.33J/max corresponding to
R ~ 0.75. Nevertheless, this comparison of standard deviations provides qualitative
support for the idea that the strongest chaotic dynamics are present when H4 and
Hp have standard deviations of comparable size, which is broadly consistent with
the observed range of R.

For N =17 this yields

DEPENDENCE ON REALIZATIONS OF DISORDER

Another goal of this work was to understand how sensitive the classical dynamics
are to the realizations of quenched disorder. Figure 5.23 shows that, in the uniform
ensemble for a fixed R, all realizations of disorder exhibit the same type of dynamics
and are either all chaotic (with A1 > 0) or all integrable (with A1 =~ 0). Moreover,
for different disorder realizations the dependence of A1 on the Hamiltonian H does
not significantly change. Therefore, for the uniform ensemble, we can generally
expect that the type of dynamics observed for one realization of disorder is
approximately representative of all realizations of disorder. For trajectories in the
uniform ensemble when Mmax & /max/3, we additionally observe in figure 5.23d that
the largest maximum Lyapunov’s exponents occur when H = 0. Similarly, for the
x-focused ensemble at relatively large values of R = 0.95 we observe in figure 5.25
that, for all disorder realizations displaying chaotic dynamics, the maximum of A1
again occurs when H ~ 0.

In contrast, for the x-focused and z-focused ensembles there is a significant
dependence of the maximum Lyapunov’s exponent A1 on the realization of disorder.
Figures 5.24 and 5.25 show that, for different realizations of disorder, the dynamics
can drastically vary. For some realized disorders all the trajectories are integrable,
while for other realized disorders the trajectories all have chaotic dynamics.



73

However, while the dynamics can greatly vary for each different realization of
disorder, we do observe that all realizations of disorder generally are more chaotic
for intermediate values of R, and integrable when R~ 0 or R~ 1.

In general, the main phenomenon we observe are the following:

e the existence of integrable dynamics at R ~ 0 and R ~ 1 and the location of the
strongest chaos near R =~ 0.65— 0.80 are robust across all studied ensembles.

e trajectories in the uniform ensemble exhibits the most robust behaviour with
respect to realizations of disorder, with all trajectories sharing the same type
of dynamics at fixed values of R.

e the dynamics of the trajectories in the x-focused and z-focused ensembles are
more sensitive to the specific realization of disorder, especially at intermediate
values of R, depending on the specific realization of disorder.

e the dependence of A1 on R is especially irregular in the z-focused ensemble
for R < 0.5, see figure 5.19. This dependence greatly varies for different
realizations of disorder.

e Plateaus of integrability generally appear in the x-focused ensemble (z-focused
ensemble) for Ax < 1 (Az < 1), becoming larger in size as MNmax decreases
(increases). However, there do exist exceptions to this rule, as observed in
figures 5.19a and 5.19a.

ENERGY SCALES

To further characterize for which typical energies chaotic and integrable dynamics
occur, we introduced a rescaling of the Hamiltonian H by the ensemble standard
deviation o(H), and examined the dependence of the maximal Lyapunov’s exponent
A1 on this rescaled Hamiltonian for different ensembles. This rescaling is motivated
by the normalization step in the spectrum unfolding procedure when constructing
the quantum level-spacing statistics.

For the z-focused ensemble, figures 5.20-5.21 shows that, once Hamiltonians H
are expressed in units of o(H), the largest Lyapunov’s exponents tend to occur for
relatively large values of H. As the spin-spin interaction becomes more dominant
(larger R), the typical energies of the trajectories become smaller. Additionally, we
observe that the irregular dependencies of A1 on R, observed in figures 5.17a, 5.17c¢
and 5.17d, correspond with certain narrow ranges of energy in figures 5.20b-5.20d.

In contrast, for the uniform and x-focused ensembles (figures 5.20a and 5.22) the
strongest chaotic dynamics are less systematically associated with large values in
the ensemble’s rescaled energy distribution. In these ensembles, trajectories with
large A1 have relatively small energy values, compared to the z-focused ensemble,
and the relation between energy and chaotic dynamics is less obvious. Taken
together, these findings suggest that the locations in the energy values for which
we observe integrable or chaotic dynamics are strongly dependent on the ensemble
choice, being most distinct for the z-focused ensemble.

COMPARISON WITH QUANTUM RESULTS

The next step in our analysis is to compare our classical findings with the results of
Georgeot and Shepelyansky [GS98], who studied the quantum analog of the spin
glass model in a transverse magnetic field and characterized quantum chaos via
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level-spacing statistics. In figure 3.4, they report for several number of spins a

small interval
ijX

—F<0.1
Jmax + Fmax
in which the level-spacing statistics are close to Poissonian, indicative of integrable
dynamics. A similar plateau of integrability is observed in our classical simulations
for both the uniform and z-focused ensembles, where A1 =~ 0 for sufficiently
small values of R (figures 5.16 and 5.17). However, no such plateau appears
in the x-focused ensemble, indicating that the strong effective spin-spin coupling
experienced by trajectories initialized near the x-axis is sufficient to sustain chaotic
dynamics even in the presence of relatively large values of Mnax-

At the opposite end of the interval, for

]max

09— <1

" Jmax + Tmax

Georgeot and Shepelyansky observe a rapid crossover of the level-spacing statistics
back towards Poissonian behaviour as Jmax/(Umax + Tmax) increases, without a visible
plateau of integrability. Our classical results in this regime show a similar trend: for
the uniform and z-focused ensembles the maximal Lyapunov’s exponent decreases
sharply as R — 1, but does not develop a broad integrable plateau where A1 ~ 0
(figures 5.16 and 5.17). In contrast, for the x-focused ensemble we do observe
a narrow plateau of integrability near R ~ 1, indicating that in this ensemble the
spin-spin interaction can enforce nearly integrable dynamics up to some non-zero
threshold value of Mmax.

There is, however, an important quantitative difference between the classical and
quantum indicators of chaos. For the quantum system, the level-spacing statistics
is closest to the GOE distribution for

jmax

03— <0.4.

" Jmax + Fmax

In our classical analysis the maximal Lyapunov’s exponent attains its maximum at
the significantly larger ratio Jmax/(Umax + Tmax) = 0.75. This suggests that the global
parameters (Jmax, F'max) for which we observe the largest Lyapunov’s exponents
in the classical system, does not coincide with the set of global parameters
(]:nax, I":mx), for which we observe the strongest signature of chaos in the quantum
analog, for which Fﬁnax ~ 4.5 max (@ssuming we fix Jmax =j;nax =1).

We emphasize that this discrepancy does not necessarily indicate a fundamental
mismatch between classical and quantum chaos, but can also be explained by
highlighting that different diagnostics (Lyapunov’s exponents versus level-spacing
statistics), applied in different regimes (classical many-body versus quantum

many-body), can quantitatively differ from each other.



CONCLUSION

In this thesis we have investigated how global system parameters and local
realizations of quenched disorder influence the dynamics of a classical many-body
spin system, and how classical and quantum signatures of chaos relate to each
other. We examined the dynamics of the classical analog of the quantum spin
glass shards model in a random transverse magnetic field studied by Georgeot
and Shepelyansky [GS598]. We then constructed and analysed the dynamics of
the classical analogue of this spin glass shards model by computing Lyapunov’s
exponents for trajectories in different regions of phase space. For this purpose, we
described the classical many-body spin phase space as a symplectic manifold and
made use of a second-order Suzuki-Trotter integrator to evolve the trajectories while
preserving the symplectic structure needed to reliably calculate the Lyapunov’s
exponents. This allowed us to obtain accurate finite-time approximations of the
Lyapunov spectrum via the standard procedure of repeated reorthogonalization of
tangent vectors through applying the QR decomposition.

With these tools, we identified integrable and chaotic areas of phase space as
functions of both the relative strength of the spin-spin coupling and the transverse
magnetic field. We found that, for all regions considered, both the strong
spin-spin coupling limit and the strong transverse magnetic field limit are nearly
integrable, while the dynamics is most strongly chaotic within a consistent range of
intermediate coupling-field ratios. For spin configurations uniformly distributed over
phase space, we observed that different realizations of disorder do not significantly
affect whether the dynamics is chaotic or integrable. In contrast, configurations
with spins more concentrated near the x- or z-axis are more sensitive to the
specific realization of disorder and can display either almost completely integrable
or strongly chaotic dynamics for identical global system parameters. However,
regardless of the region of phase space, for 17 spins, we find that the classical spin
system generally exhibits chaotic dynamics for all trajectories when the spin-spin
coupling is three times as strong as the transverse magnetic field. Comparing
these classical results with the quantum energy level-spacing statistics of the
corresponding quantum model reveals a qualitative agreement in the appearance
of plateaus of integrability and chaotic windows. However, these findings also
show that Lyapunov’s exponents have a complex relation to energy level-spacing
statistics. In response to global changes in the Hamiltonian, Lyapunov’s exponents
vary in a way that is correlated with, but not identical to this quantum signature of
chaos.

There are several directions in which the present work can be extended:

Firstly, we can apply the same Lyapunov’s exponent calculation scheme to
other classical spin systems with sufficiently smooth Hamiltonians H, for which a
symplectic integrators can be constructed. In such models, one could systematically
scan over the global system parameters and ensembles of initial conditions, as
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done in this work, to map out regions of integrable and chaotic dynamics and to
search for possible hidden integrals of motion.

Secondly, the present work has effectively focused on the temperature T = o
situation in the uniform ensemble, where initial configurations sample the energy
shell without Boltzmann weighting. A possible extension is to study finite-
temperature T < co ensembles, in which initial configurations are drawn from
a Gibbs distribution with weight oc exp(—H/T) for T < co. This would require
additional information about the density of states, or the use of Monte Carlo
techniques such as Gibbs sampling to generate representative initial conditions.
Such a finite-temperature generalization would allow one to investigate how
Lyapunov’s exponents depend on temperature and to relate them more directly to
thermodynamic properties.

Finally, we remark that almost all of our results have been obtained for systems
with N =17 spins, with only a single computation of the Lyapunov spectrum at
N =100. Analyzing the 17 spin system is sufficient to reveal an already complex
structure of integrable and chaotic regimes, but it does not allow us gain concrete
insight into the thermodynamic limit. A suggestion for future work is therefore to
repeat the presented analysis for larger system sizes and to study how quantities
such as the maximal Lyapunov’s exponent and the existence and size of integrable
plateaus scale with N. However, it is reasonable to expect that the qualitative
results obtained here (plateaus of integrability near R~ 0 and R ~ 1, strongest
chaos consistently near R = 0.75) persists in the large-N limit.
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APPENDIX

A.l. DERIVING THE GAUSSIAN ORTHOGONAL ENSEMBLE
Let H be a real symmetric 2 x 2 matrix with

P(H11,H12, H22) exp(—c(Hil + 2"@2 + H%z))

Firstly, write H in the following representation, with E; > E>,

_ (Hu1 le)_ (El O) T
H_(H21 H22 =RO){ o E> R(6)

where

__( cos(0) sin(0)
R(e)_(—sin(e) cos(G))'

Then, a calculation of the Jacobian yields

d(H11, H12, H22)
det(J(E1, E2, 8))| = |det =|E1—E
|det(J(E1, E2, 8))| = |det( 3(E1. Eo, ) ) =|E1—E2]|

and
P(E1, E2, 8) = |det(J(Ex, E2, 8))IP(H11, H12, H22)
o |Ey — Ez| exp(—c(E2 + E2)).
Note that integrating over 6 only results in a constant factor. Introduce the level
spacing s = E; — E> and level average £ = El;—EZ A short calculation yields
|det((s, E))l=1

and
2

_ _ S
P(s, E) = P(E1, E2, ) « |s| exp(—c(2E2 + ?).

Note that s> 0. Integrating over E results in another constant factor
s2
P(s) =As exp(—c?).

Then, normalizing the distribution through

%) [} S2 A
1= J P(s)ds = AJ sexp(—c—)ds = —
0 0 2 C

and enforcing the mean energy spacing (s) to be 1 through

o o s2_ 2c
1=(s)= J- sP(s)ds = cf s?exp(—c—)= —
0 0 2 T
results in the following distribution for the level spacing s

T T
PGoEe(s) = P(s) = S exp(—zsz). (A.1)
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A.2. SYMPLECTIC MANIFOLDS

The definitions and theorems presented in this appendix are adapted from [dSil01;
Leel3; MS17].

Definition 1. Let X and Y be topological spaces. A map f: X —Y is a
homeomorphism if it is bijective, continuous, and its inverse f~1:Y — X is also
continuous.

Definition 2. A topological space X is called Hausdorff if for every pair
of distinct points p, g € X there exist open sets U, V c X such that

pelU, g€V, and UnV=0@2.

Definition 3. A topological space X is called second countable if there exists a

countable collection of open sets {Bk}ken such that every open set U c X can be
written as a union of some of the Bg. Such a collection {Bk} is called a countable
base for the topology on X.

Definition 4. A space M is an n-dimensional manifold if and only if it is

Hausdorff, second countable, and for every p € M there exist an open neighborhood
U c M of p and a homeomorphism ¢ : U — ¢@(U) c R? with ¢(U) open.

Definition 5. A chart on M is a pair (U, ¢) with Uc M open and

@ :U— @(U) c R" a homeomorphism. Two charts (U, ¢) and (U’, ¢) with UnU’ #@
are C®-compatible if the transition map yo@~1: p(UNU’) = Y(UNU’) and its inverse
are smooth. An atlas is a collection A = {(Uq, o)} With | JoUa =M. A maximal
C®-atlas contains every chart C*-compatible with all its charts.

Remark 6. Given a chart (U,9) as above, the map ¢ : U - R" can be
written in components as

o(p) = (x(p),....x"(P)), peU,

where each x{: U — R is a smooth function. The functions x1,...,x" are called
the coordinate functions of the chart (U, ¢), and the n-tuple x1,...,xM is often
used as a shorthand for the map ¢ itself. In particular, for p € U we may think of
(xX(p), ..., x"(p)) as the coordinates of the point p in this chart.

Definition 7. An n-dimensional manifold M equipped with a maximal C%-
atlas is called a smooth n-manifold.

Definition 8. Let M be a smooth n-manifold and p € M. A linear map v : C*(M) —» R

is a derivation at p if v(fg) =f(p) v(g) + v(f)g(p) for all f,g € C*(M). The set
of derivations at p is the tangent space TpM. The tangent bundle is TM :=|[ |,y TpM.

Definition 9. For Uc M open, a smooth vector field on U is a map

X : C®(U) — C*®U) that is R-linear and satisfies X(fg) = fX(g) + g X(f) for all
f, g € C®(U), and such that for each p € U the evaluation f — (Xf)(p) is a derivation
at p. The set of all smooth vector fields on U is denoted x(U).

Definition 10. For each p € M, the cotangent space is the dual space
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T;M :=(TpM)*, and the cotangent bundle is

* —— * — *
T*M .—p%TpM— {(p.E)lpeM, ET;M}.

Note that T * M is a manifold [Leel3, Proposition 11.9]. A smooth 1-form on U is a
smooth section a: U —-»T*M, i.e. a(p) € T;M depends smoothly on p. The space of
smooth 1-forms on U is Q1(V).

Definition 11. Let (U,¢) = (U, (x1,...,x") be a chart on a smooth n-
dimensional manifold M. For f € C*®(U) define the coordinate vector fields 3; € X(U)
by

fop~l
@) := %(cp(m), peu, i=1,...,n.

For each p € U, the vectors
a]_lp,.. .,anlp € TpM
form a basis of the tangent space TpM.

Define the coordinate 1-forms dx!{ e Ql(U) as the C®(U)-linear dual to the
coordinate vector fields 9;:

dx'(3)) =6y,  dx' (Zx/’a,) =X
j

for all smooth functions X/ € C*®(U). Equivalently, for each p € U the set
dxtlp, ..., dx"|p €T M

form the basis of T;M dual to the basis {d1lp,...,dnlp} of TpM.

Definition 12. Let /\’<(T;M) denote the space of alternating k-linear maps

TpM x ---x TpoM — R. A k-form on U is a smooth section of AK(T*M), the space of
~—

k times
k-forms is QK(U). In particular QO(U) = C®(U) and Ql(U) is as above. There is a
bilinear wedge product A : QK(U) x Q(U) — QK*L(U) characterized by
(o ABYX1, ... Xicts)

1
= W Z sgn(o) a(Xo(1), - - -» Xok)) BXok+1)s - - - » Xok+0))

O€Skyy

for a € QK(U), B e Ql(U), and X; € X(U). Sk+; denotes the symmetric group of all per-
mutations of {1,...,k+ £} and sgn(o) € {+1,—1} is the sign of the permutation o.
It is associative, C*®(U)-bilinear, and commutative in the sense of aAB = (—1)XB ra.

Remark 13. In a chart (U, 9), {dxt A--- A dXxk}<..<i is a local C®(U)-basis of
QK(U). So any a € QK(U) has a unique expression a =3 _.._; Qi dX3 A -+ A dx
with smooth coefficients a;;...;, .

Remark 14. In the special case kK =/{ =1, the wedge product of two
1-forms a, B € Q1(U) is the 2-form a A B € Q2(U) given explicitly by

(@ AB)X, Y)=a(X)B(Y)—a(Y)B(X),  X,Yex(U).
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In particular, for the coordinate 1-forms dx/, dx/ € Q1(U) one has
(dxt A dX)(X, Y) = dx{(X)dx/ (Y) = dxi(Y) dx/ (X).

This shows directly that a A 8 =—f A a for 1-forms.

Definition 15. There is a unique R-linear map d : QKU) — QK*1(U) for all
k > 0 called the exterior derivative such that:

(i) df(X)=X(f), forall feC®W)=Qq%U), XexU),

(i) daaB)=daaB+ (=1 ardB foraeQk), Bel(),
(iii) dod=0.

In coordinates, if o =Y ..<; Qiy-ip X A -+ A dX, then

n aa. .
el . .
da = Z Z;jdxf AdXT Ao A dxt,
i1<---<[kj=1 2

A form a is closed if da = 0.

Definition 16. A smooth 2-form on M is an element of Q2(M). Locally,
in a chart (U, ¢),
wly= >, widxadd,  wjeC®).
1<i<j<n

Equivalently, w is represented by a skew-symmetric matrix (w;) in coordinates.

Definition 17. For a finite-dimensional real vector space V, a skew bilin-

ear form n e A2(V*) is nondegenerate if for any v # 0 there exists an w € V such
that n(v, w) # 0.

Definition 18. A symplectic manifold is a smooth manifold M equipped

with a smooth 2-form w € Q?(M) that is closed (dw = 0) and nondegenerate. The
form w is called the symplectic form.

Theorem 19. Let (M,w) be a symplectic manifold. Then for every

p € M, the tangent space TpM has even dimension. In particular, M is an
even-dimensional manifold.

Definition 20. Let (M, w) be a symplectic manifold. For each p € M, the
nondegenerate 2-form wp e/\z(T;M) defines a linear map

w; : ToM — T; M, w;(v)(w) =wp(v, W), Vv,weTpM.
Nondegeneracy of wp means that w;) is an isomorphism for every p. These
pointwise maps assemble to a smooth vector bundle isomorphism

W :TM > T*M.

Theorem 21. Let (M,w) be a symplectic 2n-dimensional manifold and let
U, (xY,...,x™) be a chart. On U write

12n 2n

w=— w,--dxi A dxj, Wi = —Wji.
> ;,:Zl j j=—wj
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Let 9; := & be the associated coordinate vector fields. Then for each k€ {1,...,n},
2n ]
w'(9k) = Zwkj dx/.
j=1

Proof. We compute w’® on the coordinate basis {d1,...,9n}, where 9; := & Let
ke {1,...,n} and Y be any vector field. Then

2n n

W' @A) =Wk V) = 5 >, D wii(ax' A dx)(k, Y)
i=1j=1
1 2n 2n ' ‘ ' '
=3 > > wi(dxi(ak) dxI (V) — dx!(Y) d¥ (ax))
i=1j=1
1 2n 2n ‘ '
D) . D wii(i I (Y) — dx'(Y) 8k
i=1j=1
1

2n ) 12n )
=— > wrdX(Y)— =) widx'(Y).
2,; K dxX(Y) 2; ik dx{(Y)

In the second sum, rename the index i — j and use skew-symmetry wjx = —wg;:

12n , 120 . 120 ,
=5 2wk dX M === > Wi dd (V) = = 3w dxd ().
=1 i=1 i=1

Hence the two terms are equal, and we obtain

2n

W (3K)(Y) =D i dxI(Y).
j=1

Since this holds for all Y, we conclude that
2n )
w'(9k) = Zwkj dx’.
j=1
m]

Definition 22. Since w’' : TM — T*M is a vector bundle isomorphism, it

has a smooth inverse
W T*M > TM,

Equivalently, for each p € M, the map
TR,
Wy, Tp M— TpM
is the inverse of w;). In particular, for any ve TpM and a € T; M,

a=w;(v) = v=w2(cx).

Theorem 23. Let (M,w) be a symplectic 2n-dimensional manifold and
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let (U, (x1,...,x™)) be a chart. On U write

12 . )
w=—- Z wij dx' A dx, wij = —Wji.
ij=1
Let 9; := & be the associated coordinate vector fields. Then there exist unique
functions ¥ € C®(U) such that

2n
w”(dxf)=2n"fa,-, j=1,...,n,
=1

and these satisfy
2n

>lwwnl =68y foralljke{l,...,n}.
i=1
Moreover, for any 1-form a = ZF=1 ajdx) on U we have

2n 2n

wi(a) = Z Z nd aj9;.

i=1j=1

Proof. From Theorem 14 we know that on U

2n
w"(3) = Z wikdxk foreachi=1,...,n.
k=1

By definition, w* : T*M — TM is the inverse of w’: TM — T*M, so in particular

w(w'(a)=a forallaeT*M.

Fix je {1,...,n}. Since {a,-}t?:”1 is a basis of TM on U, there exist unique smooth
functions ¥ on U such that ,
n
wh(dx) = ZT[U di.
i=1
Applying w® and using linearity, we obtain
) ) 2n . 2n . 2n . 2n
dx = w'(w*(d¥)) = w"(z ¥ a,-) = Zn‘/ w' () = Z n‘J(Z Wik dxk).
i=1 i=1 =1 k=1

Thus
2n  2n

axi = Z (Z Wik nU) axk.

k=1 i=1

Since {dx’(},%il is a basis of T*M on U, the coefficients of dxX on both sides must

agree, hence for all k,
2n

Zwik i = Ojk.
i=1
This shows the stated relation between the coefficients n¥. Finally, let a = ij=n1 aj dx!
be an arbitrary 1-form on U. By linearity of w*,
2n 2n 2n

2n 2n 2n
wh(a) = w”(z a; dxj) = Zajw”(dxf) = Zaj(z i a,-) = ZZ ¥ aj 9.
-1

j= j=1 j=1 =1 i=1j=1
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O

Theorem 24. Let (M,w) be a symplectic 2n-dimensional manifold and
let p € M. Then there exist an open neighbourhood U c M of p and a chart
W, (g% ....q" p1,....pn))
such that, on U, ;
w= Z dq' A dpi.
i=1
The coordinates (qt,...,q", p1,...,pn) are called Darboux coordinates for w on U.

Definition 25. Let (M,w) be a symplectic 2n-dimensional manifold and let

f € C®(M) be a smooth function. The vector field associated to f is the unique
vector field Xy € X(M) defined by

w* (Xr) = df,

or equivalently
Xp = w*(df).

In local coordinates (U, (x1,...,x2"))

2n
df|U =Z af dX]

ek

Then on U the vector field has the coordinate expression

2n 2n . af
Xrly =@ tdfly) =22 n o
io1j=1 0%

where the functions n¥ € C*®(U) are those from Theorem 16.

Definition 26. Let (M,w) be a symplectic 2n-dimensional manifold and let

f,g € C®(M). The Poisson bracket of f and g is the smooth function {f,g} :M - R
defined by

{f, 9} :=w(Xf, Xg).
In local coordinates (U, (x1,...,x2")) as in Theorem 16, using

2n 2n . af 2n 2n k[ ag
— iy _7 4. — =
=23 L xg=Y1 > w2,
i=1j=1 k=1/=1

one obtains on U the coordinate expression

2n 20 3f 3g
, = T[U _— .
{f.gr=>>. 7 3

i=1j=1
For all f,g, h € C*(M) and A, u € R, the Poisson bracket satisfies:

(i) Bilinearity: {Af+ug, hy =A{f, h} +uig h},

{f, Ag+uh} =A{f, g} +uif, h},

(ii) Antisymmetry: {f, gy =—1{9.f},
(iii) Leibniz rule: {f.gh} ={f, gt h+g{f h},

(iv) Jacobi identity: {f, {9, h}} + {9, {h.f}}+{h {f,g}}=0.
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Definition 27. Let (M,w) be a symplectic manifold and let H € C*(M) be a

(time-independent) Hamiltonian function. The triple (M, w, H) is called a Hamiltonian
system. The Hamiltonian vector field Xy € X(M) associated to H is defined by

Xy 1= w*(dH).

An observable is a smooth function f € C*®(M). Its time evolution under the
Hamiltonian system (M, w, H) is defined by

d
Ef = Xu(f) = df (XH) = w(Xr, Xn) = {f, H}.

Definition 28. Let M and N be smooth manifolds. A map F: M — N is called a
diffeomorphism if it is smooth, a bijection and its inverse map F~! is also smooth.

Definition 29. Let (M,w) be a symplectic manifold and let H € C®(M) be

a (time-independent) Hamiltonian. The associated Hamiltonian vector field
Xy ex(M)is
Xy 1= w*(dH).

A flow on Xy is defined as the smooth map
p:IxU—-M, (tp)—otlp),
where I c R is an interval containing 0 and U ¢ M is open, such that for every p € U:

d
23 otP) = XH(pt(P)),  @olp)=p.

For each fixed time t € R, the map ¢ moves each initial condition p along its
trajectory to the point ¢t(p). For each fixed t €I, the map ¢t : U — @+(U)C M is a
diffeomorphism. The family {@t}ter is called the Hamiltonian flow of H.

The differential (or derivative) of the flow at p is the linear map

(dot)p : TpM — To,(p)M

given by the first-order (linear) approximation of ¢ near p. Intuitively, a tangent
vector v € TpM represents an infinitesimal perturbation of the initial condition p,
and (dot)p(Vv) is the corresponding infinitesimal perturbation of the state ¢¢(p) at
time t. A standard property of flows of vector fields is

(d(ot)p(XH(p)) = XH(th(p)), teR.

Definition 30. Let F: M — N be a smooth map between smooth manifolds, and

let o € QK(N) be a smooth k-form on N. The pullback of a by F is the k-form
F*a € QK(M) defined by

(F*a)p(va, ..., vk) := arp)((dF)p(v1), - . ., (dF)p(Vi)),
forpeMand vy, ..., vk € TpM, where (dF)p : TpM — Tg(p)N is the differential of F at p.

Definition 31. Let X € X(M) be a smooth vector field and a € QK(M) a
k-form with k > 1. The interior product ixa € Qk~1(M) is defined by

(ixa)(X1,..., Xk—1) :i=a(X, X1, ..., Xk-1), X1, ..., Xk—1 € X(M).
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For k =0 we set ixa :=0.
The Lie derivative of differential forms along X is the operator Lx : QK(M) — QK(M)
defined by Cartan’s formula

Lxa := d(ixa) + ix(da).

Theorem 32. Let (M, w, H) be a Hamiltonian system with Hamiltonian flow {@t}ter
generated by Xy = w*(dH). Then for all tel,
Pplw=w.

In other words, the Hamiltonian flow ¢t preserves the symplectic form w.

Proof. We first compute the Lie derivative of w along Xy. By definition of Xy we
have
ix,w =dH,

since w'(Xy) =dH and w'(XH)(-) = w(Xy,-). Using Cartan’s formula and the fact
that dod =0 and dw = 0 (closedness of the symplectic form),

Lx,w = d(ix,w) + ix, (dw) = d(dH) + ix,, (0) = 0.

Let ¢: be the flow of Xy as in Definition 29. A standard result is

d
T pfa=e/(Lx,a)

for any differential form a. Applying this to a = w, we obtain

d
pm pfw=9f(Lx,w) =9/ (0)=0.

Hence qot*w is independent of t. At t =0 we have ¢g =idpy, so

pow=idyw=w.

Therefore ‘Pt*"" = w for all t €I, as claimed. O
Theorem 33. Let (M,w,H) be a 2n-dimensional Hamiltonian system.
Define the Liouville volume form
1 1 5
Qi=—wMM=—wA--AweQ"(M).
n! | ~——~—
n times

Let {@t} be the Hamiltonian flow of H. For any measurable domain D c M with

compact closure,
ool
o:(D) D

so the Hamiltonian flow preserves phase-space volume.

Proof. By Theorem 24 we have (p;‘w =w for all t. Using the properties of the
pullback and the wedge product,

O = *(iw/\n)=i *(w/\n)=iw/\n=ﬂ
e P\ YL n! '
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Since Q is a form of degree 2n, it defines a volume form on M. For any measurable
domain D ¢ M with compact closure, the change-of-variables formula for integrals

under diffeomorphisms gives
[ a-[ea-[a
¢:(D) D D

Thus the Hamiltonian flow preserves the Liouville volume, proving Liouville's
theorem. O

A.3. LYAPUNOV'S EXPONENTS

Definition 34. Let ¢ : M - M be a measurable flow. A Borel probability measure u
on M is invariant under ¢y if

u(qot‘l(B)) =u(B) for all Borel sets Bc M and all t eR,
equivalently,

ffo(ptdu=f fdu forall felLlY(M, ), teRr.
M M

For a Hamiltonian system (M, w, H), the Liouville measure associated to the volume
form

1 2
Q= —w"" e Q?"(M)
n!

is invariant by Liouville’'s theorem, and can be normalized to a probability measure
on any invariant set of finite volume.

Theorem 35. [Viald, Theorem 4.2] Let (M,w,H) be a 2n-dimensional

Hamiltonian system with Hamiltonian flow {¢:}, and let u be the associated
Liouville measure and g a chosen Riemannian metric. Then there exists a
@t-invariant Borel set Mg ¢ M with u(Mo) = 1 such that for each p € Mg there exist:

1. unique real numbers

A1(p) = A2(p) > -+ > Ak(p)(P),

called the Lyapunov’s exponents at p, and
2. a direct sum decomposition

TpM =E1(p) ® - -+ ® Ex(p)(p),

with the following properties:

1. Invariance:
(dot)p(Ei(p)) = Ei(@t(p)) forall teR, i=1,...,k(p).
2. Exponential growth rates: for every 0 # v € Ei(p),
1
Ailp) = t'LTo? log (II(d@e)p(VII),

where the norm is induced by the Riemannian metric g.
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If moreover u is ergodic, then the numbers k(p) and Ai(p) are constant for u-almost
every p; in this case we simply write A1 > --- > A¢ for the Lyapunov spectrum of
(M, w, H, u).

Theorem 36. [Vial4, Proposition 4.17] Let (M,w,H) be a 2n-dimensional

Hamiltonian system with Hamiltonian H € C2, Hamiltonian flow {9t} and Liouville
volume form Q. Let u be the associated Liouville probability measure and let
Mo € M be the full u-measure set given by Theorem 35. For p € My, let

TpM =E1(p) ® -+ ® Ex(p)(p)

be the Oseledets splitting with Lyapunov’s exponents A1(p) > --- > Akp)(p). Listing
these exponents with multiplicities dim Ei(p),

A1), ..., A1(pP), ..., Ak(p)(P), ..., Ak(p)(P) times,
—_— ————
dimE;(p) times

we obtain 2n real numbers which we denote by Af(p), cee, )\;n(p). Then for u-almost
every peM,

2n
DA (=0
i=1

Proof. We provide a self-contained proof of this statement. Fix p € Mg. Choose a
basis
{v1,...,v2n}

of TpM such that each v; lies in some Oseledets subspace Ei(p). Thus there
exist indices i(1),...,i(2n) € {1,...,k(p)} such that v; € Ej;(p) and the Lyapunov’s
exponent of v;j is Ayj(p). By construction,

AT(P), ..., AS (P)

is exactly the list
Aiy(P), - -, Aizmy(P),
so it suffices to show that

2n
> Aig)(p) = 0.

j=1
Choose an inner product (-, -)q on each tangent space T¢qM such that the associated
Riemannian volume form on TqM coincides with Qq4. Let [|-]|g denote the

corresponding norm on TgM. For wa, ..., wa2p € TgM, let
Volg(wi, ..., w2p)
denote the Riemannian volume of the parallelepiped they span. By construction,
Volg(wi, ..., w2p) = [Qq(w1, ..., w2s)|.

Moreover, in any Euclidean space one has the standard inequality for the volume of
a parallelepiped,

2n
Volg(wa, ..., wan) < [ TlIwjllq,
j=1

with constant 1 (this follows from the Gram determinant formula). For t > 0, set

wj(t) := (dot)p(V)) € Ty, ()M, j=1,...,2n,
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and define

V(t) := Volg,(p)(Wi(t), ..., wan(t)) = |Qqyp)((d0t)p(v1), ..., (dot)p(v2n))|.
By Theorem 29, for each j,

1
Aigp(p) = lim r log [[(d@t)p(V))lp.(p)-
Hence for every € > 0 there exists T¢ > 0 such that for all t > T¢ and all j,

11(d@t)p(V)lg,(p) < ePi(PIFEE,

Using the volume inequality for a parallelepiped, for t > T we obtain

2n 2n 2n
V() <[ [11do0)p(v)llpi oy < | [e?0P*+OE = exp((D 1 Aigy(p) + 2ne)t).
j=1 j=1 j=1

On the other hand, by Theorem 32 we have ¢/ Q= Q for all t, hence

V(t) = [Qpe(0) ((d@t)p(V1), . .., (dot)p(V2n))|
= (@ Qp(V1, ..., van)| =|Qp(v1, ..., V2n)| =: Vo > 0,

so V(t) is actually independent of t. Thus for all t > Tg,

2n
Vo £ exp((Z)\iU)(p) + 2ng)t).

Jj=1
Taking logarithms and dividing by t,

1 2n
T logVp < Z)\i(j)(p) + 2ne.

Jj=1
Letting t — co we obtain
2n
0< Z)\i(j)(p) + 2ne.
j=1
Since € > 0 is arbitrary, this implies

2n

Z)\i(/)(P) = 0.

Jj=1
Consider now the reversed flow
Ut = _¢, teR.
Its derivative at p is
(d¢t)p = (do—t)p-
For t > 0 define
wj(t) := (dYt)p(v)) = (do-t)p(v)), j=1,...,2n,

and

V() = Voly o) (W1(1), .. ., Wan()) = |Quu (o) ((dWe)p(V1), ..., (dW)p(V2n))].
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By Theorem 29 for the original flow {¢¢}, for v; € Eij)(p) we have

1
Aig(p) = lim  —logli(des)p(vy)ll

Setting s =—t with t > 0, this gives

1 1
Aigy(p) = lim_— log I1(de-0)p(v))ll == lim_~10g lI(cd¥e)p(vIl.

Thus, for the reversed flow ¢, the Lyapunov’s exponent of v; is —A;(p), and as
before this implies that for every € > 0 there exists Té > 0 such that for all t> T::
and all j,

1(d¥)p(V))ly(p) < eA0PI*E,

Using again the volume inequality for a parallelepiped, for t > Té,

2n 2n 2n
V() < Jdw)p(DIlp oy < [ [eCr 0P = exp((— D Aigy(p) + 2ne)t).
j=1 j=1 j=1

On the other hand, since ¢+ = ¢—t and cpt*Q = Q for all t, we also have w;‘Q = Q for
all t, hence

V() = |Quo)((dU)p(V1), . . ., (dPe)p(van))|
= |((/JE'K Qp(vi,..., Vzn)| = |Qp(V1, e, V2n)| = V.

Thus for all t > Té,

2n
Vo < exp((—Z)\iU)(p) + 2n£)t).

j=1
Taking logarithms and dividing by t,
1 2n
—logVo<— ) Ay + 2ne.
£ 109Vo ; i(h(P)

Letting t — o gives
2n
0< —Z)\[U)(p) + 2ne,
j=1
hence
2n
D Ai(p) <0
j=1
since € > 0 was arbitrary. Combining the inequalities obtained thus far yields

2n
0< Z)\[(j)(p) <0,
=1

so 1.2:1)\1(,-)(;))) = 0. This holds for every p € Mg, hence for u-almost every pe M. O

Lemma 37. [Via, Proposition 0.6.]1 Let (M,w,H) be a 2n-dimensional
Hamiltonian system with Hamiltonian flow {¢:} and Liouville probability measure u,
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and let Mg c M be the full u-measure set given by Theorem 29. For p € Mg and for
each Lyapunov’s exponent Ai(p), define

Extp):= B Eip).
{i:Ai(p)=A}

Then for u-almost every p € M the following holds: if A+ u # 0, then
wp(Ex(p), Eu(p)) =0,

i.e. wp(v,w) =0 for all veE)(p) and w € E;(p).

Proof. Fix p € Mg and let A, u be Lyapunov’'s exponents at p. Choose nonzero
vectors v € Ex(p) and w € E;;(p). We claim that

Wp(Vv, W)#0 = A+u=0.

This will imply the statement by contraposition.
By Theorem 32 we have (pt*w =w for all t, so for every t e R,

Wp(V, W) = We,(p) ((dPt)p(V), (dot)p(W)). (A.2)

Choose an inner product (-, -)q on each tangent space TqM such that the associated
Riemannian volume form on TqM coincides with the Liouville volume form Qq. Let
[I-1lg denote the corresponding norm on TgM. Since w is a smooth bilinear form on
the finite-dimensional bundle TM, there exists a finite constant C > 0 such that for
all ge M and uz, uz € TgM,

lwg(u, u2)l < Clluall[luzll. (A.3)
Assume wp(Vv, w) # 0. Using (A.2) and (A.3) for t > 0 we obtain
lwp(v, W) < ClI(det)p(VIIHI(det)p(W)II.
Taking logarithms and dividing by t > 0 gives

1 1 1 1
T log|wp(v, w)| < T logC+ T log |l(det)p (V)] + T log [I(dee)p(W)Il.
Letting t — oo and using Theorem 35 we get
0<A+p.

Now consider the reversed flow ¢; := ¢—t, which is also a measurable flow
preserving u. Applying Theorem 35 to {{y+}, the Lyapunov’s exponent of v for ¢; is
—A, and similarly the Lyapunov’s exponent of w is —u. Thus

1 1
—A=lim s log [[(dys)p(W)II = lim. s log [I(de—s)p(V)II,
and analogously
1
—p = lim S log [[(d@—s)p(W)II.
Using (A.2) with t =—s and (A.3) we obtain, for s >0,
lwp(V, W) = |wo_.(p)((d@—-5)p(V), (dp—s)p(W))| < ClI(do—s)p (VI 1I(d@—s)p(W)I.

Taking logarithms and dividing by s > 0 yields

1 1 1 1
s log|wp(v, w)| < = logC+ z log [1(d@—s)p(V)Il + s log [|(d@—s)p(W)II.
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Letting s — o0 and using the limits above, we obtain
0L—A—p.

Combining the two inequalities gives A+ u>0 and A+ u <0, hence A+ u=0, as
claimed. Thus, if A+ pu# 0 then necessarily wp(v, w) =0 for all v € Ex(p) and
w € Ey(p). m]

Lemma 38. [Fis08, Theorem 1.1] With notation as in Lemma 37, for every A >0
the restriction of wp to Ex(p) ® E_x(p) is nondegenerate, and

dimEx(p) =dimE_x(p)

for u-almost every p € M.
Proof. Fix p € Mg and A > 0, and consider the bilinear map

By :Ex(p) x E_x(p) — R, Ba(v, w) 1= wp(v, w).

By Lemma 37, if u #—A then wp(E)\(p), Eu(p)) =0, 50 wp(v,-) can only be nonzero
on E_(p).

First we show that B) is nondegenerate in the first argument. Let v € Ex(p) and
suppose wp(v, w) =0 for all w € E_(p). For any w € TpoM write

w= Z Wy, wy € E;(p).
u

Then by bilinearity and Lemma 37,

wp(v, w) = Z wp(v, wy) = wp(v, w-)),
u

which is zero by assumption. Hence wp(v, w) =0 for all w e TpM. Since wp is
nondegenerate, this implies v = 0. Thus B is nondegenerate in the first argument.
The same argument, exchanging the roles of A and —A, shows that Bj is also
nondegenerate in the second argument.
Now consider the linear map

T:Ex(p) = E-a(P)*,  T(v)(W) :=wp(v, w).

Bilinearity of By in the first argument implies that T is linear. Nondegeneracy
in the first argument shows that T is injective: indeed, if T(v) =0, then
T(v)(W) = wp(v, w) = 0 for all we E_»(p), and the argument above implies v =20,
thus ker(T) = {0}.

Similarly, define

S:E_A(P) = Ex(P)*,  S(W)(V) = wp(v, w).

This map is linear because B, is linear in the second argument. Nondegeneracy of
B, in the second argument implies that S is injective: if S(w) =0, then

wp(v, w)=S(w)(v)=0 forall veEx(p),

and nondegeneracy in the second argument yields w = 0, thus ker(S) = {0}.
Since E)(p) and E_»(p) are finite-dimensional vector spaces, using the rank-nullity
theorem and the injectivity of T gives

dimEx(p) < dimE_x(p)* =dimE_x(p),
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and injectivity of S gives
dimE_x(p) < dimEx(p)* =dimEx(p).
Combining these inequalities we obtain
dimEx(p) =dimE_x(p).

(]

Lemma 39. With notation as in Lemma 37, the restriction of wp to Eo(p) is
nondegenerate for u-almost every p € M. In particular, dim Eq(p) is even.

Proof. Fix p€ My and let A =0. By Lemma 37 we have wp(Eo(p), Eu(p)) =0
whenever 1 # 0, so wp(V, ) can only be nonzero on Eg(p).

If v € Eg(p) satisfies wp(v, w) =0 for all w € Eo(p), then for any w € ToM written
as

u
we have, using Lemma 38,

Wp(V, W) = > wp(V, W) = wp(v, wo) = 0.
u

Thus wp(v, w) =0 for all we TpM, and by nondegeneracy of wp we obtain v =0.
Hence the restriction of wp to Eg(p) is nondegenerate, so Eg(p) is a symplectic
subspace of TpM. In particular, dimEg(p) is even.

O

Theorem 40. Let (M,w,H) be a 2n-dimensional Hamiltonian system with
Hamiltonian flow {@t} and Liouville probability measure u, and let Mg ¢ M be the
full u-measure set given by Theorem 29. For p € Mg and for each Lyapunov’s

exponent \i(p), define
Exp):= D Ep)

{EA(p)=A}
with the convention Ex(p) = {0} if A does not occur. Then for u-almost every pe M
the Lyapunov’s exponents come in pairs A,—A\, and the multiplicity of 0 is even, in
the following sense: if we list the Lyapunov’s exponents at p with multiplicities as
in Theorem 30,
AX(P), ..., A% (P,

then for every A € R the number of indices i with )\;*(p) = A equals the number of
indices i with )\i* (p) =—A, and the number of indices with )\[* (p) =0 is even.

Proof. Fix p € Mg. By Lemma 38, for every A > 0 the restriction of wp to
Ex(p) ® E_x(p) is nondegenerate and

dimEx(p) =dimE_x(p).

Thus each positive exponent A occurs with the same multiplicity as —A.

By Lemma 39, the restriction of wp to Eo(p) is nondegenerate, so Eg(p) is
symplectic and dimEg(p) is even. This means that 0 appears with even multiplicity
in the Lyapunov spectrum.

Listing the exponents with multiplicities as in Theorem 30 and using these facts
yields exactly the stated pairing of Lyapunov’s exponents.

O
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Theorem 41. Let (Mo, w,H) be a 2n-dimensional Hamiltonian system

with Hamiltonian flow {¢t} and Liouville probability measure u. Assume that E € R
is a chosen value of H, so that the energy level

e :=H1(E)

is a smooth (2n— 1)-dimensional submanifold of Mg, and suppose that Zg is
compact. Then for u-almost every p € g the Lyapunov spectrum of the Hamiltonian
flow at p has at least two zero Lyapunov’s exponents.

Proof. We provide a self-contained proof of this statement. By Definition 27,
d H={H,H}=0
dt - ’ - ’

so Ho @t =H for all t e R. In particular, if p € Zg then H(e+(p)) = E, so ¢+(p) € Zg for
all t. Thus Zg is invariant under the flow.

Fix a Riemannian metric on Mg and let || - || be the corresponding norm on tangent
vectors. Since Xy is smooth (Definition 27 and the discussion before it) and X is
compact, the function

F:Zf—-R, F(q) := lIXH ()l

is continuous on a compact set, hence bounded above. Thus there exists M < oo
such that
[IXH(QII <M for all g € Zk.

For p € Mg and t € R, recall that a property of the flow of a vector field is

(dot)p(XH(P)) = XH(9t(P)).

In particular, for all t > 0,

|1(d@e)p(XH(PD)|I = [IXH(@e(P))I] < M.

Let Ax(p) denote the Lyapunov’'s exponent of Xy(p) for the flow {¢:}. By
Theorem 35 this limit exists for u-almost every p:

1
AH(p):= lim — log|I(d@e)p(XH(P))|I.

From the bound above we obtain, for all t > 0,

1 1
r log|l(det)p(XH(P))|| < r logM,

hence letting t — oo gives
An(p) < 0.
Now, consider the reversed flow

Yt = @—t, teR.

The same argument as before shows that

[1(d¥e)p(Xu(PD)|l = IXu(@e(E)I| <M forall t>0.
Let —An(p) be the Lyapunov’s exponent of Xy(p) for the reversed flow {¢:}:

1
—An(p) := lim = log|I(d¥t)o(Xk(p)) I
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From the same bound we obtain —Ay(p) < 0. Together with Ay(p) < 0 we conclude

AH(p) =0

for u-almost every p € Z¢.

By Theorem 40, for u-almost every p € M the Lyapunov’s exponents come in pairs
A,—A and the multiplicity of 0 is even. Since we have just shown that 0 occurs at
least once (because Xy(p) € Eo(p) is nonzero), it must in fact occur with multiplicity

at least 2.

Thus a 2n-dimensional Hamiltonian system has at least two zero

Lyapunov exponents at y-almost every point p € Z¢. m|

A.4. ADDITIONAL DATA / RESULTS

Figure A.1.: Additional
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results associated with figure 5.14c.

The Lyapunov’s

exponents are displayed for 100 trajectories (blue dots) from the
uniform and z-focused ensemble and each exponent’s average (black
dot). The realization of disorder is #1. Chosen parameters are N=17,
At=10"3, T=500, Ag =10"% and Jimax = 1.
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Figure A.2.: Additional results associated with figure 5.12b. Spin coordinates of
the first spin S1 over time are displayed for a trajectory from the
uniform ensemble. Chosen parameters are N =17, At=10"3, T=500,
AO = 10_4 and jmax =1.
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Figure A.3.: Additional results associated with figure 5.13. Spin coordinates of the
first spin S1 over time are displayed for a trajectory from the z-focused
ensemble. Chosen parameters are N =17, At=10"3, 7 =500,
AO = 10_4 and jmax =1.
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(g) Realization of disorder #1, Ax =0.10.

Figure A.4.:

Additional results associated with figures 5.16, 5.17 and 5.19.

The

Kolmogorov-Sinai entropy is displayed for 200 ratios of Jmax/(Umax + Fmax)

(part 1).
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Figure A.4.: The Kolmogorov-Sinai entropy for 200 ratios of Jmax/(Umax + Fmax) u
(continued). For each sampled ratio, 100 runs were executed (part 1).
Each run was chosen from the x-focused ensemble. The realization of
disorder for the chosen system is #1. Chosen parameters are N =17,
T=3-10% At=10"2, T=50, Ao =10"% and Jmax = 1.
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Figure A.5.: Additional results associated with figures 5.20 and 5.22. The maximum
Lyapunov’s exponent is displayed for various values of H/o(H). For each
of the 200 sampled ratios Jmax/(Umax + max) and ensemble choice, 100
runs were executed. Each run was chosen from the uniform. Chosen
parameters are N=17, T=3-104, At=10"2, T=50, Ag=10"% and

Jmax = 1.
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Figure A.6.: Additional results associated with figure 5.23. For multiple quenched
realizations of disorder and values of H, the maximum Lyapunov’s
exponent is displayed. For each of the 10 shown realizations of disorder,
shown in different colors, 100 runs were executed. Each run was
chosen from the uniform ensemble. Chosen parameters are N =17,
T=3-10% At=10"2, T=50, Ao =107%, Jmax = 1.
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